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Editorial on the Research Topic 


Plant diversity patterns and drivers


Global biodiversity is currently experiencing an unprecedented decline, primarily due to the impacts of climate change and human activities (Kannan and James, 2009; Ramirez et al., 2017; Su et al., 2021). The sharp decline in biodiversity not only threatens the health and stability of ecosystems but also severely impacts the ecosystem services that human societies depend on (Brockerhoff et al., 2017; Lovejoy, 2008; Pereira et al., 2024). Therefore, assessing historical changes and predicting future trends in biodiversity are crucial for developing effective conservation strategies (Dunlop, 2013; Harrison, 2010). Plant communities, central to ecosystem structure and essential for material cycles, are vital providers of ecosystem functions and services (Dietrich et al., 2024; Jepson and Canney, 2001). The richness and stability of plant communities are crucial for maintaining ecological balance and enhancing ecological processes (Kardol et al., 2010; Minden et al., 2016; Willig, 2011). This topic includes 34 articles that explore the distribution patterns of plant diversity and identify the key drivers behind these changes. These findings not only offer new insights into the study of plant diversity but also underscore the main challenges faced by current research, establishing a solid foundation for future research directions, strategy development, and conservation efforts (Grime, 2006; Suding et al., 2008).

This Research Topic explores various aspects of plant diversity. The studies by Umair et al. focused on traditional classifications of species richness and abundance, while research by Chen et al. and Shrestha et al. concentrated on functional diversity, revealing the characteristics of ecosystem functions and services. Studies by Wei et al. and Sha et al. discussed phylogenetic diversity, providing insights into the historical processes of species formation and expansion, as well as the evolutionary potential to adapt to environmental changes. Multidimensional studies of plant diversity enhance our understanding of the complexity of ecosystems and offer interdisciplinary perspectives for ecology, evolutionary biology, and conservation biology. These insights are crucial for protecting plant diversity and maintaining ecosystem functions (Burdon et al., 2006; Soliveres et al., 2015).

The articles in this Research Topic utilize a range of ecological research methods for data collection, including: (1) Long-term field monitoring by establishing fixed plots for various activities such as plot surveys and phenological observations. For example, Huang et al. established fixed forest dynamics monitoring plots to collect and record data on plants, climate, and soil factors. Additionally, Zhang et al. and Wu et al. quantified the specific impacts of grazing on species richness through grazing gradient experiments. (2) Controlled experiments and microcosm experiments conducted indoors allow for the study of plant responses to environmental changes under controlled conditions. For example, Zhu et al. analyzed the impact of population genetic diversity on gas fluxes in soil systems through a microcosm experiment with water celery genotypes. (3) Model development and analysis, including ecological niche models and geographically weighted regression models, help us understand the relationships between plant richness and climatic factors. For instance, Sun et al. used geographically weighted regression models to analyze these relationships, while Zhou et al. predicted the spatial and temporal distributions of species using the Maxent model. (4) Remote sensing technologies, satellite imagery analysis, and drone monitoring, which provide macroscopic observation and analysis methods for plant diversity, like Zhang et al. used satellite images to study urban green spaces. (5) Molecular biology techniques, such as DNA sequencing and transcriptome analysis, reveal the genetic structure and evolutionary history of plant species. For instance, Yu et al. and Yan et al. sequenced DNA fragments of plants to analyze genetic diversity, while Sha et al. elucidated species’ evolutionary processes through transcriptome analysis. These methods can be used independently or in combination, providing a comprehensive and in-depth perspective on the complexity and dynamic changes in plant diversity.

This Research Topic focuses on exploring the driving factors behind plant diversity. Firstly, climate change is identified as a major driver shaping plant diversity (Harrison et al., 2020). Several articles discuss the impact of contemporary climate indicators, such as drought and precipitation, on plant diversity, species growth, and distribution. Historical climate has also been identified as a key factor affecting plant diversity, as found by Yu et al. in the population dynamics of two typical desert shrubs, white thorn and bubble thorn, in Northern China were influenced by Quaternary glacial climate oscillations. Similarly, Zhang et al. ‘s study on the distribution of C4 species in China highlights the role of historical climate in shaping species distribution and diversity. Secondly, soil factors are extensively studied as a driving mechanism. Gong et al. analyzed nutrient changes in the soil during the restoration of the Maowusu sandy land in Inner Mongolia, revealing that soil carbon and nitrogen promote plant diversity, while phosphorus acts as a limiting factor. Wei et al. found that soil physicochemical properties significantly influence the variation in soil algal communities. Additionally, plant diversity is often driven by a combination of climate and soil factors. For instance, Liu et al. discovered that soil and plants jointly influence the secondary succession process of shrub-herb communities. Similarly, Huang et al. found that the functional traits of 215 woody plants across four climatic zones in China are significantly affected by both climate and soil factors. Thirdly, human activities and landscape changes significantly impact plant diversity. For instance, Zhang et al., conducted grazing intensity experiments, highlighting the effects of grazing on plant community diversity and productivity. Bellini et al., through paleobotanical exploration, discussed the relationship between ancient agricultural practices and plant population dynamics, illustrating how plants preadapted to human activities. Zhong et al. found that island size significantly influences the dynamics of woody plant seedlings in Thousand Island Lake, particularly affecting seedling mortality. Shrestha et al. revealed that habitat fragmentation alters the coloration of angiosperm flowers, thereby affecting pollinators’ ability to recognize them. Therefore, understanding how human activities and landscape factors drive plant diversity is crucial for developing land planning and ecological conservation strategies.

In summary, this research focuses on exploring the patterns and drivers of plant diversity. As a frontier in plant science research, future studies are recommended to strengthen in the following five areas: First, plants respond to changing environments in various ways, and their adaptations are often a result of long historical processes, thus requiring support from long-term experiments and monitoring. Second, although diversity in species, function, and phylogeny has been explored, current research is often isolated to one aspect; future studies should focus on the relationship between these three dimensions of diversity and their coupled elucidation of plant diversity (Borer et al., 2012; Hu et al., 2023). Third, as plant diversity distribution patterns are driven by different mechanisms, further clarification of the links between different mechanisms is recommended to more comprehensively reveal the mechanisms sustaining biodiversity (Jiang et al., 2022). Fourth, it is advisable to strengthen applied research, combining theory and practice, and, based on elucidating plant diversity patterns and driving mechanisms, to carry out conservation applications for plant diversity (Barthlott et al., 2007; Viers et al., 2012). Lastly, although this research theme focuses on terrestrial ecosystems, future studies should broaden to more extensive ecosystems, especially aquatic and marine ecosystems, to more comprehensively understand the patterns and drivers of plant diversity.
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Because of its distinct geological history, frigid temperature, and rich biodiversity, the Tibetan Plateau gives an excellent opportunity to assess the effect of climate change on determining species richness. The distribution patterns of fern species richness and their underlying processes have long been a matter of debate in ecology research, with various hypotheses suggested over the years. Here, we explore richness patterns of fern species in Xizang on the southern and western Tibetan Plateau along an elevational gradient (100–5300 m a.s.l.) and evaluate climatic factors causing the spatial decrease and increase of fern species richness. We used regression and correlation analyses to relate the species richness with elevation and climatic variables. Throughout our research, we identified 441 fern species from 97 genera and 30 families. The Dryopteridaceae family (S = 97) has the highest number of species. All energy-temperature and moisture variables except drought index (DI) had a significant correlation with elevation. The altitude has a unimodal relationship with fern species, and the species richness is the largest at an altitude of 2500 m. The horizontal richness pattern of fern species on the Tibetan Plateau also showed that areas of extremely high species richness are mainly distributed in Zayü and Mêdog County, with an average elevation of 2800 m and 2500 m, respectively. The richness of fern species has a log-linear relationship with moisture-related factors such as moisture index (MI), mean annual precipitation (MAP), and drought index (DI). Because the peak corresponds spatially with the MI index, the unimodal patterns confirm the significance of moisture on fern distributions. Our results showed that mid-altitudes have the highest species richness (high MI), but high elevations have lower richness due to high solar radiation, and low elevations have lower richness due to high temperatures and low precipitation. Twenty-two of the total species are classified as nearly threatened, vulnerable or critically endangered, and varied in elevation from 800 m to 4200 m. Such relationships between the distribution and richness of fern species and climates on the Tibetan Plateau can provide data support for future predictions of the impacts of climate change scenarios on fern species, the ecological protection of representative fern species, and references for the planning and construction of nature reserves in the future.
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Introduction

The distribution patterns of species richness and their underlying processes have long been studied in ecology (Rosenzweig, 1995; Gaston, 2000). Over the past years, numerous studies have examined the relationships between elevational gradients and species richness to fully understand the nature of such gradients and to develop more efficient conserving strategies for biodiversity under climate change (Lomolino, 2001; Körner, 2007). Species richness frequently exhibit complicated interactions with elevation that differ depending on the taxonomic category and levels of gradient (Rahbek, 1995). Three types of diversity patterns have been identified: a diversity plateau at low altitudes, a mid-elevation peak with an intermediate level of richness, and a steady reduction in species richness with elevation (Rahbek, 1995; Rahbek, 2005). A mid-elevation curve is the most prevalent, as shown in almost half of previous studies, and is much more common than the monotonically declining pattern (Rahbek, 1995; Rahbek, 2005). Several interrelated factors contribute to species richness trends along elevation gradients (Kessler et al., 2011). Ecologists have generally agreed that climate change has a significant role in shaping how species are distributed along the gradient (Bhattarai et al., 2004; Acharya et al., 2011; Kessler et al., 2011).

Climate change is more significant than other ecological factors in explaining the pattern of species richness along the elevation gradient in the Tibetan Plateau (TP), China (Liang et al., 2020). The most significant factor influencing the richness and distribution patterns of species along altitudinal gradients is thought to be climatic because climatic variables are significantly correlation with elevation (Vetaas and Grytnes, 2002; Wu et al., 2013). Species richness increased in areas where topography and elevation caused climatic changes (Körner, 2003). Understanding the mechanisms that generate patterns of species richness along altitude gradients is therefore critical in evaluating the effects of climate change on biodiversity. Community ecologists have proposed several hypotheses to investigate the species richness pattern and the reasons that regulate it, taking altitudinal gradient and climatic variables into account (Pandey et al., 2020). Precipitation, temperature, humidity, potential evapotranspiration, growth season duration, and solar radiation are all climatic factors that have been hypothesized as major contributors in the distribution of plants on mountains (Funnell and Parish, 2001; Baniya et al., 2010; Acebey et al., 2017). Thus, in this work, we looked at the impact of energy and water, in understanding richness patterns of fern species on TP. The “energy-water hypothesis” is the most prevalent and widely debated explanation for explaining fern species richness trends. Fern species have previously discussed the link between species richness, water, and energy (Hawkins et al., 2003; Bhattarai et al., 2004; O'Brien, 2006). This concept is based on the ability of plants to acquire water and energy. The hypothesis related to energy-water dynamics is extremely important in understanding the patterns of fern species richness along elevation gradients.

Climate change is likely to have a significant impact on fern species (de Gasper et al., 2021), particularly epiphytic ferns (Hsu et al., 2012; Hsu et al., 2014). This is not unexpected because epiphytes are thought to be more susceptible to fluctuating and harsh climatic conditions at different phases of their development (Benzing, 1998; Klinghardt and Zotz, 2021). Several fern species that have evolved to specific climatic niches may face new problems as a result of aversive effects of climate change (Anderson, 2018). When climatic variables surpass a species’ physiological tolerances, they directly or indirectly influence the distribution range limits of certain species (Bachman et al., 2004; Rowe, 2009). Recent research has discovered that the richness of fern species along elevational gradients is typically connected with climates such as temperature and precipitation (Bhattarai et al., 2004; Tang et al., 2014). Climatic variables that change with elevations and can all have a significant impact on the distribution of fern species throughout the elevational gradient (Körner and Kèorner, 1999). Individual species’ distribution margins in the elevational gradient are defined indirectly or directly by excessive extremes of these climate variables. Many variables, such as temperature, precipitation, solar radiation, alter with elevation in mountainous areas, providing unique opportunities to study how biological diversity responds to such climate variables within geographically constrained areas (Körner and Kèorner, 1999; Körner, 2007).

Ferns have a total of 11,500 species around the world and are most diverse in tropical and subtropical mountains (Smith et al., 2006). Climate change and habitat destruction may result in a significant loss of fern biodiversity (Anderson, 2021). Ferns provide important ecological services and are economically useful in the horticulture sector. Ferns use microscopic spores to disperse and establish new populations in isolated places (Rose and Dassler, 2017), and they are highly sensitive to air humidity and temperature (Pouteau et al., 2016). Moreover, ferns are typically more sensitive to a limited water supply (Hernández-Rojas et al., 2020) because their stomatal control is less effective than that of angiosperms (Brodribb and McAdam, 2011), making them useful climatic indicators. Ferns have produced some of the most dramatic mid-elevation peaks of species richness at mid-altitudes (Hemp, 2001; Kessler, 2001; Bhattarai et al., 2004; Kluge et al., 2006; Watkins et al., 2006; Kessler et al., 2011; Marini et al., 2011). High air humidity and mild temperatures at mid-altitudes are typically linked with maximum fern richness (Hemp, 2001; Hemp, 2002; Bhattarai et al., 2004; Kluge et al., 2006). Despite their extensive diversification and specific adaption, ferns remain to be a particularly valuable class of vascular plants for scientific study. Due to widespread habitat degradation, anthropogenic climate change, and human exploitation, many fern species are in risk of extinction (such as agricultural extension, timber harvesting and urban development in natural environments) (Arcand and Ranker, 2013; Nowicki and Kowalska, 2018). However, research on the distribution patterns of fern species richness along the elevational gradients on the Tibetan Plateau (the highest plateau in the world), regional differences, and their drivers is necessary to improve our understanding of these issues and provide insight into biological conservation.

The fern species richness is evaluated in order to generate hypotheses about the numerous climatic variables that cause changes in species richness over the entire elevational gradient, as well as to study possibly distinct influences of the same variable at lower and higher elevations. Many ecological and evolutionary factors play a significant role in the assembly of ferns into local communities from a regional pool of species (Qian et al., 2023). While many variables impact the regional species pools from which fern species evolve, including climate and, to a lesser extent, geomorphology and soils. These factors operate as environmental filters, selecting which species are able to withstand the pressures posed by climate change and which are best equipped to capitalize on the chances for dispersion, development, and reproduction (Coyle et al., 2014; Qian et al., 2023). However, the main objective of this research is to (1): investigate regional variations in richness patterns of fern species and their conservation status along altitudes (2), evaluate the predictive capacity of energy-water relation in explaining the distribution pattern of fern species richness along altitudinal gradients, and (3) demonstrate how climatic variables may determine variation in fern richness along the entire gradient ranged from 100−5300 m, as well as along two sub-gradients, namely, low sub-gradients (LSG)=100−2500 m and upper sub-gradients (USG)=2500−5300 m on TP.





Material and methods




Study area and species data

The Tibet Plateau covers an area of about 2.3 million square kilometers, is located between Central Asia and Southeast Asia, and has an average altitude of over 4,000 meters (Figure S1). It is the highest and largest plateau on Earth and is known as the roof of the world because it is surrounded by some of the highest mountains on Earth, including the Pamirs, Kunlun Mountains, and Himalayas. Many studies provide convincing evidence that the Tibetan Plateau has significant dynamic and thermal influences on regional temperature and weather patterns in the Northern Hemisphere as well as on air circulation. The annual average temperature is -15°C~10°C, and the annual average precipitation is 392~764 mm. Snowfall in winter is infrequent, and snow melts quickly, at least on sunny slopes (Miehe et al., 2008). After the Antarctic and the Arctic, the “Third Pole” is the region with the highest diversity of biological species, ecological types and climate types in the world (Fu et al., 2010; Gao et al., 2016). The main types of vegetation on TP are alpine shrub, alpine steppe (mainly cushion plants), and alpine meadow (mostly perennial grasses) (Liu et al., 2019; Liu et al., 2021). The TP is particularly susceptible to climate change and environmentally fragile (Pan et al., 2022). As a biodiversity hotspot (Tang et al., 2006; López-Pujol et al., 2011), TP provides habitat for more than 9000 species of vascular plants, of which more than 18% are indigenous to the region (Wu, 2008); the diverse habitats also show that species richness varies greatly over the plateau (Tang et al., 2006; Yang et al., 2013).

In this study, the Xizang Autonomous Region is selected as the study area, because the fern species are mostly distributed in Xizang in the southern and western TP. We used the elevational range data of fern species from “The vascular plant and their ecogeographical distribution of the Qinghai-Tibetan Plateau” (Wu, 2008). These inventories and checklists are based on plant and distribution data on TP collected over the period of the last 60 years by large numbers of national and local teams (Sun, 2007; Zhang, 2013). In order to make the database more accurate, we also verified the species record (https://www.plantplus.cn/), nature reserve checklists, scientific papers, relevant provincial records, and various local floras in the area. According to a recent review of specimen collection integrity, practically all counties on the TP have been thoroughly studied (Yang et al., 2013). According to our preliminary research, all fern species on the TP were dispersed within an elevation range of 100 m and 5300 m. The elevation gradient of fern species distribution was divided into 53 elevation bands between 100 m and 5300 m (each 100 m). Every 100 m between a species’ upper and lower levels of elevational gradients was designated as its presence. For example, a species with an elevation limit of 1850 to 2270 m can be found in the elevation bands 1900, 2000, 2100, 2200, and 2300 m [8, 40]. This yields an estimated gamma diversity, which is the total richness of an altitudinal zone (Lomolino, 2001) (originally introduced by Grytnes and Vetaas (2002)). Because fern species diversity is frequently employed for indexes integrating evenness and richness, however, we define fern richness or species richness as the number of fern species present in each 100-m unit.





Species richness

The response variable in this investigation is species richness, which is defined as the number of fern species present in each elevation band as determined by interpolation methods (McCain, 2004). The existence of species was approximated based on the elevational range of the species from its maximum and minimum elevation distribution. This strategy presumed that taxa may be found at any height between their lowest and highest peak. The interpolation approach is also useful in resolving the under-sampling problem. Furthermore, the surface area of the mountain will be greater at the bottom than at the peak due to the hump-shaped design (Körner, 2003). The surface area of each band will differ from one another, and species richness fluctuates as land area changes across elevation (Rosenzweig, 1995). The area inside each elevation band is also a proxy variable for the size of the gene pool and can have a direct impact on species richness (Hu et al., 2018). The elevation and area data were downloaded from the Shuttle Radar Topography Mission (SRTM; https://www2.jpl.nasa.gov/srtm/).

Each species’ geographic range is described in two domains: elevation range (the lower and upper elevation) and horizontal distribution at the county level. In Xizang, there are 139 counties with a wide range of terrain. To reduce the potential influence of area on the evaluation of species richness, the distribution maps of each species were subsequently converted to grid-based maps. To do so, we divided the plateau into 1,139,621 1 km × 1 km girds. We then combined this grid map with a DEM (at 1 arc−2nd resolution) and a Chinese administrative map to establish the particular grid point and elevation for each grid. A species was identified as being present in the grid when both its horizontal and vertical distribution were taken into account. Because some grids included multiple counties, converting only on horizontal distribution would have enlarged the species’ range of distribution. This bias, however, has been diminished for the two reasons indicated below: First, there is a difference in size between a grid than a county; second, we provided an elevation range for each species. The term “species richness” refers to the total number of species in each grid.





Climatic variables

The elevation directly or indirectly determines the gradient in environmental variables, while these environmental gradients have a direct relationship with the growth and development of plants (Kluge et al., 2006) Long-term climate records from 1981 to 2010 at 2152 meteorological stations across China were averaged to produce climate data for five variables (monthly precipitation, temperature, sunshine percentage, and the absolute maximum and minimum temperatures, Figure S2) (http://data.cma.cn). Based on the elevation data model of the “SRTM” (Shuttle Radar Topography Mission), these five climate variables were projected into 1 km grids using a surface fitting method of thin plate smoothing spline (ANUSPLIN version 4.4, Xu and Hutchinson (2013)), which brought took the impact of elevation on climates into account (Farr et al., 2007). We used eight climatic variables to evaluate the pattern of fern species richness along elevation gradients. The annual growing degree days above 0°C (GDD0) and 5°C (GDD5), mean annual temperature (MAT), mean annual precipitation (MAP), growing season precipitation (GP), sunshine percentage (SSP%), annual drought index (DI = 1-AET/PET), and annual moisture index (MI = MAP/PET), were all calculated using the interpolated climate data (Gallego-Sala et al., 2010). AET stands for annual actual evapotranspiration and PET stands for annual potential evapotranspiration measured using the Penman-Monteith technique.





Statistical analysis and correlation

Primarily, the elevational gradient was utilized as an explanatory variable, while species richness was used as a response variable. We used Pearson correlation analysis to see whether there was a significant association between elevation, species richness, and climate factors. Analyzing the richness pattern at the gradient’s two ends may provide further light on the major variables influencing species interactions. The total gradient was separated into sub-levels of 100-2500 m (lower sub-gradient, LSG) and 2500-5300 m (upper sub-gradient, USG), and assessed both independently and as a whole, based on the mid-elevation peak at 2500 m. To correlate the fern richness with climatic factors and elevation, we employed a generalized linear model (GLM). The popular GLM method is used to correlate climatic factors to species richness. A logarithmic connection is necessary because species richness is discrete (counting) variable with a Poisson distribution error. An identity link function was used to test the regression models as well (which assumes a normal distribution of errors). Each variable was evaluated independently. Up to 3rd order polynomials were used to test the models. These polynomials were evaluated both individually and in relation to null models. By analyzing the normalized residuals to the fitted values and utilizing normal probability plots, it was possible to determine whether the fitted statistics were appropriate.

We performed principal component analysis (PCA) to assess the difference between two sub-gradients (LSG and USG) to determine the significant association between climatic factors and fern richness. The altitudinal gradient was employed as an independent variable, whereas climatic parameters and fern richness were used as dependent variables. The association between fern species richness and climate factors with altitude was shown using Heatmap (Lomolino, 2001) in R software 3.6.3. Microsoft Excel 2010 (Microsoft, Redmond, WA, USA), R software 3.6.3, and PAST 3.20 (Hammer et al., 2001) were used for all graphical data analysis.






Results




Regional variations in the richness patterns of fern species and their conservation status

Under climatic conditions, the area of fern species with extremely high richness accounts for 99.9% of the area of Xizang (Figure 1), which is mainly distributed in Nyingchi city (Zayü County, Mêdog County, Bomê County, and Bayi County). The Zayü County with high fern richness accounts for 70.14% of the area of the Nyingchi city, followed by Mêdog County (26.73%), Bomê County (3.02%), and Bayi County (0.02%). Similarly, the area with high richness accounts for 0.09% of the area of Xizang, mainly distributed in Qamdo city (Figure 1). On the other hand, the low richness areas are Shigatse, Lhoka, Lhasa, Ngari, and Nagqu cities (Figure 1). The ferns are distributed between 100 m and 5300 m in Xizang region of the TP. There are 441 species overall, 30 families and 97 genera (Figures 2, 3). The most species-rich family, i.e., Dryopteridaceae (S = 91), is mainly distributed in Nyingchi city, Qmado city, Shigatse city, Lhasa city, Lhoka city, Nagqu city (Biru County), and Ngari city (Purang County) (Figure 2). There are only 32 species above 4000-5300 m, representing 15 genera and 9 families (Figure S3). The most species-rich genus is Polystichum (S = 44), which is mainly distributed in Nyingchi city, Qmado city, Shigatse city, Lhasa city, and Lhoka city (Figure 3A). While 48 genera containing only single species (Figure 3B).




Figure 1 | Distributions of (A) digital elevation model and (B) fern species richness in Xizang, southern and western Tibetan Plateau.






Figure 2 | Regional distribution of the families of fern species in Xizang, Tibetan Plateau, China.






Figure 3 | Regional distribution of the (A) genera (S = 1) and (B) genera (S > 1) of fern species in Xizang, Tibetan Plateau, China.



It was noted that 53% of fern species are least concerned (LC), 29.2% of species are listed as data deficient (DD), 12.7% of species are not evaluated (NE), 3.2% of species are listed as near threatened (NT), 0.91% of species (i.e., Huperzia selago, Anisocampium cuspidatum, Dryopteris lachoongensis, and Drynaria delavayi) are vulnerable (V), and 0.91% of species (i.e., Huperzia serrata, Gymnosphaera andersonii, Sphaeropteris brunoniana, and Selliguea dareiformis) are listed as endangered (EN) by IUCN (International Union of Conservation of Nature) (Figure S4).





Fern-climate relationships along the elevational gradients

Except for DI, all energy-temperature and moisture variables have a strong correlation with elevation (Supplementary Table 2 and Figure 4). The highest fern richness is found at around 2500 m. (Figure 4). Figure 5 shows that overall fern species richness has a significant positive correlation with MI (r = 0.74) and MAP (r = 0.50) and a significant negative correlation with DI (r = -0.77) and SSP (r = -0.43). Total fern species richness has no significant correlation to other climate gradients.




Figure 4 | Scatter plots showing the relationship between elevation (m) and climatic variables i.e., (A) GDD0 (growing degree days of daily temperature >0°C), (B) GDD5 (growing degree days of daily temperature >5°C), (C) MAT (mean annual temperature), (D) MAP (mean annual precipitation), (E) GP (growing degree days), (F) SSP (sunshine %), (G) MI (moisture index), (H) DI (drought index), and (I) S (species richness). The scale indicates fern species richness in Xizang, Tibetan Plateau, China.






Figure 5 | Correlation among climatic variables, species richness and elevations. The significance level is shown by the star symbol; * significant at 0.05, ** significant at 0.01, and *** significant at 0.001.



The associations between elevation and fern richness exhibit substantial positive (r = 0.92) and negative (r = -0.99) correlations when separated into two gradients of 100-2500 and 2500-5300 m, respectively (Figure 6). All energy-temperature variables and moisture variables had significant correlation with elevation and fern richness (Figure 6). According to Principal component analysis (PCA), the first two axes have a variance of 99.3%, while the “PC1-axis” and “PC 2-axis” have variations of 94.6% and 4.78%, respectively (Figure 7A). Figure 5B demonstrates the positive correlation between the PC 1-axis and the variables GDD5 (r = 0.66), GDD0 (r = 0.72), and DI (r = 0.0007). GP (r = 0.46), MAT (r = 0.01), MAP (r = 0.66), MI (r = 0.05), and S (r = 0.33), on the other hand, are positively correlated with the PC 2-axis, and SSP (r = -0.05) is negatively correlated with the PC 2-axis (Figure 7B). Based on climatic variables and fern richness, cluster analysis revealed two groups of different elevation gradients in USG and LSG on the basis of similarity (Figure 8). In LSG, the first cluster G1 (100 m - 700 m) had lower fern species richness, whereas the second cluster G2 (700 m - 2500 m) contained higher number of fern species. On the other hand, in USG, the first cluster G1 (2500 m - 4600 m) had higher fern species richness, whereas the second cluster G2 (4600 m - 5300 m) contained lower number of fern species.




Figure 6 | Pearson correlation among climatic variables, species richness and elevation: (A) lower elevation sub-gradient (100-2500 m a.s.l.), (B) upper sub-gradient (2500-5300 m a.s.l) in Xizang, Tibetan Plateau, China.






Figure 7 | (A) Plot of variables in the PCA conducted with GDD5 (growing degree days of daily temperature >5°C), GDD0 (growing degree days of daily temperature >0°C), MAT (mean annual temperature), GP (growing degree days), MAP (mean annual precipitation), SSP (sunshine %), MI (moisture index), DI (drought index), and S (species richness) in lower sub-gradients (LSG) and upper sub-gradients (USG) in Xizang, Tibetan Plateau. The subgradients LSG and USG are indicated by different colors (Red circles–LSG and Blue circles–USG). (B) Loadings of variables in PCA show the correlation with PC1 and PC2.






Figure 8 | Heatmap shows the relationship between elevation and different climatic variables i.e., GDD5 (growing degree days of daily temperature >5°C), GDD0 (growing degree days of daily temperature >0°C), MAT (mean annual temperature), GP (growing degree days), MAP (mean annual precipitation), SSP (sunshine %), MI (moisture index), DI (drought index), and S (species richness) (A) lower elevation sub-gradient 100-2500 m a.s.l. (B) upper subgradient 2500-5300 m a.s.l. on the Tibetan Plateau, China. G1 and G2 represent the elevation groups based on cluster analysis.



Table 1 depicts the correlations between fern species richness and climate factors. In general, species richness is unimodally related to temperature-related variables such as MAT, GDD0, and GDD5 (Table 1). Because these temperature-related variables MAT (r = -1.00), GDD0 (r = -0.99), GDD5 (r = -0.98), and GP (r = -0.98) are highly correlated, the fern richness trend along MAT, GDD0, GDD5, and GP is the same as the elevation trend (Table 1 and Figure 4). Fern species richness declines monotonically with increasing and decreasing values of MAT, GDD0, GDD5, and GP. There is a log-linear trend between the moisture-related variables (i.e., MAP, MI, and DI) and fern richness. Because fern richness along elevation gradients is significantly correlated with both the MI (r = 0.74) and DI (r = -0.74) variables (Table 1 and Figure 4). For fern species, the highest MI values are between 0.43 and 0.45 (Figure 4), which appears around 2500 m. The fern species richness along the MAP gradient displays a log-linear trend. Along the two sub-levels (LSG and USG) also shows a log-linear relationship with MAP (Figure S5 and Table 1). There is a log-linear association between SSP and fern richness over the whole gradient, however above 2000 m, there is a negative log-linear trend. There is no substantial pattern below 2000 m (Figure S5 and Table 1).


Table 1 | Summary of regression statistics for the species richness relationship between variables along the whole elevation gradient and two sub-gradients.








Discussion




Richness pattern of fern species along the elevational gradient

Fern richness was higher in the mountains and valleys along the plateau’s south and east sides, where elevation was low, than in the basins along the plateau’s northern border and the high-latitude (above 4000 m) region (Figure 1). According to Zheng, Zhang and Wu (Zheng et al., 2000), the southern slopes of Tibet and the south Hengduan Mountains are both tropical and subtropical, accounting for approximately 61.2% of the total fern genera on the plateau.

Several studies have noticed the pattern of fern species richness along altitudinal gradients and their underlying processes in various regions in recent years. The species richness showed variation with elevation in TP, China (Wang et al., 2006; Wang et al., 2007). Bhattarai, Vetaas and Grytnes (Bhattarai et al., 2004) also reported the fern species richness varies strongly with elevation in Himalayan region of Nepal. According to some studies, the highest richness of species appears at the mid-elevation peak (Bhattarai et al., 2004; Wang et al., 2007), whereas other studies show that species abundance increases or decreases continuously as elevation increases (Sanders, 2002; Shimono et al., 2010; Subedi et al., 2020). Nonetheless, there are two types of diversity patterns that are commonly observed (1): a steady reduction in species richness with elevation [46], and (2) a mid-elevation peak with an intermediate level of richness [25]. However, there are two most common forms of diversity patterns (Gaston, 2000); monotonically decreasing curve with increasing altitude (Wang et al., 2006), and (Rosenzweig, 1995) a mid-elevation peak with high diversity at intermediate altitudes (Marini et al., 2011). In our study, fern species showed high richness at mid-elevation peak. Fern richness reaches a maximum at 2500 m and decreases constantly as elevation gradients increase and decrease. Some regions with high fern species richness at mid-elevation include the Himalayan region, Nepal (Bhattarai et al., 2004), Tahiti, France (Pouteau et al., 2016), NE Italy (Marini et al., 2011), and Costa Rica (Watkins et al., 2006).

The mechanisms defining a species’ mid-elevation peak are unknown, although there are four major elements involved in the decline of fern species richness i.e., moisture availability (air humidity), rainfall, the solar radiation; and hard boundaries, such as the lack of tree-habitats above timberline. Hard boundaries are imposed in terms of species distribution level and survival resistance (Colwell and Hurtt, 1994). If these limits are resistant to dispersal of species, they are referred to as hard boundaries. According to some researchers, species richness may peak at mid-elevation due to hard boundaries that exist at both extremes of the elevational gradient (Colwell and Hurtt, 1994; Vetaas and Grytnes, 2002). The mid-domain effect is often larger for broadly dispersed species (species with extensive ranges) than for narrowly distributed species (with small ranges) (Colwell et al., 2004). The abrupt decline in species richness over 4000 m may be explained by a dynamic hard barrier regulated by climate (Vetaas and Grytnes, 2002). According to Bhattarai, Vetaas and Grytnes (Bhattarai et al., 2004), climatic variables, not hard boundaries, are the primary reasons of the unimodal pattern.

Ferns reach their highest elevation at 5300 m on the TP. According to Liang, Wang, Piao, Lu, Camarero, Zhu, Zhu, Ellison, Ciais and Peñuelas (Liang et al., 2016), TP has the highest alpine treelines in the Northern Hemisphere (4900 m a.s.l). Our findings revealed the presence of three species in the alpine environment, including Cystopteris dickieana, C. fragilis, and Polystichum lachenense, suggesting that alpine ferns are mostly sink communities of alpine species that can scarcely endure the harsh and stressful open habitat (Grytnes, 2003). The mechanism of inadequate control of evaporative potential of fern species in harsh open alpine habitat may be explained by source-sink dynamics. Because the significant relation between tree species and fern species can help to regulate of evapotranspiration potential to counterbalance high levels of water loss. According to Grytnes (2003), If the ecological conditions are equivalent, sink populations are often formed from source populations within the territory.

Mid-elevation habitats received greater diaspore input than sites at the extremes of the elevational gradient, resulting in greater plant species richness (Bhattarai et al., 2004). Furthermore, trees defend ferns against desiccation and provide suitable environmental condition, which explains the significant correlation between fern richness and tree species at mid-elevation. As samples obtained throughout a sub-tropical elevational gradient indicated, fern species clearly declined toward the lowlands due to habitat degradation (Bhattarai and Vetaas, 2003). Stochastic mechanisms like as the mid-domain effect, which predicts that species ranges evenly distributed within a restricted region would overlap more in the middle than at the extremes of the elevational gradient (Grytnes and McCain, 2007), may influence fern species richness patterns, albeit to a lower amount than climate change (Bhattarai et al., 2004; Kluge et al., 2006; Kessler et al., 2011). Bhattarai, Vetaas and Grytnes (Bhattarai et al., 2004) observed that the reduced fern abundance may be attributed to climatic factors rather than habitat degradation.





Pattern of fern richness and climates

The distribution of fern species richness along the elevational gradients has been shown to be strongly linked to climatic conditions at both the locals (Bhattarai et al., 2004; Kluge et al., 2006; Pouteau et al., 2016) and global scales (Kessler et al., 2011). Fern species richness is lower in arid lowlands and on cold peaks than in mid-elevation places (Bhattarai et al., 2004), and diverse climatic parameters (moisture, temperature, precipitation, and solar radiation respectively) have been proposed to restrict fern richness at both extremes of the elevational gradient (Kessler et al., 2011; Pouteau et al., 2016). Climate variables are the key drivers of the mid-elevation peak of plant species on the TP in China (Liang et al., 2020; Sun et al., 2020), which may be related to exceptional elevational range of the TP and a more comprehensive and evident vertical climatic gradient than other mountains of comparable height. The current climatic conditions appear to be having two significant effects: low temperatures and precipitation on cold summits (high altitudes) (Marini et al., 2011) and low moisture availability (humidity and precipitation) in dry regions (low altitudes) (Kessler et al., 2011). Temperature, humidity, precipitation, and solar radiation may all be used to calculate the overall productivity of an elevation gradient (McCain and Grytnes, 2010).





Strong relation of fern richness and moisture variables

MI are highly correlated (r = 0.74) with fern richness along the elevation gradients (Figure 5). Since moisture is required for free-swimming motile antherozoids to proliferate, fern richness and MI showed a strongly positive log-linear relationship (Page, 2002). Another element contributing to the high moisture content at mid-elevation is the cloud zone, where massive volumes of water are rapidly deposited onto plants via light mist (horizontal rainfall in forest zones) and clouds (McCain and Grytnes, 2010; Hamilton et al., 1995). Moreover, it causes decreased evapotranspiration and sunshine (Hamilton et al., 1995), as well as increased atmospheric humidity (Kluge et al., 2006), which may increase fern richness (Bhattarai et al., 2004; Pouteau et al., 2016). According to Pouteau, Meyer, Blanchard, Nitta, Terorotua and Taputuarai (Pouteau et al., 2016) and Navarrete (2001) assert that rain forests at intermediate altitude have the highest fern richness because these forests have lower solar radiation, vapor pressure, as well as an overall decrease in evaporation potential. According to our research, the highest fern richness was found at the same height of 2500 m (Figure 4I), which also supports the highest water availability at mid-elevation areas. The horizontal richness pattern of fern species on TP also showed that areas of extremely high species richness are mainly distributed in Mêdog and Zayü County (Figure 1), with an elevation of 2500 m and 2800 m, respectively. Both counties has a favorable climate caused by the South Asian monsoon, which brings moisture from the Indian Ocean (Du et al., 1990; Buzhuo et al., 2000). The areas of relatively high species richness were distributed in the Lhasa City with an altitude of 3650 m and the southern section of Hengduan Mountains.

Water and energy interaction is essential for biological activity and species diversity (O'Brien, 1998; Whittaker et al., 2001; Acharya et al., 2011). Fern species richness showed a similar tend with elevation gradients, reaches a maximum at 2500 m, and decreases constantly as elevation gradients increase or decrease. This is most likely due to high MI at mid-elevations (Figure 4G), where there is a lot of water stored directly on plants due to higher precipitation. Ecologically, it makes sense that the highest fern abundance at 2500 m corresponds to the highest moisture availability. Moisture observations at four distinct altitudes (40, 650, 1800, and 2800 m) collected over a year on the Atlantic slope of Costa Rica, Central America, indicated that air humidity is maximum at mid-elevations (1900 m), with a dramatic fall to the lowlands and just a minor decline to higher elevations (Kluge et al., 2006). However, moisture is most likely restricting fern richness in the lowlands because high temperatures induce increased evaporation potential and hence water stress (Zotz and Hietz, 2001).





Relationship of fern richness to rainfall

The relationship of fern species richness to rainfall follows the same pattern as that for moisture availability. Fern species richness along the MAP gradient displays a log-linear trend (Figure 5S). According to Tang, Li, Li and Meng (Tang et al., 2014), MAP was a good indicator to predict fern richness in both multiple and linear regression models, with a significant correlation with fern species richness (Figure 5). Furthermore, the MAP peak occurred at a mid-elevation region in China’s Taibai Mountain, which is readily to generate a cloud zone, allowing a huge amount of water to be deposited directly onto plants from light mist and clouds, resulting in the development of plant growth development. The largest MAP (784 mm) for species richness was reported in our study at 2500 m, which might be attributed to the high fern richness at TP’s mid-elevation regions. The elevational trends of rainfall and the cloud cover duration, varies greatly over the region (Vetaas et al., 2019). It rises from the lowlands to an elevational belt between 800 and 2000 m, but then falls at higher altitudes (Acharya et al., 2011). According to Stevens (1989), the creation of plant elevational richness patterns is highly related to rainfall patterns.

Fern richness declined less dramatically at higher elevations occupied by open alpine habitats than at lower elevations (Anderson, 2018). This is most likely due to extremely low precipitation at higher altitudes (Figure 4D). During the rest of the year, the moisture is locked up as snow, making it mostly inaccessible to plants. Nevertheless, the significant decrease in species richness reported above 2500 m on TP may be attributed in part to eco-physiological factors such as a shorter growing season, low precipitation and ecosystem productivity, high solar radiation in higher altitudes (Körner, 1998). At low elevations, low moisture availability (both precipitation and air humidity) resulted in the decline of fern species (Kessler et al., 2011). Tang, Li, Li and Meng (Tang et al., 2014) observed that low moisture availability restricted species growth at low elevation in China’s Taibai Mountain. The lowest richness of fern species was seen in lowland disturbed areas that were relatively dry (Marini et al., 2011).





Relationship of fern richness and solar radiation

The sunshine percentage (an indicator of the solar radiation) had a significant positive correlation (0.86) with elevation and significant negative correlation (-0.43) with fern richness (Figure 5). According to Barry (2008), solar radiation showed an increasing trend with elevation gradient as shown in Figure 4. With rising sunshine, the richness of fern species should decrease linearly. There is no pattern below 2000 m, however there is a positive tendency above 2000 m. This is most likely due to very strong solar radiation at higher altitudes (Figure 4F), where there is also strong ultra-radiation, dry weather, frequent winds, and low nocturnal temperatures, which may be unfavorable for many ferns (Pouteau et al., 2016). The strong effect of solar radiation and a lack of tree shade above the forest ecotone may cause a decline in fern richness due to higher water evaporation from plant surfaces, resulting in significant water losses (Körner, 2007). Indeed, the life cycles of ferns lead to inadequate regulation of evaporative potential to compensate for excessive levels of water loss (Page, 2002). It is challenging to overcome these stress conditions at higher altitudes with open alpine ecosystems when precipitation and temperature are incredibly low.





Conservational aspects of fern species along the elevation gradients

Twenty-two of the total species are reported as nearly threatened, vulnerable or critically endangered, and varied in elevation from 800 m to 4200 m (Figure 4S). According to Chen, Kay Khine, Yang and Schneider (Chen et al., 2022), the high percentage of endemic (10.7%) and endangered (11.4%) species emphasizes the importance of the region for the preservation of the variety of ferns and lycophytes in China and throughout the world. On the southeast coast of TP, ongoing timber exploitation from low-elevation forest is predicted to have an adverse effect on the fern species (which grows in moist shady places) (Li et al., 2019). Rapoport’s rule (Rapoport, 1982) states that species at lower elevations (tropical zones) have smaller geographical ranges than species in higher elevations (temperate zones) and hence face a higher rate of extinction (Bach et al., 2007). Moreover, temperate species can survive in a variety of environmental conditions due to their adaption to the substantial annual climate change. In addition, the adaptation of temperate species to the strong annual climatic variation allows for survival across a wide range of environmental conditions (Stevens, 1989).

Reduced plant cover and cultivation of steeper slopes with lower canopy cover crops has led in soil erosion and degradation (Guerra et al., 2020), both of which can amplify the effects of land use and climate change (Paustian et al., 2016; Vijith and Dodge-Wan, 2018) and worsen the status of local biodiversity (Wall et al., 2015). According to Cicuzza and Mammides (2022), soil qualities and slope have an impact on fern richness and abundance, particularly in the steep lowland terrain of Xishuangbanna, where most of the natural forest has been replaced by rubber plantations in recent decades. The abundance of ferns declines dramatically as well, from 76.5% to 26.0% on the eastern TP, which may be linked to considerable changes in local hydrological conditions caused by human and natural disturbance (Wei et al., 2021). The significance of soil and slope to the diversity and abundance of fern species highlights how disturbed sites, such as those with declining tree populations and canopy cover, may change the characteristics of the soil, which has a detrimental effect on fern species diversity and the overall productivity of the ecosystem.

Ferns have faced a new type of threat over the last five decades, as humans have damaged natural ecosystems and caused dramatic species extinction (Pimm and Raven, 2000). Ferns that can adapt to fire, human disturbance, and agricultural contexts may grow, while ferns in undisturbed ecosystems such as lowland and montane tropical forests face extinction. Ferns are of particular interest in biodiversity conservation because they are limited to a small geographical range and are susceptible to loss due to timber harvesting, habitat loss, and degradation (Mehltreter, 2010). Further scientific research is needed to address the impact of forest loss, habitat degradation, and habitat loss on the altitudinal distribution of fern richness at intermediate elevations in this region (Liang et al., 2020). Considering land-use constraints and climate change, the recognition of elevational boundaries with high concentrations of critically endangered fern species is useful for strategic conservation planning.






Conclusion

In conclusion, the findings provided here have (1): demonstrated strong associations between fern species richness and climatic factors along the altitudinal gradient (2) enabled us to completely negate the claim that fern species has a monotonically increasing trend along the altitudinal gradient and altered it with an effective unimodal concept (3), supported idea that the fern species showed similar pattern to from other parts of the regions. At the mid-elevation peak, an ideal range of temperature and precipitation (high moisture availability) may result in increased energy availability and, as a result, higher species richness. At the lower elevation, high temperature and low precipitation resulted in low moisture availability, consequently, restrict the ferns growth, whereas at higher elevation, species richness was limited by high solar radiation. Nevertheless, because these assumptions are based on extrapolated species and climatic data, they must be validated by true sampling from established sample plots with measurable climatic variables. Further scientific research is required to explore the influence of forest degradation and habitat loss on the altitudinal distribution of fern richness in this region at intermediate altitudes.
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Investigating the genetic mechanisms of local adaptation is critical to understanding how species adapt to heterogeneous environments. In the present study, we analyzed restriction site-associated DNA sequencing (RADseq) data in order to explore genetic diversity, genetic structure, genetic differentiation, and local adaptation of Stipa breviflora. In total, 135 individual plants were sequenced and 25,786 polymorphic loci were obtained. We found low genetic diversity (He = 0.1284) within populations of S. breviflora. Four genetic clusters were identified along its distribution range. The Mantel test, partial Mantel test, and multiple matrix regression with randomization (MMRR) indicate that population differentiation was caused by both geographic distance and environmental factors. Through the FST outlier test and environmental association analysis (EAA), 113 candidate loci were identified as putatively adaptive loci. RPK2 and CPRF1, which are associated with meristem maintenance and light responsiveness, respectively, were annotated. To explore the effects of climatic factors on genetic differentiation and local adaptation of S. breviflora, gradient forest (GF) analysis was applied to 25,786 single nucleotide polymorphisms (SNPs) and 113 candidate loci, respectively. The results showed that both temperature and precipitation affected the genetic differentiation of S. breviflora, and precipitation was strongly related to local adaptation. Our study provides a theoretical basis for understanding the local adaptation of S. breviflora.
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1 Introduction

Landscape genomics investigates and quantifies the effects of environmental heterogeneity on geographic patterns of genetic variation in natural populations, providing critical insights into the local adaptation of species (Joost et al., 2007; Balkenhol et al., 2017; Li et al., 2017). Environmental factors vary spatially, causing plant populations to evolve different advantageous traits to survive under local stresses (Kawecki and Ebert, 2004; Savolainen et al., 2013). Diverse selection pressures may lead to genetic variation and differentiation of species on a genome-wide scale (Rellstab et al., 2015). Such genetic variation and differentiation along environmental gradients can be indicative of local adaptation (Zhang et al., 2020). In past decades, many studies have documented local adaptation to different environmental factors, such as temperature (Zheng et al., 2011; Körner, 2016; Aguirre-Liguori et al., 2021), soil characteristics (Guerrero et al., 2018), and even atmospheric gases (Watson-Lazowski et al., 2016), across many species, including Quercus rugosa (Gugger et al., 2021), Arabidopsis thaliana (Lasky et al., 2014), and Pterocarya stenoptera (Li et al., 2018). Revealing the molecular basis of the genetic variation caused by heterogeneous environments helps to understand how populations evolve owing to local adaptation.

Investigating how genomic variations contribute to local adaptation and identifying selective forces is still challenging for species with limited genomic resources (Mayol et al., 2020). Nonetheless, the development of genome-scale genotyping approaches, such as restriction site-associated DNA sequencing (RADseq), has made it possible to collect thousands to millions of single nucleotide polymorphisms (SNPs) for non-model species (Savolainen et al., 2013; Sork et al., 2013). Abundant genomic data coupled with effective loci-identifying methods have promoted an understanding of local adaptation. The methods used to identify the loci underlying local adaptation are grouped into two categories: differentiation-based outlier tests (FST outlier tests) and environmental association analysis (EAA) (Schoville et al., 2012). FST outlier tests are used to detect loci potentially under selection, which exhibit significantly higher values of genetic differentiation (FST) than expected under neutrality (Narum and Hess, 2011). However, this approach may detect some false positive loci associated with evolutionary processes (i.e., genetic drift, population history, and gene flow) other than local adaptation (Aguirre-Liguori et al., 2021). Therefore, EAA, an approach that separates a subset of SNPs that have exceptional environmental associations from the background associations generated by neutral processes, is usually combined with FST outlier tests to minimize false positives (Lotterhos and Whitlock, 2015; Li et al., 2017).

The steppe zone is a huge area in temperate Eurasia where different grasslands, dominated by various Stipa species, form the main type of vegetation (Pfadenhauer and Klötzli, 2020; Sergeev, 2021). Recent studies have shed light on the demographic history (Vintsek et al., 2022), phylogeny (Krawczyk et al., 2022), hybridization, and introgression events (Baiakhmetov et al., 2020; Baiakhmetov et al., 2021) of some Stipa species in Central Asia, advancing our understanding of this genus from different perspectives. Desert steppe, an important steppe formation of the Eurasian steppe, is the ecotone between grassland and desert (Chen et al., 2020). Compared with other grassland types, the desert steppe has far less vegetation, which is susceptible to climate change and anthropogenic disturbances (Zhao et al., 2002; Angerer et al., 2008). Stipa breviflora Griseb., as one of the dominant species in the desert steppe, is an important foraging resource because of its palatability, rich nutrient content, early greening, and resistance to grazing and drought (Ren et al., 2017; Yan et al., 2020). Moreover, S. breviflora has attracted attention for its potential use for water and soil conservation and for desertification control (Wang et al., 2018; Chen et al., 2020). However, this kind of desert steppe has undergone degradation succession, and the role of S. breviflora in constructing communities is likely to change as a consequence of global warming (Zhang et al., 2014; Wang et al., 2015; Wu et al., 2020; Lv et al., 2021).

The distribution of S. breviflora covers a large temperature and precipitation range, from the cold and dry climate of the Qinghai-Tibetan Plateau (QTP) to the relatively warm and wet Loess Plateau. However, how this species adapts to these highly heterogeneous habitats, both geographically and ecologically, is still unknown. To uncover the genomic basis of genetic variation and local adaptation of S. breviflora, we sampled 135 individual plants belonging to 27 populations from its distribution area. We generated two datasets: all-SNP dataset that derived from the original RADseq, and the outlier dataset that derived from the all-SNP dataset and represents the loci under selection. We generated two datasets: all-SNP dataset that derived from the original RADseq, and the outlier dataset that derived from the all-SNP dataset and represents the loci under selection. Our study will provide information on the inter-relationship existing between heterogeneous environments and genetic variability, which will deepen our understanding of the local adaptation of S. breviflora.




2 Materials and methods



2.1 Study species and sampling

Stipa breviflora is a wind-pollinated and selfing facultatively perennial grass (Wan et al., 1997) that is widely distributed across a continuous zone that stretches from the southwest of the Loess Plateau, across the Yinshan Mountains, to the south of the Mongolian Plateau (Zhang et al., 2012). It also dominates the desert steppe, within altitude zones that differ in terms of temperature, precipitation, and soil attributes, in mountains located in the Xinjiang region and the QTP (Zhang et al., 2012; Lv and Zhou, 2018) The plant regreens in early April and sets seeds from May to July. The seeds are characterized by a short plumose awn and spinulose lemma apex that allows for wind or zoochorous dispersal (Ye et al., 2020). It can also be propagated clonally via tillering. With its strong ecological adaptability, S. breviflora can be codominant with other Stipa species such as Stipa bungeana in warm–temperate steppes and Stipa krylovii in typical steppes (Lu and Wu, 1996).

The fresh leaves of 135 S. breviflora samples were collected from 27 localities throughout the species’ distribution area (Figure 1A; Table 1). From each population, five individuals were sampled at least 10 m apart to avoid sampling ramets of the same genet. Leaf materials were stored in liquid nitrogen in the field and frozen at –80°C in the laboratory. No specific permits were required for S. breviflora sampling and all samples were collected following government regulations.




Figure 1 | (A) Geographical locations of the 27 sampled populations of Stipa breviflora and (B) genetic structure for K = 4 based on admixture analysis. Abbreviations in both (A, B), such as PL and LZ, represent the sampling sites in the present study. K, number of clusters.




Table 1 | Population locations and summary of genetic statistics of S. breviflora.






2.2 Library construction, sequencing, and data processing

DNA extraction was performed with the Tiangen Plant DNA Extraction Kit DP305 (Tiangen, Beijing, China) in accordance with the manufacturer’s protocol. Extracted DNA was quantified by NanoDrop 2000 UV–Vis spectrophotometers (ThermoFisher Scientific, Waltham, MA, USA). Restriction site-associated DNA (RAD) libraries were prepared and sequenced for each DNA sample by Beijing Genomics Institute (BGI; Shenzhen, China) using the restriction enzyme EcoRI and sample-specific barcodes. Samples in the libraries were pooled and sequenced on an Illumina Hiseq X10 to generate 146-bp paired-end reads.

Standard quality control (QC) pipelines (BGI, Shenzhen, China) were used to process the raw sequencing data. Raw reads from the same library were demultiplexed according to index barcodes and reads containing adaptors were removed. Reads with more than 40% low-quality bases (phred scores < 20) and reads with more than 10% “Ns” were discarded using SOAPnuke v1.5.6 (Chen et al., 2018). STACKS v1.48 (Catchen et al., 2013) was used to assemble the clean reads into de novo loci, and to call the SNPs using the “denovo_map.pl” module with the following settings: minimum number of reads to create a stack, m = 2; maximum distance allowed between stacks, M = 2; maximum number of mismatches allowed between loci, n = 3; minimum number of populations a locus must be present in, p = 20; minimum percentage of individuals in a population required to process a locus for that population, r = 0.8; minimum minor allele frequency, min-maf = 0.05. In addition, data analysis was restricted to the first SNP per RAD locus, to reduce the impact of linkage disequilibrium (-write_single_snp). The filtered dataset (all-SNP dataset) of 25,786 SNPs was exported in vcf format using the “-vcf” option.




2.3 Population genetic diversity, structure, and differentiation

Nucleotide diversity (π), observed heterozygosity (Ho), expected heterozygosity (He), and inbreeding coefficient (Fis) were calculated using the “populations” module in STACKS v1.48 (Catchen et al., 2013). Genetic structure analysis and principal component analysis (PCA) were employed in this study. The population structure was investigated using ADMIXTURE v1.3.0 (Alexander et al., 2009). This program adopts an unsupervised approach to calculate a matrix of ancestry coefficients that are the proportions of an individual genome belonging to different ancestral populations. The input file was converted to “plink” format using VCFtools v0.1.13 (–plink) (Danecek et al., 2011) and to “ped” format using plink v2.0 (Chang et al., 2015). We ran ADMIXTURE with K ranging from 1 to 27 and repeated the process 10 times for each K (number of clusters) with different random seeds. The most probable number of clusters was inferred by the lowest cross-validation error. We also conducted PCA in plink v2.0 (Chang et al., 2015) to assess the genetic variance. Pairwise population differentiation (FST) was computed using the R package “hierfstat” (Goudet, 2005). Analysis of molecular variance (AMOVA) in Arlequin v3.5.2 (Excoffier and Lischer, 2010) was used to quantify the genomic variance between individuals, within and among sample groups, with significance tests based on 10,000 permutations.




2.4 Isolation by distance or environment

Environmental data (19 climatic variables for 1970-2000 with a spatial resolution of 1 km) were downloaded from WorldClim (http://www.worldclim.org) (Fick and Hijmans, 2017). PCA was applied to eliminate inter-correlations of these environmental variables and to extract independent climatic gradients. Both environmental and geographical distances were calculated by PASSaGE v2 (Rosenberg and Anderson, 2011). Genetic distances were estimated using the formula FST/(1 – FST). Mantel and partial Mantel tests were performed using the “vegan” package (Dixon, 2003). Multiple matrix regression with randomization (MMRR), an approach for quantifying geographical and ecological isolation, was implemented with 10,000 permutations in R with the MMRR script (Wang, 2013).




2.5 Outlier detection and functional annotation

We used both the FST outlier test and EAA to detect outliers. Firstly, Bayescan v2.1 (Foll and Gaggiotti, 2008) was used to detect the loci (under positive or balancing selection) with FST that deviated from expectations under a neutral model of selected. Bayescan v2.1 (Foll and Gaggiotti, 2008) was run with 20 pilot runs of 5,000 iterations followed by 100,000 iterations and an additional burn-in of 50,000 iterations. Loci with a false discovery rate (FDR) <0.05 were considered to be outliers. Secondly, to perform EAA, latent factor mixed modeling (LFMM) analysis and 19 bioclimatic factors were used to identify outliers in the LEA package with the “lfmm2” function (Frichot and François, 2015). We set a significance threshold of FDR-adjusted p < 0.01 to select loci under natural selection. The intersection of the loci obtained by both Bayescan and LFMM analysis constituted the outlier dataset. To annotate the function of identified outliers, their sequences were mapped against the transcriptome sequences of S. breviflora (non-published data) using the program BLASTN (Altschul et al., 1990) with an E-value cut-off of 10–5, as there is no available genome data of S. breviflora. Then, the Kyoto Encyclopedia of Genes and Genomes (KEGG, https://www.kegg.jp/) database and Gene Ontology (GO, http://geneontology.org/) database were used for BLAST search and annotation.




2.6 Determination of environmental impacts on genetic variation and local adaptation of S. breviflora

Gradient forest (GF) is a non-parametric, machine learning, regression tree approach that uses SNP allele frequencies (as response variables) and climatic data (as predictors) to identify environmental gradients that are associated with genetic variation and also to determine allele frequency turnover along that gradient. We applied gradient forest analysis to the all-SNP dataset and the outlier dataset, using gradientForest_0.1–18 (https://r-forge.r-project.org/R/?group_id=973). R packages “raster” (Hijmans et al., 2015) and “rgdal” (Hijmans et al., 2015) were used to extract 19 climatic variables at each sampling location. After removing variables with a Pearson’s R2 > 0.9, 12 climatic variables were retained to build the final GF model with the default parameters (Table S1). Then, The statistical significance of the most important environmental factor generated by GF analysis was then assessed using analysis of variance (ANOVA).





3 Results



3.1 Sequencing data

A total of 374.48 Gb of sequencing data were generated from 135 individuals of S. breviflora. Over 2,546 million reads passed initial quality controls. The mean, minimum, and maximum number of sequencing data for each individual were 18.86 million, 11.38 million, and 25.51 million, respectively (Table S2). By assembling and filtering in STACKS v1.48, the final dataset containing 25,786 polymorphic loci was retained for further analyses.




3.2 Population genetic diversity, structure, and differentiation

Stipa breviflora showed low genetic diversity at the species level, with a value of 0.1284 (He). Population HN, located in the central part of the S. breviflora distribution region, showed the highest genetic diversity with the highest Ho (0.2180), He (0.1919), and π (0.1146). In contrast, the peripheral population, PL, exhibited the lowest level of genetic diversity, with an Ho of 0.0076 and He of 0.0068 (Table 1). Admixture analysis indicated that K = 4 is the most likely number of genetic clusters according to the lowest cross-validation error value (Figure S1A). These four identified genetic clusters were largely consistent with their geographic distributions (Figure 1). All eastern populations formed Cluster 1. Cluster 2 was composed of populations from the northeastern QTP and the northern Tianshan Mountains, except for population TK. Cluster 3 included populations in the northern Tianshan Mountains and the northern Kunlun Mountains. The remaining two populations (PL and LZ) formed cluster 4. Using PCA, principal components 1 and 2 explained 22.12% and 14.19% of the total genetic variance, respectively, separated clusters 1 and 4 from other clusters, while clusters 2 and 3 were mixed (Figure 2A). As Table 2 indicates, the majority of variations (57.01%, p < 0.001) were explained among individuals within populations. Variation between groups accounted for only 17.99% of the total variance (p < 0.001), and a higher percentage of variance (25.00%, p < 0.001) was attributed to the difference among populations within groups. We detected a large genetic differentiation between populations, with FST values ranging from 0.04 (BN vs. HG) to 0.36 (PL vs. HJ) (Table S3).




Figure 2 | (A) Principal component analysis (PCA) based on 25,786 single nucleotide polymorphisms (SNPs). (B) Venn diagram showing overlap of SNPs identified by Bayescan and latent factor mixed modeling (LFMM).




Table 2 | The analysis of molecular variance (AMOVA) among 27 S. breviflora populations.



The Mantel test detected significant patterns in both isolation by distance (IBD) (r = 0.633, p < 0.01) and isolation by environment (IBE) (r = 0.625, p < 0.01) in S. breviflora populations, which were also supported by a partial Mantel test (IBD: r = 0.411, p < 0.01; IBE: r = 0.392, p < 0.01) and MMRR (IBD: β = 0.127, p < 0.01; IBE: β = 0.063, p < 0.01) (Table 3). These analyses suggested significant effects of both IBD and IBE on the divergence of S. breviflora populations. IBD explains slightly more of the variation in genetic differentiation than IBE.


Table 3 | Results of the Mantel test, partial Mantel test, and multiple matrix regression with randomization (MMRR).






3.3 Outlier analyses

Bayescan and LFMM analysis detected 494 and 1,455 outlier SNPs, respectively. There are 113 overlapping outlier SNPs were identified as outlier dataset (Figure 2B). Among them, three SNPs (loci 20733068, 17208702, and 17208770) were matched to two annotated contigs (receptor-like protein kinase 2 and common plant regulatory factor 1) in the S. breviflora transcriptome with an E value < 10–5 (Table 4). Locus 20733068 matched to receptor-like protein kinase 2 (RPK2; GO term: protein kinase activity; protein binding; ATP binding), which regulates plant growth (Mizuno et al., 2007). Loci 17208702 and 17208770 matched to common plant regulatory factor 1 (CPRF1; GO term: DNA-binding transcription factor activity; sequence-specific DNA binding), which relates to the light response of the plant (Table 4; Table S4).


Table 4 | Annotation information of the three candidate loci selected.






3.4 Genetic variation associated with environmental factors

We used the all-SNP dataset and outlier-SNP dataset to perform GF analyses to test the environmental effects on the population divergence and local adaptation of S. breviflora. The outlier-SNP dataset (Figure 3A) showed an overall higher R2 weighted importance value than the all-SNP dataset (Figure S2A). Figures 3B; Figure S2B indicate the cumulative importance of all allele frequency changes with the environmental gradient. Annual precipitation (bio12) showed a strong correlation with SNPs included in both of the two datasets. ANOVA analysis of annual precipitation (bio12) indicated a significant difference among four genetic clusters (F = 7.36; p < 0.05), demonstrating the considerable heterogeneity of precipitation in the study region. However, temperature factors appeared to be more highly associated with genetic differentiation for the all-SNP dataset, with bio2 (mean diurnal range), bio3 (isothermality), and bio1 (annual mean temperature) ranking second, third, and fourth in R2 weighted importance, respectively (Figure S2A). For the outlier-SNP dataset, annual precipitation (bio12), precipitation seasonality (bio15), and precipitation of the coldest quarter (bio19) are important (Figure 3A).




Figure 3 | Gradient forest (GF) analysis of outlier-single nucleotide polymorphism (SNP) dataset. (A) R2-weighted importance of environmental variables. (B) Cumulative importance of allelic change along the first six environmental gradients. The bioclimatic factors included both in figure (A, B) are as follows: bio1, annual mean temperature; bio2, mean diurnal range; bio3 isothermality; bio4 temperature seasonality; bio5, max temperature of warmest month; bio6, minimum temperature of coldest month; bio7, temperature annual range; bio9, mean temperature of driest month; bio12, annual precipitation; bio14, precipitation of driest month; bio15, precipitation seasonality; and bio19, precipitation of coldest quarter.







4 Discussion



4.1 Genetic diversity, structure, and differentiation

We detected a low level of genetic diversity in S. breviflora (He = 0.1284) using RAD sequencing data (Table 1). This is in sharp contrast to previous studies by Yan et al. (2020) (He = 0.34) and Ren et al. (2022) (He = 0.52), which were based on simple-sequence repeat (SSR) markers. A similar phenomenon occurs in the study of maize germplasm (He = 0.263 and He = 0.77 based on SNPs and SSRs, respectively) (Taramino and Tingey, 1996; Rafalski, 2002). This result may be due to the differences in molecular marker systems. SSR allelic diversity is generated by replication slippage, which contributes to the multiallelic characteristic of SSR markers (Gupta and Varshney, 2000; Varshney et al., 2005). SNP markers are mainly biallelic and consequently exhibit less information than SSR markers (Varshney et al., 2007). In addition, our results demonstrated a spatial configuration of decreasing genetic diversity from the center to the peripheral populations, as indicated by the trend of Ho, He, and π (Table 1). This center-to-edge pattern of genetic diversity has also been observed in many other species, such as Emmenopterys henryi (Xu et al., 2021), Euptelea pleiosperma (Wei et al., 2016), and Taxus wallichiana var. mairei (Liu et al., 2019).

Our admixture analysis identified four optimal clusters along the distribution range of S. breviflora (Figure 1A), and this was also supported by PCA results (Figure 2A). These clusters almost entirely corresponded to different geographic regions. Western populations were mainly distributed in the Mongolian Plateau and Loess Plateau, which are relatively flat with no large geographical barriers to gene flow. In contrast, eastern populations were geographically separated by the Tianshan Mountains and the QTP, which likely act not only as dispersal boundaries, limiting the gene flow of S. breviflora, but also create the complicated and heterogeneous habitats that promote local adaptation, shaping the spatial pattern of the genetic structure. In our recorded observations, we noticed that S. breviflora tends to have longer reproductive branches in regions with high precipitation levels. Moreover, we observed the purple spikelet of the S. breviflora in PL, which is distinct from the green, yellow–green, or pale-yellow (depending on the phenological stage) spikelet in other populations. We speculated that the distinctive purple spikelet is an adaptive trait that enables the species to survive in a harsh environment with strong solar radiation in the QTP. Both IBD and IBE played important roles in triggering genetic differentiation in S. breviflora (Table 3). However, only significant IBD was detected in the previous studies of Zhang et al. (2012) and Ren et al. (2022). This may be because a great number of SNPs were used in the present study, which provides more informative loci to explain the genetic differentiation of S. breviflora. In addition, PCA demonstrated mixed phenomena among populations TK, AK, and HJ (Figure 1A; Figure S3). We suggest that a future study should use a larger sample size for TK, AK, and HJ, to obtain clearer clustering results, as AMOVA results indicate that genetic variation within populations accounted for the majority (57.01%) of variations in S. breviflora (Table 1).




4.2 Impacts of environmental heterogeneity on population divergence and local adaptation

Annual precipitation (bio12) was detected as the most important climatic variable in the two datasets (Figure 3; Figure S2), suggesting that precipitation is an important driver of the genetic variation and local adaptation of S. breviflora populations. However, the increasing pattern of bio12’s cumulative importance was different between datasets. It showed a gradual increase for the all-SNP dataset (Figure S2B); however, a step-like increase at 50 mm, 100 mm, and 200 mm of precipitation was observed for the outlier-SNPs dataset (Figure 3B), suggesting that the outlier frequency of S. breviflora changed to adapt to precipitation changes in the regions with rainfalls of 50 mm, 100 mm, and 200 mm. The effects of temperature factors such as mean diurnal range (bio2), isothermality (bio3), and annual mean temperature (bio1) were also noticeable, as Figure S2 shows. Our finding that temperature plays an important role in the genetic differentiation of S. breviflora populations is consistent with the results of a previous study by Zhang et al. (2012). Stipa breviflora is mainly distributed in temperate eastern Asia, where there are temporal and spatial variations in rainfall, confined mainly to summer (Dore, 2005). Therefore, it is not surprising to find that both precipitation and temperature contributed to the population differentiation of S. breviflora in the present study, as precipitation and temperature are often linearly related to the distribution areas of plants. Although most studies use GF analysis to explore the relationship between environmental and genetic differentiation, we combined the methods of FST outlier tests and EAA, and selected outliers for GF analysis, providing a new insight into the mechanism for S. breviflora local adaptation, i.e., that precipitation plays a key role in the process of local adaptation.




4.3 Genomic signatures associated with local adaptation

We obtained the gene RPK2 and transcription factor CPRF1 by blasting outlier loci to the transcriptome data of S. breviflora. RPK2 is a regulator of plant meristem maintenance (Kinoshita et al., 2010) and plays a part in anther and embryo development (Mizuno et al., 2007). This gene is involved in the signaling pathway CLAVATA 3 (CLV3), which controls stem renewal and differentiation (Shimizu et al., 2015; Shinohara and Matsubayashi, 2015). Considering that S. breviflora lives in a highly heterogeneous and complicated environment, we speculate that RPK2 may contribute to balance cell proliferation and differentiation to help it survive in harsh environments. CPRF1 is a transcription factor involved in the regulation of chalcone synthase (CHS) gene expression, which is responsible for light responsiveness (Feldbrügge et al., 1994; Jiao et al., 2007). UV light induces synthesis of CPRF1, which activates the expression of the light-responsive CHS gene, a key gene in the biosynthesis of flavonoids that protect plants against the damaging effects of UV irradiation (Strid et al., 1994; Sprenger-Haussels and Weisshaar, 2000; Zhang et al., 2018). We suggest that CPRF1 is of importance in facilitating the adaptation of S. breviflora to the intense UV radiation found in the QTP region.

There were some limits to our study. Firstly, given that RADseq covers only the partial genome of S. breviflora, we could obtain only a portion of the loci involved in adaptation. Secondly, the lack of whole-genome data for S. breviflora also brings bias and inaccuracy to the annotation of outliers. Thirdly, genetic variations that relate to local adaptation are most likely polygenic and controlled by numerous small-effect genes (Savolainen et al., 2013), and it is still challenging for most methods to detect loci with small or moderate effects (Wellenreuther and Hansson, 2016). Finally, pleiotropy is a common phenomenon in which a mutation in one gene can affect more than one phenotypic character. In the present study, it is possible that a single adaptive locus may be associated with multiple phenotypes. However, without sufficient phenotypic information, it is difficult to link specific traits to their underlying genetic mutations. To establish these connections, genome-wide association studies (GWAS) should be considered for future studies.
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Large-scale afforestation is considered a natural way to address climate challenges (e.g., the greenhouse effect). However, there is a paucity of evidence linking plant diversity to soil carbon sequestration pathways during long-term natural restoration of temperate vegetation. In particular, the carbon sequestration mechanisms and functions of woody plants require further study. Therefore, we conducted a comparative study of plant diversity and soil carbon sequestration characteristics during 150 years of natural vegetation restoration in the temperate zone to provide a comprehensive assessment of the effects of long-term natural vegetation restoration processes on soil organic carbon stocks. The results suggested positive effects of woody plant diversity on carbon sequestration. In addition, fine root biomass and deadfall accumulation were significantly positively correlated with soil organic carbon stocks, and carbon was stored in large grain size aggregates (1–5 mm). Meanwhile, the diversity of Fabaceae and Rosaceae was observed to be important for soil organic carbon accumulation, and the carbon sequestration function of shrubs should not be neglected during vegetation restoration. Finally, we identified three plants that showed high potential for carbon sequestration: Lespedeza bicolor, Sophora davidii, and Cotoneaster multiflorus, which should be considered for inclusion in the construction of local artificial vegetation. Among them, L. bicolor is probably the best choice.
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1 Introduction

The loss of plant diversity is a major challenge faced by humans in maintaining the stability and functional sustainability of ecosystems (Hautier et al., 2015; Hua et al., 2022). Anthropogenic activity such as deforestation and landuse changes causes 30% reduction in C (carbon) stock (Bargali et al., 2018; Awasthi et al., 2022a Manral et al., 2020; Manral et al., 2022; Bisht et al., 2023). Population pressure, agricultural expansion/intensification and development of infrastructure have been considered as major threats to biodiversity (Davidar et al., 2010; Baboo et al., 2017; Bargali et al., 2019; Bargali et al., 2022; Bisht et al., 2022) which causes an increase in CO2 in the atmosphere. Carbon sequestration is a key ecosystem function influenced by plant diversity (Bartelt-Ryser et al., 2005; Isbell et al., 2018). Forests are an important component of the global carbon cycle as they store 70–90% of terrestrial above and belowground biomass and are a major carbon sink, which is strongly linked to the diversity of plants in different forest types (Aponte et al., 2020; Besnard et al., 2021). There is much uncertainty about whether tropical forests are carbon sinks or sources, while temperate forests are known to play a significant role as terrestrial carbon sinks (Clark, 2004; Yang et al., 2022).

In recent decades, the increasing emissions of CO2-based greenhouse gases in the atmosphere (CO2 emissions have increased from 280 ppm in the pre-industrial era to 400 ppm today) have led to a series of environmental problems, such as global warming, sea level rise, and increase in extreme weather events, which seriously threaten the sustainable development of natural ecosystems and socio-economic systems (Zhang et al., 2011; Ramachandra and Bharath, 2020). Vegetation restoration is often used to increase soil organic carbon (SOC) storage and sequestration to reduce CO2 emissions and restore ecosystem functions (Zhao et al., 2015; Pandey et al., 2023; Shahi et al., 2023). Such restoration promotes the accumulation of SOC, making SOC the largest component of the terrestrial SOC pool, which is consequently two to three times greater than the vegetation carbon pool and plays a crucial role in regulating global warming (Davidson et al., 2000; Lal, 2004). In forest ecosystems, soil is an important participant and carrier of matter and energy. It provides essential mineral nutrients and water for plant growth. It can be a carbon sink or source, and has become a hot topic in the discussion on global climate change (Deng et al., 2013). Plant-soil interactions are important intrinsic drivers of ecosystem evolution. Many studies have focused on plant dynamics during vegetation succession (Teixeira et al., 2020; Prach et al., 2021), the physical and chemical properties of soils (Gu et al., 2019; Zhang et al., 2021), microbial turnover and change (Gavazov et al., 2022; Hu et al., 2022), and the effect of vegetation type changes caused by natural restoration and afforestation on soil carbon sequestration capacity (Liu et al., 2015; Yang et al., 2019a; Wang et al., 2020; Yan et al., 2020; Augusto and Boča, 2022). However, these factors are usually considered to influence soil carbon accumulation individually or independently. Currently, experimental evidence from grasslands and subtropical and tropical studies indicates that plant diversity increases biomass production and SOC storage (Craven et al., 2018; Chai et al., 2019; Yang et al., 2019b; Osuri et al., 2020; Yu et al., 2020). It has also been recognized that increasing plant diversity may improve plant productivity through complementary effects of ecological niches (Duffy et al., 2017). This consequently promotes plant input of carbon-containing material into the soil and increases SOC accumulation (Chen et al., 2020). However, there is a paucity of evidence linking vegetation diversity to soil carbon sequestration pathways on a broad scale during long-term natural recovery of temperate vegetation. Furthermore, tree-based ecosystems are critical for climate change mitigation; however, the mechanisms of carbon sequestration by woody plants are poorly understood, and there are also few reports on the plants that participate in carbon sequestration.

To elucidate these processes, in the present study, we investigated the influence of plant diversity on soil carbon sequestration by examining the natural recovery process of vegetation in the temperate zone for up to 150 years, considering sample sites, vegetation composition at different time periods, plant diversity, fine-root biomass, litter accumulation, soil aggregates, and SOC characteristics. Representative stand types and major species assemblages were selected and combined with partial least squares path modelling (PLS-PM) to quantify the contribution of plant diversity to soil carbon storage and evaluate the direct and indirect effects of the diversity of key plant families on carbon sequestration pathways. The aim of this study was to answer the following questions: 1) What are the characteristics of changes in vegetation and SOC during long-term vegetation recovery in the temperate zone? 2) How does plant diversity drive soil carbon sequestration? 3) What are the plants associated with soil carbon sequestration? Understanding how they are connected and how they work is important for managing ecosystem carbon pools, restoring vegetation to a near-natural state, and improving ecological management, which is important for addressing global climate change.




2 Materials and methods



2.1 Study area

The Ziwuling Nature Reserve is located in China’s temperate zone on the Loess Plateau (34°50′–36°50′N, 107°30′–109°40′E) (Figure 1). This reserve represents the best-preserved natural vegetation area on the Loess Plateau, with a representative plant germplasm resource base and the most important secondary primary forest (Guo and Wang, 2005). The vegetation on the ground is mainly represented by a temperate deciduous broadleaf forest dominated by Quercus mongolica and a temperate coniferous forest dominated by Pinus oleifera (Cheng et al., 2012). Zonal soil in the mountains is either primary or secondary loess with a pH of 7.5-8.2, and the soil profile is shallow overall (Tian et al., 2022).




Figure 1 | Ziwuling study area on the Chinese Loess Plateau.






2.2 Experimental design

The “space-for-time” replacement method has been widely utilized by ecologists to anticipate vegetation chronosequence change since 1899 (Cowles, 1899; Blois et al., 2013). In the present study, we used a “space for time” strategy to analyze 48 plots. From 2020 to 2021, standard sample plots of typical vegetation types were established with basically equal stand conditions and similar soil texture, with six duplicates for each restoration stage (Table 1). The restoration phase was determined by the findings of the relevant forestry department survey and an in-depth review of all relevant reports (Zou et al., 2002; Fan et al., 2006; Deng et al., 2013; Zhao et al., 2015; Liu et al., 2020).


Table 1 | Vegetation survey sample site information.






2.3 Vegetation investigation and sampling

The species and their abundance in each standard sample plot (random selection) were recorded for plots of 20 m × 20 m (trees), 10 m × 10 m (shrubs), and 1 m × 1 m (grasses) (Table 1). The species’ Latin names were verified against the Flora of China (Li, 2007) and The Plant List (http://www.plantlist.org/). Owing to the shallow soil layer in the Ziwuling area, the improvement effect of vegetation restoration on the soil is mainly concentrated in the 0–40 cm surface soil layer (Gu et al., 2019). Therefore, a root auger with an inner diameter of 7 cm was used to collect fine root (≤2 mm), and soil samples were collected from this soil layer using a root auger with four replicates for each type of soil sample. The complete harvest method was used to collect litter from 31.7 cm × 31.7 cm plots (Ravindranath and Ostwald, 2007). The bulk density of the soil was determined using the cutting ring (100 cm3) method. Soil water-stable aggregates were determined using the wet sieve method (Yoder, 1936), and SOC content was determined using the dichromate oxidation method (Nelson and Sommers, 1996).




2.4 Data processing

The total plant diversity, woody plant diversity, and herbaceous plant diversity were determined using the following equations (Simpson, 1949; Hill, 1973):

 

 

 

 

where S is the total number of plant species in the sample quadrat, pi is the relative abundance of plant species i in one quadrat, and H is the Shannon–Wiener index.

SOC (g/m2) was calculated using Equation (5):

 

where X. is the SOC content of the soil (g/kg), BD is the density of the bulk soil (g/cm3), and T is the soil layer thickness (cm).




2.5 Statistical analyses

Prior to analysis, all data were examined for normality and homogeneity of variance; data having non-normal distribution and/or non-homogeneous variance were log- or power function transformed to meet the assumptions for statistical analysis. Regression analysis was performed to evaluate the relationships between plant diversity and restoration stage. Carbon sequestration characteristics among the different periods were compared using one-way ANOVA. If significant effects were observed using ANOVA, the least significant difference [LSD (0.05)] test was used. Pearson’s correlations were used to determine the variables that were significantly correlated with plant diversity, restoration stage, and carbon sequestration characteristics. PLS-PM was performed to further link plant diversity with carbon sequestration characteristics. PLS-PM is a type of structural equation modelling algorithm based on correlation. The concept of causality is expressed in terms of linear conditional expectations to seek the best linear prediction relationship and allow the use of latent variables to estimate complex causality or prediction models (Sanchez, 2013). The PLS-PM method was selected because it requires a small sample size, and the algorithm can optimize the prediction of dependent variables and fitting of data to a predetermined model (Hulland, 1999; Götz et al., 2010; Ali et al., 2017). Models with different structures were evaluated using the goodness-of-fit (GOF) statistics, a measure of their overall predictive power, with GOF > 0.7 considered an acceptable value (Tian et al., 2019; Zhong et al., 2020). All statistical analyses were performed using the R software (v. 4.1.1, R Core Team, 2020).





3 Results and analysis



3.1 Vegetation composition characteristics

Figure 2 shows that the vegetation in the study area has been naturally restored for 150 years. A total of 128 species of seed plants were recorded in the area, belonging to 39 families and 99 genera, including two species of gymnosperms belonging to two families and two genera and 126 species of angiosperms belonging to 37 families and 97 genera. Asteraceae (17 genera and 28 species), Rosaceae (13 genera and 17 species), Poaceae (10 genera and 10 species), and Fabaceae (six genera and eight species) accounted for 49.22% of the total number of species and were the dominant families. Asteraceae and Poaceae are primarily herbaceous plants, whereas Rosaceae and Fabaceae are primarily woody plants. The plant species richness of all species and four major families showed a single-peaked curve, increasing and then decreasing with the progress of restoration, and reaching a maximum after 70 years of restoration.




Figure 2 | Vegetation composition and life forms of different vegetation restoration stages on the Chinese Loess Plateau. The numbers on the petal margins indicate the richness of plant species at each stage (e.g., 10). The combination containing y indicates the recovery time (e.g., 20 y). The circles in the center of the flowers indicate the species richness of different families at different stages.






3.2 Plant diversity characteristics

The fitted curves showed that the plant diversity indices had a single-peaked curve in relation to the restoration years during the 150 years of natural vegetation restoration succession (Figure 3). The Species richness, Shannon-Wiener, and Simpson indices showed a similar pattern, increasing and then decreasing, with the peak of herbaceous plants occurring earlier, between 40 and 70 years of vegetation restoration, the peak of total plant diversity occurring in the middle of the restoration period, between 70 and 100 years, and the peak of woody plants occurring later, between 100 and 120 years of restoration. However, the Pielou indices of herbaceous plants and total plants showed similar trends, with their peaks occurring earlier, at approximately 20 years of natural recovery, and decreasing thereafter. The Pielou index of woody plants increased at first, peaked at approximately 90 years, and then started to decrease. This indicated that the evenness of species distribution in the community was mainly influenced by herbaceous plants. In addition, we found that herbaceous plant diversity was graphically symmetric with respect to woody plant diversity at 70 years of restoration. This reflected the differentiation of ecological niches to capture maximum possible resources.




Figure 3 | Multiple linear regression relationships of plant diversity with the natural restoration succession periods. The dark lines indicate the fits of the linear model to the plant diversity and succession ages, while the ribbon are the 95% confidence intervals of these linear models. †, P< 0.1; *, P< 0.05; **, P< 0.01. Total represents the overall diversity of plant communities; Herb represents the herb diversity in plant communities; Woody represents the woody plant diversity in plant communities.






3.3 Carbon sequestration characteristics

Figures 4A, C and D show that with the increase in the natural vegetation recovery time, the difference in vegetation compared with the agricultural stage became more significant (P< 0.05). Litter accumulation, fine-root biomass, and SOC storage increased with the progress of vegetation restoration. The most considerable increase in litter accumulation was 773 g/m2 after 120 years of restoration compared to that after 70 years of restoration, while the differences were smaller in the later stages (Figure 4A). A significant increase in fine-root biomass was observed during the 120- to 135-year stage of vegetation recovery (Figure 4C). As the SOC storage peaked at about 9447 g/m2, the disparity between the agricultural stage and the 120 years of restoration stage was at its greatest (Figure 4D). From the agricultural stage to the 10-year natural recovery stage, the content of large-sized water-stable agglomerates increased the fastest at 24.7%, followed by 10.9% at the 40–70-year recovery stage. The >5 mm size agglomerates increased rapidly at first, peaked at 25.1% in the 10-year natural recovery stage, and then decreased gradually; the 1–5 mm size agglomerates initially increased (but fluctuated), peaked at 70 years, and then decreased gradually, while the 0.25–1 mm size agglomerates showed relatively smaller variations (Figure 4B).




Figure 4 | Comparison of litter (A), soil aggregate (B), fine-root biomass (C) and soil organic carbon (D) in each restoration succession period. Different lowercase letters (a–f) indicate significant differences (P< 0.05) within each variable among different succession periods.






3.4 Relationship between plant diversity and carbon sequestration characteristics

Pearson correlation analysis revealed that the total species richness, woody plant diversity index, litter, fine-root biomass, and SOC were significantly positively correlated with recovery time, whereas the herb diversity index and total Pielou index were significantly negatively correlated with recovery time (Figure 5). The total species richness of the plant communities was strongly positively correlated with woody plant diversity. Herb diversity was significantly positively correlated with the total Pielou, Simpson, and Shannon–Wiener indexes of the plant community. This indicated that the species variety of the entire community was controlled by woody plants, and the species number was influenced by herbaceous plants. In addition, herbaceous plant diversity was negatively correlated with fine-root biomass and litter accumulation. Woody plant diversity significantly affected the SOC storage and was positively correlated with fine-root biomass and litter accumulation, as well as with 1–5 mm grain size aggregates, which had multiple functions. Litter and fine roots were significantly positively correlated with SOC (P< 0.05). At the same time, agglomerates of 1–5 mm particle size were significantly positively correlated with SOC. This indicated that litter and fine roots are important for SOC accumulation, and 1–5 mm agglomerates are important carriers of SOC.




Figure 5 | Relationship between plant diversity and carbon sequestration characteristics. *P < 0.05. T represents the overall diversity of plant communities; H represents the herb diversity in plant communities; W represents the woody plant diversity in plant communities; Ag represents the aggregate size; SOC represents the soil organic carbon. The darker the color, the stronger the correlation.






3.5 Plant diversity drives soil carbon sequestration

PLS-PM revealed a significant association between plant diversity and soil carbon sequestration-related pathways involving carbon inputs, carbon storage, and a direct path (Figure 6A). It explained 93.8% of the SOC sequestration variance and provided the best fit to our data (GOF = 0.805). Woody plant diversity showed the greatest positive effect on soil carbon sequestration via direct and indirect effects, whereas herb diversity was a negative determinant of the effects of carbon inputs on natural restoration succession periods. Based on our findings (Figure 6A), we performed a PLS-PM analysis using the number of woody Fabaceae and Rosaceae species at different recovery periods (Figure 6B). PLS-PM explained 92.6% of the SOC sequestration variance and provided the best fit to our data (GOF = 0.752). The results showed that Fabaceae and Rosaceae diversity, through direct and indirect effects of improving soil aggregation, significantly affected the SOC accumulation. This indicated the presence of carbon sequestration plants in these two families, which are the key species related to SOC accumulation during natural vegetation recovery.




Figure 6 | (A) Plant diversity drives soil carbon sequestration. (B) Carbon capturing plants drive soil carbon sequestration. *P < 0.05. Numbers on arrows are path coefficients indicating a positive (positive number) or negative effect (negative number) effect. The red lines represent positive effects, and blue lines represent negative effects. Solid lines represent significant effects, while dashed lines represent nonsignificant effects. The width of each arrow is proportional to the standardized path coefficients.







4 Discussion



4.1 Plant diversity drives soil carbon sequestration

The present study confirmed the consistency of plant diversity recovery and soil carbon accumulation, which is consistent with the findings of several previous studies (Chen et al., 2018; Madrigal-González et al., 2020; Osuri et al., 2020; Furey and Tilman, 2021; Suryaningrum et al., 2021). However, it is important to note that soil carbon sequestration was mainly driven by woody plant diversity during the 150 years of natural recovery of temperate vegetation. This indicated the significant role of forests in carbon sequestration, not only in the ground but also in carbon input to the soil, a view that is widely shared (Besnard et al., 2021; Ding et al., 2021). As shown by the direct relationship in PLS-PM (Figure 6A), SOC accumulation was mediated by woody plant diversity through increased proportions of large soil aggregates and other hitherto unidentified mechanisms. The mechanisms that have been identified so far include, first and foremost, that communities with high plant diversity have higher litter accumulation, and the input of litter increases future soil carbon (Gregorich et al., 2017). Second, the input of root secretions acts as a source of soil carbon (Rasse et al., 2005; Kramer et al., 2010; Wang et al., 2021). Simultaneously, changes in deadfall and root systems can alter the activity and composition of microbial communities and affect microbial carbon turnover and carbon sequestration rates (Bais et al., 2006; Craig et al., 2022). Third, soil microbial metabolic activity can influence anabolic changes in plant diversity, which in turn affects the carbon input from vegetation to the soil (Lange et al., 2015; Manral et al., 2022; Padalia et al., 2022; Manral et al., 2023). In addition, herbaceous plant diversity decreased with increasing time of revegetation and showed a highly significant negative correlation with carbon input, suggesting that dominant populations established by herbaceous plants through competitive exclusion had a positive effect on litter and fine roots. Herbaceous plants may also influence SOC accumulation through the three pathways described above (Yang et al., 2019b). In summary, vegetation plays a significant role in the formation of soil organic matter and influences fundamental soil forming processes such as aggregation or podzolization (Awasthi et al., 2022b; Awasthi et al., 2022c). Notably, soil aggregates are known to be the main sites of SOC fixation (Shankar and Suresha, 2006; Bai et al., 2020). It is hypothesized that approximately 90% of SOC in the surface soil of terrestrial ecosystems is fixed in soil aggregates (Six and Paustian, 2014). Soil fixation of organic carbon depends on soil agglomeration (Oades and Waters, 1991), and the physical segregation of soil aggregates, which provides them a good C sequestration capacity, can slow down the rate of organic carbon loss (Six et al., 2004; De Gryze et al., 2006). Moreover, increase in the proportion of large-size aggregates due to woody plant diversity enhances the SOC storage capacity.

In the present study, the carbon input pathway for SOC accumulation in PLS-PM was not significant, probably because the entry of litter into the soil requires microbial mediation. Fine roots are mostly living roots, and their main role is exchanging material with the soil, during which they produce carbon input as biological residues, thereby affecting future soil carbon (Gregorich et al., 2017). However, in the present study, Pearson’s correlation analysis found that both deadfall and fine roots increased significantly with the natural vegetation recovery process, and SOC accumulated gradually (Figures 4, 5). In summary, from our observations of 150 years of natural vegetation recovery succession, we hypothesized that the positive effect of plant diversity on carbon sequestration was driven by the input of carbon into the soil by litter and roots that was stored in large particle size aggregates, in which soil microorganisms play an important role. This mechanism is more evident in woody plants than in other plants. Some evidence suggests that our proposed mechanism is of general interest (Prommer et al., 2020; Jia et al., 2021; Wang et al., 2021; Feng et al., 2022). This study emphasized that a wide variety of plants is important and can have many ecological and environmental benefits, such as greater carbon sequestration.




4.2 Carbon capturing plants drive soil carbon sequestration

In the present study, we found that Fabaceae and Rosaceae plant diversity is important for SOC accumulation, and that plants belonging to these two families can directly transport organic carbon to the soil through the mechanisms described previously. It should not be overlooked that most of these species are well-rooted plants, and they can increase the content of large particle size aggregates (1–5 mm) in the soil and enhance the soil carbon sequestration capacity. This inter-rooting effect can also significantly improve the stability of soil aggregates and promote carbon sequestration by soil aggregates (Li et al., 2020). An increase in nitrogen content has been shown to be highly correlated with an increase in SOC (Li et al., 2022), and an increase in SOC content under high-nitrogen conditions corresponds to a 33% reduction in CO2 outflow (Tian et al., 2019). Fabaceae and nitrogen-fixing bacteria are known to form specific host relationships (Dassen et al., 2017). Several carbon sequestration pathways showed that both families contained species that could efficiently sequester carbon.

We screened three key species (L. bicolor, S. davidii, and C. multiflorus) taking into account the two criteria that the plants must be woody and in either Rosaceae or Leguminosae, as well as the reported plant importance values (Tian et al., 2022). All three species are shrubs; therefore, the carbon- sequestration function of shrubs should not be neglected in the process of revegetation. All three plants grow in temperate conditions, which is consistent with the climatic characteristics of the study area. Furthermore, Tian et al. (2022) showed that the ecological niche breadth of L. bicolor, S. davidii, and C. multiflorus was 9.42, 4.36, and 3.34, respectively, and they easily co-occur with other species. This indicates that they are well adapted and are important for maintaining community stability and active vegetation recovery in the area. According to Kou (2016), these three species are highly erosion-resistant and have high ecological value. Overall, we concluded that reasonable allocation of shrubs in artificial vegetation restoration can improve the vegetation carbon sequestration capacity, ecological service function, and soil health. In this study area, these three species can be considered for inclusion in artificial vegetation construction. Among them, L. bicolor is probably the best choice because it has been found to contain a variety of effective rhizobacteria (Yao et al., 2002). Moreover, the nitrogen in its senescing leaves is rarely transferred and is fed back to the soil in the form of litter and it has a significant impact on soil nitrogen and SOC accumulation because of the appropriate rate of litter decomposition (Hendricks and Boring, 1992). It has also been found that transplantation of this species to poorly eroded soils resulted in SOC enrichment and significantly improved cluster stability (Bin and Xin-Hua, 2006; Yao et al., 2009). This evidence is consistent with the results of the present study and suggests that L. bicolor has great potential for improving vegetation carbon sequestration capacity and deserves further study.





5 Conclusions

This study confirmed that the restoration of plant diversity is consistent with soil carbon accumulation. Plant diversity showed a single-peaked curve during 150 years of vegetation restoration. The peak of herbaceous plant diversity occurred between 40 and 70 years of vegetation recovery, and the peak of woody plant diversity occurred between 70 and 120 years of vegetation recovery. Litter accumulation, fine-root biomass, and SOC storage increased with the progress of vegetation restoration. The positive effect of plant diversity on carbon sequestration may be related to litter accumulation and fine-root biomass, which drive carbon input and storage in large-particle-size (1–5 mm) aggregates. Furthermore, woody plant diversity was revealed to be the primary driver of soil carbon sequestration, whereas plant diversity in Fabaceae and Rosaceae was discovered to be crucial for SOC accumulation. The vegetation carbon sequestration function of shrubs should not be neglected during vegetation restoration. In the study area, three species, namely L. bicolor, S. davidii, and C. multiflorus, should be considered for plantation. Among them, L. bicolor was observed to be the best choice. Overall, this study provides important insights into the driving mechanisms underlying plant diversity and soil carbon sequestration and its implications for addressing the effects of global climate. To quantitatively identify the contribution of different mechanisms to soil carbon sequestration, future research needs to incorporate more biotic (e.g., microbial) and abiotic factors. This will be useful for fully clarifying the connections between the above- and belowground components of temperate vegetation.





Data availability statement

The original contributions presented in this study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

Conception and design of study: QT, XZ. Acquisition of data: QT, XZ, HY, XX, JH, LH. Analysis and/or interpretation of data: QT, XZ, YL. Drafting the manuscript: QT. Revising the manuscript critically for important intellectual content: XZ, YL. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by the National Key R & D Program of China (2022YFE0115300) and National Natural Science Foundation of China, grant number 41877083, 41440012 and 41230852.




Acknowledgments

We would like to thanks Yadong Zou, Fan Xue and Weinan Sun for help with data processing and discussion for this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Ali, H. E., Reineking, B., and Münkemüller, T. (2017). Effects of plant functional traits on soil stability: intraspecific variability matters. Plant Soil 411, 359–375. doi: 10.1007/s11104-016-3036-5

 Aponte, C., Kasel, S., Nitschke, C. R., Tanase, M. A., Vickers, H., Parker, L., et al. (2020). Structural diversity underpins carbon storage in Australian temperate forests. Global Ecol. Biogeog. 29 (5), 789–802. doi: 10.1111/geb.13038

 Augusto, L., and Boča, A. (2022). Tree functional traits, forest biomass, and tree species diversity interact with site properties to drive forest soil carbon. Nat. Commun. 13 (1), 1–12. doi: 10.1038/s41467-022-28748-0

 Awasthi, P., Bargali, K., Bargali, S. S., and Jhariya, M. K. (2022a). Structure and functioning of coriaria nepalensis dominated shrublands in degraded hills of kumaun himalaya. I. Dry Matter Dynam. Land Degradation Dev. 33 (9), 1474–1494. doi: 10.1002/ldr.4235

 Awasthi, P., Bargali, K., Bargali, S. S., and Khatri, K. (2022b). Nutrient return through decomposing coriaria nepalensis litter in degraded hills of kumaun himalaya, India. Front. Forests Global Change 5. doi: 10.3389/ffgc.2022.1008939

 Awasthi, P., Bargali, K., Bargali, S. S., Khatri, K., and Jhariya, M. K. (2022c). Nutrient partitioning and dynamics in coriaria nepalensis wall dominated shrublands of degraded hills of kumaun himalaya. Front. Glob Change 5. doi: 10.3389/ffgc.2022.913127

 Baboo, B., Sagar, R., Bargali, S. S., and Verma, H. (2017). Tree species composition, regeneration and diversity of an Indian dry tropical forest protected area. Trop. Ecol. 58 (2), 409–423.

 Bai, Y. X., Zhou, Y. C., and He, H. Z. (2020). Effects of rehabilitation through afforestation on soil aggregate stability and aggregate-associated carbon after forest fires in subtropical China. Geoderma 376, 114548. doi: 10.1016/j.geoderma.2020.114548

 Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., and Vivanco, J. M. (2006). The role of root exudates in rhizosphere interactions with plants and other organisms. Annu. Rev. Plant Biol. 57, 233–266. doi: 10.1146/annurev.arplant.57.032905.105159

 Bargali, K., Manral, V., Padalia, K., Bargali, S. S., and Upadhyay, V. P. (2018). Effect of vegetation type and season on microbial biomass carbon in central Himalayan forest soils, India. Catena 171, 125–135. doi: 10.1016/j.catena.1018.07.001

 Bargali, S. S., Padalia, K., and Bargali, K. (2019). Effects of tree fostering on soil health and microbial biomass under different land use systems in the central Himalayas. Land Degradation Dev. 30 (16), 1984–1998. doi: 10.1002/ldr.3394

 Bargali, S. S., Shahi, C., Bargali, K., Negi, B., and Khatri, K. (2022). Energy and monetary efficiencies at the different altitudinal agroecosystems in central himalaya, India. Heliyon 8 (11), e11500. doi: 10.1016/j.heliyon.2022.e11500

 Bartelt-Ryser, J., Joshi, J., Schmid, B., Brandl, H., and Balser, T. (2005). Soil feedbacks of plant diversity on soil microbial communities and subsequent plant growth. Perspect. Plant Ecology Evol. Systematics 7 (1), 27–49. doi: 10.1016/j.ppees.2004.11.002

 Besnard, S., Santoro, M., Cartus, O., Fan, N., Linscheid, N., Nair, R., et al. (2021). Global sensitivities of forest carbon changes to environmental conditions. Global Change Biol. 27 (24), 6467–6483. doi: 10.1111/gcb.15877

 Bin, Z., and Xin-Hua, P. E. N. G. (2006). Organic matter enrichment and aggregate stabilization in a severely degraded ultisol after reforestation. Pedosphere 16 (6), 699–706. doi: 10.1016/S1002-0160(06)60105-7

 Bisht, S., Bargali, S. S., Bargali, K., Rawat, G. S., Rawat, Y. S., and Fartyal, A. (2022). Influence of anthropogenic activities on forest carbon stocks–a case study from gori valley, Western himalaya. Sustainability 14 (24), 16918. doi: 10.3390/su142416918

 Bisht, S., Rawat, G. S., Bargali, S. S., Rawat, Y. S., and Mehta, A. (2023). Forest vegetation response to anthropogenic pressures: a case study from askot wildlife sanctuary, Western himalaya. Environment Dev. Sustain. 1–25. doi: 10.1007/s10668-023-03130-2

 Blois, J. L., Williams, J. W., Fitzpatrick, M. C., Jackson, S. T., and Ferrier, S. (2013). Space can substitute for time in predicting climate-change effects on biodiversity. Proc. Natl. Acad. Sci. 110 (23), 9374–9379. doi: 10.1073/pnas.1220228110

 Chai, Q., Ma, Z., Chang, X., Wu, G., Zheng, J., Li, Z., et al. (2019). Optimizing management to conserve plant diversity and soil carbon stock of semi-arid grasslands on the loess plateau. Catena 172, 781–788. doi: 10.1016/j.catena.2018.09.034

 Chen, X., Chen, H. Y., Chen, C., Ma, Z., Searle, E. B., Yu, Z., et al. (2020). Effects of plant diversity on soil carbon in diverse ecosystems: a global meta-analysis. Biol. Rev. 95 (1), 167–183. doi: 10.1111/brv.12554

 Chen, S., Wang, W., Xu, W., Wang, Y., Wan, H., Chen, D., et al. (2018). Plant diversity enhances productivity and soil carbon storage. Proc. Natl. Acad. Sci. 115 (16), 4027–4032. doi: 10.1073/pnas.1700298114

 Cheng, J., Cheng, J., Shao, H., Zhao, L., and Yang, X. (2012). Soil seed banks and forest succession direction reflect soil quality in ziwuling mountain, loess plateau, China. Clean–Soil Air Water 40 (2), 140–147. doi: 10.1002/clen.201000377

 Clark, D. A. (2004). Sources or sinks? the responses of tropical forests to current and future climate and atmospheric composition. philosophical transactions of the royal society of London. Ser. B: Biol. Sci. 359 (1443), 477–491. doi: 10.1098/rstb.2003.1426

 Cowles, H. C. (1899). The ecological relations of the vegetation on the sand dunes of lake michigan. part i.-geographical 567 relations of the dune floras. Botanical gazette 27 (2), 95–117.

 Craig, M. E., Geyer, K. M., Beidler, K. V., Brzostek, E. R., Frey, S. D., Stuart Grandy, A., et al. (2022). Fast-decaying plant litter enhances soil carbon in temperate forests but not through microbial physiological traits. Nat. Commun. 13 (1), 1–10. doi: 10.1038/s41467-022-28715-9

 Craven, D., Eisenhauer, N., Pearse, W. D., Hautier, Y., Isbell, F., Roscher, C., et al. (2018). Multiple facets of biodiversity drive the diversity–stability relationship. Nat. Ecol. Evol. 2 (10), 1579–1587. doi: 10.1038/s41559-018-0647-7

 Dassen, S., Cortois, R., Martens, H., de Hollander, M., Kowalchuk, G. A., van der Putten, W. H., et al. (2017). Differential responses of soil bacteria, fungi, archaea and protists to plant species richness and plant functional group identity. Mol. Ecol. 26 (15), 4085–4098. doi: 10.1111/mec.14175

 Davidar, P., Sahoo, S., Mammen, P. C., Acharya, P., Puyravaud, J. P., Arjunan, M., et al. (2010). Assessing the extent and causes of forest degradation in India: where do we stand? Biol. Conserv. 143 (12), 2937–2944. doi: 10.1016/j.biocon.2010.04.032

 Davidson, E. A., Trumbore, S. E., and Amundson, R. (2000). Biogeochemistry: soil warming and organic carbon content. Nature 408, 789–790. doi: 10.1038/35048672

 De Gryze, S., Six, J., and Merckx, R. (2006). Quantifying water-stable soil aggregate turnover and its implication for soil organic matter dynamics in a model study. Eur. J. Soil Sci. 57 (5), 693–707. doi: 10.1111/j.1365-2389.2005.00760.x

 Deng, L., Wang, K. B., Chen, M. L., Shangguan, Z. P., and Sweeney, S. (2013). Soil organic carbon storage capacity positively related to forest succession on the loess plateau, China. Catena 110, 1–7. doi: 10.1016/j.catena.2013.06.016

 Ding, J., Delgado-Baquerizo, M., Wang, J. T., and Eldridge, D. J. (2021). Ecosystem functions are related to tree diversity in forests but soil biodiversity in open woodlands and shrublands. J. Ecol. 109 (12), 4158–4170. doi: 10.1111/1365-2745.13788

 Duffy, J. E., Godwin, C. M., and Cardinale, B. J. (2017). Biodiversity effects in the wild are common and as strong as key drivers of productivity. Nature 549 (7671), 261–264. doi: 10.1038/nature23886

 Fan, W. Y., Wang, X. A., and Guo, H. (2006). Analysis of plant community successional series in the ziwuling area on the loess plateau. Acta Ecologica Sin. , 26 (3), 706–714.

 Feng, J., He, K., Zhang, Q., Han, M., and Zhu, B. (2022). Changes in plant inputs alter soil carbon and microbial communities in forest ecosystems. Global Change Biol. 28 (10), 3426–3440. doi: 10.1111/gcb.16107

 Furey, G. N., and Tilman, D. (2021). Plant biodiversity and the regeneration of soil fertility. Proc. Natl. Acad. Sci. 118 (49), e2111321118. doi: 10.1073/pnas.211132111

 Gavazov, K., Canarini, A., Jassey, V. E., Mills, R., Richter, A., Sundqvist, M. K., et al. (2022). Plant-microbial linkages underpin carbon sequestration in contrasting mountain tundra vegetation types. Soil Biol. Biochem. 165, 108530. doi: 10.1016/j.soilbio.2021.108530

 Götz, O., Liehr-Gobbers, K., and Krafft, M. (2010). “Evaluation of structural equation models using the partial least squares (PLS) approach,” in In handbook of partial least squares (Berlin, Heidelberg: Springer), 691–711). doi: 10.1007/978-3-540-32827-8_30

 Gregorich, E. G., Janzen, H., Ellert, B. H., Helgason, B. L., Qian, B., Zebarth, B. J., et al. (2017). Litter decay controlled by temperature, not soil properties, affecting future soil carbon. Global Change Biol. 23 (4), 1725–1734. doi: 10.1111/gcb.13502

 Gu, C., Mu, X., Gao, P., Zhao, G., Sun, W., Tatarko, J., et al. (2019). Influence of vegetation restoration on soil physical properties in the loess plateau, China. J. Soils Sediments 19 (2), 716–728. doi: 10.1007/s11368-018-2083-3

 Guo, H., and Wang, X. A. (2005). Canopy characteristics of the man-made pinus tabulaeformis forests in the ziwuling mountain of the loess plateau. Acta Botanica Boreal-Occidentalia Sin. 25 (7), 1335–1339. doi: 10.1360/biodiv.050022

 Hautier, Y., Tilman, D., Isbell, F., Seabloom, E. W., Borer, E. T., and Reich, P. B. (2015). Anthropogenic environmental changes affect ecosystem stability via biodiversity. Science 348 (6232), 336–340. doi: 10.1126/science.aaa1788

 Hendricks, J. J., and Boring, L. R. (1992). Litter quality of native herbaceous legumes in a burned pine forest of the Georgia piedmont. Can. J. For. Res. 22 (12), 2007–2010. doi: 10.1139/x92-263

 Hill, M. (1973). Diversity and evenness: a unifying notation and its consequences. Ecology 54, 427–432. doi: 10.2307/1934352

 Hu, L., Li, Q., Yan, J., Liu, C., and Zhong, J. (2022). Vegetation restoration facilitates belowground microbial network complexity and recalcitrant soil organic carbon storage in southwest China karst region. Sci. Total Environ. 820, 153137. doi: 10.1016/j.scitotenv.2022.153137

 Hua, F., Bruijnzeel, L. A., Meli, P., Martin, P. A., Zhang, J., Nakagawa, S., et al. (2022). The biodiversity and ecosystem service contributions and trade-offs of forest restoration approaches. Science 376 (6595), 839–844. doi: 10.1126/science.Abl4649

 Hulland, J. (1999). Use of partial least squares (PLS) in strategic management research: a review of four recent studies. Strategic Manage. J. 20 (2), 195–204. doi: 10.1002/(SICI)1097-0266(199902)20:2&lt;195:AID-SMJ13<3.0.CO

 Isbell, F., Cowles, J., Dee, L. E., Loreau, M., Reich, P. B., Gonzalez, A., et al. (2018). Quantifying effects of biodiversity on ecosystem functioning across times and places. Ecol. Lett. 21 (6), 763–778. doi: 10.1111/ele.12928

 Jia, Y., Zhai, G., Zhu, S., Liu, X., Schmid, B., Wang, Z., et al. (2021). Plant and microbial pathways driving plant diversity effects on soil carbon accumulation in subtropical forest. Soil Biol. Biochem. 161, 108375. doi: 10.1016/j.soilbio.2021.108375

 Kou, M. (2016). The characteristics of erosion-resistant plant and its community in the hill and gully loess plateau region. Res. Center Soil Water Conserv. Ecol. Environment Chin. Acad. Sci. Ministry Educ.

 Kramer, C., Trumbore, S., Fröberg, M., Dozal, L. M. C., Zhang, D., Xu, X., et al. (2010). Recent (< 4 year old) leaf litter is not a major source of microbial carbon in a temperate forest mineral soil. Soil Biol. Biochem. 42 (7), 1028–1037. doi: 10.1016/j.soilbio.2010.02.021

 Lal, R. (2004). Soil carbon sequestration impacts on global climate change and food security. science 304 (5677), 1623–1627. doi: 10.1126/science.1097396

 Lange, M., Eisenhauer, N., Sierra, C. A., Bessler, H., Engels, C., Griffiths, R. I., et al. (2015). Plant diversity increases soil microbial activity and soil carbon storage. Nat. Commun. 6 (1), 1–8. doi: 10.1038/ncomms7707

 Li, J. (2007). Flora of China. Harvard Papers Bot. 13 (2), 301–302. doi: 10.3100/1043-4534-13.2.301

 Li, H., Wu, Y., Liu, S., Xiao, J., Zhao, W., Chen, J., et al. (2022). Decipher soil organic carbon dynamics and driving forces across China using machine learning. Global Change Biol. 28 (10), 3394–3410. doi: 10.1111/gcb.16154

 Li, J., Yuan, X., Ge, L., Li, Q., Li, Z., Wang, L., et al. (2020). Rhizosphere effects promote soil aggregate stability and associated organic carbon sequestration in rocky areas of desertification. Agriculture Ecosyst. Environ. 304, 107126. doi: 10.1016/j.agee.2020.107126

 Liu, S., Zhang, W., Wang, K., Pan, F., Yang, S., and Shu, S. (2015). Factors controlling accumulation of soil organic carbon along vegetation succession in a typical karst region in southwest China. Sci. Total Environ. 521, 52–58. doi: 10.1016/j.scitotenv.2015.03.074

 Liu, Y., Zhu, G., Hai, X., Li, J., Shangguan, Z., Peng, C., et al. (2020). Long-term forest succession improves plant diversity and soil quality but not significantly increase soil microbial diversity: evidence from the loess plateau. Ecol. Eng. 142, 105631. doi: 10.1016/j.ecoleng.2019.105631

 Madrigal-González, J., Calatayud, J., Ballesteros-Cánovas, J. A., Escudero, A., Cayuela, L., Rueda, M., et al. (2020). Climate reverses directionality in the richness–abundance relationship across the world’s main forest biomes. Nat. Commun. 11 (1), 1–7. doi: 10.1038/s41467-020-19460-y

 Manral, V., Bargali, K., Bargali, S. S., Jhariya, M. K., and Padalia, K. (2022). Relationships between soil and microbial biomass properties and annual flux of nutrients in central himalaya forests, India. Land Degradation Dev. 33 (12), 2014–2025. doi: 10.1002/ldr.4283

 Manral, V., Bargali, K., Bargali, S. S., Karki, H., and Chaturvedi, R. K. (2023). Seasonal dynamics of soil microbial biomass c, n and p along an altitudinal gradient in central himalaya, India. Sustainability 15 (2), 1651. doi: 10.3390/su15021651

 Manral, V., Bargali, K., Bargali, S. S., and Shahi, C. (2020). Changes in soil biochemical properties following replacement of banj oak forest with chir pine in central himalaya, India. Ecol. processes 9, 1–9. doi: 10.1186/s13717-020-00235-8

 Nelson, D. W., and Sommers, L. E. (1996). “Total carbon, organic carbon, and organic matter.” in Methods of soil analysis: part 3 chemical methods (Wisconsin, USA: Soil Science Society of America and American Society of Agronomy), 961–1010. 

 Oades, J. M., and Waters, A. G. (1991). Aggregate hierarchy in soils. Soil Res. 29 (6), 815–828. doi: 10.1071/SR9910815

 Osuri, A. M., Machado, S., Ratnam, J., Sankaran, M., Ayyappan, N., Muthuramkumar, S., et al. (2020). Tree diversity and carbon storage cobenefits in tropical human-dominated landscapes. Conserv. Lett. 13 (2), e12699. doi: 10.1111/conl.12699

 Padalia, K., Bargali, S. S., Bargali, K., and Manral, V. (2022). Soil microbial biomass phosphorus under different land use systems of central himalaya. Trop. Ecol. 63, 30–48. doi: 10.1007/s42965-021-00184-z

 Pandey, R., Bargali, S. S., Bargali, K., Karki, H., Kumar, M., and Sahoo, U. K. (2023). Fine root dynamics and associated nutrient flux in Sal dominated forest ecosystems of central himalaya, India. Front. Forests Global Change 5, 1064502. doi: 10.3389/ffgc.2022.1064502

 Prach, K., Ujházy, K., Knopp, V., and Fanta, J. (2021). Two centuries of forest succession, and 30 years of vegetation changes in permanent plots in an inland sand dune area, the Netherlands. PloS One 16 (4), e0250003. doi: 10.1371/journal.pone.0250003

 Prommer, J., Walker, T. W., Wanek, W., Braun, J., Zezula, D., Hu, Y., et al. (2020). Increased microbial growth, biomass, and turnover drive soil organic carbon accumulation at higher plant diversity. Global Change Biol. 26 (2), 669–681. doi: 10.1111/gcb.14777

 Ramachandra, T. V., and Bharath, S. (2020). Carbon sequestration potential of the forest ecosystems in the Western ghats, a global biodiversity hotspot. Natural Resour. Res. 29 (4), 2753–2771. doi: 10.1007/s11053-019-09588-0

 Rasse, D. P., Rumpel, C., and Dignac, M. F. (2005). Is soil carbon mostly root carbon? mechanisms for a specific stabilisation. Plant Soil 269 (1), 341–356. doi: 10.1007/s11104-004-0907-y

 Ravindranath, N. H., and Ostwald, M. (2007). “Carbon inventory methods: handbook for greenhouse gas inventory, carbon mitigation and roundwood production projects,”in Advances in Global Change Research (Springer Dordrecht. Headquartered in Berlin, Germany: Springer Science & Business Media), vol. 29.

 R Core Team (2020). R: a language and environment for statistical computing (Vienna, Austria: R Foundation for Statistical Computing). Available at: https://www.R-project.org.

 Sanchez, G. (2013). PLS path modeling with r Vol. 383 (Berkeley: Trowchez Editions), 551.

 Shahi, C., Bargali, S. S., and Bargali, K. (2023). 8Dry matter dynamics and CO2 mitigation in the herb layer of central Himalayan agroecosystems along an altitudinal gradient, India. Trop. Ecol. 64 (1), 180–192. doi: 10.1007/s42965-022-00258-6

 Shankar, A. U. R., and Suresha, S. N. (2006). Strength behaviour of geogrid reinforced shedi soil subgrade and aggregate system. Road materials pavement design 7 (3), 313–330. doi: 10.1080/14680629.2006.9690040

 Simpson, E. H. (1949). Measurement of diversity. Nature 163, 688. doi: 10.1038/163688a0

 Six, J., Bossuyt, H., Degryze, S., and Denef, K. (2004). A history of research on the link between (micro) aggregates, soil biota, and soil organic matter dynamics. Soil tillage Res. 79 (1), 7–31. doi: 10.1016/j.still.2004.03.008

 Six, J., and Paustian, K. (2014). Aggregate-associated soil organic matter as an ecosystem property and a measurement tool. Soil Biol. Biochem. 68, A4–A9. doi: 10.1016/j.soilbio.2013.06.014

 Suryaningrum, F., Jarvis, R. M., Buckley, H. L., Hall, D., and Case, B. S. (2021). Large-Scale tree planting initiatives as an opportunity to derive carbon and biodiversity co-benefits: a case study from aotearoa New Zealand. New Forests 53, 589–602. doi: 10.1007/s11056-021-09883-w

 Teixeira, H. M., Cardoso, I. M., Bianchi, F. J., da Cruz Silva, A., Jamme, D., and Peña-Claros, M. (2020). Linking vegetation and soil functions during secondary forest succession in the Atlantic forest. For. Ecol. Manage. 457, 117696. doi: 10.1016/j.foreco.2019.117696

 Tian, J., Dungait, J. A., Lu, X., Yang, Y., Hartley, I. P., Zhang, W., et al. (2019). Long-term nitrogen addition modifies microbial composition and functions for slow carbon cycling and increased sequestration in tropical forest soil. Global Change Biol. 25 (10), 3267–3281. doi: 10.1111/gcb.14750

 Tian, Q., Zhang, X., Xu, X., Yi, H., He, J., He, L., et al. (2022). Knowledge about plant coexistence during vegetation succession for forest management on the loess plateau, China. Forests 13 (9), 1456. doi: 10.3390/f13091456

 Wang, H. H., Yue, C., Mao, Q. Q., Zhao, J., Ciais, P., Li, W., et al. (2020). Vegetation and species impacts on soil organic carbon sequestration following ecological restoration over the loess plateau, China. Geoderma 371, 114389. doi: 10.1016/j.geoderma.2020.114389

 Wang, Q., Zhang, Z., Guo, W., Zhu, X., Xiao, J., Liu, Q., et al. (2021). Absorptive and transport roots differ in terms of their impacts on rhizosphere soil carbon storage and stability in alpine forests. Soil Biol. Biochem. 161, 108379. doi: 10.1016/j.soilbio.2021.108379

 Yoder, R. E. (1936). A direct method of aggregate analysis of soils and a study of the physical nature of erosion losses. J. Am. Soc. Agro. 28, 337–351. doi: 10.2134/agronj1936.00021962002800050001x

 Yan, M., Cui, F., Liu, Y., Zhang, Z., Zhang, J., Ren, H., et al. (2020). Vegetation type and plant diversity affected soil carbon accumulation in a postmining area in shanxi province, China. Land Degradation Dev. 31 (2), 181–189. doi: 10.1002/ldr.3438

 Yang, Y., Dou, Y., Cheng, H., and An, S. (2019a). Plant functional diversity drives carbon storage following vegetation restoration in loess plateau, China. J. Environ. Manage. 246, 668–678. doi: 10.1016/j.jenvman.2019.06.054

 Yang, Y., Shi, Y., Sun, W., Chang, J., Zhu, J., Chen, L., et al. (2022). Terrestrial carbon sinks in China and around the world and their contribution to carbon neutrality. Sci. China Life Sci. 65 (5), 861–895. doi: 10.1007/s11427-021-2045-5

 Yang, Y., Tilman, D., Furey, G., and Lehman, C. (2019b). Soil carbon sequestration accelerated by restoration of grassland biodiversity. Nat. Commun. 10 (1), 1–7. doi: 10.1038/s41467-019-08636-w

 Yao, Z. Y., Kan, F. L., Wang, E. T., Wei, G. H., and Chen, W. X. (2002). Characterization of rhizobia that nodulate legume species of the genus lespedeza and description of bradyrhizobium yuanmingense sp. nov. Int. J. Systemat. Evolution. Microbiol. 52 (6), 2219–2230. doi: 10.1086/421712

 Yao, S., Qin, J., Peng, X., and Zhang, B. (2009). The effects of vegetation on restoration of physical stability of a severely degraded soil in China. Ecol. Eng. 35 (5), 723–734. doi: 10.1016/j.ecoleng.2008.11.008

 Yu, Q., Rao, X., Chu, C., Liu, S., Lin, Y., Sun, D., et al. (2020). Species dominance rather than species asynchrony determines the temporal stability of productivity in four subtropical forests along 30 years of restoration. For. Ecol. Manage. 457, 117687. doi: 10.1016/j.foreco.2019.117687

 Zhang, Y., Duan, B., Xian, J., Korpelainen, H., and Li, C. (2011). Links between plant diversity, carbon stocks and environmental factors along a successional gradient in a subalpine coniferous forest in southwest China. For. Ecol. Manage. 262 (3), 361–369. doi: 10.1016/j.foreco.2011.03.042

 Zhang, Y., Xu, X., Li, Z., Xu, C., and Luo, W. (2021). Improvements in soil quality with vegetation succession in subtropical China karst. Sci. Total Environ. 775, 145876. doi: 10.1016/j.scitotenv.2021.145876

 Zhao, Y. G., Liu, X. F., Wang, Z. L., and Zhao, S. W. (2015). Soil organic carbon fractions and sequestration across a 150-yr secondary forest chronosequence on the loess plateau, China. Catena 133, 303–308. doi: 10.1016/j.catena.2015.05.028

 Zhong, Z., Zhang, X., Wang, X., Fu, S., Wu, S., Lu, X., et al. (2020). Soil bacteria and fungi respond differently to plant diversity and plant family composition during the secondary succession of abandoned farmland on the loess plateau, China. Plant Soil 448 (1), 183–200. doi: 10.1007/s11104-019-04415-0

 Zou, H. Y., Liu, G. B., and Wang, H. S. (2002). The vegetation development in north ziwuling forest region in last fifty years. Acta Bot. Boreali-Occiden Sin. 22, 1–8.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Tian, Zhang, Yi, Li, Xu, He and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 08 June 2023

doi: 10.3389/fpls.2023.1214980

[image: image2]


Geographic distribution of C4 species and its phylogenetic structure across China


Aiying Zhang 1*†, Zhongjie Yang 1, Yu Zuo 1, Liang Ma 2 and Hanyu Zhang 1


1 College of Life Sciences, China Jiliang University, Hangzhou, China, 2 Mineral Resources and Geological Survey Center, Shaanxi Institute of Geological Survey, Xi’an, China




Edited by: 

Jinliang Liu, Wenzhou University, China

Reviewed by: 

Lei Su, Henan University, China

Zhaojia Li, Chinese Academy of Forestry, China

*Correspondence: 

Aiying Zhang
 ayzhang@foxmail.com

†ORCID: 

Aiying Zhang
 orcid.org/0000-0002-1343-7899


Received: 01 May 2023

Accepted: 24 May 2023

Published: 08 June 2023

Citation:
Zhang A, Yang Z, Zuo Y, Ma L and Zhang H (2023) Geographic distribution of C4 species and its phylogenetic structure across China. Front. Plant Sci. 14:1214980. doi: 10.3389/fpls.2023.1214980



Over the past fifty years, the distribution patterns of C4 species, across large spatial scales, are largely ignored. Here, we endeavored to examine patterns in the taxonomic and phylogenetic diversity of species with C4 photosynthetic pathways across the broad spatial extent of China and relate those to climatic gradients. We built a database of all plants with the C4 photosynthetic pathway in China. We analyzed the geographic distributions, taxonomic diversity, phylogenetic diversity, and phylogenetic structure of all C4 species, as well as the three families with the most C4 species (Poaceae, Amaranthaceae and Cyperaceae), and compared their values along temperature and precipitation gradients at two scales—the level of the province and at the 100 x 100 km grid cell. We found 644 C4 plants (belonging to 23 families 165 genera) in China, with Poaceae (57%), Amaranthaceae (17%), Cyperaceae (13%) accounting for the majority of species. Standardized effect size values of phylogenetic distances were negative overall, indicating that C4 species showed a phylogenetic clustering pattern. Southern China had the highest species richness and the highest degree of phylogenetic clustering. C4 tended to be more phylogenetically over-dispersed in regions with colder and/or drier climates, but more clustered in warmer and/or wetter climates. Patterns within individual families were more nuanced. The distribution of C4 species and its phylogenetic structure across China was constrained by temperature and precipitation. C4 species showed a phylogenetic clustering pattern across China, while different families showed more nuanced responses to climate variation, suggesting a role for evolutionary history.
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1 Introduction

Although they represent a small percentage of vascular plant species on the earth (~0.005%) (Sieben et al., 2010), C4 plants have highly efficient photosynthesis and can play an important role in many ecosystems, such as during succession and recovery of degraded ecosystems (Wang, 2002a; Wang, 2002b). Moreover, the occurrences of C4 plants are good indicators of ecosystem variation because they tend to be more tolerant of stressful environments than C3 plants (Wang and Ma, 2016; Pardo and VanBuren, 2021; Zhang and Xie, 2021). Plants with C4 photosynthesis not only differ biochemically from species with other photosynthetic systems, but also in their evolutionary history and ecological interactions (Osborne et al., 2015; Sage, 2017). Therefore, exploring the patterns in the distribution of C4 plants and their phylogenetic relationships across large spatial scales provides basic biogeographic understanding of this important plant trait both ecologically and evolutionarily.

The geographic distribution of C4 plants also tends to be associated with different environmental conditions (Munson and Long, 2017). For example, C4 plants tend to be more prevalent and diverse in warmer tropical areas and are notably absent from cooler regions (Osborne et al., 2015). However, to date, most studies on the distribution and diversity of C4 plants have tended to focus only on relatively small geographic areas (Taylor et al., 2010), or have examined it only within a subset of the angiosperm phylogeny (e.g., in grasses) (Edwards and Still, 2008; Visser et al., 2012; Sonawane et al., 2021), while an exploration of patterns of species diversity, phylogenetic diversity and phylogenetic structure could provide insights into the interactions between ecological and evolutionary processes influencing the distribution and diversity of these species (Liu et al., 2012; Munroe et al., 2022).

By examining patterns of species richness of C4 plants, together with patterns of phylogenetic diversity (which incorporates evolutionary relationships) and patterns of phylogenetic structure (i.e., clustering of co-occurring species within the phylogeny), we can make progress in understanding the patterns, and potential processes influencing those patterns. For example, because C4 plants tend to have evolved in warmer, more tropical regions (Osborne et al., 2015), the tropical niche conservatism hypothesis (i.e., freezing-tolerance hypothesis) (Latham and Ricklefs, 1993; Wiens and Donoghue, 2004) may help to describe patterns of species richness if there is a strong latitudinal gradient in C4 species. Likewise, the phylogenetic structure of species assemblages, such as how clustered co-occurring species are within the phylogeny, can reflect their evolutionary history of adaptation and tolerance to environments (Qian et al., 2019). For example, the phylogenetic niche conservatism hypothesis predicts that closely related species have more similar niches and thus should share similar environmental conditions and geographic distributions (Pyron et al., 2015; Lu et al., 2018; Qian et al., 2022).

Here, we endeavored to more deeply understand the diversity, structure and distribution of species of species with C4 photosynthesis across broad geographic areas and among the entire angiosperm phylogeny, as well as within specific groups within angiosperms that had large numbers of C4 species. To do so, we took advantage of an extensive database of C4 species and their distributions from across China. China provides an important venue in which to examine patterns of diversity and structure within C4 species, because it is a geographically and climatically diverse country, ranging from cold temperate to tropical ecosystems, and from extremely wet rainforests to deserts, with a well-characterized flora. Using these data, we could examine patterns of the taxonomic (species) richness of C4 taxa and its relation to climatic variables. In addition, by combining species distribution and composition data with information on species phylogenies, we could examine patterns of phylogenetic diversity of species, as well as the phylogenetic structure (e.g., clustering) of co-occurring species within the phylogeny. Overall, we found that the distribution of C4 species richness, phylogenetic diversity phylogenetic structure across China was constrained by temperature and precipitation; C4 species showed a phylogenetic clustering pattern across China, while different families showed more nuanced responses to climate variation, suggesting a role for evolutionary history.




2 Materials and methods



2.1 Data compilation

We compiled a database of C4 plants in China from a number of published references (Supporting Information, Table S1). Specifically, we classified C4 species as such when their photosynthetic pathway was identified by stable carbon isotope ratios (10‰-15‰, Sage and Monson, 1999) and/or anatomy (Kranz anatomy, Osborne et al., 2015). When a species photosynthetic pathway was not known from stable carbon isotopes or anatomical type, we classified these unknown species as C4 species if we could find such information in other databases, and by assuming that all species within a genus should share the same photosynthetic pathway (Osborne et al., 2015) (though we recognize that this is a coarse approach and might misclassify some species). We standardized species names from published references according to the Flora of China (http://foc.iplant.cn/) and the World Flora Online (www.world.flora.online.org). We classified species into family based on the latest Angiosperm Phylogeny Group classification (The Angiosperm Phylogeny Group, 2016).

We obtained species distribution data within regions from the Flora of China (Table S1). Furthermore, we obtained occurrence records with coordinates (latitude and longitude) from multiple sources, including the Chinese Virtual Herbarium (https://www.cvh.ac.cn/), National Specimen Information Infrastructure (http://www.nsii.org.cn/2017/home.php) and the Global Biodiversity Information Facility (https://www.gbif.org/). We then integrated these species distribution data so that we could estimate patterns of diversity and co-occurrence of species at two scales—the province level and at the level of 100 km x 100 km grid cells. For the province level, we divided China into 29 provinces, by combing Beijing and Tianjin within the Hebei Province, Hong Kong and Macau within the Guangdong province, and Shanghai within the Jiangsu Province.

In order to compare patterns of C4 diversity and phylogenetic structure with climate variables, we extracted climate data from the WorldClim database (http://www.worldclim.com/version2). Specifically, we extracted annual mean temperature (hereafter temperature) and annual mean precipitation (hereafter precipitation), which are known to be the most important bioclimatic variables driving plant species distributions in China (Qian et al., 2022). We used ArcGIS 10.8 to extract the variables from each province and grid cell.




2.2 Indices of species richness and phylogenetic structure

For each index of diversity or structure, we calculated the value for the entire group of C4 species, as well as separately for C4 species in the three families that accounted for 87% of all C4 species—Poaceae, Amaranthaceae and Cyperaceae (Figure S1). We calculated species richness as the total number of species that co-occur within a given province or grid cell. In order to calculate patterns of phylogenetic diversity and structure, we first built a phylogenetic tree of all C4 species in our database, using the R package ‘V.PhyloMaker2’ (Jin and Qian, 2022). With this phylogeny in hand, we calculated three indices of phylogenetic structure. First, we calculated Faith’s phylogenetic diversity (PD), which calculates the sum of total phylogenetic branch lengths of species in an assemblage (Faith, 1992). Second, we calculated the mean pairwise phylogenetic distances (MPD) between all possible pairs of species in an assemblage, which quantifies overall clustering of taxa on a tree (Webb et al., 2002). Third, we calculated the mean phylogenetic distance to the nearest taxon (MNTD) for each taxon in an assemblage, which quantifies the extent of terminal clustering, independent of deep level clustering (Webb et al., 2002; Qian et al., 2019). For each phylogenetic index, we calculated its standardized effect size (SES) to quantify the degree to which phylogenetic diversity and phylogenetic relatedness between species differed from what would have been expected if species were randomly distributed across the geographical extent. The SES was calculated as X = (Xobserved-meanXrandomized)/(sdXrandomized), where Xobserved represents the observed PD, MPD and MNTD values in a species assemblage, while meanXrandomized and sdXrandomized represent the expected mean and standard deviation of the species from the randomized assemblages (Webb et al., 2002). We ran each null randomization 999 times with a fixed species richness. Higher values of the standardized effect size of phylogenetic diversity (SES.PD) indicate a higher phylogenetic diversity (Qian et al., 2019). For the standardized effect size of the mean phylogenetic distance (SES.MPD), negative values indicate that the observed MPD values were lower than randomized ones and that species are more closely related than expected from the entire species pool (i.e., species are phylogenetically clustered). Conversely, positive SES.MPD values indicate that species are phylogenetically over-dispersed. Likewise, negative values of the standardized effect size of the mean phylogenetic distance to the nearest taxon (SES.MNTD) indicate clustering within the terminal part of the phylogenetic tree, while positive values indicate overdispersion. All phylogenetic indices and their SES were calculated using the R package ‘picante’ (Kembel et al., 2010).




2.3 Statistical analysis

At both the level of the province and the grid level, we used Spearman’s rank correlation analysis to test the relationship between species richness, the indices of phylogenetic structure, and the two bioclimatic variables (temperature and precipitation). We also calculated phylogenetic differences (MPD and MNTD) between regions using the R package ‘picante’ with the function comdist and comdistnt (Kembel et al., 2010), which we visualized using Principal Coordinate Analysis (PCoA).

All statistical analyses and figure construction were conducted in R 4.2.0 (R Core Team, 2022).





3 Results



3.1 Overview of the C4 dataset

Overall, we identified 644 C4 vascular plant species (belonging to 23 families 165 genera, Table S1; Figure S1) distributed in China, including 371 where species were directly measured to be C4, and 273 of which we inferred to be C4 based on the literature or their congeners. The Poaceae accounted for more than half of all C4 species (57%), with 17% of C4 species in the Amaranthaceae and 13% in the Cyperaceae in the third (13%); the remaining 13% of species were spread among 20 other families. Most C4 plants were perennial (50%) and annual (42%) non-woody (herbaceous) species, while 9% of species were shrubs (Figure S2A). Finally, there were 65 (~10%) C4 species that were non-native to China, half of which were classified as invasive species (Figure S2B).

The distribution of C4 species was skewed across China, with most species occurring in the south: Yunnan and Guangdong provinces had more than 50% of all C4 species, while 40% were in Guangxi, Fujian, Taiwan, Hainan and Sichuan (Figure 1). There were 99 C4 species that were endemic to only one province, more than half of which were in Xinjiang (61%) (including 35 species in the Amaranthaceae) (Figure S3).




Figure 1 | Geographic patterns of species richness (SR) and the standardized effect size values of phylogenetic structure indices (SES.PD, SES.MPD and SES.MNTD) for C4 plants across the 29 Chinese provinces. Panels represent different metrics (columns) and different taxonomic groupings (all C4 species, Poaceae, Amaranthaceae and Cyperaceae). The map of China is incomplete, which only includes mainland, Taiwan Island and Hainan Island.






3.2 Distribution patterns of species richness and phylogenetic structure

Overall, we found that both species richness and PD varied greatly across China for all species, as well as the three most common families, across the 29 provinces, while MPD and MNTD varied less (Table S2). Among the different families, the C4 species in the Amaranthacea had the highest Coefficient of Variation (CV) for species richness (71.4%), PD (55.4%) and MPD (19.9%) among the provinces. The C4 species in the Cyperaceae had the highest CV for MNTD (74.3%).

We found that species richness was highest in the south for all C4 species (Figure 1A), as well as those in the Poaceae (Figure 1E) and Cyperaceae (Figure 1M). Meanwhile, the highest richness of C4 species in the Amaranthaceae species was in the northwestern part of China (Figure 1I). The regions with the highest PD and SES.PD for all C4 species (Figure 1B), as well as those in the Poaceae (Figure 1F), were in northern China. For C4 species in the Amaranthaceae, the highest SES.PD was located in the northwestern, southwestern and southeastern China (Figure 1J), while northwestern China had the highest SES.PD for C4 species in the Cyperaceae (Figure 1N).

For patterns of phylogenetic structure, we found that northeastern China had the highest positive SES.MPD and SES.MNTD (Figures 1C, G, K), as well as the lowest negative SES.MPD and SES.MNTD (Figures 1L, O, P), indicating that this region had the highest phylogenetic overdispersion. Meanwhile, northwestern China had the highest positive SES.MPD and SES.MNTD (Figures 1C, G), as well as the highest negative SES.MPD and SES.MNTD), consistent with the highest phylogenetic overdispersion (and lowest clustering). Southern China had the lowest negative SES.MPD and SES.MNTD (Figures 1C, D, G, K), indicated that it had the highest phylogenetic clustering.

We found that the mean values of SES.PD, SES.MPD and SES.MNTD of all C4 species were significantly less than zero at both the province and grid level (Figures 2A, B), indicating that C4 plants were phylogenetically clustered. The same was true when we analyzed each of the most common families separately, except for the SES.MPD of the C4 species in the Cyperaceae at the province level (Figures 2A, B).




Figure 2 | Variation in the standardized effect size values of phylogenetic structure indices at the province level (left column) and grid level (right colum). Values of significant differences from zero are shown by three asterisks (P < 0.001), two asterisks (0.001< P < 0.01), one asterisk (0.01< P < 0.05) and NS (P > 0.05).






3.3 Relationships between species richness, phylogenetic structure and bioclimatic variables

We found significant positive relationships between the all C4 species richness, as well as both the Poaceae and Cyperacae, and both temperature and precipitation at the province and grid level (Figures 3A–D). The species richness of C4 species in the Amaranthaceae had a negative relationship with precipitation at both the province and grid level, but with non-consistent relationships with temperate at the province level and grid level (Figures 3A–D). On the other hand, the SES.PD of all C4 species and the C4 species in the Poaceae had a significant negative relationship with temperature and precipitation at both the province and grid level (Figures 3E–H), as did the SES.PD of the C4 species in the Amaranthaceae had a significant negative relationship at the grid level (but not province level) and the C4 species in the Cyperaceae had a significant positive relationship at the grid level (but not province level) (Figures 3E–H). Patterns of SES.MPD were similar to those of SES.PD (Figures 3I–L). For SES.MNTD, we found that all C4 species decreased a significant negative relationship with temperature and precipitation at both the province and grid level and the C4 species of the Cyperaceae had no significant relationship with temperature and precipitation (Figures 3M–P).




Figure 3 | Relationships of species richness and SES values of phylogenetic structure indices (SES.PD, SES.MPD, and SES.MNTD) with temperature and precipitation, calculated by Spearman’s rank correlation. R is correlation coefficient, p indicates significance.



Finally, we found that the PCoA showed that phylogenetic distance (MNTD and MPD) between regions with high temperature (and/or lower precipitation) were smaller, and thus more phylogenetically similar (Figures 4A–P; S4–S6).




Figure 4 | Relative phylogenetic differences (MNTD) among the regions [province level (A–H) and grid level (I–P)], visualized using a PCoA ordination biplot, calculated using the Gower distance. The color of dots varied from green to red, meaning the Temperature/Precipitation increased from low to high. Similar results of MPD (whose first two axes explained much lower variance than MNTD) were showed in Figure S4.







4 Discussion

Overall, our study showed that there is considerable, but important, variation in the distribution, diversity and phylogenetic structure of plants with C4 photosynthesis across the broad geographical (and climatic) extent of China. More specifically, we found that C4 species accounted for about 2% of all angiosperms in China (644 C4 species out of 29716-30260 total angiosperm species, Wang et al., 2015; Qian et al., 2022). Furthermore, the C4 photosynthetic pathway was most prevalent among species in the Poaceae. About half of all Poaceae species are C4 (Osborne et al., 2015), and our study, like others (Sage and Monson, 1999), found that Poaceae with C4 photosynthesis accounted for about half of all C4 species.

Our main result was that C4 species had higher species richness in regions with warmer and/or wetter climates. This pattern also holds when we examined patterns of the C4 species within the Poaceae and Cyperaceae. This is consistent with ideas related to the tropical niche conservatism hypothesis (Wiens and Donoghue, 2004) and is also mirrored by patterns in the distribution of woody and seed plants in China (Wang et al., 2011; Qian et al., 2019). C4 species in the Amaranthaceae, however, had a higher species richness in northwestern China in regions with drier climates (see also Wang and Ma, 2016; Rudov et al., 2020; Munroe et al., 2022). This suggests that the evolutionary history of C4 species within the Amaranthaceae likely differs from the other families with C4 photosynthesis.

While we found that C4 species in the Cyperaceae were more phylogenetically clustered in regions with colder and/or drier climates, consistent with previous studies in China (Lu et al., 2018; Qian et al., 2019) and North America (Qian and Sandel, 2017), this pattern did not hold for the other groups. Instead, we found that all C4 species (as well as those within the Poaceae and Amaranthaceae) tended to be more phylogenetically over-dispersed in regions with colder and/or drier climates, but more clustered in warmer and/or wetter climates.

These results are also consistent with the phylogenetic niche conservatism hypothesis (Qian et al., 2019), where all C4 species in the warmer and wetter climates of southern China had the highest species richness, but relatively lower phylogenetic diversity and the higher phylogenetic clustering, suggesting that species here were highly closely related. However, patterns differed for the C4 species in the Amaranthaceae, where drier climates of the northwestern parts of China had the highest species richness and phylogenetic diversity, as well as low phylogenetic clustering, suggesting these species were relatively distantly related. On the other hand, C4 species in the Cyperaceae had lower species richness, highest phylogenetic diversity and high phylogenetic overdispersion in the colder climates of the northwest, indicating these species were relatively distantly related. Overall, this suggests that C4 species in different families respond different to geographic gradients, likely as a result of their different evolutionary histories (Munroe et al., 2022).

We should emphasize, however, that while ours is the most comprehensive analysis of the distribution and diversity of C4 species in China, there are still some improvements that can be made. For example, in our database, there are 273 species whose stable carbon isotope value or anatomical type were not given, but rather inferred based on other databases and the assumption that all species within one genus should share the same photosynthetic pathway (Osborne et al., 2015). However, it is possible that taxonomic changes could influence this assumption. For instance, species in the Potamogeton genus were identified with C4 photosynthetic pathway, except for Potamogeton pectinatus (Table S1), which was identified as a synonym of Stuckenia pectinata. Likewise, several genera within the Amaranthaceae family were formerly classified in the Chenopodiaceae (Alternanthera, Atriplex, Axyris, Bassia, Suaeda and Salsola) (Table S1), which could have influenced their classification. This suggests that there remains work to be done on the taxonomy of Amaranthaceae. There are also some genera in other families, such as Cyperus and Panicum, whose taxonomy is controversial (Table S1) and do not share the same photosynthetic pathway. Indeed, the photosynthetic pathway might be a good tool to explore species evolutionary history and taxonomy.

In all, our study, by identifying key patterns in the diversity and phylogenetic structure of C4 species across regions in China, provides an important advance in our understanding of their distributions. This provides basic information on consistent (across all taxa) and nuanced (different patterns within some families) patterns of diversity and phylogenetic clustering patterns in response to major climate gradients. Furthermore, understanding these patterns of distribution can provide an important foundation for the use of C4 species in restoration practices in degraded ecosystems.
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Habitat fragmentation and climate change are the two main threats to global biodiversity. Understanding their combined impact on plant community regeneration is vital for predicting future forest structure and conserving biodiversity. This study monitored the seed production, seedling recruitment and mortality of woody plants in the Thousand Island Lake, a highly fragmented anthropogenic archipelago, for 5 years. We analyzed the seed-seedling transition, seedling recruitment and mortality of different functional groups in the fragmented forests and conducted correlation analyses involving climatic factors, island area, and plant community abundance. Our results showed that: 1) shade-tolerant and evergreen species had higher seed-seedling transition, seedling recruitment and survival rate than shade-intolerant and deciduous species in time and space, and these advantages increased with the island area. 2) Seedlings in different functional groups responded differently to island area, temperature and precipitation. 3) Increasing active accumulated temperature (the sum of the mean daily temperature above 0 °C) significantly increased seedling recruitment and survival, and warming climate favored the regeneration of evergreen species. 4) The seedling mortality rate of all plant functional groups increased with the increase of island area, but the increasing strength weakened significantly with the increase of the annual maximum temperature. These results suggested that the dynamics of woody plant seedlings varied among functional groups, and can be regulated separately and jointly by fragmentation and climate.




Keywords: fragmentation, species coexistence, habitat filtering, regeneration niche difference, seed-to-seedling transition, seedling recruitment, seedling survival




1 Introduction

Species diversity varies across time and space, and studying species diversity and its driving factors is a primary goal of ecology (Rosenzweig and Rosenzweig, 1995). Globally, at least half of natural habitats have been lost (Diversity, S.o.t.C.o.B, 2020), and the remaining habitat fragments are usually small (Liu et al., 2019a), suffering from edge effect. Meanwhile, the climate is changing into a warmer and drier condition, which is potentially affecting forest regeneration and seedling dynamics (Bond-Lamberty et al., 2014; Ibanez et al., 2017; Badano and Sánchez-Montes de Oca, 2022). Edge effect follow by fragmentation can cause increasing temperature extremes and a drier microclimate inside small fragments (Saunders et al., 1991; Debinski and Holt, 2000), enhancing the influence of climate change on seedling dynamics. However, there is still limited research considering the potential interactive effects of climate and fragmentation on plant community dynamics (Opdam and Wascher, 2004; Mantyka-Pringle et al., 2011).

Seedlings face various abiotic and biotic factors that significantly reduce their recruitment and survival rates (Harper, 1977; Leck et al., 1989; Moles and Westoby, 2004). The seedling stage is considered a critical bottleneck in population growth rate due to high mortality rates (Grubb, 1977; Harper, 1977). The success of seedling recruitment, survival and establishment is essential to plant population dynamics and ultimately affects the composition and sustainability of the community (Grubb, 1977; Swaine, 1996; Baeten et al., 2009). Therefore, understanding seedling dynamics is crucial in predicting short-term changes of plant communities in a fragmented landscape (Bykova et al., 2012; Rother et al., 2013; Kroiss and Hillerslambers, 2015).

Fragmented habitats are usually relatively small in size, creating many edges that alter the microclimate in various ways that impairs the regeneration of certain tree species (Grubb, 1977; Swaine, 1996; Tabarelli et al., 2005). Small fragments tend to suffer from more severe edge effects, resulting in less humidity, more light resources, and greater temperature changes, which can penetrate up to 60 m inside the fragments (Kapos, 1989). Studies found that fragmentation has changed the regeneration dynamics of vegetation community (Wilcox and Murphy, 1985; Sarmiento, 1997; Turner et al., 1998; Laurance et al., 2000), leading to the transformation of the seedling community to species-poor composition, threatening forest biodiversity (Benitez-Malvido and Martinez-Ramos, 2003). Furthermore, the defaunation of large animals caused by habitat loss can potentially alter important biotic interactions, such as seed predation and seedling herbivory (Harrison et al., 2013; Dirzo et al., 2014).

Climate can also alter the emergence and establishment of tree seedlings. For instance, species with shallow-rooted seedlings may experience limited seed germination and increased seedling mortality during drought (Clark et al., 2016). Higher temperatures and lower precipitation levels can intensify seed predation (McKone et al., 1998; Hillyer and Silman, 2010), altering the water and carbon balance of tree seedlings, resulting in a reduced seedling emergence (Joet et al., 2013) and impair their establishment (Perez-Ramos et al., 2013; Perez-Ruiz et al., 2018). Studies have shown that variations in climatic conditions lead to interannual fluctuations in the quality of microhabitat of seedling recruitment (Greenlee and Callaway, 1996; Tielborger and Kadmon, 2000; Ibanez and Schupp, 2001).

With the intensification of climate change and fragmentation, the interaction of these two main disturbances on altering the regeneration process of communities is attracting attention. Their combined impacts may have hidden effects that are not evident when studied in isolation. It was found that the fragment area affects the size and composition of the soil seed bank (Sousa et al., 2017), and successful seed dispersal, seedling germination and survival are limited by the fragmentation of suitable habitats (Pitelka and the Plant Migration Workshop Group, 1997; Renton et al., 2013) and are directly affected by climate change. Due to the different seedling dynamics of different tree species (e.g., functional groups) and their response to climate change, habitat fragmentation can interact with climate on seedling dynamics by affecting soil seed banks (and microenvironments). However, limited by field research platforms and systems and the accumulation of long-term monitoring data, few people pay attention to the combined effects of habitat fragmentation and climate change (Opdam and Wascher, 2004).

The maintenance of species diversity is the central question of community ecology, which concerns the coexistence of large numbers of species (Hutchinson, 1961; Hart et al., 2017). Regeneration niche differentiation in early stages of seedling germination and establishment, and negative density dependent (NDD) are two important mechanisms to explain species coexistence and biodiversity maintenance (Janzen, 1970; Connell, 1971; Grubb, 1977; Denslow, 1980; Bagchi et al., 2014). Along the gradient of environmental resources, changes in seedling survival rates and growth rates of different functional groups will lead to their regeneration niche differentiation (Grubb, 1977) and promote species coexistence at the landscape level (Macarthur and Levins, 1967; Chesson, 2000). Local scale NDD can result in community compensatory trend (CCT), which describes the negative relationship between species abundance and population growth rate at the community level. CCT prevents common species from overtaking the ecological niche of rare species, thereby promoting their coexistence (Connell et al., 1984).

The growth and regeneration dynamics of different plant functional groups with different resource requirements are affected by the level of light and other resources, which differ between internal and marginal forests. Base on their light tolerance, plants can be classified as shade-tolerant (ST) and shade-intolerant (SI) species, and as evergreen (EG) and deciduous (DC) species based on their leaf habit. Usually, the light intensity in large patches and internal forests is very low due to the closed canopy, which is very similar to an intact habitat. As fragment area decreases, the light intensity gradually increases, limiting the regeneration of ST species. DC and EG species commonly coexist in subtropical EG broad-leaved forests, although a longer growing season should favor species with long leaf lifespans (Givnish, 2002). Some studies have proposed the heterogeneity of topography (Tang and Ohsawa, 2002; Fang et al., 2017) and light intensity may cause niche differentiation of EG and DC species and promote their coexistence (Jin et al., 2018). Compared with DC species, seedlings of EG species are usually more shade-tolerant (Wang et al., 2007; Baldocchi et al., 2010; Kitajima et al., 2013; Jin et al., 2018), and previous research have found that small fragments and forest edges tend to have more SI and DC species (Slik et al., 2008; Tabarelli et al., 2010; Liu et al., 2019c). The species and functional composition of forest communities change with the fragmentation and forest successional stage (Laurance et al., 2006; Slik et al., 2008; Kooyman et al., 2013; Martin et al., 2014). Since it may be the most relative demographic information to predict future forest composition and succession processes, however, there is still very little research on the regeneration dynamics of secondary forests over time and space in fragmented landscapes.

To better understand the mechanism of plant diversity under climate and habitat fragmentation, it is necessary to explore the differences in regeneration dynamics and their driving factors between different functional groups in fragmented forests. Our research focused on secondary forests in the Thousand Island Lake. In this study, we aim to explore the seedling dynamic differences between different functional groups, and analyze how climate change and fragmentation influence these patterns. Specifically, we answer the following questions: 1) Do seedlings of ST and EG species exhibit higher demographic advantages on larger islands compared with SI and DC species? 2) Does it have significant effects on the seedling dynamics of different functional groups? 3) Is there an interaction between climate change and fragmentation on seedling dynamics?




2 Methods



2.1 Study site

The study was conducted on islands in the Thousand Island Lake of Zhejiang Province, China (29°22′– 29°50′N and 118°34′– 119°15′E). The lake is a hydroelectric reservoir formed by the construction of the Xin’an River Dam in 1959. After that, the valley (around 573 km2) was flooded, forming more than 1,000 land- bridge islands larger than 0.25 ha (Yu et al., 2012; Liu et al., 2018; Hu et al., 2021). Forests were clear- cut before the construction. After 60 years of succession, most of these islands are now covered by secondary forests dominated by Masson pine (Pinus massoniana) and mixed broad- leaved species (Liu et al., 2019b). The climatic conditions of the study site are typical of the central subtropical climate zone, with an average annual temperature of 17.0°C (the daily temperature ranges from -7.6 °C in January to 41.8 °C in July) and an average annual precipitation of 1,430 mm (Hu et al., 2011).




2.2 Tree, seed and seedling census

From 2009 to 2010, we established a long-term plant community monitoring site of 12.7 ha on 29 sample islands spanning available variation in area (Supplementary Table S1). Quadrats were set all over the islands with area smaller than 1 ha. One to several transects with a wide of 20-40 m were set on islands with area larger than 1 ha, and the total area of transects were designed based on its island area. We defined islands with area smaller than 1 ha as ‘small island’ (s), area larger than 1 ha but smaller than 10 ha as ‘medium island’ (m), and area larger than 10 ha as ‘large island’ (l). Woody plants with DBH above 1 cm were investigated and recorded, and the first census was completed in 2014-2015. The second census was completed in 2019. Community abundance refers to the number of individual of species on each island, which was calculated based on this census.

Seedling plots were set base on random sampling by classification. Within each sample island, 1 m×1 m seedling plots were randomly set from the edge to the interior on island, and the interval between plots was at least 5 m. The seedling plots evenly covered different edge gradients from the edge to the center of the transect, to fully understand the composition and dynamics of the seedling communities on the island. A total of 499 seedling plots have been set up (Supplementary Table S1). In April 2017, all woody seedlings in the seedling plots were tagged with a unique number, identified to species and then mapped. The census was conducted in April and September each year from 2018-2022. During each census, we counted and identified all the seedlings in the plot, measured their height and counted their leaf number. newly recruited seedlings were tagged, and missing seedlings were recorded as ‘dead’. Here, ‘seedlings’ refer to plants with DBH< 1 cm and height< 20 cm (Comita et al., 2007).

A total of 240 seed-traps of 0.5 m2 were set up, and each trap was located 2 meters away from the seedling plot. Since the seedling recruitment rate is calculated based on the data of the seedling of the current year and the seed rain of the previous year (Peña-Domene et al., 2016), fruits and seeds in the seed-traps were collected monthly from January 2017 to December 2021. After drying, they were identified to species, counted and weighed. Numbers of seedling plots and seed-traps set on each island are listed in Supplementary Table (Supplementary Table S1).




2.3 Climate data

The monthly climate data were obtained from the nearest Chun ‘an Meteorological Station (located approximately 17 km north-east of the study site). We calculated 6 climate indexes, including the annual maximum temperature (Tmax), the annual minimum temperature, the annual mean temperature, the annual active accumulated temperature (The sum of temperatures ≥0°C, Tactive), the annual precipitation (Ptotal) and the sunshine duration.




2.4 Calculations for dynamic index

The shade tolerance and leaf habit of all species were derived from the results of previous studies conducted in the TIL (Tian et al., 2016; Hu et al., 2011), and indexed through the Flora of China (FOC, http://www.iplant.cn/foc) website. In total, we conducted 50 plant species, Overall, there were 22 EG species, 28 DC species, 22 SI species and 28 ST species (Supplementary Table S2). Since the evolutionary history of gymnosperms is much longer than that of angiosperms, the response of certain functional traits in angiosperms cannot be extrapolated to gymnosperms (Aiba et al., 2016). Including both gymnosperms and angiosperms in our analysis may obscure the overall pattern. Therefore, 3 gymnosperms species were excluded from the main analysis. An analysis of gymnosperms species that were not excluded was also carried out and showed in the supplement (Supplementary Figures S1–S4).

The ratio of seeds to seedlings (seed effectiveness; Φi) is the number of seeds of species i needed for 1 recruit (Peña-Domene et al., 2016). Here, we defined the seed-seedling transition rate as the number of seedlings of the species i successfully germinated from 1 seed:

	

where  is the total number of seeds of species i that fall in the trap of a habitat,  is the total number of recruits of species i in a habitat, and  is the seedling plot area (m2) sampled in a habitat divided by the area sampled by seed traps in a habitat.

The seedling recruitment rate is the number of seedlings that appeared on the ground for the first time during the census divided by the total number of seedlings that appeared during the last census:

	

The seedling mortality rate:

	

where  is the seedling mortality rate of species i in a habitat,  is the number of seedlings of species i in a habitat (excluding new recruits), and  is the total number of seedlings of species i in a habitat during the last census.




2.5 Statistical analysis

The Wilcoxon test was used to test the differences in seedling dynamics on different islands, using ‘wilcoxon_test’ function in package ‘rstatix’.

The correlation between 6 year-level climate variables pairwise was calculated using the function ‘cor’, and then the ‘findCorrelation’ function in the package ‘caret’ was used to remove variables with a mean absolute correlation value of more than 4. Three climate variables were selected from six variables, which are Tmax, Ptotal and Tactive. The island area refers to the projected area of the island when the water reaches its highest level (105 meters above sea level), which was calculated using ArcGIS software. Log transformation of the island area was performed because the data vary a lot on the relative scale. The fixed effects of the models included three climatic factors (Tmax, Ptotal and Tactive), community abundance (Abun) and the island area (Area), which were scaled and centered using the function ‘scale’ before regression. Then, we used the General Liner-Mix Model (GLMM) to assess the influence of the 5 predictors on the seedling dynamic index (transition, recruitment or mortality rate) by generating a Template Model Builder (TMB) (package ‘glmmTMB’). To account for interspecies differences, the species was considered a random effect in the model. The model was summarized as follows:

	

where  is the seedling dynamic (transition, recruitment or mortality rate) of species i in island j in year k. The parameter  represents the intercept,  ,  ,  ,  and  represent the effect of 5 factors, respectively;  represents the random effect of the species.

To answer whether climate change has modified the effects of fragmentation on seedling dynamics, we used GLMM to quantify the effect of island area on seedling dynamics, and species and census year were considered as random effects. We defined the correlation slope between island area and seedling dynamics as ‘z’ index. The liner regression model (LM) was used to analyze the effects of each climatic factor on the z-index, using the census year as the time offset. Since the seedling dynamics are calculated based on the previous year’s census data, the inclusion of time offsets can capture the dynamics and dependencies that exist in the time series data. By incorporating a time offset into the model, we can improve the model’s ability to make accurate estimates.

All the analyze above were generated in R4.2.1.





3 Results



3.1 Temporal and spatial dynamic of seedling

The number of seedling individuals in each functional group showed interannual fluctuations within 5 years. The number of seedling individuals has decreased significantly in 2021-2022 compared with the previous three years (Table 1). Seedling dynamics also showed interannual fluctuations, and the transition rate and mortality rate did not increase or decrease significantly. Seedling recruitment exhibited a decreasing trend (Figures 1B, E). Overall, EG and ST species showed higher transitions and recruitment rates (Figures 1A, B, D, E), and the mortality rate was lower than that of DC and SI species (Figures 1C, F), respectively. The recruitment of EG and DC species has been converging since 2020 (Figure 1B). Similar trends were shown in ST and SI species (Figure 1E).


Table 1 | Total number of seedling individuals of different functional groups on all islands in 5 years.






Figure 1 | Seedling dynamics [seed-seedling transition (A, D), seedling recruitment (B, E) and seedling mortality (C, F)] from 2018 to 2022.



There was no significant difference in most seedling dynamic index among most island types (Figures 2A–C), except for the seedling mortality rates of DC and SI species between small and medium islands (Figures 2F, I). EG species showed significantly higher transitions and recruitment rates, and lower mortality rate than that of DC species on almost all types of islands (Figures 2D–F). ST species showed significantly higher transitions and lower mortality rates than SI species on almost all types of islands (Figures 2G–I). The seedling recruitment of ST species was significantly higher than that of SI only on medium islands (Figure 2H).




Figure 2 | Seedling dynamics [seed-seedling transition (A, D, G), seedling recruitment (B, E, H) and seedling mortality (C, F, I)] of different functional groups on islands with different area from 2018 to 2022. “s”, “m”, and “l” represent small, medium and large islands, respectively. Seedling dynamic of all species (grey), evergreen (EG, green) and deciduous (DC, yellow) species, Shade-intolerance (SI, red) and shade-tolerance (ST, blue) species were shown. Different letters between functional groups or island types indicated significant differences.






3.2 Abiotic and biotic effects on seedling dynamics

Tree abundance had a positive effect on seed-seedling transition rate and seedling recruitment (Figures 3A–C). Island area positively affected seedling recruitment of EG and SI species, and increased the mortality rate of EG seedlings (Figures 3D–I).




Figure 3 | The relative influence of potential factors [the community abundance (Abundance), island area, annual maximum temperature (Tmax), annual precipitation (Ptotal) and active accumulated temperature (Tactive)] on the transition (A, D, G), recruitment (B, E, H) and mortality (C, F, I) rate of seedlings of evergreen(EG, green), deciduous(DC, yellow), shade-intolerat(SI, red), shade-tolerant(ST, blue), and all (black) species. Solid points with asterisk marks indicate a significant effect (significant codes for p-value: p= 0~ 0.001 “***”, p= 0.001~ 0.01 “**”, p= 0.01~ 0.05 “*”). If the coefficient value of the explanatory variable is<0, it means a significant negative correlation. The parameter estimate<0 indicated a significant negative effect. The parameter estimate intersects with 0 indicated an insignificant effect. The parameter estimate >0 indicates a significant positive effect.



The increase in Tactive significantly increased the seedling recruitment of DC seedlings and reduced seedling mortality to a greater extent than that of EG species (Figures 3E, F). For all functional groups, the increase in Tmax significantly decreased seedling recruitment, but had no effect on seedling mortality. The increase in Ptotal significantly decreased seedling recruitment of DC species and increased seedling mortality in most functional groups (Figures 3E, F, H, I).




3.3 Interaction effects of climate and island area on seedling dynamics

The increase rate in seedling mortality with island area weakened significantly with the increase of Tmax in all functional groups. There was a negative correlation between the overall mortality z index and Tmax (Figure 4A, slope = -1.431, R2=0.324, p< 0.05). Same pattern were showed in EG species (Figure 4B, slope = -1.430, R2=0.331, p< 0.05), DC species (Figure 4C, slope = -1.443, R2=0.302, p< 0.05), ST species (Figure 4D, slope = -1.425, R2=0.325, p< 0.05) and SI species (Figure 4E, slope = -1.442, R2=0.321, p< 0.05). There was no significant correlation between the mortality z index and Tactive or precipitation (Figures 4F–O, p>0.05).




Figure 4 | Linear regression correlation between z-value and annual maximum temperature (Tmax: (A–E), annual precipitation (Ptotal: (F–J), and the annual active accumulated temperature (Tactive: (K–O) for all species (A, F, K), evergreen species (B, G, L), deciduous species (C, H, M), shade-tolerant species (D, I, N), and shade-intolerant species (E, J, O). The five points in the panels represent the z-index values calculated based on year-level climatic factors during 5 years. To be noted, the p-value in this figure was calculated based on the results of LM with time offset.







4 Discussion

Our study provides insights into seedling dynamics and the influence of environmental variables on these dynamics in fragmented forests. The results showed that the interaction of climatic factors and island area affected the dynamics of seedlings in different functional groups, which can explain the composition patterns of plant communities. The joint effects of climate change and fragmentation can continue to shape the community structure and local biodiversity of the area.

In this research, seedling dynamics showed interannual fluctuations. EG and DC seedlings, ST and SI seedlings showed very similar mortality and recruitment trend in space and time, but EG and ST species showed higher seed-seedling transition, recruitment and survival rate over DC and SI species in most island types and most years, suggesting that they have a competitive advantage in the early life stage. This is consistent with previous research, showing that EG seedlings have a regenerative advantage over DC seedlings (Jin et al., 2018), the same as ST over SI (Tian et al., 2016). With the progress of community succession, EG species and ST species may gradually develop into dominant species in the area.

Island area significantly affected seedling mortality and recruitment. The island area had no effect on the seed- seedling transition, but it had a positive impact on the seedling recruitment and mortality of EG species, and also on the seedling recruitment of ST species. Small forest fragments are suffering from more severe edge effect than large fragments, with greater temperature and low humidity (Laurance and Yensen, 1991; Malcolm, 1994; Fahrig, 2003; Ewers and Didham, 2006; Porensky, 2011; Laurance et al., 2018). These conditions compromise seed-seedling transition and seedling establishment of ST species (Benitez-Malvido, 1998; Bruna, 1999; González-Di Pierro et al., 2011), causing small fragments to have fewer ST species (Slik et al., 2008). Combined with the spatiotemporal seedling dynamics of EG and DC species, it is predicted that the increase in habitat area may favor the regeneration of EG and ST species, which may g radually lead to their dominant position in the community. Thus, habitat loss followed by fragmentation may suppress the regeneration of EG and ST species, limiting their potential to become dominant species.

Temperature and precipitation significantly affect seedling recruitment and mortality, but the response varied across different functional groups. We found that higher Tactive, lower Tmax and precipitation significantly increased the seedling recruitment and survival. This result indicates that extremely high temperatures can reduce the seedling recruitment, but warming with smaller seasonal temperature changes can potentially increase seedling recruitment and survival rate as increase of the active accumulated temperature may prolong the growth time of seedlings. This is partially in line with the finding saying that increased warming and drought may potentially decrease seedling germination, emergence and establishment (Ibanez et al., 2017; Badano and Sánchez-Montes de Oca, 2022). Studies have found that warmer and drier conditions can reduce the survival of tree seedlings by altering the water and carbon balance (Perez-Ruiz et al., 2018; Badano and Sánchez-Montes de Oca, 2022). But some researches have also found that the seedling mortality rate of some species has declined with warming (Chidumayo, 2008). Hence, the seedling dynamics response to climate warming varies from species and region to region. Higher levels of precipitation also increased seedling mortality. The increase in mortality with the increase of precipitation may be caused by its promotion of pathogen and herbivory damage to seedlings, as found in previous research (Milici et al., 2020; Ebeling et al., 2021).

The results also showed that seedlings in different functional groups responded differently to climate factors. As found in previous studies, distributions of EG and DC tree species are determined by precipitation and temperature (Barbosa et al., 2014), and elevated temperatures enhanced the growth of DC trees more than that of EG trees (Way and Oren, 2010; Barbosa et al., 2014). Our results also showed similar results. We found that increasing Tactive promoted the seedling recruitment of DC species and reduced their mortality to a greater extent compared with EG species.

However, we did not detect CCT in community level in the study. Our results showed that species abundance significantly increased the overall seed-seedling transition and seedling recruitment. This suggested that species with higher abundance in the community have a better advantage in germination and recruitment success, which does not support CCT. However, some other studies have also found significant positive relationships between seedling survival and adult conspecific density (Inman-Narahari et al., 2016). Studies found that in the case of warming climate, the negative density effect in seedling survival becomes positive (Bachelot et al., 2020). The stress gradient hypothesis (SGH) (Bertness and Callaway, 1994) predicts that interspecific species interactions should shift from negative to positive with environmental stress, and similar shifts have been found in intraspecific interactions, which can explain the regenerative advantages of abundant species in this region with fragmentation as an important stressor.

Most importantly, our study suggests that the increase rate in mortality with island area weakens significantly as the annual maximum temperature increases. Fragmentation can exacerbate the effects of climate change on plant and animal communities through various mechanisms (Davies et al., 2004; Fahrig, 2003). If the potential joint impacts are greater than the individually estimated impacts, separate research on climate change and fragmentation may be misleading (De Chazal and Rounsevell, 2009). However, the joint effects of these two driving mechanisms are not well understood. In our results, although there was no direct significant effect of Tmax on seedling mortality, our study did find a negative correlation between mortality z-index and Tmax, indicating that higher temperatures could either increase seedling mortality in smaller islands or mitigate it in larger islands. In large fragments, a closed canopy can increase seedling mortality by reducing light penetration (Matlack, 1994; Camargo and Kapos, 1995) as well as increasing litterfall and debris that may damage seedlings (Coley et al., 1985; Sizer, 1992; Benitez-Malvido, 1998). Small islands generally have a more open canopy and a higher proportion of edge area. Additionally, smaller islands are usually drier and warmer, making them more susceptible to external climate change (Laurance, 2004). Consequently, the increase in Tmax may have a greater negative impact on seedling survival on relatively small islands compared to large islands. Considering the projected increase in high maximum temperatures in the future, we anticipate that the negative effect of high maximum temperatures on the seedling survival on small fragments may offset their survival advantage over large fragments. This is consistent with a previous meta-analysis, indicating that the effects of habitat loss and fragmentation are most pronounced in areas with high maximum temperatures (Mantyka-Pringle et al., 2011).

However, this study still has some limitations. Our study did not explore how the interaction of climatic factors and island area influences the local environment or identify direct factors affecting seedling regeneration. Climate parameters were based on regional scales, while seedling demographic dynamics were based on island scales or even plot scales. This will probably mask a lot of real variations and real environmental filtering effects. Future research should give priority to monitoring the microenvironment (light, water, temperature) of seedlings to further understand the relationship between climate change, island area, island microhabitat and seedling dynamics.




5 Conclusions

In conclusion, this study provides insights into seedling dynamics and the effects of environmental variables on these dynamics in fragmented forests. The results suggest that shade tolerance of species, island area, and climate variables, such as temperature and precipitation, significantly influence the seedling dynamics of woody plants. More importantly, we found that fragmentation and temperature jointly affect seedling mortality. These findings can provide important implications for understanding the basic mechanisms of plant community dynamics, and can give informations for management strategies aimed at promoting the regeneration of plant communities in fragmented habitats.
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Foliage leaves are the primary photosynthetic organ of the majority of vascular plants, and their area vs. biomass scaling relationships provide valuable insights into the capacity and investment in light interception, which is critical to plant growth and performance. The “diminishing returns” hypothesis (DRH), which is based primarily on data from gymnosperms and angiosperms, posits that leaf (lamina) area scales with leaf dry mass. on average with a scaling exponent less than 1.0. However, it remains uncertain whether DRH applies to ferns or whether ecological factors affect the scaling exponents governing fern leaf morphometrics. To address this issue, 182 individuals of 28 subtropical ferns species were studied at low, medium, and high elevations (i.e., 600 m, 900 m, and 1200 m, respectively) in Mount Wuyi National Park, Jiangxi Province, China. The scaling relationships between leaf area and leaf biomass for individual and total leaf of ferns at different elevations were examined by using standardized major axis regression protocols. Analyses of the 28 fern species (using Blomberg K-value protocols) indicated no phylogenetic biases among the species compositions of the three different elevations. In addition, at the individual plant level, individual leaf area (ILA) did not differ significantly among the three different elevations (P > 0.05). However, individual leaf mass (ILM) was significantly higher at 900m than at 1200m (P < 0.05), resulting in a significantly higher leaf mass per area (LMA) at the 900m elevation than at the 600m and 1200m elevations (P < 0.05). The ILA and ILM at the 900m elevation were significantly higher than at the 600m elevation (P < 0.05). At the species level, ILA and ILM did not differ significantly among the three elevations (P > 0.05). The total leaf area per individual (TLA) did not differ significantly across the different elevations (P > 0.05). However, total leaf mass per individual (TLM) did differ significantly (P < 0.05). At the individual plant level, the scaling exponents for ILA vs. ILM and TLA vs. TLM at the three different elevations were all significantly less than 1.0 (P < 0.05), which was consistent with the DRH. At the species level, the scaling exponents for the ILA vs. ILM were significantly less than 1.0 at the middle and high elevations, but not at the low elevation. The scaling exponents of the TLA and TLM were numerically highest in the middle elevation, and all were less than 1.0 for the three elevations. These results indicate that the scaling relationships of leaf area versus mass of subtropical ferns at different elevations support the DRH hypothesis. The study further informs our understanding of the resource allocation strategies of an ancient and diverse plant lineage.




Keywords: leaf area-biomass relationship, diminishing returns hypothesis, elevation, subtropical ecosystem, ferns




1 Introduction

The relationship between leaf (lamina) biomass and area not only reflects the light-harvesting capability of most land plants, but also their environmental adaptability (Kleiman and Aarssen, 2007; Huang et al., 2020; Guo et al., 2022). Therefore, this scaling relationship has important implications for plant growth and community productivity (Liu et al., 2020).

Typically, dry leaf biomass (ML) characterizes the cost of leaf construction, whereas leaf area (AL) characterizes the potential for photosynthetic gain. Prior work has shown that AL is statistically significantly related to ML and takes the form of a power function, i.e., AL =β MLα, where α is the scaling exponent and β is the scaling (normalization) constant. When α < 1.0, leaf area increases more slowly relative to increasing leaf biomass, a phenomenon called “diminishing returns”. When α > 1.0, there is a gain in leaf area relative to increasing leaf biomass. An isometric (“break even”) relationship occurs when α = 1.0 (Niklas et al., 2007). By determining the leaf area vs. leaf biomass scaling relationships of six functional species groups and 19 individual species, Niklas et al. (2007) confirmed the “diminishing returns” hypothesis (DRH) wherein α < 1.0. Other studies have explored the DRH for plants at different geographic scales and different regions (Shipley, 1995; Pearcy et al., 2005). For example, Shi et al. (2019) showed that leaves area vs. dry mass scaling relationship were in accordance with the DRH in all examined vines leaves. Sun et al. (2017) showed that all five species of bamboo leaves are consistent with the DRH. More importantly, the total leaf area-biomass of whole plant should follow the DRH as the individual leaf area- biomass. Indeed, Zhu et al. (2019) found that DRH applied to the scaling relationship between total leaf area and total leaf biomass in current twigs of 64 subtropical woody species.

However, plant growth and development are affected by the environment (Zhang et al., 2020), and plant biomass exhibits the same or different scaling relationship at different elevations likely in response to hydrothermal conditions (Korner et al., 2001). Thus, it is reasonable to surmise that the scaling of leaf area with respect to leaf biomass may differ across gradients of temperature, water availability, and elevation. Yang et al. (2012) found that leaf size is smaller in species adapted to high elevations compared to species adapted to lower elevations, and report that an elevation gradient can significantly affect the trade-off between leaf area and leaf number. However, Sun et al. (2017) showed that the scaling exponents for the leaf area vs. dry mass scaling relationship are less than 1.0 within and across five species of bamboo and are insensitive to light conditions and elevation. Geng et al. (2019) found that the slope of leaf area and leaf biomass of Disanthus cercidifolius was significantly different from 1.0 at low altitudes, whereas at mid and high altitudes the slope was not significantly different from 1.0, i.e., an isotropic relationship. These different findings indicate that differences in elevation can have an effect on the scaling relationship of plants under different circumstances.

Importantly, the DRH is based primarily on data drawn from gymnosperms and angiosperms. Consequently, little is known about the scaling of non-seed plant species, such as ferns, particularly those growing in tropical forest ecosystems. Ferns represent a unique and extremely ancient evolutionary group of vascular plants (Bierhorst, 1971; Page, 2002) and have an important position and role in the structure, function, and dynamics of forest ecosystems (Li et al., 2000). The response of ferns to external natural conditions is highly sensitive and selective (Schneider et al., 2004; Jin et al., 2021), significantly influencing the dynamic processes of forest communities, and can be important for the occurrence and succession of communities, nutrient cycling, and energy flow (Yan et al., 2004). However, as noted, most current studies on plant functional traits have been focused on gymnosperm and angiosperms species with self-supporting stems (Westoby et al., 2002; Shipley et al., 2006). Far fewer studies have dwelt on the relationship between leaf area and leaf biomass in rhizomatous species. Fern fronds are often the only above-ground part of the plant body and are therefore the primary photosynthetic organs (Mao et al., 2012). Therefore, studying the relationship between frond area and biomass and its adaptation to different environments can inform our understanding of the adaptation strategies of an ancient and diverse lineage growing under different conditions.

The subtropical region of China has high forest cover, soil fertility, and biodiversity. It therefore provides a rich natural environmental context to study fern biology. The typical middle subtropical forest ecosystem of Wuyi Mountain was selected for study because of its huge variety of ferns that are widely distributed. In this study, ferns at different elevations were selected to determine the leaf area vs. biomass scaling relationship and to determine whether there are differences in the numerical values of the scaling exponents of the leaf area vs. leaf biomass scaling relationship at different elevations.




2 Materials and methods



2.1 Study area

The study area is located in the Wuyi Mountain National Park in southeastern of China. The area has a subtropical monsoon climate, and is the largest and most completely preserved meso-subtropical forest ecosystem in the world. The average annual precipitation is 1486-2150 mm and is concentrated in April-June. The average annual temperature is 8.5-18°C. The highest peak in the reserve is Huanggang Mountain. As the elevation decreases, the soil vertical zones are mountain meadow soil zone, yellow soil zone, yellow-red soil zone, and red soil zone (Chen, 2000).




2.2 Sample collection and index determination

Twenty-eight plants with healthy and fully mature leaves were selected for each species at elevations of 600 m, 900 m, and 1200 m, and we verified on website (http://www.sp2000.org.cn/) that all fern species included in the sample were native. The individual plants were excavated and placed into coded sealed bags and then brought back to the laboratory. Leaves were removed from rhizomes and their lamina were scanned using a scanner (EPSON V39, Japan). The scanned images were processed using ImageJ software to obtain leaf area data. The scanned leaf samples were then dried in an oven at 75°C for 48 hours to constant weight and weighed using an electronic scale with an accuracy of 0.001 g. LMA was calculated as the leaf dry weight per leaf area (mg/mm²). The leaf (lamina) area and dry weight were measured and calculated the leaf (lamina) area and dry weight for each fern samples collected. The ILM at individual plant level was calculated as the total leaf mass of each sample divided by the number of leaves. Similarly, the total leaf mass per individual (TLM) was calculated as the sum of the leaf biomass of each fern plant harvested. At the species level, the ILM was calculated as the average value of the TLM of the sample divided by the number of leaves. The TLM was calculated as the average of the sum of the total leaf biomass of each fern harvested at the species level. Similarly, the individual leaf area (ILA) and total leaf area per individual (TLA) were calculated in the same way.





3 Analysis

The data were processed using Excel 2016 software. The mean and standard errors were calculated for the leaf area and dry weight of individual plants using SPSS 19.0. The differences between leaf area, biomass, and mass per area at different elevations were analyzed using one-way ANOVA.

The K-value method proposed by Blomberg et al. (2003) was used to measure the strength of the phylogenetic signal for continuous functional traits. It detects correlations between functional traits and species evolutionary history, and allows comparisons between traits and between phylogenetic trees. If the K-value is greater than 1, the functional traits under investigation show a stronger phylogenetic signal than in the Brownian motion model. If the K-value is less than 1, the functional traits show a weaker phylogenetic signal than the Brownian motion model. Under Brownian motion, evolutionary changes are simply added to the values that occurred in the previous generation or at the last node on the phylogenetic tree. Consequently, lineages that have recently diverged will exhibit a higher degree of similarity (on average), compared to the lineages that are more distantly related (Blomberg et al., 2003). We built a phylogenetic tree using the “V. PhyloMaker2” package in the R(4.0.3)(Jin and Qian, 2022), and the K values in this study were analyzed in R using the phylosignal() function in the package “picante” (Kembel et al., 2010). The data were log10-transformed and leaf area and biomass at different elevations were analyzed in R (4.0.3) using the “smatr” package to determine the scaling relationships among the variables of interest, i.e., AL =β MLα, where β is the scaling (normalization) constant, α is the scaling exponent, and AL and ML are leaf area and leaf biomass, respectively. In addition, we assessed the scaling relationships of shared species across three different elevations. To compare the exponent associated with each of the three elevations, we used one-way ANOVA in SPSS 19.0. The analysis was performed at the species level using the mean of each variable of the species. Origin 2019 was used to plot the data.




4 Results



4.1 Characteristics of fern leaf area and leaf biomass across different elevations

The data indicated that the phylogenetic differences of individual leaf mass (ILM), individual leaf area (ILA), and leaf mass per area (LMA) of the plants from the three elevations of ferns were not significant (S1; Table 1).


Table 1 | Phylogenetic signal of traits in subtropical ferns.



In addition, the numerical values of the scaling exponents of two fern species (Phegopteris decursive-pinnata and Dicranopteris pedata) growing at each of the three elevations were used to assess whether exponents at the species level were affected by elevation (Table 2). The scaling exponents of ILA and ILM for P. decursive-pinnata were 0.82, 0.60, 0.78 at 600m, 900m, and 1200m, respectively (Table 2), and the respective scaling exponents for D. dichotoma were 1.60, 0.90, 0.88 at the three elevations (Table 2). Based on their 95% Cis, these results indicated that the values of the scaling exponents of these two species were, by in large, insensitive to elevation, although one of the scaling relationships was statistically insignificant (e.g., D. dichotoma at 600 m; Table 2).


Table 2 | (S)MATR reduced major axis regression slopes and y-intercepts (α and log β, respectively) for log10-tranformed data for individual leaf area and leaf biomass for Phegopteris decursive-pinnata and Dicranopteris pedata across different elevations.



The leaf biomass of individual species at different elevations was species-specific and differed but not significantly as a function of elevation (Table 3). The mean ILM was 149.75 ± 335.53 mg at the 900m elevation, which was significantly higher than the ILM of 57.41 ± 66.01 mg at the 1200m elevation (Figure 1A). However, no statistically significant difference in ILA was detected across elevations (P > 0.05, Figure 1B), although ILM varied significantly within each elevation. Specifically, the difference between the maximum and minimum values of ILM was 37, 269, and 22 times in three elevations, respectively, whereas LMA varied significantly within each elevation. Specifically, LMA was 15, 11 and 2 times between the maximum and minimum in 600m, 900m and 1200m, respectively (Table 3).


Table 3 | Mean (± SE) number of leaves per plant (N), average biomass per leaf, average area per leaf, and average specific leaf weight for each of 38 species of subtropical ferns.






Figure 1 | Leaf traits of 28 species of subtropical ferns at different elevations including: (A) individual leaf mass, (B) individual leaf area, (C) total leaf mass per individual, (D) total leaf area per individual, (E) leaf mass per area. Letters above each plot indicate statistical differences (P < 0.05). No letters marked mean no statistical differences [P > 0.05, see (B)].



The average value of total leaf mass per individual (TLM) at 900m elevation was 428.46 ± 372.10 mg, which was significantly higher than that at 600m elevation (244.10 ± 211.40 mg) and at 1200 elevation (222.71 ± 142.42 mg, P < 0.05, Figure 1C). Total leaf area per individual (TLA) at 600m elevation (21664.52 ± 15145.01 mm²) was significantly lower than that of 900 elevation (29735.54 ± 17287.02 mm², P < 0.05, Figure 1D). The LMA of ferns growing at 900m elevation (0.015 ± 0.013 mg/mm²) was significantly higher than that of ferns at 600m elevation (0.010 ± 0.003 mg/mm²) and at 1200m elevation (0.008 ± 0.002 mg/mm²; P < 0.05, Figure 1E).




4.2 The scaling relationship between fern leaf area and leaf biomass at the individual plant level

At the individual plant level, species manifested a significant ILA vs. ILM scaling relationship at each of the three elevations (Figure 2A). The scaling exponents of ILA vs. ILM at 600 m,900 m, and 1200 m were 0.90 (95% CI = 0.85-0.94), 0.76 (95% CI = 0.73-0.80), and 0.83 (95% CI = 0.71-0.97), respectively. All were significantly less than 1.0 (P < 0.01), thereby validating the DRH (Table 4). TLA vs. TLM scaling relationship was also statistically significant for each of the three elevations. The scaling exponents of TLA vs. TLM at 600m, 900, and 1200m were 0.84 (95% CI = 0.78-0.89), 0.61 (95% CI = 0.55-0.68), and 0.71 (95% CI = 0.65-0.77), respectively. The scaling exponent at the different elevations were significantly less than 1.0 (P < 0.01, Figure 2B). At the different elevations, the scaling (normalization) constant of individual leaves increased with increasing elevation, while the scaling (normalization) constant at the whole plant level showed a tendency to increase and then decrease with increasing elevation (Table 4). These results indicate that the DRH at the level of individual leaves and whole plants leaves remained valid.




Figure 2 | The scaling relationship between leaf area and biomass at the individual level. (A) Individual leaf area (ILA) versus individual leaf mass (ILM). (B) Total leaf area per individual (TLA) versus total leaf mass per individual (TLM).




Table 4 | (S)MATR reduced major axis regression slopes and y-intercepts (α and logβ, respectively) for log10-tranformed data for the individual leaf area vs. leaf biomass scaling relationships of individual plants and at the species level for different elevations.






4.3 The scaling relationship between leaf area and leaf biomass at the species level

At the species level, the ferns investigated in this study had an isometric scaling relationship at 600m elevation, but had an allometric ILA vs. ILM scaling relationship at 900m and 1200m elevation Figure 3A. The isometric exponent of ILA vs. ILM at 600m elevation was 0.92 (95% CI = 0.83-1.02), which was not significantly different from 1.0 (P > 0.05; Table 4). The scaling exponent of ILA vs. ILM at 900m and 1200m elevations were 0.77 (95% CI = 0.68-0.87) and 0.81 (95% CI = 0.70-0.93), respectively, both of which were significantly less than 1.0 (P < 0.05). In addition, the ILA vs. ILM scaling relationship did not differ significantly among the three different elevations (P > 0.05).

At the species level, the scaling exponents of TLA vs. TLM were 0.86 (95% CI = 0.74-0.99), 0.59 (95% CI = 0.45-0.77), and 0.67 (95% CI = 0.53-0.84) for the 600 m, 900 m, and 1200 m, respectively. Each was significantly less than 1.0 (P < 0.01, Figure 3B; Table 4). However, each exponent was statistically different at the three different elevations. The TLM was not significantly different among the three elevations (P > 0.05), and LMA were different among elevations (P < 0.05), the TLM was significantly different between middle and high elevations (P < 0.05). The TLM at 900 elevation (442.66 ± 88.33 mg) was significantly higher than 1200m elevation (117.14 ± 35.32 mg, P < 0.05). The ILA (75.23 ± 29.40mm²) was significantly higher in the 900m than that at 600m elevation (71.30 ± 17.76 mm², P < 0.05, Figure 3B). Likewise, the scaling (normalization) constant of individual leaves increased with increasing elevation, whereas the scaling (normalization) constant at the whole plant level increased and then decreased with increasing elevation (Table 4).




Figure 3 | The scaling relationship between leaf area and biomass at the species level. (A) Individual leaf area (ILA) versus individual leaf mass (ILM). (B) Total leaf area per individual (TLA) versus total leaf mass per individual (TLM).







5 Discussion

The scaling relationship between leaf area and leaf biomass is important for understanding the investment trade-off strategy of plants because it reflects a ‘profit’-’investment’ strategy for photosynthesis and thus plant growth (Niklas et al., 2007). Compared with seed plants, there is a paucity of research on the functional characteristics of fern leaves despite the antiquity of this pteridophyte lineage and its ecological importance in tropical biomass. Therefore, studying the relationship between fern leaf area and leaf biomass at different elevations can further inform our understanding of the trade-off between photosynthetic gain versus biomass investment.

Our study shows that the scaling exponents of leaf area versus leaf biomass are consistently less than 1, this result is consistent with previous studies that there is a significant allometric relationship between the lamina area and mass (Sun et al., 2006; Huang et al., 2019; Jiao et al., 2022). However, our results differ at different elevations at both the individual leaf level and at the species level (Table 4). These results support the hypothesis called diminishing returns which predicts that increases in leaf area fail to keep pace with increases in dry biomass investments (Niklas et al., 2007). Additionally, the results indicate that differences in elevation can alter the scaling relationship between individual leaf area (ILA) and biomass (ILM).



5.1 Leaf area vs. leaf biomass relationships at the individual level at different elevations

At the whole plant level, the scaling exponent of the leaf area vs. leaf biomass relationship varied numerically at the three different elevations in this study, indicating that ferns have different strategies for leaf biomass investment at different elevations. This finding is consistent with previous research by Sun et al. (2017) on bamboo, which examined the relationship between leaf area and leaf biomass of bamboo at two different elevations in the Wuyi Mountain, southeast China, and found that the scaling exponent of both elevations was less than 1.0 but numerically different. Additionally, our findings are consistent with those of Geng et al. (2019), who discovered that the leaf area and leaf dry biomass scaling relationship of long-stalked bilberry differed with elevation although they confirmed the diminishing returns hypothesis.

However, prior investigation have reported data that contradict the concept of diminishing returns. For example, Pan et al. (2013) analyzed the relationship between leaf area and leaf biomass of 121 vascular plant species and found that the scaling exponents undergo numerical changes from values less than one to greater than one with increasing elevation. These divergent findings suggest that the scaling relationship between leaf area and leaf biomass is influenced by external environment condition and species composition.




5.2 Relationship between leaf area vs. leaf biomass at the species level at different elevations

At the species level, the relationship between ILA and ILM is isometric at the low elevation and follows an allometric scaling relationship at the middle and high elevations. We speculate that ferns may invest more biomass at higher elevation to increase the support of the lamina, which in turn may improve the light capture capacity and photosynthetic efficiency of leaves (Ackerly et al., 2002; Ishida et al., 2005; Niinemets et al., 2007). The plasticity of plant morphology in response to environmental variations is an important feature of plant that allows plants to allocate water and nutrients and other resources to the most needed tissues and organs by changing its structure and function, thus maximizing plant competitiveness (Li et al., 2013). It is important to bear in mind that changes in the numerical value of scaling exponents reflect adjustments in the proportional allocations in response to external environmental factors (Shi et al., 2015). The Changes in elevation gradient in mountain areas are influenced by many factors such as changes in light conditions, air pressure, temperature, and humidity, and soils (Chen and Wang, 2021). In this study, Wuyi National Park were characterized by aquatic hydrophytic vegetation at the low elevation, a predominantly bamboo forests at the middle elevation, and tall trees forested community are densely distributed at the high elevation. In the context of this study, it is noteworthy that previous studies suggest that the leaf dry mass per unit leaf (LMA) of plants increased with the increasing light availability (Ackerly et al., 2002). The changes in the numerical values of the leaf area vs. dry mass scaling relationship appear to reflect a greater investment in leaf area at the lowest and highest elevations, and a decreased investment at the mid-elevation. At the lowest and highest elevations, light may be the main primary limiting factor affecting plant access to resources. Therefore, the photosynthetic capacity per unit leaf area decreases under these conditions, making it important to increase the size of leaf area lamina. This adaptive response is significant as larger leaves tend to get more light resources, while small leaves can only intercept light through other parts (petiole, leaf angle) and features (leaf shape) an adaptive response (Ninemets et al., 2004). At the mid-elevation, on the contrary as the elevation increases, the temperature gradually decreases, strong radiation and winds have an impact on the productive performance of plants. In this case the plant leaves then need to allocate more biomass to support structures, the size of the leaf area directly affects the area under stress, so there is a significant difference in the proportion of biomass obtained by large and small leaves, while small leaves have a smaller LMA and thus a greater input to the support tissue.

In this study, leaf area, leaf biomass, and LMA were significantly higher at the mid-altitude than at low and high altitudes. Leaf biomass distribution depended on leaf size that larger leaves invest greater proportion of petiole biomass than smaller leaves, which collectively indicates a proportional reduction in lamina area compared to the investment in leaf dry biomass. The LMA increases in resource-poor, light-intense, high-altitude or arid habitats (Hanley et al., 2007). However, the increase in LMA caused by different habitats are extremely different (Wright et al., 2002). Because LMA is a composite parameter, the effect of light intensity on LMA is a synergistic effect of leaf density and thickness (Onoda et al., 2008). LMA increases with increasing light radiation and this phenotypic plasticity show differences between species (Niinemets et al., 1998; Valladares et al., 2000). This is consistent with Liu et al. (2010), which they showed that LMA were significant differences between the two light levels even for leaves of the same individual plant. While the maximum photosynthetic rate of Symplocos setchuensis differed significantly between the two light levels, there was no significant difference in LMA between the two, suggesting that species specificity also affects the expression of plasticity in LMA. This variation is ecologically significant, as plants in low light habitats capture light energy better by increasing leaf spread per unit mass, while in high light habitats they make better use of light energy by increasing dry matter content per unit area (Poorter et al., 2009). We speculate that the foliage leaf area of bamboos distributed at middle altitude is smaller and less shading to light, which is more favorable to the growth of ferns. Conversely, tall trees with dense vegetation and large canopy cover are mainly distributed at high altitude. Due to the shading of trees, the fronds of ferns are exposed to less sunlight, leading to a reduction in the LMA. This finding is consistent with the results of Zhu et al. (2011) on the functional traits of fern fronds under 16 different light habitat conditions. Ferns confined to two habitat conditions, the natural forest shade understory and disturbed open habitats adopted different cost effective strategies for fern fronds due to differences in light conditions. This phenomenonlogy reflects a response to an increase in the availability of light owing to the low foliage density of the bamboo community typical at the mid-elevation of the study site.





6 Conclusion

The results of this study show that, at the individual plant and species level, the scaling relationship for fern leaf area vs. dry biomass follows the diminishing returns hypothesis, but that the numerical values of the scaling exponents differ among three elevations in the study region. We speculate that the differences in the numerical values of the scaling exponents reflect differences in the ambient light variability. Collectively, our data indicate that the leaf area vs. biomass scaling relationship of ferns is consistent with prior studies focusing on seed plant species (angiosperms and gymnosperms) showing that leaf biomass investments are responsive to environmental factors, such as the availability of light.
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Algae exert great impact on soil formation and biogeochemical cycling. However, there is no full understanding of the response of soil algal community structure to the seasonal fluctuations in temperature and moisture and changes of soil physicochemical properties across different forests. Here, based on 23S rRNA gene sequencing, we analyzed soil algal community structure in four different forest plantations in two seasons and examined soil physiochemical properties. The results showed the significantly seasonal variation in soil algal community structure, with the higher overall diversity in summer than in winter. In addition, there existed significant correlations between soil algae (species composition, relative abundance, diversity index) and physicochemical properties (pH, total phosphorus, organic matter and nitrate nitrogen), suggesting that edaphic characteristics are also largely responsible for the variation in soil algal community. Nevertheless, the seasonal variation in algal community structure was greater than the variation across different forest plantations. This suggest temperature and moisture are more important than soil physicochemical properties in determining soil algal community structure. The findings of the present study enhance our understanding of the algal communities in forest ecosystems and are of great significance for the management and protection of algal ecosystem.
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1 Introduction

Algae occur in nearly all terrestrial ecosystems on earth (Metting, 1981; Zancan et al., 2006; Lichner et al., 2013). They are pioneering organisms in soil formation processes (Patova et al., 2016; Marques et al., 2017; Agnelli et al., 2021). As an indispensable component of microflora, soil algae interact with the environment to advance the soil formation (Yang et al., 2016; Maltsev et al., 2017a; Maltsev et al., 2017b; Abinandan et al., 2019). The principal function of soil algal communities in promote soil formation and biochemical processes include dinitrogen fixation, stabilization of aggregates, mineralization of organic matter, elevate soil air and water retention capacity, improve soil microbial activity and structure, et al. (Metting, 1981; Glaser et al., 2018; Alvarez et al., 2021). Thereafter, algae play an important role in soil and vegetation restoration in waste rock dumps and anthropogenically disturbed lands (Carvalhido et al., 2021; Oliveira and Maciel-Silva, 2022). Making clear soil algal community composition and its influencing factors in forest ecosystems is of great significance for better understanding their ecological functions.

Algal community structure was influenced by both biotic and abiotic factors (Nisha et al., 2007; Kostryukova et al., 2021; Sawestri and Rais, 2021; Rahman, 2022). Recent studies have documented that soil pH, moisture content, and nutrients control the algal community structure (Bohlen et al., 2001; Prasanna, 2007; Zhang et al., 2021; Zhao et al., 2022; Gabriel et al., 2023; Graham and Knelman, 2023). The soil algal community structure is affected by the environment may be because different taxonomic groups prefer to different soil pH and nutrient conditions (Baldrian et al., 2012). For instance, Cyanobacteria tend to grow in neutral and alkaline environment, while acidic soil is more suitable for Chlorophyta growth (Bailey et al., 2010). Across large spatial scales, algal community are strongly impacted by regional climate, altitude and light intensity. Novakovskaya (Novakovskaya et al., 2020) pointed that taxonomic diversity of algae decreases along the altitude gradient from mountain meadow to mountain tundra. Dirborne (Dirborne and Ramanujam, 2017) found that soil in undisturbed broadleaf forest supported more diverse algal species than pine forest. Such studies facilitate the understanding of the responses of algal communities to environmental changes. However, how seasonal variation in temperature and moisture interact with soil physiochemistry properties to affect soil algal community structure is still poor known.

The traditional method for identifying algae is microscopic observation. For soil samples, algae should be cultured before microscopic observation. However, some algal groups can not be cultured due to the preference of the culture medium (Amann et al., 1995; Novakovskaya et al., 2020). Nowadays, molecular sequencing was applied to identify the algal community structure instead of microscopic observation (Satjarak et al., 2020). The DNA bands can be used to directly compare the base pairs (Sherwood et al., 2008; Jiang et al., 2017; Yan et al., 2020). This method can avoid errors during purification, culture process and identification (Rippin et al., 2018; Zhu et al., 2018; Mikhailyuk et al., 2019).

The objectives of this study were to: (1) Investigate whether there were significant seasonal differences in the diversity index and composition of soil algae in different subtropic forest plantations; (2) Compare the relative important of effects of seasonal variation in temperature and moisture and changes of soil physiochemistry properties on algal community structure, and reveal their potential relationship. To achieve these goals, samples of soils and algae were collected from four typical forest plantations (Liquidambar formosana, Cyclobalanopsis glauca, Pinus massoniana and Cunninghamia lanceolata) in both winter and summer in a forest farm in subtropical China. This work can advance our understanding of the responses of algal community to environmental changes.




2 Materials and methods



2.1 Study area

This study was carried out in the Hule Forest Farm (30°18’52”-30°20’55” N, 118°45’6”-118°45′54″ E) in Ningguo city, Anhui Province, China (Figure 1). It belongs to the hilly area of the southern Anhui Province, and has a subtropical monsoon climate, with an annual average temperature of 15.4°C and annual average precipitation of 1426.9 mm. The annual frost-free period is 226 d, the sunshine duration is 2038 h, and the average wind speed is 2.1 m/s (Wei et al., 2023). The main tree species in this forest farm were Liquidambar formosana, Cyclobalanopsis glauca, Pinus massoniana and Cunninghamia lanceolata.




Figure 1 | Location of Hule Forest Farm in Anhui of China and the sampling plots. (F, Liquidambar formosana; Q, Cyclobalanopsis glauca; M, Pinus massoniana; S, Cunninghamia lanceolata).



In December 2020, we selected four typical forest plantations in the farm as our study sites. The four plantations are 21-year-old pure Liquidambar formosana, 66-year-old pure Cyclobalanopsis glauca, 64-year-old pure Pinus massoniana and 40-year-old pure Cunninghamia lanceolata.




2.2 Sample collection

Samples were collected on December 2020 and June 2021. Three quadrats (20 m × 20 m) were established for sampling in each forest plantation. The surface soil (0 - 5 cm) was collected from four corners and center of each quadrat taken with a sterile scraper, mixed evenly, put into sealed bags, and brought back to the laboratory in a cool box for algal community structure analysis (Ye, 1983). The winter and summer samples were designated as the “Win” and “Sum” groups, respectively. Win-LF, Liquidambar formosana plantation in winter; Win-CG, Cyclobalanopsis glauca plantation in winter; Win-PM, Pinus massoniana plantation in winter; Win-CL, Cunninghamia lanceolata plantation in winter; Sum-LF, Liquidambar formosana plantation in summer; Sum-CG, Cyclobalanopsis glauca plantation in summer; Sum-PM, Pinus massoniana plantation in summer; Sum-CL, Cunninghamia lanceolata plantation in summer.




2.3 Physicochemical analyses

Soil pH was measured with a glass electrode (1:2.5 soil:water ratio) (Wan et al., 2014). Soil moisture content (moisture percentage based on natural wet soil) is determined by drying method. Soil organic matter (OM) was determined by K2Cr2O7-H2SO4 oxidation method (Nelson and Sommers, 1996). Concentration of soil total nitrogen (TN) and phosphorus (TP) was determined on a continuous-flow autoanalyzer (AutoAnalyzer 3, Bran + Luebbe GmbH, Germany) after the soil was digested in concentrated H2SO4 with a catalyst (mixture of CuSO4 and K2SO4) (Lu, 1999). Concentrations of ammonia nitrogen (NH4+−N) and nitrate nitrogen (NO3-− N) were analyzed colorimetrically on the autoanalyzer after the field moist soil was extracted with 2 mol L-1 KCl (Weatherburn, 1967; Doane and Horwáth, 2003). Concentration of soil alkali-hydrolyzed nitrogen (AN) was determined by diffusion absorption method (Science, 1978). Soil available phosphorus (AP) was extracted with Mehlich 3 extractant and determined by molybdenum blue colorimetric method (Mehlich, 2008). Concentration of soil available potassium (AK) was extracted with ammonium acetate solution (pH = 7.0) and determined by flame photometry (Science, 1978).




2.4 DNA extraction, PCR amplification, and illumina sequencing

DNA extraction was conducted using the method described by Su (Su et al., 2006; Carrigg et al., 2007). R.Sherwood demonstrated the feasibility of using 23S rRNA universal primers for amplification and sequencing of this plastid marker for multiple eukaryotic algal and Cyanobacterial groups (Sherwood and Presting, 2007). PCR amplification of the algal 23S rRNA genes was performed using the forward primer p23rv_f1 (5’-GGACAGAAAGACCCTATGAA-3’) and the reverse primer p23rv_r1 (5’-TCAGCCTGTTATCCCTAGAG -3’). The PCR components contain 5 μL of buffer (5 ×), 0.25 μL of Fast pfu DNA Polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL (10 μM) of each Forward and Reverse primer, 1 μL of DNA template, and 14.75 μL of ddH2O. Thermal cycling consist of initial denaturation at 94°C for 2 min, followed by 35 cycles consisting of denaturation at 94°C for 20 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, with a final extension of 10 min at 72°C. PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end sequencing was performed using the Illlumina MiSeq platform at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China).




2.5 Sequencing data processing

Illumina technology was used to double-end sequencing, quality filtering, denoising and merging of DNA sequences. QIIME2 and R package (V3.2.0) were used to analyze the sequence data. The ASV table was extracted and the α diversity index of ASV level was calculated.




2.6 Statistical analysis

Physicochemical variables were displayed as the mean value ± standard error (SE) in Excel 2016 (Microsoft Office 2016, Microsoft, USA). Statistical analysis was performed through single factor analysis of variance (ANOVA), and Duncan’s multiple range test (P < 0.05) was utilized for statistical significance analysis. Heatmap were draw in the R (4.0.2). The relationship between the algal community and environmental factor was determined by redundancy analysis (RDA) using RStudio (version 1.2.1335) with the vegan package. Linear discriminant analysis (LDA) effect Size (LEfSe) was used to identify algal taxa with significant differences among different forest plantations, performed by an online platform for data analysis (https://www.omicstudio.cn).





3 Results



3.1 Soil physicochemical parameters

All of the soil samples were acidic with the pH values ranged from 5.03 to 6.43. The soil moisture content of the four forest plantations in summer (25.01% − 32.81%) was higher than that in winter (18.38% - 19.60%). In general, concentrations of all inorganic nitrogen (NH4+−N, NO3-−N, AN) and TN were higher in summer than winter in all plantations. The concentrations of TP and AK were significantly higher in summer than winter while the AP was higher in winter than summer for most forest plantations. There was no significant seasonal variation in OM concentration in all plots (Table 1).


Table 1 | Soil physicochemical properties of four forest plantations in summer and winter.






3.2 Diversity of the soil algal community

The results of diversity indices showed that the observed species (p < 0.005) and Shannon index (p < 0.01) of the soil algae differed significantly between winter and summer (Figure 2). According to the spearman’s correlation analyses, soil moisture content (p < 0.001), pH (p < 0.05) and TP (p < 0.05) were positively and significantly correlated with observed species and Shannon index. Furthermore, AN and NO3-−N were significantly and positively correlated with observed species (p < 0.05) (Figure 3).




Figure 2 | The diversity index of soil algal communities in four forest plantations in summer and winter. Win-LF, Liquidambar formosana plantation in winter; Win-CG, Cyclobalanopsis glauca plantation in winter; Win-PM, Pinus massoniana plantation in winter; Win-CL, Cunninghamia lanceolata plantation in winter; Sum-LF, Liquidambar formosana plantation in summer; Sum-CG, Cyclobalanopsis glauca plantation in summer; Sum-PM, Pinus massoniana plantation in summer; Sum-CL, Cunninghamia lanceolata plantation in summer.






Figure 3 | Correlation analysis of diversity index and environmental factors.






3.3 Soil algal community composition

We obtained a total of 724814 high-quality valid sequences of 23S rRNA gene in all 24 samples. We clustered the sequences based on 100% sequence similarity and obtained 19017 ASVs (Supplementary Files). A total of 11 phyla, 44 classes, 89 orders, 145 families and 205 genera were identified.

There were significant seasonal differences in soil algal community structure, and the overall richness of soil algae was higher in summer than that in winter (Figure 4A). In winter, 82 species of soil algae were identified, belonging to 5 phyla, 18 classes, 33 orders, 43 families, 46 genera. The richness of soil algae in winter was highest in Cyclobalanopsis glauca plantation, and lowest in Cunninghamia lanceolata plantation. In summer, we identified 294 species of algae, belonging to 7 phyla, 40 classes, 82 orders, 132 families, 193 genera. The richness of soil algae in summer was highest in Liquidambar formosana plantation, and lowest in Cyclobalanopsis glauca plantation. Chlorophyta and Cyanobacteria were the most abundant phyla in both winter and summer, accounting for 37.80% and 48.00% of the total species, respectively.




Figure 4 | Algal community composition of soil sample in Hule Forest farm (A) Number of species; (B) Phylum level; (C) Family level.



The relative abundance of each phylum of soil algae in four forest plantations changed significantly in different seasons (Figure 4B). In winter, Chlorophyta (36.71%) was the most abundant phylum, then decreased in the order of Bacillariophyta (28.70%), Cyanobacteria (28.07%) and Ochrophyta (6.46%). The most abundant phylum in summer was Rhodophyta (52.66%), followed by Cyanobacteria (38.81%), Miozoa (6.15%) and Chlorophyta (1.98%).

Analysis of the 10 most abundant family in each group revealed significant variations in the soil algal community composition across seasons and plantations (Figure 4C). The dominant families differed greatly between the two seasons. In winter, the dominant families were Gomphonemataceae, Microcoleaceae, Oscillatoriaceae, Trebouxiophyceae, Bracteacoccaceae, Nostocaceae, Prasiolaceae, Entomoneidaceae, Tribonemataceae and Coccomyxaceae. And the abundance of Microcoleaceae (21.82%) and Nostocaceae (12.15%) in Cyclobalanopsis glauca plantation was significantly higher than that in other three plantations. The abundance of Oscillatoriaceae (15.36%) in Pinus massoniana plantation was significantly higher than that in other three plantations. In summer, the dominant families were Rhodochaetaceae, Bangiaceae, Merismopediaceae, Calotrichaceae, Synechococcaceae, Dinophysiaceae, Prochlorotrichaceae, Trebouxiaceae, Nostocaceaeand Aphanizomenonaceae. The abundance of Rhodochaetaceae (50.29%) in Cyclobalanopsis glauca plantation was significantly higher than that in the other three plantations.

In order to explore seasonal differences in community structure of soil algae, principal co-ordinates analysis (PCoA) and Anosim test were used (Figure 5). The Anosim analyses showed the significant seasonal differences in the algal community structure in Hule Forest Farm (p = 0.001) (Figure 5B). Similarly, the PCoA showed that the algal communities in summer and winter were well separated on the two axes, which means the seasonal variation in algal community structure was greater than the variation across different forest plantationsthe (Figure 5A).




Figure 5 | Principal co-ordinates analysis (A) and Anosim test (B) of algal Community structure in winter and summer.



Heat map analysis can reflect the cluster analysis of soil algal community structure and the relative abundance of each community composition of four forest plantations in different seasons. The results of heat map analysis of soil algal community structure were the same as those of PCoA (Figure 5A), and there were significant seasonal differences in soil algal community structure. Analysis of the 10 most abundant genera in each group revealed characteristic changes in soil algal community composition across seasons and forest types (Figure 6). In winter, Microcoleus was abundant in Liquidambar formosana plantations, Cyclobalanopsis glauca plantations and Pinus massoniana plantations, but rarely distributed in Cunninghamia lanceolata plantations. Leptolyngbya did not appear in Cunninghamia lanceolata plantations. Oscillatoria (relative abundance < 0.3%) and Nostoc (relative abundance < 0.1%) were very rare in Cunninghamia lanceolata plantations. In addition, the relative abundance of Entomoneis (8.89%) in Win-LF group was significantly higher than that in the other three forests (Win-CG: 2.24%; Win-PM: 0.31%; Win-CL: 4.26%). Coccomyxa, Tribonema, Xylochloris and Bracteacoccus were present in all four forests. In summer, the 10 dominant genera were present in all four forests. The relative abundance of Neoporphyra in Sum-CG group (6.79%) was significantly lower than that in other three forests (Sum-LF:26.77%; Sum-PM: 15.22%; Sum-CL: 20.81%). The relative abundance of Synechococcus in Sum-CL group (12.35%) was significantly higher than that in other three forests (Sum-LF: 4.16%; Sum-CG: 2.62%; Sum-PM: 7.67%). Merismopedia, Calothrix and Dinophysis were abundant in all plantations (relative abundance > 4.23%). Lobosphaera occurred in both winter and summer and was frequently observed in all plantations.




Figure 6 | Heat map depicting the hierarchy cluster results for the abundance of algae at the genus level. Ten most abundant genera of each season are shown. Red indicates high relative abundance and blue indicates low relative abundance.






3.4 Significant differences in algal community

LEfSe analysis further identified specific algae taxa that were differentially abundant across four different plantations (Figure 7).




Figure 7 | Linear discriminant analysis effect size (LEfSe) analysis of soil algal communities from winter (A) and summer (B) samples. (A) The left figure showing differentially abundant taxa, the histogram length represents the impact of different species [linear discriminant analysis (LDA) score > 3]; the right Cladogram showing the phylogenetic structure of the algae. The taxa with significantly different abundances of soil algae among different forest plantations identity are symbolized by colored dots. In the branching diagram of evolution, circles radiating from inside to outside represent the taxonomic level from boundary to species, and each small circle at different taxonomic levels represents a species at the taxonomic level.



In winter, the results suggested that the algae in four orders (i.e., Surirellales, Chlamydomonadales, Thalassiosirales, Vaucheriales), four families (i.e., Entomoneidaceae, Vaucheriaceae, Stephanodiscaceae, Scenedesmaceae), four genera (i.e., Entomoneis, Vaucheria, Cyclotella, Coelastrella) and two species (i.e., Entomoneis sp, Ettlia pseudoalveolaris) were significantly more abundant in Liquidambar formosana plantation. Algae in one class (i.e., Chrysophyceae), one order (i.e., Ochromonadales), two families (i.e., Eustigmataceae, Ochromonadaceae) and one genera (i.e., Vischeria) were abundant in Cyclobalanopsis glauca plantation. Algae in one phylum (i.e., Cyanobacteria), three families (i.e., Synechococcaceae, Scytonemataceae, Oculatellaceae), two genera (i.e., Synechococcus, Oculatella) and one species (i.e., Leptolyngbyaboryana) in Pinus massoniana plantation were noticed to be remarkably higher than others.

In summer, Watanabea, Thermosynechococcussp_NK55a, Watanabea reniformis, Calothrixsp_NIES_3974 were abundant in Liquidambar formosana plantation. Diadesmidaceae were abundant in Cyclobalanopsis glauca plantation. Calothrixsp_PCC7507 were abundant in Pinus massoniana plantation. Algae in four families (i. e., Synechococcaceae, Aphanizomenonaceae, Helicodictyaceae, Leptolyngbyaceae), five genera (Aphanizomenon, Rhexinema, Synechococcus, Dolichospermum, Leptolyngbya) and eight species (i.e., Synechococcus sp, Dolichospermum compactum, Dolichospermum akankoense, Rhexinema sarcinoideum, Synechococcussp_CB0101, Nosto clinckia, Nodosilinea sp, Aphanizomenon flosaquae) were abundant in Cunninghamia lanceolata plantation.




3.5 Correlation between algal community and soil physicochemical variables

To study the relationship between algal community structure and environmental factors in Hule Forest Farm in different seasons, we conducted a correlation analysis between phylum abundance of algal community and environmental factors (Figure 8). In winter, NH4+−N (R = 0.69, p < 0.05), OM (R = 0.66, p < 0.05) and TN (R = 0.68, p < 0.05) was positively correlated with Cyanobacteria. There was a negatively correlation between TN and Chlorophyta (R = -0.67, p < 0.05). In summer, soil moisture content was positively correlated with Ochrophyta (R = 0.56) and Bacillariophyta (R = 0.45). The AK was negatively correlated with Ochrophyta (R = -0.61, p < 0.05) and Miozoa (R = -0.64, p < 0.05), pH was positively correlated with Ochrophyta (R = 0.67, p < 0.01).




Figure 8 | Correlation heatmap analysis of environmental factors and species. Environmental factors are on the horizontal axis, species are on the vertical axis, and color is the strength of correlation.



Redundancy analysis (RDA analysis) was conducted with the abundance of soil algae used as the response variable, and soil physicochemical properties used as explanatory variables (environmental variables). Environmental variables in the two RDA dimensions explained 42.26% and 42.78% of the total variance in the algal community structure in winter and summer, respectively (Figure 9). A series of soil physicochemical factors including OM, TP and NO3-−N collectively and significantly drove the algal community structure. In winter, OM was the significant factor that provided 16.7% (p-value = 0.008, 999 Monte Carlo permutations) of the total RDA explanatory power, TP and NO3-−N were important factors as well, representing 15.4% and 12.7% of the total RDA explanatory power, respectively. In summer, OM was the most important factor, representing 21.4% (p-value = 0.004, 999 Monte Carlo permutations) of the total RDA explanatory power.




Figure 9 | Relationships between soil physicochemical properties and algal communities in winter and summer indicated by RDA ordination plots for the first two dimensions.







4 Discussion

This study showed the significant seasonal variation in the composition and relative abundance of soil algae in subtropical forests. The most abundant groups of soil algae in winter were Bacillariophyta and Chlorophyta. Cyanobacteria was the most abundant algae in summer. These findings are consistent with previous studies in other areas (Calijuri et al., 2002). Seasonal variation in soil algal community can be ascribed to the different temperature adaptation capacity of different algal groups. For example, Bacillariophyta prefer low temperature, Cyanobacteria tend to grow fast in warmer environment, and Chlorophyta are thought to be the most tolerant group to adverse soil conditions (Karsten and Holzinger, 2014). At the family level, Microcoleaceae, Oscillatoriaceae, Nostocaceae, Prasiolaceae are dominant families in winter. As the climate in our study area is relatively dry in winter, and the soil moisture content is low. Algae with distinct sheath can survive in the soil crust in dry condition, and can recover metabolic activity after receiving rainfall to improve soil productivity. In the present study, Eustigmatophyceae was most abundant in the Pinus massoniana plantation in winter, whcih may be due to the interactions of light and nutrients.

Both season and forest types had significant effects on soil algae in our study area (Dirborne and Ramanujam, 2017). Liquidambar formosana plantation has highest algal diversity due to the influence of light, which is consistent with Neustupa and Skaloud (Neustupa and Škaloud, 2008). Some algae, including Chlamydomonadales, Scenedesmaceae, Stephanodiscaceae and Cyclotella use to grow in shallow water, because they need strong light to grow (Calijuri et al., 2002; Reynolds et al., 2002; Padisak et al., 2008). In our study, these algae were found in the Liquidambar formosana. As the Liquidambar formosana forest had lower canopy density and thus was more conducive to the growth of these algae. The forest canopy density of Cyclobalanopsis glauca and Cunninghamia lanceolata are relatively high, and some areas even completely closed, which is more suitable for the growth of Leptolyngbya. Our results may suggest that the seasonal variation in algal community structure was greater than the variation across different forest plantations, but further experiments are needed to prove this.

In this study, the observed species and Shannon index of soil algae communities in four different plantations of Hule Forest Farm reached their maximum values in summer. the activity and species richness of algae increased with increasing temperature, which is consistent with previous studies (Wang et al., 2015). Temperature can directly and indirectly affect the composition and quantity of algae. On the one hand, temperature strengthens respiration by controlling the enzyme reaction of respiration, and then control the growth and reproduction of algae. On the other hand, the change of temperature would affect the dynamics of soil physicochemical properties and the nutrient cycles, which indirectly affects the growth and reproduction of algae. Many environmental factors affect the diversity of soil algal community, such as moisture content, pH, and NH4+−N (Zancan et al., 2006; Dirborne and Ramanujam, 2017; Agha et al., 2020). In the present study, spearman’s correlation analyses showed that soil moisture content was significantly and positively correlated with observed species and Shannon index (p< 0.01). The soil moisture exerted a great influence on the composition of soil algae. Because water plays an important role in the growth of algae, which is needed for the activities of algal filament breakup, cell division and reproductive cell germination (Nisha et al., 2007). There was a significant positive correlation between pH and algal Shannon index (p < 0.05), which was mainly attributed to the fact that the acidic environment would affect the photosynthetic apparatus of Cyanobacteria. Chlorophyta tend to decompose to pheophytin under mildly acidic conditions due to its acid lability (Thomas, 1973).

The diversity and distribution of soil algae are regulated by the interaction of various environmental variables, and different environmental variables have different effects on the algal community structure. Dirborne (Dirborne and Ramanujam, 2017) found that the vegetation, pH, moisture content, organic carbon and nitrogen were the main factors affecting the algal community in broadleaf sacred grove and pine forest in East Khasi Hills. Kharkongor (Kharkongor and Ramanujam, 2014) found that the algal community in forest of Meghalaya was greatly affected by sunlight, relative humidity, and rainfall. However, for Dry Mountains of Ladakh in NW Himalaya (Rehakova et al., 2011), site, altitude and vegetation type had significant influences on the distribution of soil algae. This contradiction may be partially impacted by geographical features (e.g., longitude and latitude), forest age and season.

In this study, the spearman’s correlation and RDA analysis showed that soil algal community was significantly correlated with pH, NH4+−N, NO3-−N, TP, OM and moisture content in the studied subtropical forests. Nitrogen and phosphorus are essential nutrients for algal growth, the changes of their availability can affect algal composition and diversity (Schulz et al., 2016; Liu et al., 2018). Phosphorus was a necessary component in the production of the ribosome, ATP, DNA, and RNA to maintain rapid growth, as well as an indispensable nutrient for plant growth (Delgado et al., 2017). In this study, OM was the main factor affecting soil algae in winter, because carbon sources control the heterotrophic microorganisms growth which can secrete metabolites in vitro to affect algae (Agnelli et al., 2021). Abundant algae play a great role in the supply of OM. Algae turnover can return organic matter to soil and provide carbon source for heterotrophic microorganisms. Therefore, soil physicochemical index can cause the change of algal community structure and function in Hule Forest Farm.




5 Conclusion

In this study, molecular methods were used to accurately determine the soil algal community structure of four subtropical forest plantations in winter and summer. The effects of environmental factors on soil algal community composition and diversity were also analyzed. To sum up, soil algal community structure was significantly affected by season and forest type, but the effect of season was more obvious. The diversity of soil algal community showed obvious seasonal differences, the overall diversity was higher in summer than in winter. Moreover, Chlorophyta, Bacillariophyta and Rhodophyta were mainly affected by season. In addition, we noted that OM, TP and NH4+−N were the main environmental factors affecting the distribution of algae in Hule Forest Farm. The results of the present study provide a new perspective to understand the soil algal community structure and factors influencing soil algae in forests, which can enhance the understanding of factors controlling the soil algal community structure. This would also be of great significance for evaluating the effects of afforestation with different tree species on soil algal communities.
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Climate change has a significant impact on the potential distribution for endangered trees. However, to date, little is known about how the endangered trees and main associated ones in different types of subtropical forests respond to climate change. Here, we first selected the endangered Zelkova schneideriana endemic to China and its associated trees as focus species from two subtropical forest communities (i.e. deciduous broad-leaf forest, bamboo and broad-leaf mixed forest) in China, and divided them into two species pairs: Z. schneideriana vs. Celtis sinensis, and Z. schneideriana vs. Phyllostachys edulis. Then, we simulated the three species’ suitable areas under current and future climate scenarios using Maxent based on the occurrence records and environmental variables, and further measured niche overlap between each species pair over time. Our Maxent showed: (1) Temperature-related factors have greater influence on Z. schneideriana than the other factors. The most important factor influencing its population distribution was Min temperature of coldest month (Bio6), followed by Mean diurnal range (Bio2), with the total contribution of 78.9%. (2) Currently, the suitable area of Z. schneideriana was predicted to be 106.50 × 104 km2, mostly located in the subtropical region of China, especially in Anhui, Hubei, Hunan, Jiangsu, and Zhejiang provinces. (3) Its suitable area would decrease and its average migration distance was 19.72 km under 16 future climate scenarios, with the core distribution migrating northeast. (4) There is an asynchrony of potential niche overlap between species pairs. One species pair with C. sinensis will rise in terms of Schoener’s D and I values whereas the other one with P. edulis will decline in the future. This asynchrony can be ascribed to the different future suitable ranges of these focus species as well as their ecological characteristics. Our study provides a new perspective on the conservation for endangered trees and surrounding neighbors in Chinese subtropical forests.




Keywords: niche overlap, Maxent, Zelkova schneideriana, population centroid, suitable range




1 Introduction

Climate change has a profound impact on the growth and distribution for global trees. With global warming, it will change the atmospheric circulation, the global water cycle, and also increase the severity of wet and dry events (Diffenbaugh et al., 2017). The impact of climate change on endangered tree species is likely to be more serious because they tend to have small populations, limited geographical distributions and low genetic diversity (Zhang et al., 2022). Therefore, they are less tolerant to climate change than common tree species. Since the Fourth Industrial Revolution, the growing global warming has caused the loss of the suitable areas for many species and may exacerbate the problem of their habitat fragmentation (Ye et al., 2021). As a result, some of them are even on the verge of extinction and biodiversity is seriously affected (Vincent et al., 2020). In fact, such climate change has a marked impact on endemic and endangered tree species (Abolmaali et al., 2018; Yan and Zhang, 2022). Therefore, it is of great importance to explore the response of these tree species to climate change for formulating corresponding conservation strategies.

A majority of endangered tree species often occur in separate natural forests in the form of population. Previous researches have demonstrated that climate change may disrupt the existing species interactions because different species responds distinctively to climate change in phenological rhythm, physiological ecology, extinction risk, and potential distribution (Bellard et al., 2012; Ovaskainen et al., 2013; Vitasse et al., 2021; McNichol and Russo, 2023; Zurell et al., 2023). Therefore, we speculate that for a certain endangered species in different types of forest communities, the dominant tree species may have different responses to climate change. Accordingly, the ecological relationship between these dominants and their major neighbors in different communities may also take a change in the context of future scenarios. However, to date, there are no available reports on how climate change affects endangered tree species and their associated ones in subtropical forest communities.

Theoretically, it is possible to select several keystone species from a functional group in a forest community and to explore their response to future climate change. This should be useful to advance our broader understanding of evolutionary, ecological or conservation theories. A keystone species is referred to be “a strongly interacting species whose top-down effect on species diversity and competition is large relative to its biomass dominance within a functional group” (Davic, 2003). In general, dominant tree species play a significant role in the structure and function of subtropical forest communities which usually comprise a great number of plant species (Shao and Zhang, 2021). However, dominant species are different from keystone species. For a certain candidate keystone species, only by removing or adding experiments to determine its impact on biodiversity within a functional group (Zhang and Zang, 2007), we can determine whether it is a real key species. This is particularly difficult to achieve it in a subtropical forest community which harbors an endangered tree species. Therefore, the dominant species in the tree layer can be roughly regarded as focus species when addressing the response of forest communities to climate change.

Zelkova schneideriana Hand.-Mazz. is a deciduous tree of the Ulmaceae family. It is one of the main afforestation tree species in Chinese subtropical regions because of its high quality timber and being resistant to decay (Fu et al., 2003). Due to its straight trunk, a large crown, attractive exfoliating bark, and yellowish-red leaves in autumn (Figure 1A), it is also used as an excellent greening species in China (Zhang, 2020). In addition, fiber can be extracted from its bark and thus used to make paper and rope. In recent decades, the population size and distribution area of Z. schneideriana have been shrunk due to habitat destruction and human deforestation (Liu et al., 2016). Therefore, this species was listed as one of the key protected wild plants of China in 1999. It has been ranked as a rare and endangered plant of second-grade protection of China since 2021. Additionally, it is listed vulnerable in China in the IUCN red list (https://www.iucnredlist.org/species/131155456/131155458, access on 5th of June, 2023).




Figure 1 | Zelkova schneideriana plants and communities. (A) An individual plant, showing yellowish-red leaves in autumn, gray twigs with green drupes during summer at the bottom left. The lower left corner shows a partial enlargement of the fruit. (B) Deciduous broad-leaf forest. (C) Bamboo and broad-leaf mixed forest. The photographs were taken by Guangfu Zhang.



At present, there are different views on the geographical distribution of Z. schneideriana which is a light-demanding tree endemic to China. According to Flora of China (Vol.5), Z. schneideriana is distributed in 16 provinces of China (Fu et al., 2003). According to first national survey of key protected wild plant resources, this species is mainly distributed in subtropical zones of China (Ma and Zhang, 2009). More recently, it is reported that it occurs in 18 provinces (Yin, 2013). Based on existing data, specimen records and field investigations in recent years, Z. schneideriana is found in 19 provinces including Anhui, Fujian, Gansu, Guangdong, Guangxi, Guizhou, Henan, Hubei, Hunan, Jiangsu, Jiangxi, Liaoning, Shaanxi, Shandong, Sichuan, Taiwan, Xizang, Yunnan, and Zhejiang provinces. Most recently, Sun et al. (2020) point out that future climate change will reduce its distribution range and it will migrate northward in China. However, it should be noted that they do not distinguish wild from cultured occurrence records of Z. schneideriana in their study. A case in point is the occurrence record (i.e. 41.003°N, 117.940°E) in Hebei Province, northern China. The longitude and latitude of this occurrence point is derived from “Appendix A” in the article of Sun et al. (2020). Indeed, there is no wild population of Z. schneideriana in Hebei Province (He, 1986; http://lycy.hebei.gov.cn/zhiwu/index.php; Personal communication from Dr. Liu Quanru). Thus, it is worth further researching on its habitat suitability of this species under current and future climatic scenarios.

Recent studies have shown that Z. schneideriana can be found in a variety of community types, including evergreen broad-leaf forest, deciduous broad-leaf forest, bamboo and broad-leaf mixed forest, and coniferous broad-leaf mixed forest (Ma and Zhang, 2009; Shao and Zhang, 2021). Based on our field survey over the past decade, we have noted that Z. schneideriana mainly occurs in two types of forest communities in subtropics of China, which are deciduous broad-leaf forest, bamboo and broad-leaf mixed forest. In the deciduous broad-leaf forest, the dominant tree species mainly include Z. schneideriana and C. sinensis (Figure 1B). In contrast, P. edulis population predominates the bamboo and broad-leaf mixed forest, followed by Z. schneideriana (Figure 1C). For example, in terms of importance value Z. schneideriana is the largest (37.96%), followed by C. sinensis (15.02%) in the deciduous broad-leaf forest from the mountains of Southern Jiangsu, eastern China (Shao and Zhang, 2021). For this reason, here we selected the three tree species as the study objects in this study. They usually appear as dominant species in the tree layer of subtropical forest communities in China. Furthermore, we then divided them into two species pairs: Z. schneideriana vs. C. sinensis, Z. schneideriana vs. P. edulis.

Species distribution models (SDMs) are important tools which use occurrence record and environmental data to forecast the distribution of a species across space and time with specific algorithms. Currently, among the various SDMs: DOMAIN (domain model), GARP (genetic algorithm model) and Maxent (maximum entropy model) (Midgley and Thuiller, 2005; Phillips and Dudík, 2008), Maxent model shows excellent simulation accuracy, especially good prediction for small sample data. Accordingly, it is one of the most widely used SDMs (Merow et al., 2014; Lu et al., 2022). Nowadays, Maxent model has been extensively applied to predict endangered plants’ distribution and thereby contributes to achieve efficient conservation (Abolmaali et al., 2018; Chen et al., 2020).

In this study, we evaluate the suitability of potential distribution for the endangered tree species and associated ones in different types of subtropical forests at spatial and temporal scales by using the Maxent model. And we assess the future impacts of global climate change on such threatened species and associated ones concurrently in subtropical forests for the first time. More specifically, we address the following questions: (1) To identify the key environmental factors influencing the distribution of Z. schneideriana, C. sinensis and P. edulis. (2) To predict their suitable areas under current and future climate scenarios, and quantify their migration trend by calculating the core distribution for each species. (3) To calculate and compare niche overlap between each species pair over time. (4) To provide some suggestions for protection of the endangered trees in the context of future climate change. The objective of this study is to explore how the endangered trees and associated ones in different types of subtropical forests respond to climate change.




2 Materials and methods

The overall Maxent modeling framework for the three species is summarized in Figure 2.




Figure 2 | Workflow of the modeling framework used in our study.





2.1 Occurrence records

In our study, we obtained presence points of Z. schneideriana, C. sinensis and P. edulis mainly based on extensive field surveys. Meanwhile, we also collected their occurrence data from the published literature and related websites: (1) Herbarium: We obtained the specimen data containing latitude and longitude or detailed place names through two ways: the Chinese Virtual Herbarium (CVH, http://www.cvh.ac.cn), the National Specimen Information Infrastructure (NSII, http://www.nsii.org.cn). (2) Image library: We searched the species name or Latin name in the Plant Photo Bank of China (PPBC, http://ppbc.iplant.cn), obtained detailed place names below the picture, and then converted the latitude and longitude. (3) The Global Biodiversity Information Facility (GBIF, https://www.gbif.org/). (4) Literature search: We used the species names and Latin names of the three species as keywords for literature search. In addition, the data of 27 occurrence records of Z. schneideriana in Jiangsu Province were added according to the recent field survey.

For a small number of data with specific locations, but without corresponding coordinates, we used Google Earth to determine the latitude and longitude data which were accurate to two decimal places. After that, the duplication, cultivation (such as botanical gardens, schools and parks) and the sample records without latitude and longitude information or the font could not be identified were removed. Then, according to the Flora of China, local flora and related literature, provinces with no natural distribution were deleted, such as Shanxi Province (e.g., specimen record number is BJFC00042020), Hebei Province (e.g., NAS00573770) and Jilin Province (PPBC: The North Slope Scenic Spot of Changbai Mountain in Yanbian Korean Autonomous Prefecture, Jilin Province) and Shanghai (such as ccau0006638).

After that, 495 distribution points of Z. schneideriana were obtained (187 in herbarium, 28 in image database, 253 in literature and 27 in field survey), 686 of C. sinensis (563 in herbarium, 93 in image database and 30 in literature), and 401 of P. edulis (68 in herbarium, 89 in library, 244 in literature). The Resolution to Rarefy Data was set to 5 km using the Spatially Rarefy Occurrence Data for SDMs tool of SDMtoolbox 2.0 to reduce sampling deviation and spatial autocorrelation (Brown, 2014; Kong et al., 2019). Finally, 312 distribution points of Z. schneideriana, 513 of C. sinensis and 323 of P. edulis were obtained. The collected longitude and latitude of the three species are shown in Appendix Table 1, and the distribution of the three species on the map is shown in Figure 3.




Figure 3 | Current occurrence of Zelkova schneideriana, Celtis sinensis, and Phyllostachys edulis in China.






2.2 Environmental variables

This research involved the environmental data: (1) Terrain data: Download the elevation of meteorological database (WorldClim V2.1, https://www.worldclim.org/), the slope data from DEM database (http://www.tuxingis.com). (2) Climate Data: Download 19 climate factors from the World Meteorological Database, including current and future climate data. Current climate data are based on climatic conditions in the period 1970–2000 (WorldClim V2.1). Future climate data were based on the data of BCC-CSM2-MR in the Coupled Model Intercomparison Project Phase 6 (CMIP6). Some studies show that the BCC-CSM2-MR model is more suitable for Asia, especially China (Yang et al., 2016; Shi et al., 2020). The climate data include four Shared Socioeconomic Pathway (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) in four periods (2021–2040, 2041–2060, 2061–2080 and 2081–2100). The spatial resolution of the climate data used in this paper was 2.5 min (~5 km). Some studies have shown that the prediction results of 2.5 min data and 30s data are similar in accuracy, and the calculation speed of 2.5 min data is faster (Guisan et al., 2007; Wan et al., 2021; Xu et al., 2022). (3) Soil data: The soil dataset based on the Harmonized World Soil Database (HWSD) (V1.2) (http://www.tpdc.ac.cn/zh-hans/) was downloaded from the National Tibetan Plateau Data Center, and the data of 16 topsoil types (0–30 cm) were selected.

Firstly, ArcMap V10.9 was used to process all environmental factors into a unified coordinate system, pixel size and space range, and converted from“.tif” format to“.asc” format (Gao et al., 2021; Ma et al., 2021). Secondly, the Maxent model was used to conduct preliminary simulation of the climate data, soil data and topographic data of the three tree species respectively, so as to obtain the percent contribution of environmental factors. Finally, the Remove Highly Correlated Variables tool of SDMtoolbox 2.0 was used to sort by contribution rate and set the Maximum Correlation Allowed to 0.8. That is, when the absolute value of Pearson correlation coefficient of two environmental factors is greater than 0.8, a variable with a greater contribution to modeling is reserved for subsequent analysis (Brown et al., 2017; Feng et al., 2019; Jiang et al., 2022). The final environmental variables used by Z. schneideriana, C. sinensis and P. edulis and their explanations are shown in Appendix Table 2.




2.3 Model simulation, optimization and evaluation

We used Maxent 3.4.1 to predict 17 climate concentration scenarios: the current period and four Shared Socioeconomic Pathways (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) in four future periods (2021–2040, 2041–2060, 2061–2080 and 2081–2100). Maxent is a general machine learning method and based on maximum entropy theory, which is a mathematical method for inferring unknown probability distributions based on limited known information (Phillips et al., 2006). The complexity of the model has a great influence on the forecast results. Three main factors influencing the complexity of the Maxent model include the number of environment variables, FC value (feature class) and RM value (regularization multiplier) (Kong et al., 2019). It is necessary to select the best FC and RM value for the model. The operation of Maxent model includes six different FC combinations (L, LQ, H, LQH, LQHP, LQHPT, where L = linear, Q = quadratic, H = hinge, P = product, and T = threshold). Meanwhile, Maxent sets RM value, which ranges from 0.5 to 4 (interval 0.5) and has eight values (Muscarella et al., 2014). We used the ENMeval 2.0.4 installation package in R 4.2.0 to calculate and select the best combination of operating parameters for the Maxent model (Phillips et al., 2006). The best operating parameters of RM and FC are selected when delta. AICc value is 0 (Warren and Seifert, 2011; Chen et al., 2020).

The parameters set by Maxent model were “Create response curves”, “Do jackknife to measure variable importance”, “Random seed”, “Write plot data”, “Write background predictions”, “Replicated run type crossvalidate”, “Replicates 10”, and “Output format logistic”. In addition, 75% of the distribution data were set as training data, and the remaining 25% were testing data.

We used the area under curve (AUC) and the true skill statistics (TSS) value to evaluate the model performance. The AUC value was the area enclosed by the ROC curve and the horizontal coordinate, which was calculated by Maxent software and well evaluate the accuracy of the model prediction (Swets, 1988). The value of AUC ranges from 0 to 1, and the larger the value is, the higher the simulation reliability is. The AUC value is divided into five levels: (1) Excellent: 0.90–1.00. (2) Good: 0.80–0.90. (3) General: 0.70–0.80. (4) Difference: 0.60–0.70. (5) Failure: 0.50–0.60 (Phillips and Dudík, 2008; Jalaeian et al., 2018). The data predicted by Maxent model and the validation data set were used to calculate TSS (Wang et al., 2019). The TSS value is based on the maximum specificity and sensitivity thresholds, and the TSS index is calculated as: TSS= sensitivity + specificity − 1, with TSS values ranging from −1 to 1 (Allouche et al., 2006), where 1 represents the ability to perfectly distinguish between suitable and unsuitable areas. When TSS values are greater than 0.75, the model performs very well (Lu et al., 2022). A value of 0 or less indicates that the prediction performance is no better than random prediction (Franco-Estrada et al., 2022). The combination of AUC value and TSS value can better evaluate the performance of the model (Liu et al., 2013; Wang et al., 2019).

Aside from statistical validation, we also performed ground truthing for each species from July to October in 2022. First, we identified the potential distribution range by superimposing the projected potential area map on Google Earth (GE) images (Majumdar et al., 2019). Then, we used the GE overlays to carry out field survey, and performed ground verification of the identified potential area for each species. Within the highly suitable area predicted by Maxent, we chose half of the provinces which had relatively concentrated distribution for ground verification. Subsequently, we selected four locations for each of these provinces. After that, we scouted for the presence of each species location using precise coordinates (i.e. latitude and longitude) in the GPS receiver device (Namitha et al., 2022).




2.4 Assessment of current and future distribution areas

In this study, the distribution areas of Z. schneideriana, C. sinensis and P. edulis were divided into four levels, which were highly suitable area, moderately suitable area, low suitable area and not suitable area. Distribution area are divided based on the “sum of maximum specificity and sensitivity”, a threshold that is a good choice for models predicting the distribution of endangered species (Liu et al., 2013). At the same time, in order to facilitate the interpretation of the prediction results, we divided the distribution areas into: not suitable area (0–0.2), low suitable area (0.2–0.4), moderately suitable area (0.4–0.6) and highly suitable (0.6–1) (He et al., 2021; Mahatara et al., 2021).

Core distribution migration can effectively reflect changes in species distribution region (Liu et al., 2019), in order to more intuitively describe changes in the distribution of species’ suitable areas, we used the SDMtoolbox 2.0 (Brown et al., 2017) to obtain core distribution migration of three species under current and future concentration scenarios. Concretely, “.asc” files generated under different concentration situations predicted by Maxent model were imported into ArcGIS V10.9, and core distribution migration results were obtained using SDMtoolbox 2.0. Then the direction and distance of core distribution migration were further analyzed.




2.5 Niche overlap metrics

Niche overlap refers to the overlap of two species using the same or similar resources which indicates the degree of similarity of niche between two species (Lu et al., 2022). Niche overlap between each two species was calculated using niche overlap (ASCII files) of ENMTools V1.3.1. The operation of ENMTools V1.3.1 is based on the operation result of Maxent, in which all parameters are set as default values (Franco-Estrada et al., 2022). In this study, Schoener’s D statistic and Warren et al.’s revised Hellinger statistic I value were used to measure niche overlap (Schoener, 1970). The calculation formula of D index is (Warren et al., 2008):

	

Where represents the habitat suitability index of species X and Y in cell i. Schoener’s D values range from 0 (dissimilar) to 1 (same distribution), and the similarity of distributions is described by comparing the corresponding values for each cell in the two grids (Broennimann et al., 2012). To facilitate the interpretation of the results, Schoener’s D is generally divided into five categories: (1) Extremely high overlap: 0.80–1.00. (2) High overlap: 0.60–0.80. (3) Moderate overlap: 0.40–0.60. (4) Low overlap: 0.20–0.40. (5) No or very limited overlap: 0.00–0.20 (Rödder and Engler, 2011; Hyseni et al., 2019). The formula to calculate the I index is:

	

I ranges from 0 to 1, with a value of 0 indicating that the species’ needs for environmental factors do not overlap at all, and a value of 1 indicating that all environmental factors in the study area grid are equally suitable for both species (Schoener, 1970; Warren et al., 2008; Rödder and Engler, 2011).

In addition, one-sample t-test was used to identify significant differences of niche overlap in terms of Schoener’s D and Hellinger statistic I for two species pairs under different climate scenarios. The statistics analysis was conducted using SPSS 20 for Windows (SPSS, Inc., Chicago, IL, United States) (Wu, 2019).





3 Results



3.1 Model performance and variables’ contribution

For Z. schneideriana, the optimum FC and RM were LQHPT and 1.5, respectively; for C. sinensis, they were H and 1.0, respectively; for P. edulis, they were LQH and 2.0, respectively. These optimized parameters were subsequently used for Maxent modeling. The Maxent prediction results showed that the AUC values of Z. schneideriana, and P. edulis were > 0.92, and the AUC of C. sinensis approached 0.9 under the current and 16 future climate scenarios (Table 1). Similarly, the TSS values of Z. schneideriana and P. edulis were > 0.78, and the TSS of C. sinensis approached 0.75. Additionally, the three species’ occurrence records are all located in the current distribution areas simulated by Maxent model (Figure 3), that is to say, the predicted current suitability is consistent with their actual distributions. Therefore, combined with the predicted suitability, AUC and TSS value indicate that Maxent has a high accuracy and credibility under current and future climates. Besides, the results of ground verification showed that for each species over 90% locations were consistent with the species’ ground reality, indicating that the Maxent in our study had high accuracy.


Table 1 | AUC and TSS values of Zelkova schneideriana, Celtis sinensis and Phyllostachys edulis under different climate scenarios in China.



The contribution rate of environmental variables was obtained through the iterative algorithm and normalization processing (Appendix Table 2) (Yan and Zhang, 2022). For each species, the top four of them were selected as the key environmental factors. Under the current climate, the four leading factors for Z. schneideriana were Min temperature of coldest month (Bio6, 43.6%), Mean diurnal range (Bio2, 35.3%), Precipitation seasonality (Bio15, 7.2%) and Temperature seasonality (Bio4, 6.5%), with the total contribution rate up to 92.6%. The four leading factors for C. sinensis were Precipitation of driest month (Bio14, 54.6%), Precipitation of wettest month (Bio13, 17.7%), Min temperature of coldest month (Bio6, 17.0%) and Isothermality (Bio3, 6.4%), with the total contribution rate up to 95.7%. The four leading factors for P. edulis were Precipitation of driest month (Bio14, 87.9%), Annual mean temperature (Bio1, 4.1%), Elevation (Elev, 2.4%), Temperature seasonality (Bio4, 1.8%), with the total contribution rate up to 96.2%. The common key factor for Z. schneideriana and C. sinensis was Min temperature of coldest month (Bio6), and the common key factor for Z. schneideriana and P. edulis was Temperature seasonality (Bio4).

When the species existence probability is greater than 0.4, it indicates that the range of environmental variables is suitable for plant growth (Ren et al., 2020; Zhang et al., 2021). For Z. schneideriana, the optimal ranges of Bio6, Bio2, Bio15 and Bio4 were −4.9–4.9°C, <9.2°C, 42.0–71.0 mm, and 705.0–950.0, respectively (Figure 4A). Its survival probability reached the maximum as high as 0.65 when Bio6 was −1.0°C, 0.56 when Bio2 was 7.3°C, 0.69 when Bio15 was −52.0 mm, 0.58 when Bio4 was 875.0. For C. sinensis, the optimal ranges of Bio14, Bio13, Bio6 and Bio3 were >16.0mm, >190.0mm, −7.0–15.0°C, 23.0–32.5, respectively (Figure 4B). For P. edulis, the optimal ranges of Bio14, Bio1, Elev and Bio4 were >25.0 mm, 13.5–20.0°C, 2.0–31.0 m and 600.0–890.0, respectively (Figure 4C). In addition, the range of these factors’ maximum probability of C. sinensis and P. edulis are shown in Table 2.




Figure 4 | Response curves of three species to key bioclimatic variables. (A) Zelkova schneideriana; (B) Celtis sinensis; (C) Phyllostachys edulis.




Table 2 | Key climatic factors influencing habitat distribution of three species.






3.2 Current distribution areas of three dominant species

At present, the highly suitable areas of Z. schneideriana were mostly located in southwest Jiangsu, northern Zhejiang, central and southern Anhui, southeast and west Hubei, and some were scattered in Hunan. Moderately suitable areas mainly occurred in the marginal areas of highly suitable areas, including southeastern Jiangsu, south-central Zhejiang, central Anhui, north-central Jiangxi, northwestern and central Hubei, north-central Hunan, Guizhou, and Taiwan. The low suitable areas mainly occurred outside the moderately suitable areas, including southern Shaanxi, central Henan, Fujian, northern Anhui, south-central Jiangxi, south-central Hunan, northern Guangdong, north-central Guangxi, Sichuan (Figure 5A). We combined the highly and moderately suitable area into the suitable area (Lu et al., 2022). Currently, it was predicted that the suitable area (moderately and highly suitable areas) of Z. schneideriana was 106.50×104 km2.




Figure 5 | Predicted current distribution of three trees. (A) Zelkova schneideriana; (B) Celtis sinensis; (C) Phyllostachys edulis.



The highly suitable areas of C. sinensis at present were located in western Hubei, northern and southern Taiwan, southern Hainan, and it scattered in Shandong, Jiangsu, Zhejiang, Jiangxi, Hunan, Guangdong, Guangxi, Guizhou and Sichuan. Moderately suitable areas were widely distributed in subtropical region of China, including Zhejiang, Fujian, Guangdong, Guangxi, Guizhou, Hunan, Jiangxi, etc. Low suitable areas were mainly located in the north of moderately suitable areas, including western Shandong, northern Jiangsu, northern Anhui, Henan, southwestern Hebei, central Hubei, and eastern Sichuan (Figure 5B). At present, it was predicted that the suitable area of C. sinensis was 165.90×104 km2. The highly suitable areas of P. edulis at present were mainly located in Zhejiang, southern Anhui, northern Fujian, and it scattered in Hunan and Chongqing. Moderately suitable areas were mainly occurred in Fujian, south-central Jiangxi, Hunan, southwestern and eastern Hubei, and western Anhui. Low suitable areas were mainly located outside moderately suitable areas, including southern Jiangsu, central Anhui, Hubei, Chongqing, central Guizhou, northern Guangxi, northern Guangdong, and central Taiwan (Figure 5C). The current predicted suitable area of P. edulis was 78.24×104 km2.




3.3 Future distribution shift of three dominant species

For Z. schneideriana, the proportion of its suitable area had the highest value of 11.75% with the area of 112.81×104 km2 in the scenario under future climate scenario (SSP3-7.0 2041–2060), while the proportion of its suitable area under (SSP5-8.5 2081–2100) had the lowest value of 10.08% with the area of 96.74×104 km2. Among the 16 future climate scenarios, the suitable areas under climate scenarios (SSP1-2.6 2021–2040, SSP3-7.0 2041–2060, SSP5-8.5 2041–2060, SSP1-2.6 2081–2100 and SSP3-7.0 2081–2100) would increase compared with the current suitable area. Each suitable area of the remaining 11 climate scenarios was less than that of current situation. Especially in the condition under SSP2-4.5 scenario, the suitable area of Z. schneideriana decreased in all periods. The mean percentage of suitable areas of Z. schneideriana in the four periods (2021–2040, 2041–2060, 2061–2080 and 2081–2100) was 10.68%, 10.95%, 10.84% and 10.92%, respectively, all of which decreased compared with the current percentage of 11.09%. In the 16 future climate scenarios, the average suitable areas (10.87%) would decrease compared with the current period (11.09%) (Table 3). Overall, the suitable area of Z. schneideriana would decrease in the future.


Table 3 | Dynamics of changes in distribution area of Z. schneideriana under different climate scenarios.



For C. sinensis, the proportion of its suitable area had the highest value of 17.5% with the area of 168.04×104 km2 in the scenario under future climate scenario (SSP3-7.0 2081–2100), while the proportion of its suitable area under (SSP2-4.5 2041–2060) had the lowest value of 15.4% with the area of 147.82×104 km2. Among the 16 future climate scenarios, only the suitable areas under climate scenario (SSP3-7.0 2081–2100) increased compared with the current, while the suitable area all decreased in the other 15 climate scenarios. Especially, the proportions of suitable area at present and in the future four periods (under SSP1-2.6) were 17.28%, 17.17%, 16.96%, 16.93% and 16.76%, respectively. Accordingly, this took on a decreasing trend. The mean percentage of suitable areas of C. sinensis in the four periods (2021–2040, 2041–2060, 2061–2080 and 2081–2100) was 16.76%, 16.57%, 16.61%, 16.86%, respectively, all of which decreased compared with the current percentage of 17.28%. In the 16 future climate scenarios, the average suitable areas (16.7%) would decrease compared with the current (Table 4). Most strikingly, in the period of 2041–2060 C. sinensis had the lowest value in suitable area (under SSP2-4.5) while Z. schneideriana had the highest value (under SSP3-7.0). Conversely, in the period of 2081–2100 C. sinensis had the highest value in suitable area while Z. schneideriana had the lowest value (under SSP5-8.5). Accordingly, it seems that the Z. schneideriana reached the maximum value in suitable area when C. sinensis appeared the minimum value within the same period.


Table 4 | Dynamics of changes in distribution area of Celtis sinensis under different climate scenarios.



For P. edulis, the proportion of its suitable area had the highest value of 8.66% with the area of 83.14×104 km2 in the scenario under future climate scenario (SSP2-4.5 2021–2040), while the proportion of its suitable area under (SSP3-7.0 2021–2040) had the lowest value of 7.73% with the area of 74.24×104 km2. Among the 16 future climate scenarios, the suitable areas under climate scenarios (SSP1-2.6 2021–2040, SSP3-7.0 2021–2040, SSP1-2.6 2041–2060, SSP2-4.5 2041–2060 and SSP2-4.5 2061–2080) would decrease compared with the current suitable area. Each suitable area of the remaining 11 climate scenarios was more than that of current situation. Especially in the condition under SSP3-7.0 scenario, the proportion of suitable area in the future four periods was 7.73%, 8.30%, 8.31%, and 8.47%, respectively. Accordingly, this took on an increasing trend in the future. The mean percentage of suitable areas of P. edulis in the four periods (2021–2040, 2041–2060, 2061–2080 and 2081–2100) was 8.22%, 8.15%, 8.32%, and 8.43%, respectively, all of which increased compared with the current percentage of 8.15%. In the 16 future climate scenarios, the average suitable areas (8.28%) would increase compared with the current (8.15%) (Table 5). Most strikingly, the climate scenario under SSP3-7.0 P. edulis had the lowest value in suitable area while Z. schneideriana had the highest value.


Table 5 | Dynamics of changes in distribution area of P. edulis under different climate scenarios.



For Z. schneideriana, its average migration distance was 19.72 km under 16 future climate scenarios, with most migratory directions towards northeast. The furthest migration distance was 33.75 km which occurred in 2021–2040 under the SSP3-7.0 climate scenario (Figure 6A1). The maximum migration distance was in 2021–2040 under SSP3-7.0 climate scenario, and the maximum was in 2081–2100 under the other three climate scenarios (SSP1-2.6, SSP2-4.5, SSP5-8.5) (Figures 6B1–E1). For C. sinensis, the average migration distance was 36.88 km under 16 future climate scenarios, with all migratory directions towards southwest. The furthest distance was 51.15 km which occurred in 2081–2100 under the SSP5-8.5 climate scenario (Figure 6A2). The maximum migration distance was in 2061–2080 under SSP1-2.6 and SSP2-4.5 climate scenario, and the maximum was in 2081–2100 under the other two climate scenarios (SSP3-7.0, SSP5-8.5) (Figures 6B2–E2). For P. edulis, its average migration distance was 13.07 km under 16 future climate scenarios, with most migratory directions towards west. The furthest migration distance was 28.53 km which occurred in 2081–2100 under the SSP5-8.5 climate scenario (Figure 6A3). The maximum migration distance presented in 2041–2060 under SSP1-2.6 climate scenario, and the maximum presented in 2081–2100 under the other three climate scenarios (SSP2-4.5, SSP3-7.0, SSP5-8.5) (Figures 6B3–E3).




Figure 6 | Migration of the core distribution in suitable areas of three species. (A1) Shift of the core distribution in the suitable area of Zelkova schneideriana under all climate scenarios; (B1) Under SSP1-2.6; (C1) Under SSP2-4.5; (D1) Under SSP3-7.0; and (E1) Under SSP5-8.5 climate change scenarios. (A2–E2) The core distribution of Celtis sinensis; (A3–E3) The core distribution of Phyllostachys edulis.



The current distance of core distribution between Z. schneideriana and C. sinensis was 117.85 km, and the distance between Z. schneideriana and P. edulis was 148.92 km. In addition, the core distribution of the three species occurred in Hunan Province in the future.




3.4 Niche overlap of two species pairs

Currently, the index D and I between Z. schneideriana and C. sinensis were 0.754 and 0.935, respectively. The index D and I between Z. schneideriana and P. edulis were 0.730 and 0.929, respectively (Table 6). This indicated that Z. schneideriana and its two associated species had a high niche overlap in the current scenario, which was consistent with the collected distribution points (Figure 3). In addition, the niche overlap of the former species pair was higher than that of the latter in terms of the index D and I.


Table 6 | Niche overlap in terms of Schoener’s Parameter (D) and Hellinger’s-Based Parameter (I) between Zelkova schneideriana and its two dominant species in the community under different climate scenarios.



The mean values of D and I indexes (D=0.755 ± 0.0038, I=0.938 ± 0.0021) of Z. schneideriana and C. sinensis under 16 future climate scenarios were greater than those in the current scenario (D=0.754, I=0.935), indicating that niche overlap of such species pair would increase in the future. Its niche overlap index reached the highest value (D=0.765, I=0.944) under SSP2-4.5 2061–2080. The mean values of D and I indexes (D=0.720 ± 0.0047, I=0.924 ± 0.0030) of Z. schneideriana and P. edulis under 16 future climate scenarios were less than those in the current scenario (D=0.730, I=0.929), indicating that niche overlap of such species pair would decrease in the future. Its niche overlap index appeared the minimum (D=0.703, I=0.911) under SSP2-4.5 2081–2100. In addition, the results of t-test showed that there was a highly significant difference (p< 0.01) in niche overlap of D and I values for the species pair Z. schneideriana and P. edulis, respectively. There was no significant difference (p > 0.05) in niche overlap of D or I values for the species pair Z. schneideriana and C. sinensis, respectively.

Collectively, the D values of the two species pairs were > 0.7, indicating they had high niche overlap. Likewise, their I values were all > 0.9 (Table 6), which was in close proximity to 1.0. Therefore, the D and I values show that both species pairs have a high niche overlap under current and future climates.





4 Discussion



4.1 The key influencing factors of endangered Zelkova schneideriana and its associated trees

Our Maxent models showed that bioclimatic factors had the greatest influence on Z. schneideriana among the bioclimatic, topographic and soil factors (Appendix Table 2). Among the seven bioclimatic variables, the first four were Bio6, Bio2, Bio15, and Bio4, respectively, with the total contribution up to 92.6%. This is in agreement with the report (Sun et al., 2020), in which bioclimatic factors also play a significant role in influencing Z. schneideriana distribution among the three categories of environmental variables including bioclimate, topography, and human activity intensity. Our results and previous research have demonstrated that bioclimates seem to affect the distribution of Z. schneideriana more greatly than the other factors.

Amongst the four key variables, the bioclimatic variables which most affected the distribution of Z. schneideriana were Min temperature of coldest month (Bio6), followed by Mean diurnal range (Bio2), with the total contribution of 78.9%. It is found that the two factors are related to temperature, suggesting that for Z. schneideriana temperature is more important than precipitation among these bioclimatic factors. This could result from the climatic range of Z. schneideriana and its seed germination mode. Z. schneideriana is widely distributed in the subtropical zone of China, which enjoys abundant precipitation all year round and large temperature difference from south to north (Che et al., 2020). Thus, it seems unlikely that water herein may be a limiting factor for its growth. Meanwhile, Z. schneideriana has the characteristic of dormancy, and requires appropriate temperature to break its dormancy when germinating (Li et al., 2020). Thus, temperature tends to be the limiting factor for Z. schneideriana relative to precipitation. However, Sun et al. (2020) contended that the precipitation had greater impact than temperature on Z. schneideriana distribution since the contribution rate of Driest quarter and Annual precipitation reached 79.6% in their study.

We assumed that such difference may be ascribed to four reasons. Firstly, for Z. schneideriana all of the occurrence points (i.e. 312) were wild in our study while not all points (i.e. 225) were wild in their study (Sun et al., 2020). Generally, for a tree species its cultivated distribution points only reflect the environmental conditions in a short term during which such tree is introduced and has survived. In contrast, its wild distribution points can better reveal the environmental conditions where it grows (Zhang, 2001). Secondly, Maxent model has multiple advantages, but it is difficult to avoid the sample selection bias (Yackulic et al., 2013). We applied the SDMtoolbox in ArcGIS to spatially rarefy the occurrence data for each species to eliminate spatial autocorrelation. Thirdly, screening environmental factors can reduce the complexity of the model simulation (Zurell et al., 2020). We conducted correlation analysis to reduce multicollinearity among the environmental variables for these species. Fourthly, to prevent overfitting for the Maxent model, we have set FC and RM to improve the model accuracy (Zhang et al., 2023). Moreover, the assessment results indicated that the simulation of the model is reliable for each species currently and in the future. Additionally, we used the latest Shared Socio-economic Pathways (SSP) released in 2020, instead of the Representative Concentration Pathways (RCP) in 2013. Compared with RCPs, SSPs can better reflect the correlation between socio-economic development and climate scenarios, thus making the prediction close to the real situation (Gao et al., 2021).

Currently, there is no consensus as to the grid size (resolution) in predictive species distribution modeling. Theoretically, the grid size is closely related to both studied taxa and region. Given that each of the three species has a large number of occurrence records and a wide distribution range, we adopted the climate data with the grid size of 2.5 arc min. Such a practice is also employed for other plant species, such as Pteris vittata (Xu et al., 2022), Tetrastigma hemsleyanum (Wang et al., 2022), Fritillaria spp. (Jiang et al., 2022), etc. Accordingly, we think that if a species has many occurrence records and a wide range, it seems reasonable to use 2.5 arc min predict its potential distribution. Conversely, if a species has a few occurrence records and a narrow range, it seems reasonable to use 30 arc seconds. A case in point is the relict tree Cathaya argyrophylla, endemic to China. Xiao et al. (2022) forecasted its potentially suitable habitats with 136 distribution points in Hunan, central China. For another example, Gafna et al. (2023) predicted the potential distribution of anti-malarial plants with several dozen occurrence points in Kenya.

For the associated C. sinensis, the first leading variable was Precipitation of driest month (Bio14), accounting for 54.6%. Likewise, for the associated P. edulis, the first was Precipitation of driest month (Bio14), accounting for 87.9%. As far as the associated trees are concerned, the variable Bio14, a water-related factor, has more than half of the whole contribution. Moreover, each species pair has a common influencing environmental factor. i.e. it is Bio6 for Z. schneideriana vs. C. sinensis; Bio4 for Z. schneideriana vs. P. edulis (Table 2).

The common key factor affecting the distribution of Z. schneideriana and C. sinensis was: the Coldest temperature in coldest month (Bio6). The common key factor affecting the distribution of Z. schneideriana and P. edulis was: Temperature seasonality (Bio4). The common key factor of C. sinensis and P. edulis was Precipitation of driest month (Bio14). Therefore, the endangered Z. schneideriana and its two associated tree species may well share similar requirements for environmental conditions. Song (2013) characterized the ecological behavior of 3,401 seed plants in subtropical forests of China. They selected five ecological indication values including light, temperature, water, soil reaction and soil fertility, and each of them is divided into nine levels. Following the classification, the three dominant species of Zelkova communities in our study have the same ecological indication values: temperature (i.e. 7), water (5), and soil fertility (6), only having slight differences in light and soil reaction. Therefore, the analyses of influencing factors and ecological characteristics indicate that Z. schneideriana, C. sinensis and P. edulis have high similarity in environmental requirements.




4.2 Asynchrony of potential niche overlap between species pairs

According to our results, both species pairs of Z. schneideriana vs. C. sinensis, Z. schneideriana vs. P. edulis have D values > 0.7 and I values > 0.9, indicating that Z. schneideriana and its two associated species have high niche overlap in current scenario (Table 6). At the same time, the contribution of environmental factors of three species (Table 2) indicates that they have similar environmental requirements. Therefore, our results show that there is an intense competition between endangered Z. schneideriana and its two associated tree species. This is consistent with the result from community ecology (Shao and Zhang, 2021) that C. sinensis and P. edulis are the main competing tree species of Z. schneideriana in subtropical forest communities, eastern China.

This competition relationship will take a change in the future climate scenarios. We think that, as time goes on, the response of three species to climate change may not be always the same as that of the ecological relationship of two species pairs. Namely, our findings confirm that the two species pairs respond differently to future global warming in light of niche overlap shift. Compared with current scenario (D=0.754), the D mean values of Z. schneideriana vs. C. sinensis (D=0.755 ± 0.0038) increased in the 16 future climate concentration scenarios, reaching the highest value in SSP1-2.6 2041–2060 (D=0.764). The I mean values of this species pair in the future (I=0.938 ± 0.0021) also increased compared with current scenario (I=0.929), reaching the highest value in the SSP2-4.5 2061–2080 (I=0.944) (Table 6). As a result, the species pair presented a similar future trend in terms of D values and I values, indicating that Z. schneideriana and C. sinensis may compete more strongly in the future than currently. In contrast, the D mean values of Z. schneideriana vs. P. edulis (D=0.720 ± 0.0047) decreased in the 16 future climate concentration scenarios relative to the current (D=0.730), reaching the lowest value in SSP5-8.5 2061–2080 (D=0.708). The I mean values of this species pair in the future (I=0.924 ± 0.0030) also decreased compared with current scenario (I=0.929), reaching the lowest value in the SSP2-4.5 2081–2100 (I=0.911) (Table 6). As a result, the species pair presented a similar future trend in terms of D values and I values, indicating that Z. schneideriana and P. edulis may reduce competition in the future. Therefore, there is obvious asynchrony between the two species pairs in response to future climate warming although the endangered Z. schneideriana and its neighbors C. sinensi, P. edulis have similar environmental requirements.

This asynchrony is related to the different future change in potential suitable ranges of the three species. Firstly, for the species pair Z. schneideriana vs. C. sinensis, the niche overlap will rise in the future. This is due to the fact that both species present a similar tendency in potential suitable areas (Tables 3, 4). For the other species pair Z. schneideriana vs. P. edulis, the niche overlap will decline in the future (Table 6). This is due to the fact that both species present a different tendency in potential suitable areas (Tables 3, 5). Secondly, core distribution migration can usually indicate the change of suitable area (Yan et al., 2021). Z. schneideriana’s core distribution (28.641°N, 111.818°E) is located to the southwest of C. sinensis’s (29.3438°N, 112.726°E) in current period. Its suitable area moves northeast in the future while C. sinensis moves southwest in the future (Figure 6), thus rendering the distance between them short in the future. Therefore, this results in their increased niche overlap. Z. schneideriana’s core distribution is located to the northwest of P. edulis’s (28.056°N, 113.188°E) in current period. P. edulis moves southwest in the future (Figure 6), thus rendering the distance between them farther away in the future. Therefore, this results in their decreased niche overlap.

In brief, for Z. schneideriana vs. C. sinensis, their core distributions may become much closer in the future than at present, and accordingly their distribution ranges also become closer to each other, thereby leading to the increase in niche overlap. Conversely, for Z. schneideriana vs. P. edulis, their core distributions may become much farther away in the future than at present, and accordingly their distribution ranges also become farther away from each other, thereby leading to the decrease in niche overlap. Therefore, the results of core distribution migration indicate that the two species pairs have appeared distinctive niche overlap shift in response to climate warming.

Moreover, such asynchrony is also related to ecological characteristics of the tree species. Compared with P. edulis, the endangered Z. schneideriana and its associated species C. sinensis are more similar in tree traits. Firstly, both Z. schneideriana and C. sinensis are light-demanding deciduous trees, with deep root system, in the same family of Ulmaceae (Shen, 2020; Shao and Zhang, 2021). P. edulis is a large evergreen monopodial bamboo with shallow root systems (Wang and Stapleton, 2006). Secondly, Z. schneideriana and C. sinensis pay little emphasis on soil, and they can grow in a variety of soil types including slightly acid, alkalescent, neutral, ad calcareous soils (Ling et al., 2011; Shen, 2020). Compared with common tree species, P. edulis has high requirements for soil conditions, and thereby grows well in moist, fertile, well-drained acid sandy loam soils (Jin et al., 2013). Thirdly, Z. schneideriana and C. sinensis are similar in reproductive mode. Both can produce a large number of drupes each year, and depend largely on sexual reproduction from seeds (Fang et al., 2007; Ling et al., 2011). P. edulis can regenerate its population by means of asexual and sexual reproduction. However, the most common mode for P. edulis is asexual reproduction, and it relies on underground rhizomes that quickly spread nearby (Wang et al., 2016).

In addition, Z. schneideriana is the Tertiary relic tree endemic to China among the three subtropical forest tree species (Shao and Zhang, 2021). It is difficult for this plant to change its tree trait in the next few decades because such trait has developed during its long-term evolution. This may also be one of the major reasons for the distinctive response of niche overlap of the two species pairs to future climate change.




4.3 Implications for protection and management of Zelkova schneideriana

Our results indicate that the key factors influencing the distribution of the endangered Z. schneideriana are temperature-related bioclimatic factors, which may play a more significant role than precipitation-related ones. Among them, the most important factor is Bio6, whose optimum range is −4.9–4.9°C. Our prediction results also show that its current area is 106.50 ×104 km2, which is larger than previous prediction (Sun et al., 2020). The high suitable area of this species is mostly located in Anhui, Hubei, Hunan, Jiangsu, and Zhejiang provinces; at the same time, there is severe habitat fragmentation in these regions (Figure 5A). Z. schneideriana, endemic to China, is widely distributed in more than ten provinces in the country. However, due to its excellent timber quality and high commodity utilization value, it has been excessively logged and deforested over the past decades (Shao and Zhang, 2021), resulting in its population declining and range shrinking. For example, according to the first national survey of key protected wild plant, there were only eight individuals of this species in Guangdong Province (Ma and Zhang, 2009). Simultaneously, its seed dormancy, low seed germination rate, and limited seed dispersal jointly contribute to the difficulties in population regeneration, thus making it endangered in the wild. In fact, this species has been once again ranked second class on the list of ‘The important wild plants for conservation in China’ since 2021.

Therefore, our study informs that more attention should be paid to these areas when protecting Z. schneideriana populations in subtropical regions of China. Particularly, Hunan is worth for special concern because the current and future core distributions are located in this province. In the future, the suitable area of Z. schneideriana will decrease and it may migrate northeastward, which is broadly in line with previous study (Sun et al., 2020). This non-synchronicity is likely to further shape the interspecific competition between Zelkova schneideriana (or its associated species) versus the resident species in its newly acquired habitat through spatial mismatches, thus affecting the composition, structure and dynamics of the future plant community. Therefore, our study may provide an important insight into future conservation and effective management of Z. schneideriana in China.

More importantly, our study provides a new perspective on the conservation of endangered tree species in Chinese subtropical forests. We selected the endangered Z. schneideriana and its two associated tree species (C. sinensis and P. edulis) from different subtropical forest communities (deciduous broad-leaf forest, bamboo and broad-leaf mixed forest), and divided them into two species pairs: Z. schneideriana vs. C. sinensis, and Z. schneideriana vs. P. edulis. Then we explored how the ecological relationship between the endangered species and associated ones in different types of subtropical forests responded to climate change. Our findings indicate that there is a considerable difference in niche overlap of the two species pairs in response to climate warming. Namely, the habitat competition between Z. schneideriana and C. sinensis is likely to be much greater while the habitat competition between Z. schneideriana and P. edulis is likely to be less in the future. Therefore, our findings highlight that the effect of climate change on the distribution of endangered trees in subtropical region should be taken into account, as well as the effect on ecological relationship between endangered trees and the surrounding associated trees in the forest communities.





5 Conclusion

The impact of future climate on the distribution of endangered Z. schneideriana is of vital importance for conservation. We selected this species and its two associated trees (C. sinensis and P. edulis) as focus species from two subtropical forest communities (i.e. deciduous broad-leaf forest, bamboo and broad-leaf mixed forest) in China, divided them into two species pairs: Z. schneideriana vs. C. sinensis, and Z. schneideriana vs. P. edulis. Our Maxent models indicate that temperature-related factors have the greatest influence on Z. schneideriana. Its current suitable area is mostly located in the subtropical region of China, especially in Anhui, Hubei, Hunan, Jiangsu, and Zhejiang provinces; its suitable area will decrease in the future scenarios, with the core distribution migrating northeastward. More importantly, our findings confirm that there is a notable asynchrony of potential niche overlap between species pairs in terms of Schoener’s D and I values. Our study provides a new perspective on the conservation of endangered tree species in subtropical forests of China, and highlights the effect of climate change on ecological relationship between endangered trees and the surrounding associated trees in the future. In addition, we identify the key natural factors (i.e. bioclimatic, topographic, edaphic) influencing the potential distribution of these focus species, and the impact of spatiotemporal changes of land use and land cover may deserve further study in the future.
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Investigating historical and ongoing changes in urban green space (UGS) and urban plant diversity (UPD) provides critical insights into urban ecology and urban planning development. The present study illuminates some of the transformations which can occur in rapidly developing urban landscapes. In this work, we used 30 m resolution images from the Landsat 5 satellite from 2015 to investigate UGS patterns in Haikou City, China. Metrics of UPD were obtained using field surveys, allowing the proportion of UGS and UPD to be determined in each urban functional unit (UFU) of Haikou. The results revealed that leisure and entertainment areas (such as parks) had the highest diversity, whereas roads and transportation hubs had the lowest. More frequent anthropogenic maintenance had a positive effect on the total number of species, including cultivated, tree, and herb species. Similarly, increased watering frequency had a positive impact on the diversity of cultivated and shrub species. By providing demonstrating a crucial link between UGS and UPD, the results provide valuable information for planning sustainable urban development in Haikou City and other tropical regions. They highlight the important role of UGS in maintaining biodiversity and providing a range of ecosystem services. This research will inform policymakers and urban planners about the need to consider UGS and UPD in urban planning and management process, in order to promote sustainability and conservation of biodiversity.
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1 Highlights

	Leisure and entertainment areas have the highest proportion of urban green space, while transport areas have the lowest.

	Leisure and entertainment areas have the highest cultivated, spontaneous, and total species richness.

	Urban green spaces positively affect the number of spontaneous species and herb species.

	Maintenance times positively affect the number of total species, cultivated species, tree species, and herb species.






2 Introduction

Understanding the intricate relationship between urban green space (UGS) and urban functional units (UFUs) is paramount for improving urban sustainability (Cheng et al., 2022). In general, UGS can be defined as vegetation-dominated urban land. Integrating UGS into the fabric of various UFUs can serve as a critical strategy for promoting urban biodiversity, improving air and water quality, and mitigating the effects of climate change (Felson and Pickett, 2005; Zhang et al., 2022a). For instance, incorporating green roofs and walls into residential and commercial UFUs has been shown to increase aesthetic appeal, create additional micro-habitats for urban flora and fauna, enhance thermal insulation, and reduce stormwater runoff (Ngan, 2004). Similarly, integrating vegetation into industrial UFUs can provide buffering against noise and pollutants, reducing their negative environmental impact on surrounding localities (Ramaiah and Avtar, 2019).

However, simply adding UGS to various UFUs does not guarantee success (Li et al., 2005). Successful integration requires a comprehensive understanding of the urban ecosystem, including socio-ecological dynamics (Niemelä et al., 2010). The preferences and behaviors of city residents, economic viability of green infrastructure, and local environmental conditions must all be considered (Thorne et al., 2018). Understanding these complex dynamics is essential for developing sustainable urban landscapes which can support both human well-being and biodiversity (Bennett et al., 2015). As one example, the design of UGS in residential areas should consider residents’ preferences for certain types of vegetation or recreational facilities, while also ensuring that suitable habitats are created for local fauna (Mathey et al., 2015; Harris et al., 2018). Likewise, the implementation of green infrastructure in industrial UFUs needs to account for any economic trade-offs or potential co-benefits, such as cost savings from reduced energy use, or improved public image from enhanced environmental performance.

The importance of UGS in promoting human well-being and sustaining biodiversity has gained increasing recognition in recent years (Chen et al., 2018; Zhang et al., 2022a). UGS provides numerous environmental benefits, including mitigating erosion and runoff, and reducing air, water, soil, and noise pollution (Leung et al., 2011; Ramaiah and Avtar, 2019). In addition, UGS has been shown to significantly improve urban livability (Benne and Mang, 2015; McPhearson et al., 2016; Li X. et al., 2021). Several strategies are commonly employed to increase UGS within cities, including planting street trees, developing parks and green spaces, planting vegetation alongside watercourses, and creating green buildings and rooftop gardens (Aronson et al., 2017; Li Q. et al., 2021). In China, the development of garden cities has become a major goal in many urban areas to promote a better aesthetic environment, facilitate progress toward climate goals, and realize the vision of “ecological civilization” – a type of civilization that maintains a sustainable and harmonious relationship between humans and nature (Liu et al., 2014).

The composition of UGS in urban areas can vary widely, ranging from homogeneous grassed lawns, monocultures, and non-native species, to more biodiverse urban parks and woodlands. While the concept of incorporating UGS into city planning has long been understood, the importance of species diversity has only been recently brought to the fore (Hunter et al., 2019). This is particularly important, as the diversity of animals in urban areas may be linked to the diversity of the plant life (Hughes et al., 2022; Nava-Diaz et al., 2022; Benedetti et al., 2023). Therefore, understanding influences on urban plant diversity (UPD) is crucial as a driver of overall urban biodiversity. UPD can be influenced by various factors, including the city’s UGS, management and history, and the size and distance to natural areas (Čeplová et al., 2017). Relatively few native plants remain in most urban environments; this is particularly true for mature native trees, which are almost inevitably removed during development. Consequently, the majority of plants within urban areas are planted and largely non-native. However, enhancing native biodiversity is particularly important in the management and planning of urban spaces (Rejmánek et al., 2013; Nizamani et al., 2021).

The distribution of UPD within an urban environment is related to the area of UGS, the amount and type of urban vegetation, and other management constraints (Ortí et al., 2022). With rapid urbanization occurring in many developing regions across the globe, it becomes crucial to understand how UPD and UGS can be maintained to preserve urban biodiversity (Zhang et al., 2022a). The dynamics of UGS and UPD are intricately linked to land-use alterations, socio-economic disparities, and urban management strategies. Intense urbanization often reduces UGS and UPD, while conscious green infrastructure planning can enhance UGS and UPD (Nizamani et al., 2021). Other mechanisms that can drive UPD and UGS include the area of green space, construction age, housing price, population density, and management approaches (Niemelä et al., 2010; Guo et al., 2018; Cheng et al., 2022). The extent of urban development also affects plant diversity, as areas with more high-rise buildings have fewer green spaces for plants to thrive (Kuussaari et al., 2021). Affluent neighborhoods typically harbor more green spaces; however, this correlation does vary regionally (Zhang et al., 2022b). Finally, purposeful management strategies prioritizing green space preservation and diversity – such as include selecting and planting street trees, managing extensive green areas, and designing green roofs – help promote UGS and UPD. On the other hand, neglect and mismanagement can cause their decline (Zhang et al., 2022a).

The focus of this study is Haikou, the political, cultural, and economic hub of Hainan Province. Although it is considered a biodiversity hotspot in China, it is undergoing rapid urbanization (Lin and Fu, 2022). Examining UGS and UPD in Haikou can help identify and conserve native or rare plant species, thus preserving their unique biodiversity. Haikou also has a rich cultural history, including traditional gardens and parks. Research on UGS and UPD can aid in conserving and restoring these cultural landscapes, promoting a sense of identity and pride among residents. By studying the interplay between UGS and UPD, researchers can better understand the ecosystem services these spaces provide and plant diversity. This knowledge allows for a more comprehensive understanding of how different UGS and UPD contribute to ecosystem restoration in Haikou, such as mitigating the urban heat island effect, reducing air pollution, and enhancing stormwater management.

This study aims to obtain data on the change of UGS in Haikou City using 30m Landsat satellite images from 2015, and the change of UPD using field survey data (Wang et al., 2020; Zhang et al., 2022a). The specific objectives were (1) to examine the proportion of UGS and UPD in each urban functional unit (UFU) in Haikou City in 2015 and (2) to assess the potential driving factors of UGS and UPD in Haikou City, including land use, socio-economic, and management factors.




3 Methods



3.1 Study area

Haikou, the capital of Hainan Province, is an island city bordering the Qiongzhou Strait and 18 km from the south coast of the Chinese mainland (Zhang et al., 2022a). The study area was conducted in an urbanized region of Haikou, which ranges from 110°1’’ to 110°2’’ E and 19°32’’ to 20°0’’ N (Figure 1). It is believed that Haikou first became urbanized during the Han Dynasty, approximately 2,200 years ago (Swope, 2014).




Figure 1 | The geographic location of Haikou; (A) Map of China highlighting Hainan, (B) Map of Hainan highlighting Haikou City, and (C) Satellite map of Haikou City (https://www.google.com/maps) showing the urban functional units and plot samples (UFUs, red boundaries) surveyed in this study.






3.2 Sampling design for measuring urban functional units

To delineate the sampling plots for UGS and UPD measurements in Haikou, the main urban area was divided into 1 km × 1 km grids using Landsat 5 (https://www.usgs.gov/) remote sensing images (Wang et al., 2016; Nizamani et al., 2021; Zhang et al., 2022a). To ensure a representative distribution of the selected UFUs in Haikou City, we randomly selected at least one UFU within each 1 km × 1 km grid. UFUs were given a primary and secondary UFU classification based on the Urban Forest Effect (UFORE) model (UFORE, 2012) and the 2018 mapping of essential urban land use categories in China (EULUC-China) (Gong et al., 2020). Primary UFUs were broadly classified as institutional businesses, industrial and commercial areas, residential areas, leisure and entertainment areas, and transport areas (Wang et al., 2020; Cheng et al., 2022; Zhang et al., 2022a). Each primary UFU was divided into more detailed secondary UFUs, which included categories such as hospitals, primary and secondary schools, research institutes, universities, industrial areas, commercial areas, high-rise residential, low-rise residential, parks, square and sports centers, roads, and transportation hubs (Figure 2). After selecting the UFUs, a field survey was conducted to obtain UPD data. In total, 111 UFUs were identified with complete study data (Figure 1C; Table 1).




Figure 2 | Example of secondary types of urban functional units of Haikou. (A) High-Density Residential Area. (B) Low-Density Residential Area. (C) Hospital. (D) Road. (E) Colleges/University. (F) Transportation hub.




Table 1 | The classification of the primary and secondary UFUs sampled in Haikou for this study.






3.3 Survey of urban plant diversity

After selecting the 111 different UFUs in Haikou City, a purpose-driven sampling method was used to establish one to three 20m × 20m tree sample plots in each UFU from June to October 2015 (Wang and López-Pujol, 2015). Similarly, a stratified sampling method was used to establish five 5 m × 5 m shrub samples and five 1 m × 1 m herb samples. These were taken at the four corners and the center of each 20 m × 20 m sample square, respectively. For UFU sample plots smaller than 20 m × 20 m, the Split Modified-Whittaker (SMW) sampling method was used for gathering UPD data (Barnett and Stohlgren, 2003). The identity and number of plant species within each UFU were recorded, with plant identifications based on land use, information provided by land use managers or homeowners, and the field staff’s botanical expertise. The Huabanlv software (http://hbl.nongbangzhu.cn/) was utilized to identify unknown plant species. All of the plants identified were classified as either cultivated species (Figure 3) or spontaneous species (Figure 4).




Figure 3 | Examples of cultivated species occurring within secondary urban functional units. (A) Arachis pintoi Krapov. et W. (C) Greg. (B) Bougainvillea spectabilis Willd. (C) Ixora chinensis Lam. (D) Ruellia simplex. (E) Allamanda cathartica L. (F) Strelitzia reginae Aiton.






Figure 4 | Examples of spontaneous species occurring within secondary urban functional units. (A) Hedyotis corymbosa (L.) Lam. (B) Spathodea campanulata P. Beauv. (C) Ficus microcarpa Linn. f. (D) Cuscuta chinensis Lam. (E) Pilea microphylla (L.) Liebm. (F) Tridax procumbens L.






3.4 Land cover data

We acquired 30 m spatial resolution Landsat 5 images of Haikou City in 2015 from the U.S. Earth Resources Observation and Science (EROS) Center (https://www.usgs.gov/centers/eros). As Haikou city has low-density cloud coverage, we used the images from May to June 2015 to calculate urban land use classifications. The Landsat image preprocessing included cloud-free radiometric calibration, transient atmospheric correction, image extraction, image stitching and cropping, and vegetation index calculation. Based on Landsat 8 imagery in 2015, visual interpretation using ENVI 5.1 was performed to classify land use types in Haikou City, and the final land use types within 111 urban functional units in Haikou City were obtained. Following Zhang et al. (2022b), we divided land use types into five categories, which are classified and defined as follows: (1) Built-up areas (Bui) are land dominated by human constructions, in and around urban areas, including buildings and construction sites, (2) Tree and shrub area (Tre), which includes forested areas, native or non-native, consisting of tall trees with a dense canopy, (3) Herb area (Her), which contain predominantly herbaceous species, (4) Water, representing urban lakes and river water, and (5) Bare land, representing undeveloped land (Figure 5).




Figure 5 | Land Cover (LC) data for the sampled Urban Functional Units (UFUs) in Haikou, China.






3.5 Socio-economic and management factors

We obtained the construction age (CA) of each UFU through Baidu and field interviews with building managers (Wang and López-Pujol, 2015). Housing price (HP) data were obtained through the official Anjuke website (https://beijing.anjuke.com/). Population density (PD) was obtained through field surveys of the population living in each urban functional unit, following Wang et al. (2016).




3.6 Greening management factors

These factors include the frequency of maintenance operations and conservation strategies. Management factors include the number of maintenance times per year (MT) (e.g., pruning and mowing), the number of watering times per year (WT), and the number of fertilizer application times per year (FT), which is likely to relate to other forms of management such as application of agrochemicals. The conservation management factors were identified by reviewing the records of each UFU management department, or if not feasible, by interviewing at least three management workers per plot.




3.7 Analytical methods

Boxplots visualizing the green space area and proportion, as well as the species richness (the number of total, cultivated, and spontaneous species richness) in each UFU category were drawn using “ggplot 2” in R (Wickham, 2016). IBM SPSS Statistics 23.0 was used to calculate Z-Score values for all variables to identify and remove outliers (defined as greater than 3, or less than -3) (Kreyszig, 1979). Multiple regression analysis was conducted to determine the combined and individual effects of the following potential UPD predictors of land cover [LC; including Urban green space (UGS) and Built-up area (Bui)], socio-economic [Soc; including Construction Age(CA), Housing Price(HP), and Population Density (PD)], and management variables [Man; including Maintenance times per year (MT), Fertilizing times per year (FT), and Watering times per year (WT)] on species diversity (the number of spontaneous (natural, unplanted species), cultivated, total, tree, shrub, and herb species). To detect multicollinearity, the variance inflation factor was used. This measures the correlation and strength of correlation between the predictor variables in a regression model. Multiple regression analysis and variance inflation factor analysis was performed in R 4.0.4 (https://cran.r-project.org/bin/windows/base/).





4 Results



4.1 Proportion of UGS in different UFUs

In the primary UFUs, the highest UGS area is found in the leisure and entertainment area (243585 m2 ± 298080 m2), and the lowest is in the transport area (4248 m2 ± 7529 m2) (Table 2; Figure 6). Similarly, the highest percentage of UGS is in the leisure and entertainment area (79 ± 28%), and the lowest is in the transport area (34 ± 33%). Looking into the secondary UFU categories in more detail, the highest UGS area is parks (283056 m2 ± 304556 m2), and the lowest is roads (2030 m2 ± 2109 m2). The highest percentage of UGS is in parks (90 ± 11%), and the lowest is in sports centers (15 ± 0%).


Table 2 | The mean and standard deviation of the area and percentage of green space found in each primary and secondary urban functional unit category.






Figure 6 | Total area and proportion of green space in each urban functional unit category.  The lower case letters a and b indicate the results of Ýifferent group comparisons. A and B are different and differ significantly from each other.






4.2 Distribution of species in different UFUs

In the primary UFUs, the highest total species richness is found in leisure and entertainment areas (72 ± 39), while the lowest is in transport areas (8 ± 5) (Table 3; Figure 7). Similarly, the highest spontaneous species richness is in leisure and entertainment areas (26 ± 15), and the lowest is in transport areas (2 ± 2). The greatest cultivated species richness is also seen in leisure and entertainment areas (47 ± 26), while the lowest is in transport area (6 ± 5).


Table 3 | The mean and standard deviation of the area and percentage of green space in each urban functional unit category.






Figure 7 | The number of spontaneous and cultivated species richness in each urban functional unit category. The lower case letters a and b indicate the results of Ýifferent group comparisons. A and B are different and differ significantly from each other.



In the secondary UFUs, the highest total species richness is found in parks (81 ± 33), and the lowest is in roads (7 ± 4) (Table 3; Figure 7). The most spontaneous species richness is in parks (30 ± 14), and the lowest is in roads (2 ± 2). The most cultivated species richness is in parks (54 ± 23), and the least is in roads (5 ± 4).

Within the institutional business area category, research institutes show the highest total species richness, with a significant portion being spontaneous species, while government organizations have the least. Commercial areas show slightly higher species richness than industrial ones, while both high-rise and low-rise residential areas have similar species richness. Within the leisure and entertainment area category, parks were found to contain significantly higher total, spontaneous, and cultivated species richness than squares and sports centers. Finally, transportation hubs have higher numbers of total, spontaneous, and cultivated species richness than areas dominated by roads (Figure 7).




4.3 Assessment of potential driver attributes on different numbers of species

The results of the multiple linear regression (Table 4) show that UGS has a positive effect on the number of spontaneous species (SpS) (β = 0.393*) and herb species (HS) (β = 0.338*). However, the β-coefficients indicate that UGS does not significantly impact ToS, CS, TrS, or ShS. We also find that maintenance times (MT) have a positive effect on the number of total species (ToS) (β = 0.105*), the number of cultivated species (CS) (β = 0.106*), tree species (TrS) (β = 0.106*), and HS (β = 0.132*). Similarly, the results show that watering frequency (WT) has a positive effect on CS (β = 0.098*) and ShS (β = 0.185***). However, construction age (CA) has a negative effect on the number of shrub species (ShS) (β = -0.151*). Built-up areas do not significantly affect any outcome variables based on the β-coefficients, as shown. Similarly, HP, PD and FT did not show a significant impact on any of the outcome variables (Table 4).


Table 4 | Multiple regression analysis showing the effects of urban green space (UGS), built-up area (Bui), construction age (CA), housing price (HP), population density (PD), maintenance times (MT), fertilizing times (FT), and watering frequency (WT) on the number of total species (ToS), spontaneous species (SpS), cultivated species (CS), tree species (TrS), shrub species (ShS), and herb species (HS).



The variance inflation factors of each multiple regression model predictor variable (ToS, SpS, CS, TrS, ShS, HS) ranged between 1.073 to 2.400 (Table 5), indicating low to moderate correlation between a given predictor variable and other predictor variables in the model. This was not considered significant enough to influence the model reliability. This indicates that the predictor variables used in the regression models are reasonably independent and can be used in multiple linear regression analysis without any covariance issues.


Table 5 | Variance Inflation Factors of each multiple regression of the number of total species (ToS), spontaneous species (SpS), cultivated species (CS), tree (TrS) species, shrub species (ShS), and herb species (HS) with urban green space (UGS), built-up area (Bui), construction age (CA), housing price (HP), population density (PD), maintenance times (MT), fertilizing times (MT), and watering frequency (WT).







5 Discussion



5.1 Distribution of UGS in different UFUs

Leisure and entertainment areas, including parks and gardens, are often designed with UGS to increase the comfort and enjoyment of visitors. Conversely, transport areas are primarily designed for transportation purposes and tend to have less UGS. This observation aligns with previous research indicating that UGS tends to be concentrated in specific city areas like parks and recreation zones, while other zones, such as industrial or commercial ones, are often deficient in green spaces (Zhu et al., 2019; Zhang et al., 2022a). The presence of UGS in urban areas is crucial for various reasons. They offer numerous environmental benefits, such as improved air quality, reduced urban heat island effects, and climate change mitigation (Latinopoulos, 2022). They also provide social benefits, such as promoting physical activity, improving mental health, and facilitating social interaction (Nutsford et al., 2013; Jennings and Bamkole, 2019). Therefore, it is critical for urban planners and policymakers to consider the distribution of UGS in cities, ensuring that all residents can access these benefits, irrespective of their locality (Lee et al., 2015). Criteria for selecting UGS sites should include visual, recreational, and aesthetic considerations, alongside ecological and open space functionalities (Panagopoulos et al., 2016). By increasing the number and improving the design of parks and recreational areas, UGS can play a pivotal role in promoting sustainability and guiding urban development toward a balanced and harmonious relationship with nature (Anguluri and Narayanan, 2017; Douglas et al., 2017). Finally, planners and policymakers need to consider the long-term costs and benefits of UGS development, paying special attention to the role that plant biodiversity can play in supporting the stability and resilience of urban ecosystems.




5.2 Distribution of species across different UFUs

In this study, the highest numbers of cultivated, spontaneous, and total species were observed in leisure and entertainment areas. Because most leisure and entertainment areas are open to the public (Ramer and Nelson, 2020), this implies a significant governmental investment in maintaining these areas, which may outweigh investments in other UFUs, such as transport areas (Furlan and Sinclair, 2021). As a consequence, this higher level of investment appears to pay dividends in more than just species richness. The lower species richness observed in UFUs aside from leisure and entertainment areas may be due to a lower investment in the ecological planning, management and maintenance of these areas. Hence there is considerable potential to improve the species richness of UFUs which traditionally possess lower species richness, with a view toward more sustainable urban development. For example, planners may opt for small-statured species in residential, business and transport UFUs for aesthetic and practical reasons (Threlfall et al., 2016).

In the secondary UFUs, the highest total species richness is seen in parklands, and the lowest is in roads. These results suggest that the total species richness in secondary UFU types varies depending on the location, which can be attributed to several factors. Firstly, parks are typically designed and managed to preserve natural habitats and promote biodiversity, explaining the higher species richness typically observed in these areas (Alvey, 2006). Parks often contain a diverse array of vegetation, including native trees, shrubs, and flowers, which can support a wider variety of animal species, including birds, insects, and small mammals (Idilfitri and Mohamad, 2012). Additionally, parks are more likely to provide a more suitable habitat for species with particular habitat requirements, such as large contiguous forest areas.

On the other hand, roads and similar areas with a lower UPD tend to be fragmented and disconnected, making them less hospitable for many species (Liu et al., 2019). Roads are often characterized by a lack of vegetation and high levels of anthropogenic disturbance, which impacts negatively on the local ecology (Zhang et al., 2022a). Road construction and maintenance activities can contaminate soils or destroy natural habitats, while the constant flow of traffic and associated pollution produced can further detract from the species diversity (Ukaogo et al., 2020). Additionally, roads can create physical barriers that impede animal movement and plant dispersal, limiting their ability to establish new populations.

The distribution of cultivated plant species follows a similar trend to the total species richness, peaking in leisure and entertainment areas and declining around roads. Like gardens and parks, leisure areas feature a diverse range of ornamental species, bolstered by suitable habitats with ample nutrients, irrigation, and sunlight (Middle et al., 2014). As previously mentioned, roads and urbanized areas are less hospitable to plant cultivation, with constant traffic, pollution, poorer soil conditions, and maintenance treatments such as herbicide application (Nicholls and Altieri, 2013). In residential areas, both high-rise and low-rise developed show similar species richness, likely due to the presence of green spaces. Despite greatly differing building and population densities, intentionally planned green spaces can maintain biodiversity in a range of residential spaces.

Finally, amongst institutional and commercial UFUs, research institutes contain the highest species richness, which may be attributed to the presence of botanical gardens, arboretums, and sustainable landscaping practices. In contrast, government organizations show the lowest diversity. These are often located in highly urbanized centers with limited green spaces; however, there is certainly potential to better manage UGS and plant choices in these organizations to enhance urban biodiversity. Commercial primary UFUs tend to show a slightly higher species richness over industrial areas, likely due to more green spaces. Industrial areas, which almost inevitably prioritize functionality over aesthetics, have very few green spaces and subsequently low species richness. Integrating more urban green spaces in industrial areas is important to increase biodiversity; however, uptake of green spaces in these localities is likely to require demonstration of a clear benefit to the company.

Overall, our results highlight the importance of preserving and promoting natural habitats in urban areas, particularly in areas such as parks, where biodiversity is naturally the highest. The results also underscore the need for careful planning and management of all aspects of urban infrastructure, including roads, to minimize their impact on local ecosystems.




5.3 Potential drivers for urban plant diversity

UGS offer numerous benefits to humans and play a crucial role in conserving UPD. However, urban biodiversity can be threatened by common UGS management practices, such as turf lawn maintenance, pesticide and herbicide applications, and the introduction of non-native plant species. In addition, socioeconomic and cultural dynamics managed by multiple stakeholders significantly influence urban biodiversity. Our study demonstrates that UGS is positively correlated with the number of shrub species and herb species, indicating that UGS presence can enhance biodiversity and ecosystem services by fostering the growth and development of diverse plant species in the urban environment. UGS provides suitable habitats, food sources, and shelter for a range of species, thereby contributing to the overall biodiversity of the area.

Construction age was found to negatively affect ShS, meaning that the number of shrub species declines as the age of UGS construction increases. This relationship between UGS construction age and ShS may be due to several factors, such as changes in soil conditions (Uno et al., 2010), alterations to natural water flow patterns (Rupprecht et al., 2015), and the removal of native vegetation during the construction process. The UGS construction disrupts the surrounding area’s soil and natural drainage patterns, making it more difficult for shrub species to establish and thrive. In addition, construction processes often involve the removal of native vegetation, which further reduces the number of shrub species in the area. It is feasible that older UGS had less attention paid to their ecological impact during the construction process, leading to greater disruption of the surrounding environment. Over time, as environmental regulations and awareness increase, newer UGS tends to be designed with greater consideration for their impact on surrounding ecosystems. Overall, our findings suggest that UGS construction has a negative impact on shrub species and that efforts should be made to mitigate this impact through careful planning and implementation of construction projects. Additionally, our study highlights the importance of considering the long-term ecological impacts of urban development on green spaces and natural ecosystems.

Maintenance times were found to positively impact the number of total species, cultivated species, tree species, and herb species in urban green spaces, indicating that regular maintenance can enhance overall species richness and diversity. MT activities such as pruning can lead to healthier and more diverse plant populations, promoting plant growth and survival. Additionally, regular maintenance can help control invasive species, which have well-documented, adverse effects on native plant communities, reducing species diversity (Shackleton et al., 2019). A further way in which maintenance activities can promote species diversity is through creating suitable habitats for certain species, such as ground- dwelling insects or birds. The significance of regular maintenance practices in urban areas highlights the need for sustainable maintenance practices to support plant health and conservation.

Watering frequency also positively affects the diversity of cultivated and shrub species, highlighting the importance of proper water management in urban green spaces. Adequate water supply is important for supporting plant growth, increasing flowering and fruiting rates, and improving plant health (Rosa et al., 2020). In particular, many cultivated species require regular watering to maintain their ornamental value and aesthetic appeal (Pardossi et al., 2009). Additionally, while shrub species tend to be more drought-tolerant than other plant types, they can still benefit from regular watering, especially during periods of prolonged drought (Liu et al., 2012). Moreover, maintenance of higher soil moisture levels can have positive impacts on soil microorganisms and other soil-dwelling organisms, like earthworms. These organisms contribute to improved soil quality, nutrient availability, and overall plant health, resulting in a more diverse ecosystem. Consequently, suitable watering regimes are essential for plant growth and conservation, particularly in urban areas with limited water resources. This also highlights the need for sustainable water management practices, such as using recycled or harvested rainwater, to minimize water waste while promoting plant diversity. In short, this study indicates that regular maintenance and suitable watering regimes can enhance the growth and development of different plant species in urban environments. This information is also crucial in assisting urban planners and policymakers to create more sustainable green urban areas that support biodiversity and ecosystem services, as it highlights that maintaining biodiversity is an ongoing process. Planning and budgeting for UGS should be conducted accordingly.

Other factors such as UGS, built-up areas, housing prices, population density, and fertilizing frequency have limited influence on the number and variety of plant species in urban environments (e.g., total species, cultivated species, tree species, and shrub species). This implies that other factors, such as specific types of human intervention, local climate, or soil type, may play a more important impact on urban biodiversity. However, these findings do not entirely dismiss the effects of the studied factors; their influence may be subtle, indirect, or mediated by other variables not considered in this analysis. Thus, more comprehensive studies incorporating various environmental, social, and economic variables are required to better to comprehend the drivers of biodiversity in urban green spaces. Ultimately, this study suggests that regular maintenance and proper watering can enhance the growth and development of plant species in urban environments, which can inform urban planners and policymakers in creating sustainable green areas which support biodiversity and ecosystem services.




5.4 Future research directions

An in-depth analysis of the UGS distribution showed significant variation between UFUs, so future research needs to provide more comprehensive data collection in regions with smaller samples. Spatial availability, policy frameworks, and public perceptions about urban green spaces will help develop targeted solutions for expanding UGS (Kabisch et al., 2016). Researchers could explore innovative strategies like vertical gardens, green roofs, or pocket parks in industrial or commercial zones, including transforming abandoned lots into green spaces (Lehmann, 2014). Other work is needed to assess the impact of native plant species, wildlife habitats, and biodiversity-friendly maintenance practices which may promote urban biodiversity (Plummer et al., 2020). Additionally, investigating the role of community engagement through gardens or citizen science projects is crucial. Despite the non-significant relationships with socio-economic factors seen in this study, understanding UGS’s contribution to social and economic well-being is vital for informing policies and investments in urban green infrastructure. Considering cities’ role in climate change, studying the effect of UGS on cooling urban heat islands, flood mitigation, and carbon sequestration is another essential research topic. Addressing these research directions will support effective UGS implementation and management, fostering urban sustainability and biodiversity conservation into the future.





6 Conclusions

UGS and UPD play crucial roles in improving the quality of life for city dwellers. This study examined the distribution of UGS and UPD in various UFUs in Haikou City, demonstrating that leisure and entertainment areas – such as parks and recreational spaces – had the highest UGS coverage and species richness, while transport areas showed the lowest. Additionally, the study assessed potential drivers of UPD, demonstrating a positive correlation between UGS area and the number of spontaneous species and herb species. In contrast, construction age negatively impacts on the number of shrub species. The findings underscore the importance of proper planning and investment in UGS to encourage sustainability and guide urban development toward a more balanced and harmonious relationship with nature. These results can provide valuable insights for policymakers and urban planners with respect to the significance of UGS distribution and biodiversity enhancement in urban environments. This paper lays the groundwork for city managers to understand the benefits and services of UGS and UPD and to consider the rational allocation of UGS and UPD across different UFUs in urban planning and management.
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Introduction

To document the successional processes of shrub-herb communities after large-scale human disturbance, and understand how changing environmental conditions affect species replacement in semi-humid hilly areas.





Methods

Utilizing the established permanent plots in the hilly area of Taihang Mountain, we evaluated temporal patterns of vegetation and soil following grass-to-shrub succession.





Results and Discussion

Along secondary succession, Vitex negundo var. heterophylla gradually dominated in dry sunny slope and shared the dominance with Leptodermis oblonga in shaded slope. Herbaceous dominant species in shrub-herb communities switched from Themeda japonica, Bothriochloa ischaemum, Artemisia sacrorum, and Cleistogenes chinensis in 1986 census to B. ischaemum and A. sacrorum in 2008 census, but herb was no longer dominant in 2020 census. As succession progresses, species dominance increased while richness decreased generally, and herb cover and aboveground biomass decreased, whereas shrub height, cover, and aboveground biomass increased significantly. Soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), and total potassium (TK) in topsoil increased significantly while pH declined by 1.04 units over the past three decades. Plant communities transitioned from perennial herbs to shrub-herb and then shrub communities, and V. negundo var. heterophylla dominated in the succession of shrub-herb communities. Climate and soil properties, combined with plant attributes, together drive post-disturbance secondary succession. From a management perspective, the tight coupling between vegetation and soil under local climatic conditions should be considered to improve the fragile ecosystem in the hilly area of Taihang Mountain.
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1 Introduction

Semi-humid ecosystems (precipitation 400-800 mm yr-1) cover about 6% of the global land area and provide crucial ecosystem services for human society (Calvo et al., 2002a; Wang et al., 2014). However, during several decades prior to the 1970s, large-scale human disturbances, such as deforestation, overgrazing, and excessive reclamation, have severely destroyed tree-dominated ecosystems and converted it into shrub-herb communities (Calvo et al., 2002b; Baudena et al., 2020). Even at deteriorated state, these shrub-herb communities provide at least partial ecosystem functions of primary forests and serve as biodiversity refuges, but their successional trajectories, especially in semi-humid hilly areas, depend on a variety of factors related to climate, topography, soils, and so on (Chua et al., 2013; Lai et al., 2020).

The successional trajectory of shrub-herb communities following disturbance is likely to vary widely across landscape, even among those with similar disturbance histories (Norden et al., 2015). Changing environmental conditions, such as temperature (Dodson and Root, 2013), precipitation (José Vidal-Macua et al., 2017; Liu et al., 2022), topography (Boukili and Chazdon, 2017), and soil properties (Engelbrecht et al., 2007; Liu et al., 2022), often influence community reassembly processes and alter its functions composition (Norden et al., 2015). For semi-humid areas, expected increase in drought may promotes leaf abscission (Nepstad et al., 2007), retards plant growth (José Vidal-Macua et al., 2017), and potentially shifts community composition over time (Baudena et al., 2020; Liu et al., 2022). In particular, severe drought combined with high temperature can potentially impede vegetation post-recovery via alterations in growth pattern (Dodson and Root, 2013; Liu et al., 2022), or even lead to the eventual replacement of established forests by drought-tolerant shrubs communities (José Vidal-Macua et al., 2017; Baudena et al., 2020). In addition, topographic heterogeneity can drive shifts in soil microclimate environments, which may potentially affect community structure, composition, and dynamics (Das et al., 2015; Sanaphre-Villanueva et al., 2016; José Vidal-Macua et al., 2017; Jucker et al., 2018). Plant response to these environmental fluctuations generally varies among climatic regions, functional groups, and ecosystems (Chang and Turner, 2019), so accurately understanding vegetation successional processes will assist in disentangling the mechanisms that drive variability in these ecosystems, and enhance community resilience to climatic change.

The Taihang Mountains run from north to south in northern China, and form a natural boundary between Loess Plateau and North China Plain (Yang et al., 2006). The original vegetation of the region was of broadleaved deciduous forest, but large-scale deforestation (e.g., cutting, tilling, logging, grazing, and so on) before the 1970s has severely destroyed and turned it into degraded shrub-herb community (Pérez-Devesa et al., 2008; Liu et al., 2012; Sun et al., 2014). Starting from 1980s, a series of vegetation restoration projects, such as afforestation, banning grazing, and returning slope cropland forest or grassland, were implemented to control soil erosion, reduce ecological degradation, and promote vegetation recovery (Liu et al., 2014; Guo et al., 2021). In addition, annual mean air temperature across the study area exhibited a gradually increasing trend (Liu et al., 2023). Therefore, studies on species composition and community structure of shrublands on time-scales can help explore plant defense responses to natural stresses, predict the potential direction of vegetation succession, and inform appropriate environmental management strategies (Xie and Tang, 2017).

To contribute to a better understanding the succession processes of shrub-herb communities under climate changes, we established permanent plots in the hilly area of Taihang Mountain, China, and monitored vegetation changes in relation to various environmental conditions. Vegetation and soil census was conducted in 1986 followed by a re-census in 2008 and again in 2020 to address the following issues: (1) quantify how vegetation and soil shifts during secondary succession; (2) examine which factors are closely related to the changes in community structure; and (3) elucidate the physio-morphological adaptations of Vitex negundo var. heterophylla to environmental changes during vegetation succession.




2 Materials and methods



2.1 Site description

This study was conducted in Niujiazhuang Catchment of middle Taihang Mountain, China (114°15′50″ E, 37°52′44″ N). Elevation ranges from 247 to 1040 m a.s.l. and slope varies from 20 to 45°. The climate is temperate continental monsoon, with warm summers and cool winters. Annual precipitation (1962-2020) averages 519 mm, ranging from 200 to 1129 mm, with 74% falling between June and September (Liu et al., 2023). The monthly mean air temperature (1962-2020) was -3.07°C in January and 26.8°C in July (Liu et al., 2023). The study site had a total area of 9.3 km2 and was located in an area of lowland hills with a relatively steep slope.

The soil parent materials in the area are mainly granite, granite porphyry, limestone, sandstone, and shale. Soils in the area are highly-weathered mountainous cinnamon soils (classified as Ustalf), mainly derived from gneissic granitoid, and partly come from limestone and shale (Liu et al., 2014). These soils are deep and well drained on north slopes but skeletal on south slopes, with limited organic matter and low water holding capacity.

Vegetation in the area is a mosaic of shrubs, herbs, plantation, deciduous and coniferous forests, and agricultural crops. Shrub-herb community originated by natural regeneration after the destruction of original forest vegetation, of which the dominant species Leptodermis oblonga is accustomed to growing in shaded slope, whereas V. negundo var. heterophylla and Ziziphus jujuba var. spinosa prefer dry sunny slope (Liu et al., 2014). As affected by climate related environmental change, V. negundo var. heterophylla gradually spread northward to occupy available ecological niches for L. oblonga. Natural grasslands are commonly found on gentle north-facing slopes, after 30 years of natural regeneration, grassland in the area has undergone species replacement, such as Bothriochloa ischaemum and Artemisia sacrorum are still dominant today, while Themeda japonica and Cleistogenes chinensis occur sporadically, but Pennisetum centrasiaticum and Achnatherum extremiorientale were no longer present in 2020 census. Robinia pseudoacacia used to be a common tree species in afforestation programs, and was widely planted on Taihang Mountain from 1980s, but now are sparsely distributed in this area and experienced extensive invasion of V. negundo var. heterophylla through natural succession (Liu et al., 2014).




2.2 Field study

In 1986, 144 2 m × 2 m permanent plots were established along 42 30-m long transects (parallel to the slope) to monitor the post-disturbance succession processes of shrub-herb communities. These plots are stratified to capture changes in aspect, slope position, and soil type across the sites and to obtain a reasonable representation of the entire range (valley to ridge). Within each of these plots, we conducted vegetation and soil census in both 1986 and 2008, and in 2020, all plots recorded were grouped by vegetation type and geographic location and then were classified into V. negundo var. heterophylla shrubland (VS), L. oblonga shrubland (LS), R. pseudoacacia plantation (RP), and grassland (G). Finally, a total of 34 plots (8 VS, 8 LS, 8 RP, and 10 G) with expanded area up to 16 m2 were selected for re-census.

In each plot, the height, cover, and number of each shrub or herb species, and cover and aboveground biomass of all shrubs or herbs were recorded, and topographical factors such as elevation, slope gradient, slope aspect, and slope position, were also recorded for each sampling plot. The aboveground biomass of shrubs and herbs were collected within neighboring areas of each plot. The plant samples were oven-dried at 80°C for at least 72 hours to a constant weight, and then dry matter were weighed to determine total biomass. After biomass harvesting, three soil samples (0-20 cm) in each plot were collected along the transect of neighboring areas using a 5 cm diameter soil auger, all visible soil organisms, stones, and plant debris were removed, and the soils were sieved using a 2 mm sieve before laboratory analysis.




2.3 Soil chemical properties

Soil pH was measured in a soil/water ratio of 1:2.5 using a pH meter (Bao, 2000), soil organic matter (SOM) was analyzed using the Walkley-Black method (Nelson and Sommers, 1996), total nitrogen (TN) was determined by the Kjeldahl method (Bremner, 1996), total phosphorus (TP) was digested by perchloric acid and determined by the molybdate colorimetric method (O’Halloran and Cade-Menun, 2006), and total potassium (TK) were analyzed by flame atomic absorption spectrophotometer.




2.4 Data analysis

To account for the variation in community structure in terms of vegetation type and environmental conditions, all data collected were classified into four groups (VS, LS, RP, and G), and the differences in community compositions and soil properties were compared among plots and across the three census period.

In each plot, the importance value (IV) was calculated as the sum of relative cover, relative height, and relative frequency for herbs and shrubs (Do et al., 2019). Shannon-Wiener diversity index (H, H=-Σpilnpi, piis the proportion of individuals found in species i), species richness index (S, the number of species), and Simpson’s dominance index (D, D = 1–Σpi2) were used to assess the changes in species diversity during succession.

Analysis of variance (ANOVA) and least significant difference (LSD) multiple range tested at an alpha-level of 0.05 were used to compare the difference in species diversity (S, D, and H), community structure (height, cover, and aboveground biomass), and soil properties (SOM, TN, TP, and TK) for the entire 0-20 cm soil layer across plots for census interval.

There is only one weather station in the study area and we could not obtain meteorological data for each plot, we used the equations of Guo (1994) and Yang et al. (2006) for the Taihang Mountains to estimate precipitation and temperature at each sampling plot.

 

 

where P (mm) is precipitation, E (m) is elevation, T (°C) is annual average air temperature, L (°) is latitude. Since the study area is a small watershed, the latitudinal differences between sampling plots and weather station are small, we ignored the influence of latitude on temperature.

Multivariate analysis was performed through CANOCO 5 to identify the relationship between environmental variables (climate, topography, and soil properties) and vegetation growth, and examine which factors are closely related to the changes in community structure. At first, detrended correspondence analysis (DCA) was conducted to determine whether to use linear or unimodal numerical methods, and the length of the first DCA ordination axis we obtained was lower than 3 SD (Table 1), indicating that linear model with redundancy analysis (RDA) was the most appropriate ordination method for direct gradient analysis. Accordingly, a final set of nine environmental (precipitation, temperature, slope aspect, slope position, pH, SOM, TN, TP, and TK) and nine vegetation variables (S, D, H, shrub height, shrub cover, shrub biomass, herb height, herb cover, and herb biomass) were selected to construct RDA analysis.


Table 1 | Redundancy analysis of shrubland from 1986 to 2008.







3 Results



3.1 Species diversity

Along secondary succession, V. negundo var. heterophylla was the species with greatest important value in VS, RP, and G, and shared the dominance with L. oblonga in LS (Figure 1). Herbaceous dominant species in shrub-herb communities switched from T. japonica, B. ischaemum, A. sacrorum, and C. chinensis in 1986 census to B. ischaemum and A. sacrorum in 2008 census, but herb was no longer dominant in 2020 census (Figure 1).




Figure 1 | Changes in importance values of major species with secondary succession. AE, Achnatherum extremiorientale; AHI, Arthraxon hispidus; AHE, Artemisia hedinii; AR, Allium ramosum; AS, Artemisia sacrorum; AT, Adenophora tetraphylla; BI, Bothriochloa ischaemum; CA, Chenopodium album; CC, Cleistogenes chinensis; CH, Carex humilis; CT, Cynanchum thesioides; DC, Dianthus chinensis; DI, Dendranthema indicum; EP, Euphorbia pekinensis; FO, Festuca ovina; IP, Ixeris polycephala; LB, Lespedeza bicolor; LO, Leptodermis oblonga; PC, Pennisetum centrasiaticum; PR, Patrinia rupestris; RC, Rubia cordifolia; SA, Scorzonera austriaca; SC, Salsola collina; SV, Setaria viridis; TJ, Themeda japonica; VN, Vitex negundo var. heterophylla; ZJ, Ziziphus jujuba var. spinosa.



There was no significant difference in diversity (H) of VS, RP, and G among three census periods (p > 0.05) (Figure 2). Species richness (S) generally decreased while dominance (D) increased over the 34-year time period (p< 0.05) (Figure 2).




Figure 2 | Changes in species diversity of shrub-herb communities with succession. Different letters indicate significant differences between census years at p< 0.05 according to ANOVA. (A) Species richness index (S); (B) Simpson’s dominance index (D); (C) Shannon-Wiener’s index (H); VS, Vitex negundo var. heterophylla shrubland; LS, Leptodermis oblonga shrubland; RP, Robinia pseudoacacia plantation, G, grassland.






3.2 Community structure

Along secondary succession, shrub height in VS, LS, and RP significantly increased (p< 0.05), whereas herb height remained stable (Figure 3). Shrub cover significantly increased after 34 years of vegetation recovery, whereas herb cover in VS and RP significantly decreased (p< 0.05) (Figure 4). Shrub aboveground biomass significantly increased with succession, whereas herb aboveground biomass in VS, LS, and RP significantly decreased (p< 0.05) (Figure 5). Plant communities transitioned from perennial herbs to shrub-herb and then shrub communities.




Figure 3 | Changes in height of shrub-herb communities with succession. Different letters indicate significant differences between census years at p< 0.05 according to ANOVA.






Figure 4 | Changes in cover of shrub-herb communities with succession. Different letters indicate significant differences between census years at p< 0.05 according to ANOVA.






Figure 5 | Changes in aboveground biomass of shrub-herb communities with succession. Different letters indicate significant differences between census years at p< 0.05 according to ANOVA.



In 2020, community mean height, cover, and aboveground biomass were 2.19m, 97.2%, and 15.7 Mg ha-1, whereas the values of V. negundo var. heterophylla were 2.37m, 78.0%, and 17.9 Mg ha-1, respectively (Figures 3–5). V. negundo var. heterophylla was the most dominant species in the hilly area of Taihang Mountain.




3.3 Soil property

Soil pH in topsoil declined significantly over the past three decades (p< 0.05), from 7.64 in 1986 to 6.60 in 2020, with a net decrease of about 1.04 units (Figure 6). Long-term secondary succession increased SOM content in topsoil, on average, by 37.0% (Figure 7). From 1986 to 2020, Surface TN and TP contents in VS, LS, and G increased significantly (p< 0.05), while in RP, the changes tended to be gradual (Figure 7). Surface TK content increased quickly during the first 20 years of vegetation restoration and tended to be stable thereafter (Figure 7).




Figure 6 | Changes in soil pH in topsoil (0-20 cm) of shrub-herb communities with succession. Different letters indicate significant differences between census years at p< 0.05 according to ANOVA. VS, Vitex negundo var. heterophylla shrubland; LS, Leptodermis oblonga shrubland; RP, Robinia pseudoacacia plantation; G, Grassland; T, Total.






Figure 7 | Changes in soil organic matter (A), total N (B), total P (C), and total K (D) in topsoil (0-20 cm) of shrub-herb communities with succession. Different letters indicate significant differences between census years at p< 0.05 according to ANOVA. VS, Vitex negundo var. heterophylla shrubland; LS, Leptodermis oblonga shrubland; RP, Robinia pseudoacacia plantation; G, Grassland; T, Total.






3.4 Effects of environmental variables

RDA analysis showed that there was a strong correlation between vegetation and environmental variables, with pseudo-canonical correlation of 0.692 on the first axis and 0.518 on the second axis (Table 1). The cumulative percentage variance of vegetation-environment relations of the first and second axis were 77.5 (eigenvalue 0.224) and 88.1% (eigenvalue 0.031), respectively (Table 1). The RDA results also indicated that temperature, TP, TK, and precipitation were the most important factors for community structure, contributing respectively 39.1 (p<0.01), 18.9 (p<0.01), 8.3 (p<0.05), and 7.7% (p<0.05) of the total variation (Figure 8, Table 2).




Figure 8 | Redundancy analysis (RDA) of environmental and vegetation variables from 1986 to 2020. Prec, precipitation; Temp, temperature; Aspe, slope aspect; Posi, slope position; SOM, soil organic matter; TN, total N; TP, total P; TK, total K; S, species richness index; D, Simpson’s dominance index; H, Shannon-Wiener’s index; ShrH, shrub height; ShrC, shrub cover; ShrB, shrub biomass; HerH, herb height; HerC, herb cover; HerB, herb biomass.




Table 2 | Summary of the forward selection procedure in the redundancy analysis (RDA).







4 Discussion

V. negundo var. heterophylla is a highly water-consuming plant (Si et al., 2020), how did it become the most dominant species in semi-humid climate zone? Wang et al. (2017) and Zhu et al. (2016) reported that V. negundo var. heterophylla possesses a functionally dimorphic root system, which allows it to use both shallow and deep soil water, or even ground water (Moreira et al., 2003; Damascos et al., 2005). In addition, Du et al. (2010) and Zhang (2007) pointed out the sprouting time of V. negundo var. heterophylla could vary with environmental conditions, they sprouted new leaves in mid-April at mild-moderate drought while in early May at severe drought, but almost stagnant growth at extreme drought. Notably, Yan et al. (2000) found that the numerous epidermal hairs of V. negundo var. heterophylla could shielded most stomata and formed a relatively independent system for reducing water transpiration. Therefore, the high degree of morphological plasticity, conservative light utilization strategy, and strong recovery ability after disturbance make V. negundo var. heterophylla a widely predominant species in warm-temperate regions (Li et al., 2017).

Aboveground biomass accumulation increased during secondary succession (Figure 5) (Castro and Freitas, 2009; Enes et al., 2020; Ma and Wang, 2020). Averaged over all plots, the aboveground biomass of shrubland increased over 5 times (Figure 5), similar to the results of Yang et al. (2017) and Petrie et al. (2015). Despite differences in vegetation type, secondary shrublands following disturbance are substantial carbon sinks and that this capacity to store carbon increases with succession (Adhikari and White, 2016; Kong et al., 2022). In addition, previous studies reported species-rich stands had higher carbon stocks than stands with low richness (Chen et al., 2018; Liu et al., 2018), and Chen et al. (2018) proposed high plant diversity increased above- and belowground biomass as well as the resistance of productivity to climate extremes. While, in our study, the relationship between aboveground biomass and species diversity weakened with succession (Figures 2 and 5), Potter and Woodall (2014) and Marin-Spiotta et al. (2007) also obtained similar results. This demonstrated that a limited number of species well-adapted to the local conditions promoted vegetation recovery and accumulated biomass in semi-humid areas (El-Sheikh, 2005; Potter and Woodall, 2014).

Soil pH in the hilly area of Taihang Mountain declined significantly over the past three decades, with an overall decrease of 1.04 units, similar to those reported by Yang et al. (2012) and Zhang et al. (2022) for China’s soils. Soil acidification is the result of atmospheric deposition, plant growth, and soil forming processes (Ritter et al., 2003; De Schrijver et al., 2006; Hong et al., 2018). Undoubtedly, atmospheric deposition reduced soil pH (De Schrijver et al., 2012; Yang et al., 2015). Whereas, plant metabolism could neutralize soil pH (Ovington, 1953; De Schrijver et al., 2012; Chen et al., 2019), and the minerals/ions released from granite and gneiss through weathering could buffer soil acidification (Rhoades and Binkley, 1996; Drohan and Sharpe, 1997). However, soil pH in our study area declined significantly. Limited precipitation may contribute to the absence of soil animals and microorganisms, which retard litter decomposition and mineral weathering, and consequently result in soil acidification (Shu et al., 2019).

Despite the relatively decrease of soil pH, soil nutrients in topsoil accumulated gradually as succession progresses. We found SOM content increased on average by 37% from 1986 to 2020 (Figure 7), Piche and Kelting (2015) and Sokolowska et al. (2020) obtained similar results. This suggested that organic matter inputs exceeded decomposition outputs over time of secondary succession (Nadal-Romero et al., 2016; Sokolowska et al., 2020). As with SOM, TN content in topsoil significantly increased, similar to the observations of Deng et al. (2014) and Segura et al. (2020). The apparent increase in topsoil TN could be attributed to the release of N from plant residues (Johnson et al., 2016), the return of N from subsoil (Smal et al., 2019), and atmospheric N deposition (Falkengren-Grerup et al., 2006). Similar to SOM and TN, TP and TK contents in the top 20 cm of soil increased progressively with shrub age, this agreed with the results of Du et al. (2007). The commonly observed increase in topsoil P may be achieved by atmospheric P deposition (Cao et al., 2011) and P translocation from depth in the soil profile to the surface soil (Sullivan et al., 2019). Similarly, high levels of K in the 0-20 cm soil may come from the K uptake by roots from deeper soil layers to the topsoil (Segura et al., 2020). Consequently, vegetation succession in the hilly area of Taihang Mountain significantly increased most of the measured soil parameters, and consequently improved soil quality.

Climate varied with altitude results in different vegetation and soil, and soil, in turn, influences plant growth (Miki and Kondoh, 2002; Du et al., 2014). Among the environmental variables, temperature, TP, TK, and precipitation were important factors in explaining variations in community structure of Taihang Mountain. Several reports indicated that precipitation and temperature were the most important factors influencing plant growth, community structure and function (Yang et al., 2006; Nunes et al., 2019; Zhou et al., 2019). For example, Zhou and Zhang (1996) reported that widespread drought driven by high temperatures or low precipitations could lead to substantial forest decline, or replacement of drought-vulnerable with drought-tolerant species (Falk et al., 2019). As temperature rise and water availability decreases (Liu et al., 2023), the more drought-tolerant V. negundo var. heterophylla becomes the most dominant species in the hilly area of Taihang Mountain. As expected, vegetation recovery generally improved soil quality, in turn, soil properties also determine plant community composition (Zhang et al., 2006; Zhao et al., 2017). The increased soil nutrients, in particular P and K, could facilitate shrub vegetation restoration in this region. Thus, to improve and restore the fragile ecological ecosystem in the hilly area of Taihang Mountain, we should consider the tight coupling between vegetation and soil under local climatic conditions.




5 Conclusion

Along secondary succession, V. negundo var. heterophylla gradually dominated in dry sunny slope and shared the dominance with L. oblonga in shaded slope. Herbaceous dominant species in shrub-herb communities switched from T. japonica, B. ischaemum, A. sacrorum, and C. chinensis in 1986 census to B. ischaemum and A. sacrorum in 2008 census, but herb was no longer dominant in 2020 census. As succession progresses, species dominance increased while richness decreased generally, and herb cover and aboveground biomass decreased, whereas shrub height, cover, and aboveground biomass increased significantly. Long-term secondary succession increased topsoil SOM, TN, TP, and TK significantly while declined pH by 1.04 units. Plant communities transitioned from perennial herbs to shrub-herb and then shrub communities, and V. negundo var. heterophylla dominated in succession of shrub-herb communities. Climate and soil properties, combined with plant attributes, together drive vegetation post-recovery.
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Introduction

Plant diversity and soil microbial diversity are important driving factors in sustaining ecosystem multifunctionality (EMF) in terrestrial ecosystems. However, little is known about the relative importance of plant diversity, soil microbial diversity, and soil microbial network complexity to EMF in tropical rainforests.





Methods

This study took the tropical rainforest in Xishuangbanna, Yunnan Province, China as the research object, and quantified various ecosystem functions such as soil organic carbon stock, soil nutrient cycling, biomass production, and water regulation in the tropical rainforest to explore the relationship and effect of plant diversity, soil microbial diversity, soil microbial network complexity and EMF.





Results

Our results exhibited that EMF decreased with increasing liana species richness, soil fungal diversity, and soil fungal network complexity, which followed a trend of initially increasing and then decreasing with soil bacterial diversity while increasing with soil bacterial network complexity. Soil microbial diversity and plant diversity primarily affected soil nutrient cycling. Additionally, liana species richness had a significant negative effect on soil organic carbon stocks. The random forest model suggested that liana species richness, soil bacterial network complexity, and soil fungal network complexity indicated more relative importance in sustaining EMF. The structural equation model revealed that soil bacterial network complexity and tree species richness displayed the significantly positive effects on EMF, while liana species richness significantly affected EMF via negative pathway. We also observed that soil microbial diversity indirectly affected EMF through soil microbial network complexity. Soil bulk density had a significant and negative effect on liana species richness, thus indirectly influencing EMF. Simultaneously, we further found that liana species richness was the main indicator of sustaining EMF in a tropical rainforest, while soil bacterial diversity was the primary driving factor.





Discussion

Our findings provide new insight into the relationship between biodiversity and EMF in a tropical rainforest ecosystem and the relative contribution of plant and soil microibal diversity to ecosystem function with increasing global climate change.





Keywords: tropical rainforest, soil microbial diversity, plant diversity, liana species richness, ecosystem multifunctionality




1 Introduction

With the frequent disturbances of human activities and abnormal changes in the global climate, biodiversity is currently being lost at an unprecedented rate worldwide, which results in the loss of multiple ecosystem functions and services in the global terrestrial ecosystems (Lopez-Rojo et al., 2019; Li et al., 2023). Previous studies have mainly focused on the effects of biodiversity on individual ecosystem functions and ignored the multiple ecosystem functions provision, which displayed a biased and limited understanding of the effects of biodiversity on ecosystem functions (Li et al., 2020a; Luo et al., 2022). Previous studies have also shown that biodiversity played and important role in affecting ecosystem functions (Lefcheck et al., 2015; Yan et al., 2023), which is becoming a more prominent consideration when examining multiple ecosystem functions. Ecosystems have many functions and services, all of which may be affected by biodiversity and enhanced or inhibited by other functions (Pennekamp et al., 2018). Therefore, we need to consider the effects of biodiversity on multiple ecosystem functions simultaneously (ecosystem multifunctionality, EMF) (van der Plas et al., 2016; Garland et al., 2021).

The effect of soil microbe and plant community on EMF is a powerful tool for interpreting the relationship between biodiversity and EMF. Previous studies suggested that plant diversity and soil microbial diversity were essential to sustaining EMF (Li et al., 2020a; Wang et al., 2021), which found that EMF increased with increasing plant species richness (Maestre et al., 2012; Moi et al., 2021). As a central component of terrestrial ecosystems, soil microbial communities account for one-quarter of the Earth’s biodiversity, which played a critical role in maintaining EMF by affecting soil organic matter turnover (Bastida et al., 2016; Sokol et al., 2022). A previous study have found that soil microbial diversity drives the EMF in the terrestrial ecosystem (Delgado-Baquerizo et al., 2016). Especially, soil bacterial diversity positively promoted EMF enhancement (Giguere-Tremblay et al., 2020). However, soil fungal diversity was not significantly correlated with EMF (Jing et al., 2015; Sun et al., 2023). These suggested that there is a trade-off between different soil microbial diversity and EMF (Sun et al., 2023). Meanwhile, the relationship between plant and soil microbial diversity and EMF reveal significant differences within diverse terrestrial ecosystems. In the grassland ecosystem, EMF decreased with the loss of soil microbial diversity and the simplification of soil microbial community composition (Wagg et al., 2014; Luo et al., 2023). In the temperate forest, above-ground and subsurface biodiversity regulated EMF (Yuan et al., 2020), and environmental conditions and heterogeneity affected the stability of the ecosystem (Qiao et al., 2022). In the subtropical forest, soil microbial abundance and soil properties were positively correlated with EMF (Wang et al., 2022a), and plant functional trait diversity and structural diversity equally underpin EMF (Ouyang et al., 2023). However, the effects of soil microbial diversity and plant diversity on EMF in the tropical rainforest are poorly documented and understood.

Currently, most studies overlook the effect of soil microbial network complexity on EMF. Soil microbial network complexity affects the stability and adaptability of soil microbial communities and their functions (Chen et al., 2022). Therefore, exploring the complexity of the soil microbial networks could help us better understand the relationship between soil microbial diversity and EMF. A previous study suggested that soil microbial co-occurrence network, a key component of soil microbial diversity’s association with EMF, was a better predictor of EMF than soil microbial diversity (Chen et al., 2022). For example, ozone concentration increased the network complexity of soil bacteria and fungi, which may ultimately decrease EMF (Li et al., 2022b).

Environmental factors play a significant role in driving EMF. Soil physicochemical properties can directly or indirectly affect plant diversity and soil microbial diversity, thus altering EMF (Yang et al., 2021b). As main limiting factor for plant growth, soil moisture directly affected EMF via the processes of the plant-soil-atmosphere system (Asbjornsen et al., 2011). In addition, soil bulk density could affect the relationship between litter layer and forest floor and soil water regulation, carbon cycle and nutrient cycle (Nottingham et al., 2015).

Tropical rainforest covers only 7% of the world’s land area, which supports two-thirds of the world’s biodiversity (Couvreur et al., 2011; Chen et al., 2021). Due to climate change, shifting cultivation, and commercial logging, tropical rainforest habitats decreased rapidly and become increasingly fragmented, which may negatively affect ecosystem functions and services (Ding and Zang, 2005; Senior et al., 2018; Liu and He, 2022). Tropical rainforests have become one of the most productive but fragile ecosystems on Earth (Zhang et al., 2023). The tropical rainforest in Xishuangbanna is currently China’s largest and most biodiverse. However, its area has continuously decreased, especially with the increasing rubber price, which has led to large-scale primary forest degradation because of the conversion of primary forests to rubber plantations (Lan et al., 2017; Singh et al., 2019). This study aims to explore the relative importance of plant diversity and soil microbial diversity, soil microbial network complexity, and environmental factors in sustaining EMF in a tropical rainforest. Specifically, we explore the following three hypotheses: (1) EMF increases with increasing plant species diversity; (2) soil bacterial diversity displays more importance in sustaining EMF than soil fungal diversity; and (3) soil microbial network complexity mediates the relationship between biodiversity and EMF.




2 Materials and methods



2.1 Study area

The study area is located in Xishuangbanna, Yunnan Province, China (21°10′–22°40′ N and 99°55′–101°50′ E), belonging to the tropical humid zone south of the Tropic of Cancer (Zhai et al., 2017). The climate in this region is characterized as tropical monsoon climate, with an average annual temperature ranging from 15.1 to 21.7°C and an annual rainfall between 1200 and 2500 millimeters (mm) (Cao et al., 2006). The region is affected by the southwest monsoon throughout the year, with pronounced dry and wet seasons. The soil type is categorized as acidic brick-red soil (Ling et al., 2022). This region has the largest remaining area of tropical rainforest in China. In our study region, the main tree species in the tropical rainforest included Parashorea chinensis, Cleidion brevipetiolatum, Phoebe lanceolata, and Garcinia cowa. The shrub species included Boehmeria glomerulifera and Pittosporopsis kerrii, while the liana species included Tetrastigma planicaule and Aganosma breviloba.




2.2 Plot investigation and biomass measurement

From April to May 2021, we established three 1 hm2 forest dynamic plots in the Menglun, Shangyong, and Bubeng areas, totaling 75 sampling plots with the area of 20 m × 20 m. In each sampling plot, we identified and recorded all woody plants with a diameter at breast height (DBH) ≥ 1 cm and their tree height (m), including tree, liana, and shrub. The volume of plant branches after removing the bark was determined using the drainage method, and then the branches were dried in an oven at 103°C to a constant weight that was measured after drying. The branch density was calculated using the ratio of branch dry weight to volume. We calculated the above-ground biomass (AGB) among the woody plant species using species-specific allometric equations (Equation 1) based on wood density, DBH, and tree height (Byrnes et al., 2014; Li et al., 2020c).

 

where AGB represents the above-ground biomass of the plant, WD represents wood density, DBH represents diameter at breast height, and H represents tree height.




2.3 Soil sampling and measurement

We collected a total of 75 soil samples. In each sample plot, we took five soil samples of about 250g from the center and four corners, with a 0–20 cm soil depth, and mixed them to form a composite soil sample. Then, we divided the composite soil sample into two parts for measuring the physicochemical properties of the soil and the soil microbial DNA, respectively. At the same sampling point, a stainless-steel cylinder with a volume of 100 cm3 was used to collect soil core, which were used to measure physical indicators such as soil bulk density (SBD), soil water content (SWC) and soil water-holding capacity (SWHC) (Reynolds, 1970; Wang et al., 2022b). Next, we used standard measurement methods to determine soil chemical indicators such as soil organic carbon (SOC), soil total nitrogen (TN), soil total phosphorus (TP), soil hydrolyzed nitrogen (HN), soil available phosphorus (AP), soil total potassium (TK), and soil available potassium (AK). We used the CHN analyzer (2400 II CHN Analyzer, PerkinElmer, Boston, MA, USA) to measure SOC and TN, and the molybdenum antimonial blue colorimetry and Olsen method to determine TP and AP (Bao, 2000; Li et al., 2022a). In addition, HN was determined by alkaline hydrolysis diffusion method. TK and AK were determined by atomic absorption spectrophotometry (Bao, 2000). The formula for calculating soil organic carbon stock (SOCS) (Equation 2) was used as follows:

 

where SOCS (t•hm-2) represents soil organic carbon stock, c (g•kg-1) represents soil organic carbon content, d (g•cm-3) represents soil bulk density, r (cm) represents soil layer thickness, and D represents the gravel content with a diameter greater than 2 mm, measured as a volume ratio.




2.4 Soil microbial diversity

We extracted DNA from 0.5 g soil samples using the FastDNA Soil DNA Isolation Kit (MP Biochemicals, Solon, OH, USA). Soil microbial diversity was analyzed using the nucleotide conserved region of rRNA. For bacteria, we used the V4 - V5 region of the highly conserved 16S gene, and for fungi, we mainly used the internal transcriptional spacer (ITS) region. The bacterial 16S rRNA was amplified with gene primers 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The ITS of fungi was amplified by primers ITS1 (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2 (5’-GCTGCGTTCTTCATCGATGC-3’). After PCR, the amplicons were extracted and purified for downstream library preparation for high-throughput sequencing. We used the Illumina HiSeq sequencing platform to analyze soil microbial diversity and constructed short fragment libraries using paired-end sequencing methods to analyze microbial species annotation and abundance. Among them, polymerase chain reaction (PCR) was performed in triplicate using 50 μl of reaction mixture containing 10 μl buffer, 0.2 μl Q5 High-Fidelity DNA polymerase, 10 μl High GC Enhancer, 1 μl Dntp, 10 μM per primer, and 60 ng genomic DNA. The PCR for fungi was performed using the Veriti Thermal cycler (Applied Biosystems). The thermal cycle conditions were 95°C for 5 min, then 95°C for 1 min, 50°C for 1 min, 72°C for 1 min, a total of 15 cycles, and finally extended for 10 min at 72°C (Li et al., 2020c). We performed amplicon sequencing using the Illumina MixSeq 2500 platform of Biomarker Technologies Corporation, Beijing, China. Low quality sequences (quality score< 20, length< 150 bp, total expected error > 0.5) were filtered after combining forward and backward reads. After sequencing, we clustered or de-noised high-quality sequences of soil bacteria and fungi and divided the bacterial and fungal communities into operational taxonomic units (OTUs) based on 97% similarity. After sequencing 75 samples of soil bacteria and fungi, we obtained 6,001,239 and 6,001,299 pairs of end-reads, respectively, from which 79,167 and 79,221 clean reads were generated. The original sequencing data can be found in the NCBI Sequence Read Archive (SRA) under the accession number SUB13691156: PRJNA995948.




2.5 Calculating ecosystem multifunctionality

In this study, EMF include carbon stock, nutrient cycling, water regulation and biomass production. Among them, biomass production represented the above-ground biomass (AGB) of all woody plants with DBH ≥ 1 cm. At the same time, nutrient cycling was composed of soil total nitrogen (TN), soil total phosphorus (TP), soil hydrolyzed nitrogen (HN), soil available phosphorus (AP), soil total potassium (TK), and soil available potassium (AK) in the ecosystem. Soil organic carbon stocks (SOCS) served as a proxy for carbon stock, and soil water-holding capacity (SWHC) represented water regulation.

We standardized these four ecosystem functions across 75 sampling plots using Z-score transformations. Then, the four ecosystem function scores for each sampling plots were averaged to obtain a multifunctional index (Byrnes et al., 2014; Yang et al., 2023).




2.6 Data analysis

All of the statistical analyses were performed using R4.2.3 (R Core Team, 2022). First, we use a multithreshold multifunctional method to evaluate the effects of plant diversity and soil microbial diversity on EMF, and analyze the trade-offs between different ecosystem functions of EMF to verify whether plant diversity and soil microbial diversity support multiple ecosystem functions at high threshold levels. First, we run this method using the “multifunc” package. The effects of plant diversity and soil microbial diversity on EMF were examined by the slope changes of curves fitted with the EMF index (threshold-based index of multifunctionality (MFt)) at different thresholds (Byrnes et al., 2014). Among them, the minimum threshold when diversity has an effect on multifunctionality (Tmin), the maximum threshold when diversity has an insignificant effect on multifunctionality (Tmax), the threshold when diversity has the greatest positive or negative effect (Tmde), and the threshold when diversity has the greatest effect on the number of functions that reach the threshold (Rmde). These four main indicators give us information on how plant diversity and soil microbial diversity affect EMF.

Next, we used the “agricolae” package to conduct ordinary least squares regression analysis to explore the relationship between plant diversity (including tree, shrub, and liana) and soil microbial diversity, soil microbial network complexity, soil water content, soil bulk density, and EMF (R Core Team, 2022). Then, we used the “linkET” package to perform correlated analyses and visualizations of the relationships between plant diversity, soil microbial diversity, soil microbial network complexity, environmental factors, and EMF. We used the ‘WGCNA’ package to construct a co-occurrence network of soil bacteria and fungi based on Spearman correlation coefficient for microbial co-occurrence network analysis. In our study, only OTUs with a relative abundance > 0.01% were used in the microbial co-occurrence network, where OTUs represented nodes and the correlations between nodes represented edges (Qiu et al., 2021). We used the “RMThreshold” package to set appropriate similarity thresholds of 0.850 and 0.540 for soil bacteria and fungi based on random matrix theory (RMT). Then, we adjusted the P-values (P< 0.05) of the correlations using the Benjamini-Hochberg false discovery rate (FDR) (Benjamini et al., 2006). We use the “subgraph” function in the “igraph” package to extract the subnetwork properties of each soil sample from the constructed network (Yang et al., 2022). Then, the soil microbial network was visualized using the Gephi platform (Xue et al., 2017). Soil bacterial and fungal network complexity was calculated using the topological features of the network, including the number of nodes and edges, average degree, clustering coefficient, average path length, network diameter, and graph density (Jiao et al., 2022). We also checked the dominant taxonomic groups at the phylum level (Qiu et al., 2021).

Next, we use multidimensional scales (MDS) to calculate topological parameters of soil microbial network complexity. Before calculation, the average path length and diameter are processed using the reciprocal of the variable (X-1) (Jiao et al., 2022). Then, before statistical analysis, all data were log10-transformed for normality. OTUs represented the alpha diversity index of soil bacteria and fungi, and plant diversity is mainly represented by plant species richness, included the number of tree, shrub, and liana species in each sampling plot. The effects of plant diveristy, soil microbial diversity, soil microbial network complexity, and environmental factors on EMF were assessed using ordinary least squares linear regression.

Finally, we use “lavaan” (Rosseel, 2012) and “randomForest” packages to analyze SEM and random forest model respectively. We used random forest model mean square error (MSE) percentages to assess the relative importance of plant diversity, soil microbial diversity, soil microbial network complexity, and environmental factors to EMF (Jiao et al., 2022). Next, we used structural equation modeling (SEM) to assess the direct and indirect associations between plant diversity, soil microbial diversity, soil microbial network complexity, environmental factors, and EMF. The effects of different variables on EMF and multiple ecosystem functions were determined by path standardization coefficients and correlation P-values. We use Chi-square tests, goodness of fit index (GFI), and approximate root-mean-square error (RMSEA) to evaluate the fit of the model. The results showed that P > 0.05, GFI = 1, RMSEA< 0.05 by chi-square test (Rosseel, 2012), indicating that the structural equation model was trustworthy.





3 Results



3.1 Effects of plant diversity and soil microbial diversity on EMF

According to the results obtained from the multithreshold method, we can conclude that TSR has a significant positive correlation with EMF in the 1% to 3% threshold range (Figure 1A). LSR has a significant negative effect on EMF, with a minimum threshold of 13% and a maximum threshold of 81%. When the threshold reached 48%, the effect on EMF was the greatest, and the maximum effect (Rmde) of LSR was 0.1668, meaning that an increase of one liana species reduced 0.1668 functional scores (Figure 1B). SSR has no significant effect on EMF (Figure 1C). In addition, BSR has a significant positive effect on EMF, with a minimum threshold of 86% and a maximum threshold of 92% (Figure 1D). In the 3% to 60% threshold range, FSR has a significant negative effect on EMF (Figure 1E).




Figure 1 | Correspondence between the slope of the relationship between the threshold and the (A) tree species richness (TSR), (B) liana species richness (LSR), (C) shrub species richness (SSR), (D) soil bacterial diversity (BSR), (E) soil fungal diversity (FSR), and the number of functions that reached the threshold. The dots represent the fitted values, and the shaded areas represent ± 1 confidence interval.






3.2 Relationship between EMF and plant diversity, soil microbial diversity, soil microbial network complexity, and environmental factors

Based on ordinary least squares linear regression analysis, EMF decreased with increasing LSR (Figure 2B), BSR (Figure 2D), FSR (Figure 2E) and FNC (Figure 2G). However, EMF showed an increasing trend with the increase in BNC (Figure 2F). Additionally, there was no significant regression relationship between EMF and TSR (Figure 2A), SSR (Figure 2C), SWC (Figure 2H), and SBD (Figure 2I).




Figure 2 | Relationship between EMF and (A) tree species richness (TSR), (B) liana species richness (LSR), (C) shrub species richness (SSR), (D) soil bacterial diversity (BSR), (E) soil fungal diversity (FSR), (F) soil bacterial network complexity (BNC), (G) soil fungal network complexity (FNC), (H) soil water content (SWC), and (I) soil bulk density (SBD) based on ordinary least squares linear regression analysis.



Further, combined heatmap analysis showed that FSR, FNC, and BNC had significant positive effects on nutrient cycling function, and the affected soil nutrients mainly included TN, TP, TK, HN, and AP (Figure 3A). SSR, TSR, and LSR mainly have significant positive effects on AP, and LSR also has significant positive effects on TN and SOCS (Figure 3B). SBD and SWC have significant positive effects on SWHC, and SWC also has a positive effect on AP (Figure 3C).




Figure 3 | Relationship between (A) soil microbial diversity and network complexity, (B) plant diversity, and (C) environmental factors and multiple ecological functions. BSR, soil bacterial diversity; FSR, soil fungal diversity; BNC, soil bacterial network complexity; FNC, soil fungal network complexity; SSR, shrub species richness; TSR, tree species richness; LSR, liana species richness; SBD, soil bulk density; SWC, soil water content; TN, soil total nitrogen; TP, soil total phosphorus; HN, soil available nitrogen; AP, soil available phosphorus; TK, soil total potassium; AK, soil available potassium; SWHC, soil water-holding capacity; SOCS, soil organic carbon stock; GB, above-ground biomass.






3.3 Soil microbial network complexity and dominant phyla

Soil bacterial and fungal communities in the soil exhibited differential patterns of symbiosis, but both soil bacterial and fungal co-occurrence networks demonstrated high complexity. Based on the topological parameters of the soil microbial networks (Figure 4E), the average degree of soil bacteria network was 16.889. The network diameter was 8, with a graph density of 0.158. The modularity was 0.599, and the average clustering coefficient of the nodes was 0.661, with an average path length of 2.647. On the other hand, the average degree of soil fungi network was 88.041. The network diameter was 5, with a graph density of 0.454. The modularity was 0.359, and the average clustering coefficient of the nodes was 0.786, with an average path length of 1.713.




Figure 4 | Co-occurrence networks of (A) soil bacteria and (B) soil fungi, and the proportion of dominant phylum of (C) soil bacteria and (D) soil fungi to total phyla abundance; (E) The radar chart represents the relevant topological parameters of the networks.



At the phylum level, the dominant groups of soil bacteria and their proportion in the total phylum abundance (Figures 4A, C), were Acidobacteria (45.37%), Proteobacteria (24.07%), and Verrucomicrobia (11.11%), among others. The dominant groups of soil fungi were Ascomycota (52.57%) and Basidiomycota (35.43%) (Figures 4B, D). Among the dominant bacterial groups, Acidobacteria and Verrucomicrobia showed a significant negative correlation with EMF, mainly influencing the soil nutrient cycling function of TN, TP, TK, and SOCS. On the other hand, Proteobacteria showed a significant positive correlation with EMF, positively impacting the nutrient cycling of TN, TP, and TK and carbon stock function (Figure 5). Among the dominant fungal groups, Ascomycota had a significant negative correlation with EMF, primarily affecting nutrient cycling function of AP, TP, and TK. Conversely, Basidiomycota were positively correlated with EMF, mainly influencing nutrient cycling function of TP, TK, and carbon stock function (Figure 5).




Figure 5 | Relationship between soil bacterial dominant groups, soil fungal dominant groups and EMF *, p< 0.05; **, p< 0.01; ***, p< 0.001.






3.4 Relative importance of plant diversity, soil microbial diversity, soil microbial network complexity, and environmental factors on EMF

According to the random forest model (Figure 6B), LSR, BNC, and FNC ranked the top three in the importance of contributing EMF, with importance scores of 15.37, 14.13, and 12.91, respectively, while FSR, SSR, and SWC ranked the least in the importance of EMF, with scores of 1.41, 0.74, and 0.64, respectively.




Figure 6 | Effects and significance of plant diversity, soil microbial diversity, soil microbial network complexity and environmental factors on EMF. PSR: plant species richness included tree species richness (TSR), liana species richness (LSR), and shrub species richness (SSR); EF: environmental factors included soil water content (SWC) and soil bulk density (SBD); MSR: soil microbial diversity included soil bacterial diversity (BSR) and soil fungal diversity (FSR); MNC: soil microbial network complexity included soil bacterial network complexity (BNC) and soil fungal network complexity (FNC). Solid lines and standardized path coefficients indicate significant differences (P< 0.05), while dashed lines indicate no significant differences.  *, p< 0.05; **, p< 0.01; ***, p< 0.001; RMSEA (Root Mean Square Error of Approximation) < 0.05 and GFI (Goodness of Fit Index) ≥ 0.9, indicates that the model fits reasonably.



The standardized effects of plant diveristy, environmental factors, soil microbial diversity, and soil microbial network complexity on EMF were obtained through structural equation modeling (SEM) (Figure 6A). Chi-square test showed no significant P-value (0.926 > 0.05), indicating that there was no significant difference between the implied covariance matrix of the model and the observed covariance matrix (P< 0.05), which confirmed the validity of the structural equation model. The results demonstrated that BNC has a highly significant direct positive effect on EMF (path standardized coefficient = 0.471, P< 0.001). TSR also has a significant direct positive effect on EMF (path standardized coefficient = 0.306, P< 0.01), while LSR has a highly significant direct negative effect on EMF (path standardized coefficient = -0.450, P< 0.001). Furthermore, MSR primarily exerted an indirect effect on EMF by influencing MNC, while environmental factors (EF) had significant negative effects on LSR and FNC, thus indirectly affecting EMF.





4 Discussion

Our results reveal a positive correlation between tree species richness and EMF. Our findings revealed a positive correlation between tree species richness and EMF, which is consistent with most previous studies showing that EMF increases as tree species richness increases (Eisenhauer et al., 2018; Moi et al., 2021). At the same time, this also confirms our first hypothesis. However, it is worth noting that the increase in liana species richness has a significant negative effect on EMF. There are several possible explanations for this phenomenon. First, tropical rainforests have been shown to contain more diverse plant species and complex community structures but lack dominant species (Purves and Turnbull, 2010). Therefore, the increase of liana species richness will affect the carbon stock function and nutrient cycling function of tropical rainforests, and significantly influences the dynamic development of tropical rainforests and adversely affect the reproduction, growth, and survival of tree species (van der Heijden and Phillips, 2009; Schnitzer et al., 2011). Secondly, most liana species were considered pioneer plants with high light requirements. They often compete with certain tree species for light to affect inter-species coexistence and species diversity. This competition limited the survival of understory plants and reduced the overall productivity and net primary productivity of trees (Rodriguez-Ronderos et al., 2016; Meunier et al., 2021; Meunier et al., 2022), thereby reducing ecosystem productivity and multifunctionality. Therefore, we suggest that liana species richness may be the main indicator of EMF in the recovery of tropical rainforests.

Soil microbial diversity was a driving factor in sustaining EMF, and soil bacteria and soil fungi played different roles in this process. Our study found that soil bacterial diversity was the main driver of EMF in tropical rainforests. Soil bacterial diversity has a significant positive effect on EMF, but when it exceeded a certain threshold, soil bacterial diversity has a negative effect on EMF. In contrast, soil fungal diversity was significantly negatively correlated with EMF. This finding was consistent with previous research indicating that EMF was significantly positively correlated with soil bacterial diversity rather than soil fungal diversity (Sun et al., 2023). This finding also supports our second hypothesis. This relationship may be due to the greater flexibility of soil bacteria in terms of resource requirements and physiological capabilities (He et al., 2009). Increasing the diversity of soil bacteria can alter the physicochemical properties of the rhizosphere, facilitating the absorption of nutrient and water by plant roots (Li et al., 2020d) and enhancing the synergistic interactions between plants and microorganisms.

In addition, soil bacterial diversity has been shown to actively participate in the cycling of organic compounds produced by plants, fungi, and insects (Kalam et al., 2020), thereby promoting plant growth and increasing EMF. However, with the increase of soil bacterial diversity, niche differentiation occurred in the forest soil microenvironment, which limited the survival space of soil microorganisms and intensified the competition for available resource among soil microorganisms. This interaction hinders the growth of EMF beyond a certain threshold (Chen et al., 2022). The increase in soil fungal diversity accelerates the decomposition of litter in tropical rainforests, potentially leading to an increase in pathogenic fungi and saprophytic fungi and a decrease in mutualistic fungi, thus negatively affecting the survival and growth of forest plants (Li et al., 2022c). Furthermore, soil fungi have been observed to negatively impact plant growth and EMF through symbiotic and pathogenic interactions, influencing nutrient availability and cycling (Frac et al., 2018).

Currently, soil microbial network complexity is being investigated as a driving mechanism for EMF. Previous studies found a strong negative correlation between soil microbial network complexity and EMF (Li et al., 2022b), corroborating the negative correlation between soil fungal network complexity and EMF observed in our study. However, we also found a significant positive correlation between soil bacterial network complexity and EMF. The possible reason for this is that soil microbial keystone species regulate related microbial structures and EMF (Yang et al., 2021a). For example, in a dominant bacterial community, we identified Acidobacteria, which have been found to interact positively with plants and are considered plant growth-promoting bacteria. Acidobacteria possess beneficial genes that contribute to their survival and competitive colonization in the rhizosphere, establish a beneficial relationship with plants, and promote soil nutrient cycling and carbon stock, thereby facilitating plant growth and enhancing EMF (Kielak et al., 2016; Kalam et al., 2020). Other studies have shown that the abundance of Ascomycota is significantly higher in tropical forest soils than in other forest ecosystems (Tedersoo et al., 2014). This increased abundance of Ascomycota may be attributed to the warm and humid climate, abundant biological resources, and higher litter decomposition rates in tropical forests. Ascomycota can degrade litter and other organic substrates and is a typical fungal phylum involved in decaying processes (Tedersoo et al., 2014; Li et al., 2022b). This means that increase in the abundance of Ascomycota has negative effects on soil nutrient cycling and carbon stock, which are not conducive to maintaining biodiversity and EMF growth. This also provides strong evidence for our conclusion and third hypothesis.




5 Conclusions

Our study demonstrates that liana species richness played an important role in changes of EMF as an indicator, while soil bacterial diversity was a key driving factor in sustaining EMF. Soil bacterial diversity indirectly affected EMF via soil bacterial network complexity. Furthermore, soil fungal diversity, soil fungal network complexity, and soil bacterial network complexity played more critical roles in soil nutrient cycling, while liana species richness primarily affected soil nutrient cycling and carbon stocks. Therefore, liana species richness and soil microbial network complexity played a crucial role in EMF within a tropical rainforest. In the restoration of tropical rainforest, our findings suggest promoting the recovery and improvement of EMF in tropical rainforest by appropriately reducing the type and liana. At the same time, we also suggest reducing the diversity of soil fungi and increasing the network complexity of soil bacterial dominant groups to promote the restoration of tropical rainforest and the promotion of EMF. When evaluating EMF through the lens of tropical rainforest ecosystem conservation and sustainable management, the effects and interactions of above-ground and below-ground biodiversity should be considered simultaneously.
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Recent anthropogenic sources and excess usage have immensely threatened the communities and habitat ecology of this region’s medicinally and economically significant crops. Therefore, our study aims to evaluate the community structure and related environmental characteristics sustaining Nasturtium officinale communities along the river basin (RB) in Northwest Pakistan, using the clustering procedure (Ward’s method) and Redundancy analysis (RDA). From 340 phytosociological plots (34 × 10 = 340), we identified four ecologically distinct assemblages of N. officinale governed by different environmental and anthropogenic factors for the first time. The floristic structure shows the dominance of herbaceous (100%), native (77%), and annual (58.09%) species indicating relatively stable communities; however, the existence of the invasive plants (14%) is perturbing and may cause instability in the future, resulting in the replacement of herbaceous plant species. Likewise, we noticed apparent variations in the environmental factors, i.e., clay percentage (p = 3.1 × 10−5), silt and sand percentage (p< 0.05), organic matter (p< 0.001), phosphorus and potassium (p< 0.05), and heavy metals, i.e., Pb, Zn, and Cd (p< 0.05), indicating their dynamic role in maintaining the structure and composition of these ecologically distinct communities. RDA has also demonstrated the fundamental role of these factors in species–environment correlations and explained the geospatial variability and plants’ ecological amplitudes in the Swat River wetland ecosystem. We concluded from this study that N. officinale communities are relatively stable due to their rapid colonization; however, most recent high anthropogenic interventions especially overharvesting and sand mining activities, apart from natural enemies, water deficit, mega-droughts, and recent flood intensification due to climate change scenario, are robust future threats to these communities. Our research highlights the dire need for the sustainable uses and conservation of these critical communities for aesthetics, as food for aquatic macrobiota and humans, enhancing water quality, breeding habitat, fodder crop, and its most promising medicinal properties in the region.
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1 Introduction

Biodiversity regulates the ecosystem functioning and stability and is essential for human survival and economic wellbeing (Singh, 2002; Htun et al., 2011; Biplab et al., 2017; Baboo et al., 2017). The loss of biodiversity is a major challenge faced by humans in maintaining the stability and functional sustainability of ecosystems (Hua et al., 2022; Bisht et al., 2023). Wetland ecosystems are threatened by anthropogenic activities (Bisht et al., 2022). Among these, poverty, human population, agricultural expansion and intensification, and infrastructure development have been suggested as major threats to biodiversity in the tropics (Davidar et al., 2010; Bargali et al., 2019; Bargali et al., 2022; Bisht et al., 2023). Wetland ecosystem and its vegetation provide a wide range of ecosystem goods and services to the inhabitants (Gosain et al., 2015; Fartyal et al., 2022). Overexploitation of natural resources has created a big gap between the demand and supply of the natural goods (Manral et al., 2020; Pandey et al., 2023).

The biodiversity patterns along environmental gradients are one of the fundamental questions and are the synthetic reflection of all different types of ecological research (Khan S. et al., 2011; Raduła et al., 2020; Yu et al., 2021). The foundation of biodiversity research is based on the patterns of plant species diversity and the ecological variables affecting these patterns (Nogués-Bravo et al., 2008; Johnson et al., 2015; Li et al., 2018). Because of its importance in predicting future community composition and species performance, plant species diversity has received significant attention (Ullah et al., 2022; Khan et al., 2020; Wang et al., 2008; Subedi et al., 2020). The preservation of ecosystem biodiversity is significantly aided by habitat diversity, where topographical factors have multidimensional and multiscale effects on the pattern of species diversity (De Leo et al., 2014). These factors are interconnected and indicators of several abiotic parameters, including geographic, topographic and soil nutrient flow (Twilley and Rivera-Monroy, 2005).

The spatial scale will likely determine how an organism affects its surroundings, including ecosystem services (Ze-Hao and Xin-Shi, 2000; Kremen et al., 2007). In recent research using worldwide field survey data, organism–environment linkages may change with geography (Grace and Anderson, 2016). Abiotic factors at the regional scale determines the species distribution, as the effects of biotic factors (species types) on their environment are typically more localized (van de Koppel et al., 2012). However, direct and indirect interaction of these factors ultimately constitute organism–environment relationship (Grace and Anderson, 2016). The influence of biota may have been overstated in most studies due to the prevalence of statistical techniques (Alsterberg et al., 2013; Grace and Anderson, 2016).

The edaphic and geographical elements are also important for the variety of plant species and their distribution in aquatic emergent (char-land and water channels) plant communities (Schlaepfer et al., 2012). According to Chao et al. (2006), the soil’s physicochemical characteristics and parent materials may impact the plants growing there and the species diversity. Various direct ecological factors at large scales, including soil texture, nutrient level, and soil hydraulic and metal concentration, influence the distribution and structure of plant communities and species biodiversity in emergent plant communities (Stella et al., 2013). However, the altitudinal gradient is the primary factor forming different mountain habitats and is one of the key elements determining the spatial patterns of species diversity in many regions (Bhattarai and Vetaas, 2003; Wang et al., 2003; Zhao et al., 2005; Jiang et al., 2007; Bhattarai et al., 2014; Subedi et al., 2020).

According to Mitsch and Gosselink (1993), the main factor affecting the distribution of plant species at the land–water interface in wetlands is the water regime. In addition, wetland vegetation’s spatial heterogeneity is influenced by several variables, such as soil composition, microclimate, and topography since it controls the water regime (Naiman et al., 2005; Rybicki and Landwehr, 2007; Watt et al., 2007). The ranges of aquatic plants have been estimated using a variety of methods (Mcfarland and Shafer, 2011; Santos et al., 2011; Orellana et al., 2012; Singh et al., 2020). Field observations and large-scale analyses may now be combined with advances in spatial technology like aerial photography and other remote sensing techniques (Vis et al., 2003) and potent geo-statistical tools like plant cover/density estimators (Pepe et al., 2018). However, owing to the biophysical limitations in the environment, it is important to accurately assess aquatic plant species’ spatial distribution and plant community composition and comprehend their interactions.

The recent anthropogenic activities and rapid urbanization have deliberately changed the natural wetland communities in many areas of the world, particularly in developing countries like Pakistan. These activities threatened the communities’ lies at the junction of terrestrial and aquatic ecosystems or on wetlands. For example, recently, Ali et al. (2022) reported different mining operations along the riparian vegetation that adversely affect the community composition and structure. Therefore, this study evaluated Nasturtium officinale (R. Br. In Aiton) communities’ floristic composition and structure along the River Swat using quantitative ecological parameters. The study aims to assess plant communities dominated by N. officinale and associated species, and to provide scientific basis on the following questions: (i) How do these natural bog-plant communities and species diversity at char-land and channels along the Swat River Basin (SRB) respond to ecological factors? (ii) How do different degrees of anthropogenic factors act in the instability perspective of N. officinale at the community-level? By analyzing the ecological data of community composition and structure, we anticipated specifying a valid scientific basis for species assemblage’s distribution and characterization besides its protection and management in the region.




2 Materials and methods



2.1 Study area

The bogs of River Swat were selected for sampling because of rich Nasturtium officinale communities, from where the residents and local sellers often collect vegetables for edible purposes. The study area is located at 35.22271134 North and 72.42581572 East, in the northern region of Khyber Pakhtunkhwa, Pakistan, spreading over 14,737 square kilometres area covered by hilly glaciers having snowfall and rain (Figure 1) (Farooq et al., 2018). River Swat flows through the districts of Swat, Malakand, and Dir Lower (Ahmad et al., 2015), having subtropical and temperate climates (Barinova et al., 2013). The average higher temperature in the summer may reach 41.9°C, while the average low in the winter can reach 0.8°C. The Pakistan Meteorological Department reported an annual average rainfall of 1,003 mm; the highest rainfall was recorded in February and March (162 mm). According to Nafees et al. (2008), relative humidity may drop as low as 40% in April and rise as high as 85% in July.




Figure 1 | Map showing sampling points of the research area.



Ali et al. (2018) report that the average monthly temperature in the study area is between 34.96°C and 1.36°C, and the average annual rainfall is between 384 to 639 mm (Figure 2). These factors maintain the local climate to comprehend the structure and composition of the vegetation that ultimately affects economic, social, and agricultural activities and hydrological characteristics (Deo and Şahin, 2015).




Figure 2 | Important climate variables of the sampling sites. J, January; F, February; M, March; A, April; M, May; J, June; Jy, July; Ag, August; S, September; O, October; N, November; D, December.






2.2 Field sampling protocols

In our field research, we randomly selected N. officiale-dominated stands at 34 distinct locations throughout five districts as part of routine trips to gather vegetation data (Figure 1). The entire area was represented by taking 340 phytosociological plots (34 × 10 = 340 plots) and carefully selected according to the structural and floristic homogeneity. The variations in plot size were considered following Morsdorf et al. (2010), where the plot sizes of 3–5 m2 were taken as standard for herb and shrub communities. The standard procedure for computing plant species densities, frequencies, covers, relative densities, relative frequencies, relative covers, and important values in each plot and sites was adopted following Curtis and Mcintosh (1950). To reduce edge effects, a 10-m buffer zone was removed from the stand’s boundaries following Martínez-Falcón et al. (2018). Nomenclature for plant taxa was taken from Flora of Pakistan (Ali, 2008), and binomials were given accordingly.




2.3 Soil data acquisition and analysis

In each stand, a soil sample of 3 kg was collected randomly from each stand’s middle and two opposing corners to characterize soil parameters. Since topsoil is often the most nutrient-rich part of the soil, soil samples were collected at a depth of 0–30 cm bulked and fully mixed (Bargali et al., 2018) to reduce heterogeneity (Morsdorf et al., 2010; Kamrani et al., 2011). The electrical conductivity and pH of a soil–water suspension (1:5) were measured in the field using a digital pH meter and an EC meter, respectively. The soil samples were allowed to air dry at room temperature and then passed through a sieve set at 2 mm. The samples were homogenized and packed in transparent polythene bags for subsequent processing (Chawla et al., 2008).

The soil’s physiochemical composition and textural parameters were determined by air-drying the samples and passing them through a 2-mm sieve per USDA recommendations (Taubner et al., 2009). Organic matter was assessed using the Walkley-Black method, while total and organic carbon was computed utilizing moist burning with chromic acid digestion after dry combustion (Nelson and Sommers, 1996). Total nitrogen was determined using the micro-Kjeldahl method, and soluble phosphorus (P2+) and exchangeable potassium (K+) were determined using the methods described by Yadav et al. (2002). Lime (calcium carbonate; %) was calculated geometrically, and CO2 evolution was tracked geometrically, following Gómez-Díaz et al. (2006). Following the methodology established by Saxton et al. (1986), we used an online calculator (https://www.nrcs.usda.gov) to determine the soil’s field capacity (FC), available water (AW), bulk density (BD), and wilting and saturation point (WSP). The distribution of soil textural characteristics, i.e., sand, silt, and clay percentage, was assessed using the hydrometer approach (Gangwar and Baskar, 2019).




2.4 Anthropogenic variables assessment and quantification of diversity indices

Semi-structured interviews were conducted with 200 respondents to identify the anthropogenic factors threatening the diversity of N. officinale communities. The respondents were selected based on their connection with the collection and sale of plant species. Following Kefalew et al. (2015), the respondents were categorized into two groups; i.e., category “A” includes 100 respondents selected randomly, and category B has 100 respondents that were chosen purposefully having past and present knowledge of the site where the plant species grows naturally. These respondents identified factors, i.e., mining factor, agricultural field disturbance (cultivation factors), grazing intensity, and over-harvesting that disturbed these communities severely. Of the respondents, 12 respondents, i.e., 5 from Category A and 7 from Category B, were excluded from the analysis as they do not respond to the questionnaire.

A six-point scale (0–5) was used to evaluate whether these anthropogenic factors are affected quantitatively. A plot was considered undisturbed if it obtained a score of 0, while a score of 5 was considered severely disturbed (Mligo, 2011). Accordingly, 0 denotes no disturbance, 1 represents a disruption of 0%–20% of the plot, 2 denotes a disruption of 21%–40% of the plot, 3 denotes a disruption of 41%–60% of the plot, 4 denotes a disruption of 61%–80% of the plot, and 5 denotes a disruption of 81–100% of the plot. Each type of disturbance was assessed separately in this semi-quantitative evaluation. The degrees of disturbance were evaluated based on the percentage of the given parameter persisting in a disturbing plot of 10 × 10 m. The point scale values were assessed according to Barry (2006) and Lewis et al. (2017) to describe various forms of anthropogenic disturbance.

In addition, the species richness and diversity indices, i.e., Shannon index H’ and Evenness index E, were used to describe group diversity (Maan et al., 2021).

 

 

where Σ = summation, S = species richness, pi = proportion of the species (i) to total number of species, In = natural logarithm.




2.5 Community data analysis and ordination

The species’ phytosociological data and relevant environmental parameters for the 34 stands were collected and compiled for statistical analysis. An important value index (IVI) based on comparative phytosociological features was calculated following Khan et al. (2013). Ward’s agglomerative technique (McCune, 1997) was used to evaluate the classification of vegetative communities by choosing Euclidean distance. Each species in the stand was then assigned a phytosociological group based on the numbers assigned to them. We examined recent studies to see whether a particular species might be taken as illustrative of a stand or group (Biondi et al., 2015; Rahman et al., 2022). The converted relative phytosociological values were used for numerical classification to determine the diagnostic species of a particular group. The Redundancy analysis (RDA) was used to determine the relationship between species IVI and environmental variables (20 soil and 4 topographic) of the N. officinale-dominated vegetation. The statistical post-hoc interpretation of the RDA ordination axes was analyzed using the Monte Carlo permutation test. The ordination bi-plot displayed the essential variables as vectors that determined the community structure and composition. Microsoft Excel 2010 and PC-ORD version 6.0 were used to conduct the statistical analysis of the quantitative vegetation and environmental data (Barua et al., 2020).





3 Results



3.1 Floristic characteristics

The floristics of vegetation consists of 22 species dominated by N. officinale, where all the species were either emergent or floating aquatic habitats indicating a wetland community. The species belongs to 16 families; Poaceae and Asteraceae were represented by three species each, followed by Polygonaceae and Fabaceae (two species each). The remaining 12 families were monospecific (Figure 3), where herbaceous plants were evident (100%) in the floristic composition, with 13 species having annual life cycles, 8 perennials, and 1 having both (Table A1). Similarly, based on status, 17 species were classified as native to Pakistan, 3 as invasive, and 1 each for cosmopolitan and naturalized. In addition, based on aquatic habitat, 18 species were emergent, and 4 were emergent/floating (Figure 3).




Figure 3 | Floristic structure of Nasturtium officinale and associated species found in communities. (A) (family base distribution); (B) (life cycle), (C) (taxon), (D) (status in Pakistan), and (E) (aquatic habitat).






3.2 Vegetation classification and structural attributes

The two-way cluster dendrogram indicates four vegetation groups showing stands on one side and species distributed in these groups on the other (Figure 4). Similarly, the red dots indicated the intensity of the species’ IVI, i.e., its increase or decrease in the studied stands. Based on the number of stands, Group II was the largest, including 13 stands in the middle of the dendrogram. Group III was the smallest, having five stands of N. officinale-dominated vegetation. Group I has seven stands with 14 species and is considered the third largest community of vegetation dominated by N. officinale (42.9 ± 1.0), followed by Polygonum glabrum (19.4 ± 0.5) and Cynodon dactylon (13.4 ± 0.5). In comparison, the remaining 11 species of this group have a mean IVI of less than 10 as presented in Table 1. Group II has 13 stands with seven species and was considered the largest group with low species richness. The dominant species of the group was N. officinale (53.4 ± 0.4), having co-dominance of Cynodon dactylon (31.8 ± 2.5).




Figure 4 | Two-way cluster dendrogram of Nasturtium officinale communities along the Swat River catchments. Plant species acronyms are the same as that in Table 1.




Table 1 | Importance values index (IVI) of different plant species associated with Nasturtium officinale in different vegetation groups along the Swat River catchments.



Group III consists of five stands with 16 species dominated by N. officinale (42.5 ± 1.4) while the co-dominant species was Digitaria sanguinalis (11.8 ± 2.7). The important associated species of the group include Vicia monantha (7.8 ± 3.65), Rumex dentatus (6.4 ± 3.9), and Polygonum glabrum (5.4 ± 1.7). Similarly, Group IV consisted of 9 stands with 10 species and was considered the second largest community dominated by N officinale (45.0 ± 0.5), with Mentha longfolia (16.9 ± 0.9) being the co-dominant species. The other important species of the group are Ranunculus muricatus (10.3 ± 2.5) and Cynodon dactylon (6.26 ± 1.1).

Density/hectare and cover/hectare of N. officinale, and associated species (Table A2), revealed that, in Group I, the density of N. officinale is 46,243 ± 4,119 individuals/hectare. At the same time, the co-dominant species was C. dactylon (18,730 ± 2,316). In Group II, N. officinale has a density/ha of 57,094 ± 2,469 followed by C. dactylon (13,162 ± 1,939). Similarly, Group III is the largest community by the number of species, including N. officinale, with a density/hectare of 47,555 ± 7,702. However, the co-dominant species was D. sanguinalis (10,222 ± 3,723) while Group IV included 10 species having C. dactylon (11,851 ± 2,051) as the co-dominant species. Similarly, the same patterns have been followed by cover/hectare of N. officinale and the remaining co-dominant species.




3.3 Analysis of environmental and anthropogenic variables

The results of associated soil variables showed a sandy or silty loamy soil having significant variation in sand and clay particles (p< 0.05). In contrast, Groups II and IV have high contents of silt and sand (Table 2). The soil pH was basic, showing non-significant variation, while the electrical conductivity of Group III was higher (0.3 ± 0.05) than others. Similarly, total dissolved solids were high in Groups III and II, i.e., 0.09 ± 0.005 and 0.09 ± 0.01, respectively, complementing the electrical conductivity results. The soil nutrients, Group IV, had higher contents of organic matter (0.97 ± 0.02), and varied significantly (p< 0.05) within the vegetation groups, while the nitrogen content of all the community groups was the same, i.e., 0.04 ± 0.002. In addition, the essential nutrients, i.e., phosphorus and potassium contents (mg kg−1) of Group II (35.0 ± 3.21) and Group III (126 ± 21), were higher, respectively, compared to the other groups. Moreover, the heavy metals, i.e., cadmium, lead, and copper, showed significant variation among the communities (p< 0.05), revealing their prominent role in maintaining communities’ structure and composition.


Table 2 | Soil characteristics of different N. officinale dominated vegetation in the Swat River tributaries.



The anthropogenic factors identified by respondents during the semi-structure interview showed non-significant χ2 results between the Category “A” and Category “B” population, revealing that both the categories of factors affect the vegetation of N. officinale-dominated communities (Table 3). In addition, the lower cumulative variance percentage indicated that these anthropogenic factors equally contributed in disturbing vegetation groups. The quantitative anthropogenic factors (Table 4) vary across the communities coupled with IVI gradients; i.e., mining factor, cultivated fields percentage, and grazing intensity were higher in Group II and progressively decrease towards Group I via Groups III and IV (F = 3.56 and 7.61, respectively at p< 0.05). However, the reverse was true for over-harvesting and varied significantly, having F = 9.21 (p< 0.001). The diversity indices show increasing trends with increase in elevation. Similarly, the diversity indices were in reverse trends with N. officinale IVI; i.e., Group II has low species richness (3.33 ± 0.49) and higher IVI, while Group III with high species richness has low IVI. The Shannon–Wiener diversity index ranges from 0.97 ± 0.20 to 1.16 ± 0.24 and varies significantly (p< 0.05). Similarly, the species evenness index ranges from 0.62 ± 0.07 to 0.69 ± 0.05, showing significant variation (p > 0.05), indicating that the anthropogenic factors disturbed the group’s diversity.


Table 3 | Anthropogenic disturbance semi-structure interview qualitative factor citation identified by respondents.




Table 4 | Anthropogenic factors affecting Nasturtium officinale communities.






3.4 Response of communities’ composition to environmental and anthropogenic factors

In the RDA ordination (Table 5), the species–environment association was higher on the first two axes, contributing 44.8% of the overall variation (50.6%). Each of the 24 soil variables separately contributed to the overall ordination since none of the inflation factors had a score higher than 20.0. The Inter-set correlations, soil variables, like organic matter, clay, and pH, showed a significant positive correlation with the first axis (r = 0.51, 0.56, and 0.49, respectively). Similarly, silt, sand, and organic matter were significantly positively correlated on axis 2 (r = 0.32, 0.31, and 0.31 respectively). In contrast, sand percentage had a negative correlation (r = −0.25) on axis 3. Similarly, in anthropogenic variables, mining factor, cultivation factor, and grazing intensity showed positive correlation on axis 1 (r = 0.46, 0.57, and 0.67 respectively), while overexploitation showed negative correlation on axis 1 (r = −0.61). An unconstrained Monte Carlo permutation test (499 permutations) revealed that the F-ratio for the eigenvalue of axis 1 was significant (p = 0.05). The RDA ordination bi-plot demonstrated the correlation between the stands occupied on the right side and several soil characteristics, including organic matter, clay, sand, clay, phosphorus, pH, and aspect degree (Figure 5). On the other hand, electrical conductivity and calcium carbonate were associated with the remaining plant groups that filled the bi-plot’s left side. These factors also show higher biplot scores (Table A3).


Table 5 | Axis summary statistics (number of canonical axes: 3 of a possible 22; total variance in the species data: 43.8).






Figure 5 | Projection of 22 species distributed in 34 stands with corresponding environmental variables on the 2D-RDA axis along the Swat River catchments and small tributaries. Importance values of species and 24 environmental variables were used in the analysis (for details, see Tables 2, 5, Table A1). Plant species, and environmental and anthropogenic factors’ acronyms are the same as that in Tables 1–4.







4 Discussion

The floristic composition shows a narrow spectrum of vegetation in the aquatic plant communities of N. officinale across the River Swat having 22 species, which are dominated by native species (77%) and non-native species (invasive, naturalized, and cultivated). Similarly, the range of life forms comprises annual herbaceous plants representative of 16 plant families. These spectrums show the physiognomy of the flora and vegetation, which is the result of all living activities combined with the environment, making it vital to comprehend the ecological foundation of vegetation of N. officinale (Amjad et al., 2016). The dominance of annual plant species in communities can bring community homogeneity that favors the invasion of foreign species (Milchunas et al., 1988; Tappeiner et al., 1991; Qian and Guo, 2010). The vegetative reproductive potential of N. officinale may also contribute to community homogenization, resulting in the formation of less diverse vegetation. Similarly, smaller herb species like Xanthium strumarium, Mentha longifolia, Cynodon dactylon, and Cannabis sativa may be advantageous over native species since they can more easily spread across the communities (Timsina et al., 2011). The future vegetation diversity will be at risk, due to this relocation, which ultimately brings communities’ disturbance. These results were contrary to what has been observed in other aquatic ecosystems; non-native species comprise a significant and substantially greater component of submerged aquatic plant communities (Santos et al., 2011; Du Toit et al., 2021), while in this case, N. officinale, a native invasive species, dominated the communities.

The cluster analysis segregated four unique vegetation groups, each dominated by N. officinale and have different co-dominant species. Polygonum glabrum was the co-dominant species in Group I, Cynodon dactylon in Group II, Digitaria sanguinalis in Group III, and Mentha longfolia in Group IV. Similarly, a study was conducted on the phytosociology of Sedum brevifolium and found six plant groups (Nabi et al., 2012), while Ali et al. (2022) reported two plant communities across the wetlands of Panjkora River in district Dir Lower. At the sample sites, N. officinale was often found with several associated species, including Polygonum glabrum, Cynodon dactylon, and Digitaria sanguinalis. The same environmental factors and nutritional requirements might cause their communities’ association, as reported by Khan (2012); Khan et al. (2014); Muhammad et al. (2016); Nasrullah et al. (2015), and Shah and Hussain (2009).

The soil characteristics revealed that the calcareous nature accounted for roughly 99% of the growth of N. officinale. The calcareous soils with high potassium, nitrogen, and low phosphorus concentrations range from sandy loam to loamy silty texture, resulting in gregarious communities, as that reported in the region by Ullah et al. (2021) and Ullah et al. (2022). The smaller communities having high density and cover in terms of species composition may be attributed to two factors, i.e., the communities are new to the region and the potential of N. officinale to regenerate (Ali et al., 2022). Our results were contrasted to that reported by Khan et al. (2020), who reported that seedlings and juvenile plants grow quicker than mature plants, resulting in a decreased density. However, these results complied with Hitimana et al. (2004), where the high density is linked to the plant species’ capacity for regeneration. The community structure and composition may change due to man-made activities, intra- and inter-specific competition, and the pattern of regeneration (Faridah-Hanum et al., 2012). These soils also allow water and air to move through them, letting roots penetrate more readily, providing nutrients and clay aggregation stability (Zimmermann, 1991). Certain invasive generalist species, such as C. sativa, X. strumarium, and C. dactylon, pioneer species of disturbed vegetation, were dominant in the communities (Iqbal et al., 2021). N. officinale probably establishes itself as the dominant species in wetlands in Khyber Pakhtunkhwa due to these environmental factors that favor their propagation and growth. In addition, the vegetation decomposition and microbial activities in the root zone may further add soil nutrients that add to the fertility of soil and resulting in the establishment and propagation of a particular community in an area (Bargali et al., 2018).

As expected, the anthropogenic variables substantially disrupted the communities’ structure, favoring non-native species invasion (Geiger and McPherson, 2005; Bhattarai et al., 2014). The study assessed mining factor, grazing pressure, cultivated fields, and over-harvesting to determine how these factors relate to the disturbance of N. officinale communities. However, these factors vary significantly along IVI gradients, showing that they are linked to invasive species and community disturbance. The sites of Group II had greater grazing intensity, agricultural activities or areas occupied by cultivated fields, and mining factors, making the populations more susceptible to invasion, as reported by Chhogyel et al. (2021) and Pretto et al. (2010). This could be due to the easy transportation of the alien species propagules in such areas. According to McDougall et al. (2005) and Sjödin et al. (2008), grazing pressure and mining factor disturbed communities by generating unoccupied niches for alien propagules, enabling the plant to invade the vacant habitats. Similarly, sand extraction from aquatic environments, like rivers and coasts, provides an ecosystem service (Grizzetti et al., 2019). Sand is primarily used in construction because concrete contains 75% sand (Jnr et al., 2018). All this equates to approximately 200 tons of sand for a home, 30,000 tons for every kilometer of roadway, and an astounding 12 million tons of sand for a nuclear power station (Ludacer, 2018; Rentier, and Cammeraat, 2022). This tremendous sand demand has made mining a global environmental concern that disturbed community structure (Asabonga et al., 2017). This mining operation caused habitat fragmentation that continuously disturbed these communities in the river bed and char-land areas.

RDA of vegetation–soil interactions revealed that organic matter, silt, sand, clay, phosphorus, potassium, pH, latitude, longitude, aspect degree, wilting point, field capacity, and available water were the key factors controlling the distribution of vegetation in the region. The role of organic carbon in soil fertility is well known and reported by many authors like Kononova (2013) and Rao et al. (2017). Similarly, increase in soil organic matter content results from the breakdown of plant residues, lower salt toxicity from dissolved potassium and calcium brought by rainwater (Taiz and Zeiger, 2002), and increasing vegetation diversity (Lyons et al., 2005). Moreover, many studies like Ali et al. (2022); Ullah et al. (2022), and Ullah et al. (2021) in the same region reported the significance of soil organic matter, nitrogen, and soil texture in sustaining plant communities. Similar research on the influence of surface sediment percentages of various size classes on the geographical distribution of soil moisture was reported by Dasti and Agnew (1994). In addition, many other factors, such as precipitation, rain, and flood, increase the percentages of silt and clay in the soil texture that play an important role in shaping plant communities (Duniway et al., 2010). The most significant factors closely related to the dispersion of vegetation communities are nutritional status, electrical conductivity, soil texture, slope, and aspect (Tavili and Jafari, 2009). Our results were also in agreement with those of Zare et al. (2011), who reported that the distribution of plants is influenced by slope, aspect elevation, soil texture, lime content, soil moisture, available nitrogen, potassium, and organic matter, and Bargali et al. (2018), revealing the importance of soil organic matter and nitrogen in maintaining plant communities.




5 Conclusions

The study concluded that topography and spatial variability influenced the N. officinale vegetation’s distribution in the area. In addition, the anthropogenic factors qualitative and quantitative intensity have the most prominent role in disturbing the communities. In addition, it has been shown that the spread of N. officinale vegetation is more strongly correlated with physical environmental factors and substrate characteristics that affect water availability. The disturbance in communities can be minimized by land use to change the water conditions in wetlands directly or indirectly by draining them to make the surface drier and by introducing plant species like N. officinale that are tolerant to flooding and produce more crops and feed. In addition, non-wetland species swiftly builds up peaty soils in the wetlands, elevating the surface above the water building diverse communities. However, the presence of non-native species may subject the communities to unexpected changes in vegetation; therefore, proper management of non-native invasive species should be considered for future perspective.
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Biodiversity plays important roles in ecosystem functions and genetic diversity is a key component of biodiversity. While effects of genetic diversity on ecosystem functions have been extensively documented, no study has tested how genetic diversity of plants influences greenhouse gas fluxes from plant-soil systems. We assembled experimental populations consisting of 1, 4 or 8 genotypes of the clonal plant Hydrocotyle vulgaris in microcosms, and measured fluxes of CO2 and CH4 from the microcosms. The fluxes of CO2 and CO2 equivalent from the microcosms with the 1-genotype populations of H. vulgaris were significantly lower than those with the 4- and 8-genotype populations, and such an effect increased significantly with increasing the growth period. The cumulative CO2 flux was significantly negatively related to the growth of the H. vulgaris populations. However, genotypic diversity did not significantly affect the flux of CH4. We conclude that genotypic diversity of plant populations can influence CO2 flux from plant-soil systems. The findings highlight the importance of genetic diversity in regulating greenhouse gas fluxes.
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1 Introduction

Greenhouse gas emissions have increased since the pre-industrial era, which is primarily driven by economic development and population increment (Stocker, 2014). Specially, CO2 is the largest contributor, accounting for 74.4% of the total emissions, and CH4 is the second largest contributor, accounting for 17.3% (Ritchie et al., 2020). Terrestrial ecosystems are the important carbon sinks of greenhouse gases that are profoundly influenced by plants, soil and other environment factors (Yuan et al., 2015). Specifically, plant species identity and diversity have a direct impact on photosynthetic carbon sequestration and an indirect influence on CO2 and CH4 emissions by altering biochemical processes (Fang, 2010; Koelbener et al., 2010).

Plant species diversity can impact ecosystem function, such as primary productivity and nutrient cycling (Cardinale et al., 2012; van der Plas, 2019). As plant species richness in a community increases, the probability of highly productive species arises (i.e., sampling effect), or resources in the community can be used more completely due to niche partition and complementarity among species (i.e., complementarity effect), thereby resulting in an increase e.g., community productivity, invasion resistance and carbon sequestration (Loreau and Hector, 2001; Adomako et al., 2019; Xue et al., 2021). Studies have shown that increasing plant species diversity is potentially able to influence greenhouse gas emissions from ecosystems (Han et al., 2019; Luo et al., 2020; Fan et al., 2021).

Besides species diversity, genetic diversity is another key component of biodiversity (Jiang et al., 2021; Begum et al., 2022; Huang et al., 2022). Similar to the impact of plant species diversity, increasing plant genetic diversity can also affect population performance and ecosystem functions (Hughes et al., 2008; Begum et al., 2022). For instance, genotypic diversity has been shown to affect plant biomass, root morphology and nutrient uptake (Abbott and Stachowicz, 2016; Semchenko et al., 2021; Huang et al., 2022; Begum et al., 2023). So far, it remains unclear whether genotypic diversity of a plant can affect greenhouse gas fluxes from plant-soil systems.

CO2 flux is determined by photosynthetic carbon input and plant-soil respiration emission, while CH4 flux is more affected by methanogens and substrate quality (Mo et al., 2015; Gao et al., 2018). The capacity of photosynthetic carbon sequestration and plant-soil respiration can vary greatly among different genotypes of the same plant (Cook-Patton et al., 2011). Additionally, different genotypes of the same plant may be associated with different soil microbial communities that may greatly impact the processes of CH4 production and soil respiration (Johnson et al., 2010; Latta et al., 2011; Burrill et al., 2023). Hence, we postulated that genotypic identity and genotype diversity of the same plant species may affect greenhouse gas fluxes (e.g., CO2 and CH4 fluxes).

We assembled experimental populations consisting of 1, 4 or 8 genotypes of the clonal plant Hydrocotyle vulgaris in microcosms, and measured fluxes of CO2 and CH4 from the microcosms. Specifically, we addressed the following two questions: (1) Does genotypic identity of H. vulgaris influence CO2 and CH4 fluxes from the microcosms? (2) Does genotypic diversity of H. vulgaris affect CO2 and CH4 fluxes from the microcosms?




2 Materials and methods



2.1 Species information and preparation

Hydrocotyle vulgaris L. (Araliaceae) is a perennial clonal plant with creeping stems rooted in each node in humid conditions (Dong et al., 2015). Commonly, each stem node has a leaf and a new creeping stem can be formed at the leaf axil (Si et al., 2020). It is native to Europe and the United States, often inhabiting moist habitats such as rivers, ponds, swamps, valleys, and dune grasslands (Xue et al., 2022). This species can reproduce rapidly by clonal growth and show high morphological plasticity (Wang et al., 2022). Different genotypes of H. vulgaris differ in competitive ability (Zhang L. et al., 2022) and clonal integration (Si et al., 2020).

In 2016, 128 ramets of H. vulgaris were collected from 10 different sites in China (Wang et al., 2020; Huang et al., 2022). Total genomic DNA of the ramets were extracted and a total of 20 genotypes were identified by ALFP based on genomic DNA (see Wang et al., 2020 for detail). To meet the experimental requirements and reduce the influence of genotype identity on genotypic diversity (Hughes et al., 2008; Hughes and Stachowicz, 2009), we randomly selected ten genotypes of H. vulgaris to construct populations with different levels of genotypic diversity. Among the ten genotypes, three were from Wenzhou, two were from Chongqing, and one was each of Taizhou, Jiangxi, Hangzhou, Wuhan and Lishui (Wang et al., 2020). Ramets of these ten genotypes were vegetatively propagated in greenhouses of Taizhou University in Taizhou, Zhejiang Province, China. On August 18, 2021, 1920 ramets (a node with a leaf and some adventitious roots) of similar size were selected. The initial height of the ramets was 4.04 ± 0.12 cm (mean ± SE, n =10), and the initial dry weight of the ramets 0.038 ± 0.003 g (mean ± SE, n =10).




2.2 Experimental design

Since 1, 4, and 8 genotypes are commonly used to represent the low, medium, and high genotype diversity (e.g., Hughes et al., 2008; Latta et al., 2011; Xue et al., 2021), we used these three levels of genotypic richness to construct populations. Each population was construed in a pot (16 cm in diameter and 20 cm in height) filled with a 1:1 mixture of river sand and soil collected from a wasteland in Taizhou, Zhejiang Province, China. Each pot was planted with 16 ramets of H. vulgaris. During the experiment, we used strings and labels to distinguish genotypes without disturbing plant growth, and we did not separate the individuals of different genotypes in the mixture plot.

For the 1-genotype populations, each pot was grown with 16 ramets of the same genotype, and all the ten genotypes were used to construct the 1-genotype populations. For the 4-genotype and 8-genotype populations, each pot was grown with 16 ramets of four different genotypes and eight different genotypes, respectively. Each of these two diversity treatments was replicated five times, but the replication was at the diversity level rather than at the genotypic combination level (Appendix Table S1). This approach was commonly used when testing the effect of species or genotypic diversity (Wang et al., 2021; Begum et al., 2022; Huang et al., 2023). We also ensured that the frequency of occurrence of each genotype was the same.

For the 1-genotype treatment, populations of each of the ten genotypes were replicated nine times, resulting a total of 90 pots (populations). For the 4-genotype treatment, each of five 4-genotype populations was replicated three times, making 15 pots. Similarly, for the 8-genotype treatment, each of five 8-genotype populations was replicated three times, resulting in also 15 pots.

The experiment started on 30 August and ended on 30 October 2021, and was conducted in the greenhouse. During the experiment, the daily temperature in the greenhouse was controlled at 25.3°C. All pots were watered every two days, and were randomly repositioned three times during the experiment.




2.3 Measurements

We measured fluxes of CO2 and CH4 from each of the microcosms (the pots with the populations of H. vulgaris and the soil) between 09: 00 am and 11: 00 am every 10 days. For the 1-genotype treatment, we randomly selected three microcosms (from the nine microcosms) for each genotype to measure fluxes, and thus 30 microcosms in total. For the 4- and the 8-genoytype treatment, we randomly selected one microcosm (from the three microcosms) for each of the five genotype combinations of each treatment to measure fluxes, and thus ten microcosms in total.

To qualify CO2 and CH4 fluxes from the microcosms, gas concentration was determined with the Ultra-Portable Greenhouse Gas Analyzer (UGGA) (M-GGA-918, Los Gatos Research Corp. USA). During the measurement, we placed the transparent chamber (20 cm in inner diameter and 50 cm in inner height) in the microcosms and fitted it tightly to ensure that the chamber enclosed the plant and soils and sealed. Then we captured the greenhouse gas fluxes from the microcosms. Cumulative fluxes were calculated by multiplying the average of the fluxes of consecutive sampling days by the time interval between them. The positive value of fluxes means that emission is greater than absorption and is a carbon source; when flux is negative, it is a carbon sink.

The carbon dioxide equivalent (CO2-eq) is a standardized measurement unit that quantifies the effect of greenhouse gases, based on their reference to CO2 (Stocker, 2014; He et al., 2017). In our experiment, CO2-eq was defined as (He et al., 2017):

	

where CO2 is the carbon dioxide flux (g CO2 m-2), MCH4 is the CH4 flux (g CH4 m-2) and GWPM is 25 (Stocker, 2014).

At the end of the experiment, we counted ramets of H. vulgaris and then harvested leaves, creeping stems, and root. We also measured leaf area (WinFOLIA Pro 2004a, Regent Instruments, Inc., QC, Canada) and total creeping stem length. All plant materials were sorted, oven-dried at 70°C for 72 h, and weighed.




2.4 Data analysis

We used the additive partitioning method (Loreau and Hector, 2001) to calculate the biodiversity effect of aboveground biomass. The net diversity effect is defined as the difference between the observed yield of H. vulgaris in mixture populations and the expected yield (i.e., the product of the yield of genotypes and the proportion of planted in mixture). It can be partitioned into the selection and complementarity effects (Loreau and Hector, 2001):

	

	

where N is the number of genotypes in the mixture, ΔRY is the change in relative yield for genotypes in the mixture,M is the yield of genotypes in monoculture and cov(ΔRY,M)is covariance of ΔRY and M.

Repeated-measures analysis of variance (ANOVA) was used to test for the effects on fluxes of CO2, CH4 and CO2-eq from the microcosms, with genotypes or genotypic diversity as a between-subject factor and the growth period as a within-subject factor. We used one-way ANOVA to examine the effect of genotype identity or genotypic diversity on plant growth (total biomass, aboveground biomass, belowground biomass, and leaf area) and cumulative fluxes of CO2, CH4 and CO2-eq from the microcosms and Duncan tests for multiple comparisons. Linear regression was used to examine the relationships of cumulative fluxes of CH4 and CO2 with total biomass, aboveground biomass, belowground biomass, and leaf area of H. vulgaris. Before analysis, all data were checked for normality and homogeneity of variance. Data of CH4 flux were logarithmically transformed to satisfy the assumptions of normality and homogeneity of variance. The analyses were conducted with SPSS 18.0 (SPSS Inc., Chicago, IL, U.S.A.). Effects were considered significant if P< 0.05. Partial Least Squares Path Modeling (PLSPM) was used to examine the direct and indirect effects of genotypic diversity of H. vulgaris on CO2 flux. PLSPM was conducted using the “plspm” R package (Luo et al., 2017).





3 Results



3.1 Genotypic differences in greenhouse gas fluxes

Genotype of H. vulgaris had a significant effect on fluxes of CO2 and CO2-eq (Table 1). The values of the CO2 flux and CO2-eq flux from the microcosms were the smallest when they were planted with the genotype of TZ-9 and the genotype of WZ-2, largest when they were planted with the genotype of CQ-2, and intermediate when they were planted with any other genotypes (Figures 1A, C). The growth of the H. vulgaris population was the largest when the population consisted of the genotype of TZ-9 or the genotype of LS-3, smallest when it consisted of the genotype of CQ-2, and intermediate when it consisted of any of the other genotypes (Appendix Figure S1). Irrespective of the genotypes planted, the values of the CO2 flux and CO2-eq flux from the microcosms all decreased sharply during the experiment, but the differences between genotypes became larger with time (Figures 1A, C). However, genotype had no effect on the CH4 (Table 1; Figure 1B).


Table 1 | ANOVAs of effects of genotype of Hydrocotyle vulgaris, growth period and their interaction on fluxes of CO2, CH4 and CO2 equivalent (CO2-eq) from the microcosms.






Figure 1 | Fluxes of (A) CO2, (B) CH4 and (C) CO2 equivalent (CO2-eq) from the microcosms with populations consisting each of the ten genotypes of H. vulgaris. Vertical bars are standard errors.



The cumulative CO2 flux varied significantly among the ten genotypes (F9, 20 = 2.77, P = 0.028). The cumulative flux of CO2 from the microcosms were the lowest when they were planted with the genotype of TZ-9 (-134.87 ± 18.83 g m-2, mean ± SE) and the genotype of WZ-2 (-134.41 ± 14.98 g m-2), the highest when they were planted with the genotype CQ-2 (-46.51 ± 1.62 g m-2), and intermediated when they were planted with other genotypes (Figure 2A). However, the cumulative flux of CH4 did not differ significantly among different genotypes (Figure 2B, F9, 20 = 1.14, P = 0.383).




Figure 2 | Cumulative fluxes of (A) CO2 and (B) CH4 from the microcosms with populations consisting each of the ten genotypes of H. vulgaris. Bars and vertical lines show means and SE. Bars sharing the same letter are statistically not different at P = 0.05. Different letters (a–c) at the end of bars indicate significant difference in each panel.






3.2 Effects of genotypic diversity on greenhouse gas fluxes

Genotypic diversity of H. vulgaris had a significant effect on fluxes of CO2 and CO2-eq (Table 2). The CO2 flux and CO2-eq from the microcosms with the 1-genotype populations of H. vulgaris were significantly higher (i.e., values were more negative) than those with the 4- and 8-genotype populations, and such an effect increased significantly with increasing the growth period (significant interaction effect in Table 2; Figures 3A, C). Consequently, cumulative fluxes of CO2 (F2, 37 = 5.07, P = 0.011; Figure 4A) and CO2-eq (F2, 37 = 5.07, P = 0.011; Figure 4C) from the microcosms with the 1-genotype populations were significantly higher than those from the microcosms with the 4-and 8-genotype populations. While the CH4 flux increased significantly with increasing the growth period, it was not significantly influenced by genotypic diversity of H. vulgaris (Table 2, Figure 3B). Consequently, genotypic diversity did not significantly affect the cumulative flux of CH4 (F2, 37  =1.45, P = 0.247; Figure 4B).


Table 2 | ANOVAs of effects of genotypic diversity of Hydrocotyle vulgaris, growth period and their interaction on fluxes of CO2, CH4 and CO2 equivalent (CO2-eq) from the microcosms.






Figure 3 | Effects of genotypic diversity of H. vulgaris and growth period on fluxes of (A) CO2, (B) CH4 and (C) CO2 equivalent (CO2-eq) from the microcosms. Vertical bars are standard errors.






Figure 4 | Effects of genotypic diversity of H. vulgaris on cumulative fluxes of (A) CO2, (B) CH4 and (C) CO2-eq from the microcosms. Bars and vertical lines show means and SE. F, P and degrees of freedom of one-way ANOVAs are given. Different letters (a–b) at the end of bars indicate significant difference in each panel.






3.3 Relationships between gas fluxes and plant growth

The cumulative CO2 flux was significantly negatively related to total biomass (R2 = 0.41, P< 0.01), aboveground biomass (R2 = 0.41, P< 0.01), belowground biomass (R2 = 0.38, P< 0.01), and total leaf area (R2 = 0.34, P< 0.01) of the H. vulgaris populations (Figure 5). However, the cumulative CH4 flux was not significantly related to total biomass (R2< 0.01, P = 0.980), aboveground biomass (R2< 0.01, P = 0.695), belowground biomass (R2< 0.01, P = 0.878) or leaf area (R2 = 0.01, P = 0.520) of the H. vulgaris populations. The cumulative CO2 flux was not significantly related to any of the soil properties (Appendix Figure S2).




Figure 5 | Relationships of the cumulative CO2 flux with (A) total biomass, (B) abovegroud biomass, (C) belowground biomass and (D) leaf area of the H. vulgaris populations. F-, R2-, and p-values obtained from linear regressions are also presented.







4 Discussion

We found that both genotypic identity and genotypic diversity of H. vulgaris influenced CO2 flux and CO2-eq from the plant-soil systems, suggesting that intraspecific variations of the same species can influence greenhouse gas fluxes. However, values of CO2 flux and CO2-eq from the microcosms were all negative, regardless of genotypic identity and diversity of H. vulgaris. This result suggests that photosynthesis was greater than respiration and CH4 emission (Fabre et al., 2020; Augusto and Boča, 2022).

CO2 flux varies among plant species (Priault et al., 2009). Our study shows that CO2 flux differs among genotypes, although the variation is less pronounced compared with plant species (Hughes et al., 2008; Crawford and Rudgers, 2012). Previous research has demonstrated the different traits of genotypic identity including growth rate (Poorter et al., 2005), respiration (Bulut et al., 2023), photosynthesis (Blackman et al., 2016) and related leaf traits (leaf nitrogen, leaf life, specific leaf area, etc.) (Grady et al., 2013). Our study similarly demonstrated significant differences of multiple traits among different genotypes, such as aboveground and belowground biomass, total biomass, and leaf area (Appendix Figure S1). The genotypes (TZ-9 from Taizhou and WZ-2 from Wenzhou) with significant carbon sequestration capacity had better population performance (Appendix Figure S1), indicating that these variations might account for the observed differences in CO2 flux. Moreover, previous studies have shown that genotypic identity may result in changes of root exudates production (Mönchgesang et al., 2016; Semchenko et al., 2018; Sun et al., 2021), and the microbial communities (Eck et al., 2019; Fernández et al., 2020; Begum et al., 2022). These alterations not only affect soil organic matter input, but also influence soil microbial activity (Raaijmakers et al., 2009). However, we did not find the effect of soil properties on CO2 flux, which may be due to the fact that we measured only a limited number of soil properties (i.e., soil moistures, soil total nitrogen, soil ammonium and nitrate nitrogen) and also due to the short experimental period (60 days), so that the effect of the plant on the soil was not enough to affect the CO2 flux (Appendix Figure S2). As a result, genotypic identity may impact plant photosynthesis and respiration rates, ultimately resulting in differences in CO2 flux (Mo et al., 2015; Gao et al., 2018; de Vries et al., 2019).

Surprisingly, the microcosms with the 1-genotype populations of H. vulgaris, had stronger carbon absorption capacity than those with the 4- and 8-genotype populations, suggesting that genotypic diversity of the same species can influence greenhouse gas flux. This might be because genotypic diversity has a negative effect on primary productivity and morphological traits of our plant communities (Adler et al., 2011). Previous studies have shown that genotypic diversity can increase population biomass (Hughes and Stachowicz, 2009), or has no effect or a negative effect on primary productivity (Fridley and Grime, 2010; Crawford and Rudgers, 2012). Such an inconstancy might be due to differences in environments, genotypes competition and resource availability (Fridley, 2002; Wang et al., 2019). In this experiment, the stolon of H. vulgaris, as stoloniferous plant, was restricted by the space of the experimental container during clonal reproduction, and the competition among genotypes increased. On the other hand, the more similar the phylogeny and the more overlapping the functional traits, the more inclined to increase competition among species and genotypes through selection effects (Venail and Vives, 2013; Huang et al., 2020). We hypothesized that although there were differences among genotypes, with the increase of genotypes, the probability of niche overlap increased, and the limited complementarity was more due to competition among H. vulgaris (Appendix Figure S3). Intense competition and resource constraints resulted in less biomass and leaf area, which was related to CO2 flux. We did not list all possible genotypic combinations, but there may be differences between genotypic combinations, and further studies can be designed to explore the underlying mechanisms.

Our findings revealed a negative correlation between CO2 flux and both biomass and leaf area of H. vulgaris, which is consistent with previous studies (Moore et al., 2002; Larmola et al., 2003). This relationship can be largely explained by the fact that CO2 assimilation is highly dependent on a plant’s photosynthetic potential and aboveground biomass (Wohlfahrt et al., 2008; Han et al., 2013), while leaf area is indicative of its photosynthetic capacity (Kaitaniemi, 2007; Lusk et al., 2019). Although studies have shown that biomass is also a predictor of CO2 flux (Emery and Fulweiler, 2014), in our experiment, we observed a higher rate of photosynthesis than respiration. As aboveground biomass and leaf area increased, net photosynthesis strengthened, leading to a decline in CO2 flux that ultimately became increasingly negative.

We found no significant relationship between CH4 flux and biomass, which is consistent with previous studies (Koelbener et al., 2010; Mo et al., 2015; Gao et al., 2018). As CH4 is produced by methanogens and then emitted through plants or soil (Zhang Y. et al., 2022), it is likely that biomass is not the sole predictor of CH4 production (Gong et al., 2021). Furthermore, we observed no significant differences in CH4 flux across genotypes in H. vulgaris. One possible explanation is that variation in genotypic identity of H. vulgaris may not strongly influence methanogen abundance or activity similarly to how specific identities do (Berg and Smalla, 2009; Edwards et al., 2015; Liechty et al., 2020). Additionally, CH4 flux may be mediated by processes related to transport from the soil to atmosphere (Ding et al., 2005; Bhullar et al., 2013; Andresen et al., 2017). However, the development of aerenchyma tissues and lacunae proportions in shoots and roots may not differ significantly among different genotypes of H. vulgaris (Ding et al., 2005). Consequently, limited trait variability across genotypes may also contribute to the lack of difference in CH4 flux of genotypic diversity observed in our experiment (Sutton Grier and Megonigal, 2011).

In conclusion, our results provide evidence that genotypic identity and diversity of the same species can influence greenhouse gas fluxes from plant-soil systems. These findings highlight the importance of intraspecific variation in mediating greenhouse gas fluxes and suggest that intraspecific variation should be considered when modelling regional and global patterns of greenhouse gas fluxes. One caveat is that this study was conducted in microcosms so that its reality is limited. Future studies could be designed to test how genotypic diversity can mediate greenhouse gas in field conditions.
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Supplementary Figure 3 | Net diversity effect, complementarity effect, selection effect on the aboveground biomass for 4- and 8-genotype populations of H. vulgaris. Bars and vertical lines show means and SE. Difference of values between 4- and 8-genotype populations were tested by independent samples t-test. * indicates the significance at P< 0.05.
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Introduction

Exploring the change and maintaining mechanism of plant diversity is of great significance for guiding the restoration of degraded ecosystems. However, how plant taxonomic, functional, and phylogenetic diversity change during long-term ecosystem restoration process and their driving factors remain unclear.





Methods

Based on the 35-year time gradient of aerial seeding restoration in Mu Us sandy land, this study explored the changes in plant taxonomic, functional, and phylogenetic diversity and the driving factors.





Results

The results showed that plant taxonomic, functional, and phylogenetic diversity showed consistent response with the aerial seeding restoration, all of which increased first and then tended to a saturation state in the middle of restoration (14 years). TN, TOC, and NO3--N increased with aerial seeding restoration and showed a significant positive correlation with plant diversity of the three dimensions, while AP showed a negative correlation. Soil nitrogen and carbon promoted the increase of diversity of three dimensions in the early restoration period, while phosphorus limited the increase of diversity of three dimensions in the middle and late restoration periods. The diversity of three dimensions was mainly affected by restoration time, soil nutrients, and climate factors, and the coupling effect of restoration time and soil nutrients was dominant.





Discussion

These findings indicate that the plant diversity in different dimensions and soil nutrients are improved by aerial seeding restoration. Our study highlights that aerial seeding restoration mainly improves plant diversity by increasing soil nutrients, and the relative effects of different soil nutrients on plant diversity during restoration are inconsistent.





Keywords: ecological restoration, soil nutrients, functional diversity, phylogenetic diversity, taxonomic diversity




1 Introduction

Ecosystem degradation can lead to species extinction and biodiversity loss (Marco et al., 2019). As a fundamental ecosystem component, biodiversity plays an important role in maintaining ecosystem functions and services (Oliver et al., 2015). In 2019, the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services released a report showing that one million species of plants and animals are endangered due to human-induced ecological degradation (Díaz et al., 2019). Ecological restoration can help reverse the degradation trend, increase biodiversity, and improve ecosystem health (Montoya, 2021). A recent study has shown that ecological restoration increased biodiversity by an average of 20% at 83 restoration sites worldwide (Atkinson et al., 2022). The impact of ecological restoration on biodiversity has become a hot topic in current ecological research.

Taxonomic diversity, which reflects taxonomic information of species, is commonly used to assess the effect of ecological restoration on biodiversity (O’brien et al., 2022; Yan et al., 2022). However, biodiversity generally has three dimensions, including taxonomic, functional, and phylogenetic diversity. Although functional and phylogenetic diversity are also important parts of biodiversity, they have received less attention in ecological restoration. Functional diversity reflects the differences in functional traits among species in communities (Qin et al., 2016). Functional traits are the functional attributes closely related to the growth, reproduction, and competition of species and can more directly reflect the competitive relationship and resource utilization of species (Yan et al., 2020). Phylogenetic diversity represents the diversity of evolutionary differences among species in communities. Functional and phylogenetic diversity can complement taxonomic diversity and describe biodiversity from functional and evolutionary perspectives (Qin et al., 2016). Exploring taxonomic, functional, and phylogenetic diversity can more comprehensively inform the ecological restoration effect.

Biodiversity is affected by many factors during the ecological restoration process, including soil and climate factors (Aguirre-Gutiérrez et al., 2020; Shi et al., 2020). Different types of soil nutrients have different effects on biodiversity. The study found that soil carbon and nitrogen content increased with forest restoration, while phosphorus became a limiting factor for plant growth (Yang et al., 2021). As the two most concerned factors in climate, temperature, and precipitation also have different impacts on biodiversity. A study on the Qinghai-Tibet Plateau found that warming decreased plant diversity, while precipitation increased plant diversity (Wang et al., 2022). Determining the key factors affecting biodiversity is significant for understanding the changes and driving mechanisms of biodiversity during the ecological restoration process.

In addition, the responses of biodiversity on three dimensions to driving factors differ. Previous studies have found that taxonomic diversity is closely related to soil factors during the restoration process, including soil carbon and nitrogen (Zhao et al., 2015). However, taxonomic, functional, and phylogenetic diversity reflect different aspects of diversity, and their influencing factors may differ (Barber et al., 2019; Shi et al., 2020). Some studies have found that functional diversity is affected by both soil and climate factors, while phylogenetic diversity is mainly affected by climate factors (Shi et al., 2020). Therefore, it is of great significance to explore the influencing factors of diversity in the three dimensions simultaneously to clarify the biodiversity restoration and driving mechanism during the ecological restoration process and thus help guide ecological restoration and biodiversity conservation (Yan et al., 2023). However, the effects of soil and climate factors on biodiversity on three dimensions during restoration are still unclear.

33% of the world’s land is being degraded, affecting the livelihoods of billions of people worldwide (Abhilash, 2021). Desertification is one of the severe consequences of land degradation, and in the context of climate change, desertification continues to increase at the rate of 12 million hectares per year (Sun et al., 2023). China is one of the countries most seriously affected by desertification, with 27.33% of the land area being threatened by desertification (Cheng et al., 2021b). The government has implemented restoration measures to combat desertification, such as the Grain for Green Project and the Three Norths Shelter Forest Program (Liu et al., 2020). Mu Us sandy land is one of the four major sandy lands in China, located in the agro-grazing ecotone, and has always been a key area for Chinese desertification combating (Cheng et al., 2021a). Aerial seeding is a measure of artificial restoration by sowing seeds with aerial equipment, which has achieved remarkable effects in Mu Us sandy land (Gong et al., 2023). Most researchers mainly focus on the plant diversity in a single dimension during the aerial seeding restoration process in Mu Us sandy land (Liu et al., 2021). However, the impact of aerial seeding restoration on plant diversity in different dimensions are still unclear. Therefore, based on a 35-year aerial seeding restoration gradient in Mu Us sandy land, this study explored the changes and driving factors of plant diversity during the aerial seeding restoration process from three dimensions (taxonomic, functional, and phylogenetic diversity). Our objective is to fully reveal the effects of aerial seeding restoration on plant diversity and provide theoretical support for the assessment of aerial seeding restoration effects in Mu Us sandy land.




2 Materials and methods



2.1 Study area and sites sampled

The study area is located in Mu Us sandy land (107°4’–109°26’ E, 38°22’–39°15’ N) in northern China (Figure 1). The sandy land has a temperate continental climate, with a mean annual temperature and a mean annual precipitation of 6.2°C and 250mm, respectively (Liu et al., 2021). Artemisia ordosica, Salix psammophyla, and other psammophytes grow on sandy land. The sandy land contains various soil types, such as Kastanozems, Solonchaks, and Histosols (Liu et al., 2021). This area has begun implementing aerial seeding restoration measures since the 1980s, mainly by sowing seeds of Hedysarum laeve Maxim and Hedysarum scoparium.




Figure 1 | Study area in Mu Us sandy land, Inner Mongolia, China. (A) The map of China. (B) The map of the Inner Mongolia Autonomous Region. (C) The 32 study sites in Mu Us sandy land.



We selected 32 sites in Mu Us sandy land, including 30 sites in different years for aerial seeding restoration (1983–2015, excluding 1986, 1988, and 2003), one mobile dune site (2017), and an original site (top community and undisturbed >30 years). We established a 10 m×10 m plot at relatively flat area in each site and set up three 1 m×1 m quadrats along the diagonal at each plot.




2.2 Data collection

We conducted the vegetation and soil survey in August 2017 (plant growing season). We investigated, recorded, and collected the plant species in each quadrat and harvested the aboveground biomass of each quadrat by drying it to constant weight in an oven at 65°C. The soil cores were taken at 60 cm depth in each quadrat because precipitation can affect soil moisture up to 60 cm deep (Yu et al, 2018). We thoroughly mixed the samples from the same site, and stored them at 4°C to determine soil nutrient content.

We identified healthy and pest-free individual plants of each species found in sites and determined seven functional traits associated with plant adaptation to drought conditions. Functional traits included plant height (H), leaf area (LA), leaf dry mass (LDM), specific leaf area (SLA), leaf carbon content (LCC), leaf nitrogen content (LNC), and leaf phosphorus content (LPC). H was estimated by measuring the natural vertical height of fifteen individuals of each species. We sampled five whole leaves from each plant and measured LA using a leaf area meter (LI-3100 Area Meter, LI-COR, Lincoln, United States). LDM was obtained by drying and weighing leaves at 65°C. SLA was calculated as the ratio of LA to LDM. We used an elemental analyzer (Euro Vector EA3000; Milan) to determine LCC and LNC and the ammonium molybdate spectrophotometric method to determine LPC (Yan et al., 2019).

Based on the method proposed by Jin and Qian (2022), we obtained the phylogenetic information of species and constructed phylogenetic trees. This method is based on the super phylogenetic tree of 74,531 species of vascular plants worldwide, which can be quickly obtained fine phylogenetic trees in the study. First, we consulted all plant names recorded in the survey using the World Plants (WP) database (https://www.worldplants.de) to obtain recognized species names. Then, we used the ‘phylo.maker’ function in the ‘V.phylomaker2’ package to construct phylogenetic relationships for the species based on the collated list in this study (Jin and Qian, 2022).

We selected two climate factors and six soil nutrient indicators as environmental factors. For climate factors, we selected mean annual temperature (MAT, °C) and mean annual precipitation (MAP, mm), extracted for each site from 30 arc-seconds spatial resolution raster from the WorldClim (v2.1) database (http://www.worldclimate.org/) using ArcGIS software (v10.7) (Fick and Hijmans, 2017). The climate data from the WorldClim (v2.1) database ranged from 1970 to 2000. Moreover, we selected total nitrogen (TN), total organic carbon (TOC), available phosphorus (AP), total phosphorus (TP), nitrate-nitrogen (NO3--N), and ammonium nitrogen (NH4+-N) as six soil nutrient indicators. We measured TN using the Semimicro-Kjeldahl method; TOC using the potassium dichromate heating oxidation method. The AP was determined by the sodium bicarbonate (NaHCO3) leaching-Mo-Sb colorimetric method; TP by the alkali fusion-Mo-Sb colorimetric method; NO3--N and NH4+-N by an AA3 continuous flow analytical system (Zhang et al., 2017; Su et al., 2022).




2.3 Data analysis

We characterized plant diversity from taxonomic, functional, and phylogenetic diversity. Taxonomic diversity was represented by species richness. Functional diversity was represented by Euclidean distance of function traits among species in the community. Phylogenetic diversity was represented by phylogenetic distance among species in the community.

To investigate the response of plant taxonomic, functional, and phylogenetic diversity to aerial seeding restoration, we used a general linear model to construct a response curve of diversity of three dimensions to aerial seeding restoration time respectively. Previous studies have found that the plant diversity change with the restoration time at the late restoration period showed a threshold effect (Liu et al., 2021). In this study, we used a log-linear model to fit the corresponding curves and calculated the response threshold of plant diversity in three dimensions to aerial seeding restoration time. To explore the response of soil nutrients to aerial seeding restoration, we evaluated the relationship between soil nutrients indicators (including TN, TOC, AP, TP, NO3--N, and NH4+-N) and restoration time using a general linear model.

To explore the relationship between plant taxonomic, functional, and phylogenetic diversity and environmental factors, we used Pearson correlation analysis to calculate the correlation between the plant diversity of three dimensions and soil nutrients and climate factors. Further, to clarify the relative contributions of time, soil nutrients, and climate factors to the diversity of three dimensions during the aerial seeding restoration process, we conducted the variation partitioning analyses to divide the separate and coupled contributions of the three factors affecting the diversity of three dimensions.

All calculations were conducted in R 4.0.5 (R Core Team, 2021). We calculated plant taxonomic, functional, and phylogenetic diversity. Taxonomic diversity was calculated using the ‘vegan’ package (Oksanen et al., 2020), functional diversity based on Euclidean distance of functional traits among species, and phylogenetic diversity based on phylogenetic distance among species was calculated using the ‘picante’ package (Kembel et al., 2010). The ‘lm’ function in the ‘stats’ package was used to curve fit the diversity of three dimensions and restoration time, and the ‘pettitt.test’ function in the ‘trend’ package was used to calculate the response threshold of the diversity of three dimensions to the aerial seeding restoration time (Pettitt, 1979). Soil nutrients and restoration time were fitted to the general linear model by the ‘lm’ function in the ‘stats’ package (R Core Team, 2021). Pearson correlation analysis was carried out based on the ‘cor’ function of the ‘corrplot’ package, and variation partitioning analyses was further conducted based on the ‘varpart’ function of the ‘vegan’ package (Friendly, 2002; Oksanen et al., 2020).





3 Results



3.1 Change in plant taxonomic, functional, and phylogenetic diversity with restoration time

The log-linear model showed that plant taxonomic (Figure 2A), functional (Figure 2B), and phylogenetic diversity (Figure 2C) showed a similar nonlinear response pattern to aerial seeding restoration time (p < 0.01). Plant taxonomic, functional, and phylogenetic diversity increased rapidly in the early restoration period. After 14 years of restoration, the plant diversity of three dimensions increased slowly and gradually reached saturation.




Figure 2 | Changes in plant taxonomic (A), functional (B) and phylogenetic (C) diversity with aerial seeding restoration time. TD, taxonomic diversity; FD, functional diversity; PD, phylogenetic diversity. The red dashed lines indicate the thresholds of taxonomic, functional, and phylogenetic diversity change with aerial seeding restoration time. Yr on the horizontal axis indicates the year.






3.2 Change in soil nutrients with restoration time

The general linear model showed that different soil nutrient indicators had different responses to restoration time (Figure 3). TN (Figure 3A), TOC (Figure 3B), and NO3--N (Figure 3C) showed a highly significant increase with restoration time (p < 0.01). TP (Figure 3D), AP (Figure 3E), and NH4+-N (Figure 3F) had no significant changes (p > 0.05).




Figure 3 | Changes in soil nutrients with aerial seeding restoration time. TN, total nitrogen (A); TOC, total organic carbon (B); NO3--N, nitrate-nitrogen (C); TP, total phosphorus (D); AP, available phosphorus (E); NH4+-N, ammonium nitrogen (F). Yr on the horizontal axis indicates the year.






3.3 Correlation of plant taxonomic, functional, and phylogenetic diversity with environmental factors

Pearson correlation analyses showed that plant taxonomic and functional diversity were significantly positively correlated with MAP (p < 0.05), highly significantly positively correlated with TN、TOC、NO3--N (p < 0.01), and significantly negatively correlated with AP (p < 0.05), but had no significant correlation with TP、NH4+-N and MAT (Figure 4). Plant phylogenetic diversity was highly significantly positively correlated with MAP、TN、TOC、NO3--N (p < 0.01), but had no significant correlation with TP、AP、NH4+-N and MAT (Figure 4).




Figure 4 | Pearson correlation between plant taxonomic, functional, phylogenetic diversity, and environmental factors. TD, taxonomic diversity; FD, functional diversity; PD, phylogenetic diversity. TN, total nitrogen; TP, total phosphorus; TOC, total organic carbon; AP, available phosphorus; NO3--N, nitrate-nitrogen; NH4+-N, ammonium nitrogen; MAT, mean annual temperature; MAP, mean annual precipitation. * means significant influences at p < 0.05 level, and ** means significant influences at p < 0.01 level.






3.4 Relative contributions of restoration time and environmental factors to plant taxonomic, functional, and phylogenetic diversity

Variation partitioning analyses showed that plant taxonomic, functional, and phylogenetic diversity was mainly affected by the interaction of restoration time and soil nutrients, which together explained 38% of taxonomic diversity variation (Figure 5A), 21% of functional diversity variation (Figure 5B), and 24% of phylogenetic diversity variation (Figure 5C). In addition, both plant functional and phylogenetic diversity were affected by climate factors (3%), while taxonomic diversity was not significantly affected (Figure 5).




Figure 5 | Variance components of plant taxonomic (A), functional (B), and phylogenetic (C) diversity by restoration time and environmental factors. The overlap of circles represents the coupling effects of these variable groups.







4 Discussion



4.1 The restoration of soil nutrients lags the restoration of plant diversity during the aerial seeding restoration process

Improving soil nutrients help restore degraded ecosystems. Our study found that the aerial seeding restoration significantly increased soil nutrients in Mu Us sandy land (Figure 3). TN (Figure 3A), TOC (Figure 3B), and NO3--N (Figure 3C) showed a highly significant increase with restoration (p < 0.01). The increase of soil carbon and nitrogen with ecosystem restoration was also demonstrated in the study of Yang et al. (2023a). Plant litter, roots, and secretions are important sources of soil nutrients, and more leaf and fine root litter and soil organic matter input caused by vegetation restoration promoted carbon and nitrogen accumulation (Yang et al., 2021). However, this study also found that TP (Figure 3D) and AP (Figure 3E) did not significantly change with restoration. Soil phosphorus is mainly formed by rock weathering and is affected by soil parent material and biogeochemical processes (Lu et al., 2022). Because the parent material and climate of sandy land were similar during the restoration process, the change of soil phosphorus content was not significant in the short term. Our research showed that soil carbon and nitrogen were restored significantly during the restoration process. However, the restoration of phosphorus is not obvious, which should be paid attention in future restoration.

Exploring changes of plant diversity of three dimensions simultaneously with ecological restoration help to comprehensively understand biodiversity and conservation. Similar to the response of soil nutrients, our study found that plant taxonomic, functional, and phylogenetic diversity increased significantly with aerial seeding restoration (Figure 2). This is consistent with previous research, which showed that ecological restoration improved biodiversity in different dimensions (Ribeiro et al., 2018). The reason may be that the soil of sandy land was poor in the early restoration period, plant growth and colonization were difficult, and the taxonomic diversity was low. Moreover, due to strong environmental filtering, the species have near genetic relationships and similar functional traits (Qin et al., 2016). Therefore, plant functional and phylogenetic diversity in the early restoration period was also low. Plant litter and root exudates increased with aerial seeding restoration and improved soil ecological conditions (Wang et al., 2016). The continuous increase of soil nutrients, such as carbon and nitrogen, promoted the colonization and growth of various plants, and the taxonomic diversity increased (Figure 3). Meanwhile, the improvement of sandy land resource availability provided a larger shared ecological niche for plants, and provided opportunities for functional traits and phylogenetic differentiation of species, leading to an increase in plant functional and phylogenetic diversity (Galland et al., 2019).

However, we found that in the middle and late restoration period (after 14 years), the plant diversity of three dimensions gradually reached saturation (Figure 2), while soil nutrients continued to increase (Figure 3). The results showed that the restoration of soil nutrients lagged that of plant diversity during the aerial seeding restoration process. The reason may be that the plant demand for soil nutrients increased with plant diversity in the late restoration period. At this time, plant diversity may be limited by some soil nutrients, such as phosphorus (Figure 3). The restriction of soil nutrients can reduce the niche differences among species in the community, leading to the emergence of redundant species with similar functional traits and near genetic relationships, and make the community tend to be stable (Ricotta et al., 2020). Therefore, plant taxonomic, functional, and phylogenetic diversity of species showed saturation trends.




4.2 Aerial seeding increase plant diversity mainly by restoring soil nutrients

When considering the relationship between plant taxonomic, functional, and phylogenetic diversity and single factors in soil nutrients and climate during the restoration process, it was found that plant taxonomic, functional, and phylogenetic diversity had a positive relationship with TN, TOC, and NO3--N, indicating a positive feedback effect between plant and soil (Figure 4). The diverse litter and organic matter contributed by plant can promote the increase of soil C and N content during restoration process (Yang et al., 2021). Functional traits, such as leaf carbon and nitrogen content, may also have significant effect on litter quality and further influence soil decomposition rate and soil nutrients (van Der Putten et al., 2013; Münzbergová and Šurinová, 2015). Moreover, genetic differentiation within species may also impact soil biota and further affect soil communities (Münzbergová and Šurinová, 2015).

On the contrary, soil provides a better environment for nutrient absorption and growth of plants, thus promoting the colonization and growth of different plant species and improving plant diversity from three dimensions through feedback affecting functional trait differentiation and phylogenetic distance (van Der Putten et al., 2013; Münzbergová and Šurinová, 2015). AP was negatively correlated with plant diversity in three dimensions (Figure 4). The reason is that phosphorus is the limiting factor of soil nutrients in this area. The higher the plant diversity, the more phosphorus absorption and utilization, and the lower soil phosphorus availability (Zemunik et al., 2015; Yang et al., 2021). Given the different effects of different soil nutrients on plant diversity, species can be selected for the future ecological restoration of Mu Us sandy land, such as planting nitrogen-fixing plants to promote the restoration of sandy land.

Further, this study integrated restoration time, soil nutrients, and climate factors to explore their relative contributions to plant taxonomic, functional, and phylogenetic diversity and found that the plant diversity of three dimensions was mainly affected by the coupling effect of restoration time and soil nutrients during the restoration process (Figure 5). The meta-analysis on vegetation ecological restoration conducted by Zhao et al. (2023) on the Loess Plateau found that restoration time was the main factor affecting soil organic carbon after vegetation restoration. This suggested that restoration time improved plant diversity in multiple dimensions, mainly by improving soil nutrients.

In addition, in terms of climate factors, MAP was also significantly positively correlated with plant taxonomic, functional, and phylogenetic diversity (Figure 4). A study conducted in the Inner Mongolia grassland also showed that increasing precipitation increased diversity in three dimensions (Hu et al., 2022). Sandy land is located in a semi-arid area, and plants are more sensitive to precipitation change. Increasing precipitation can weaken the environmental filtering caused by water stress and improve the taxonomic diversity by regulating the availability of soil nutrients and water so that the functional traits tend to be diversified (Hu et al., 2022; Yang et al., 2023b). Increased precipitation may also promote the emergence of distant species with different traits through competition, resulting in increased phylogenetic diversity (Yang et al., 2023b).





5 Conclusions

This study found that aerial seeding restoration increased plant diversity and soil nutrients in Mu Us sandy land. Plant taxonomic, functional, and phylogenetic diversity significantly improved and began to reach saturation in the middle restoration period. Soil nutrients increased steadily with aerial seeding restoration, and the restoration of soil nutrients lagged behind that of plants. The plant diversity of three dimensions were positively correlated with TN, TOC, and NO3--N, and negatively correlated with AP, indicating that soil carbon and nitrogen were the main promoting factors and phosphorus was the main limiting factor for vegetation restoration in Mu Us sandy land. Plant diversity was mainly affected by restoration time, soil nutrients, and climate factors. The coupling effect of restoration time and soil nutrients was dominant. Our study emphasizes that aerial seeding restoration mainly improved plant diversity by increasing soil nutrients, and the effects of soil nutrients on plant diversity are inconsistent during the restoration process.
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The Landscape Reconstruction Algorithm (LRA) is regarded as the soundest approach for quantifying taxon-specific plant cover from pollen data. The reliability of relative pollen productivity (RPP) estimates is fundamental in the accuracy of quantitative vegetation reconstruction using the LRA approach. Inconsistent RPP estimates produced by different studies can cast doubt on the reliability and applicability of quantitative vegetation reconstruction. Therefore, it is crucial that the RPP estimates are evaluated before being applied for quantitative vegetation reconstruction. We have tested two alternative approaches, namely, a leave-one-out cross-validation (LOO) method and a splitting-by-subregion strategy, using surface pollen assemblages and the REVEALS model—the first step in the LRA—to evaluate the reliability of RPPs estimates of 10 target taxa obtained in the cultural landscape of Shandong. We compared the REVEALS estimates (RVs) with observations of regional vegetation abundance (OBVs) and pollen proportions (PPs). The RVs of all taxa are generally closer to OBVs than PPs, and the degree of similarity depends strongly on the abundance of individual taxa in plant and pollen; taxa dominant in the region show the highest similarity between RVs and OBVs, such as Artemisia, Poaceae, and Humulus. The RVs of all herb taxa except Humulus and Asteraceae SF Cichorioideae are slightly overrepresented, and the RVs of all tree taxa are underrepresented except for Castanea. The comparison of RVs with OBVs collected from different spatial extents shows that the RVs of all herb taxa are more similar to OBVs collected from shorter distances (100 km and 75 km for the entire region and the subregion, respectively), whereas the RVs of all tree taxa are more similar to OBVs collected from longer distances (150 km and 100 km for the entire region and the subregion, respectively). Furthermore, our findings highlight the importance to test different sizes of area for vegetation surveys for evaluation of the RVs given that the appropriate size of vegetation survey may vary between low pollen producers (mainly herbs) and high pollen producers (mainly trees). We consider that the LOO strategy is the best approach in this case study for evaluating the RPP estimates from surface moss polsters. The evaluation confirms the reliability of the obtained RPP estimates for their potential application in quantitative reconstruction of vegetation abundance in temperate China.
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1 Introduction

As an important part of the earth system, land cover plays an important role in the exchange of mass and energy of the climate system. It is therefore of great importance to incorporate land-cover information in climate modelling (e.g. Gaillard et al., 2010). Pollen records have been used to infer long-term vegetation changes for a century since von Post (1916) presented the potential of pollen assemblages for representing the surrounding vegetation. However, quantitative reconstructions of past vegetation across space and over time require a better understanding of factors that affect the pollen representation of surrounding vegetation. The two most notable factors that bias the representation of vegetation in pollen assemblages are the differences in the pollen production of different plant species and the dispersal ability of different pollen types. Taxa with high pollen production and efficient dispersal ability are usually overrepresented in pollen assemblages, whereas taxa with low pollen production and poor dispersal ability are underrepresented (e.g., Davis, 1963; Andersen, 1970; Parsons and Prentice, 1981). The correction of the representation bias is approached by modeling the relationships between pollen and surrounding vegetation (Davis, 1963; Andersen, 1970; Parsons and Prentice, 1981; Prentice and Parsons, 1983), and it is fundamental to vegetation reconstruction approaches. Among these approaches, the Extended R-value (ERV) models (Parsons and Prentice, 1981; Prentice and Parsons, 1983; Sugita, 1993) are now commonly used to infer taxon-specific pollen–vegetation relationships and generate relative pollen productivity (RPP) estimates from modern pollen and vegetation data. RPP estimates are necessary for running the Landscape Reconstruction Algorithm (LRA; Sugita, 2007a; Sugita, 2007b), which quantifies past plant abundance at regional and local scales, and the Multiple Scenario Approach (MSA; Bunting and Midleton, 2009), an approach that can test conceptual spatial arrangements and levels of taxon-specific plant cover in the past.

The LRA is a two-step modeling process to estimate past regional vegetation cover (using the REVEALS model: Sugita, 2007a) and local vegetation cover (using the LOVE model: Sugita, 2007b). The LRA incorporates the mechanism and factors within the relationship between modern pollen and vegetation into reconstructions of past vegetation. Furthermore, it reconstructs vegetation from different spatial scales by introducing the size of sediment basins into the model. The LRA has been evaluated using simulation approaches (Sugita, 2007a; Sugita, 2007b) and empirically in North America (Sugita et al., 2010) and many parts of Europe (e.g., Hellman et al., 2008a; Cui et al., 2014; Hjelle et al., 2015; Trondman et al., 2016; Marquer et al., 2020). The results show that the LRA works well in predicting the percentage cover of large vegetation units (e.g., Hellman et al., 2008a; Hellman et al., 2008b; Cui et al., 2014). In Europe, REVEALS-based maps (e.g., Pirzamanbein et al., 2014; Trondman et al., 2015; Githumbi et al., 2022) of vegetation composition and landscape openness were shown to be appropriate for climate modeling (Strandberg et al., 2014; Strandberg et al., 2022) and in evaluating the anthropogenic land-cover change scenarios (Kaplan et al., 2017) and dynamic vegetation models (Marquer et al., 2017; Dallmeyer et al., 2023). The LOVE model has been used to address biogeographical questions (e.g., Cui et al., 2013) and understand local-scale transformation of vegetation by people in archaeological research (e.g., Mehl and Hjelle, 2016; Fyfe et al., 2018).

Fundamental to the quantitative reconstruction of vegetation by using the REVEALS and LOVE models are reliable RPP estimates. Over recent years, a number of studies have been conducted to calculate RPP estimates using the ERV model worldwide, such as in North America (Calcote, 1995; Sugita, 1998), in Europe (latest review in Githumbi et al., 2022), and in China (e.g., Li et al., 2011; Wang and Herzschuh, 2011; Wu et al., 2013; Xu et al., 2014; Ge et al., 2015; Li et al., 2015; Li et al., 2017; Zhang et al., 2017; Jiang et al., 2020; Zhang et al., 2020; Wan et al., 2022). This effort has resulted in the application of the REVEALS model in studies in northern China (Wang and Herzschuh, 2011; Xu et al., 2014; Li et al., 2020; Li et al., 2023). Synthesis of RPP estimates in China and Europe found that the ranking of RPP estimates of major plant types is more or less consistent among studies. However, discrepancies exist between the estimated values from different studies (Broström et al., 2008; Mazier et al., 2012; Bunting et al., 2013; Li et al., 2018; Wieczorek and Herzschuh, 2020; Serge et al., 2023). RPP estimate validation is not common in China, with only single studies of key biogeographical zones: in temperate China (Xu et al., 2014), subtropical China (Jiang et al., 2020), and tropical China (Wan et al., 2022). Evaluation of the reliability of the available RPP estimates is crucial to having confidence in the accuracy of the REVEALS estimates, as inconsistent estimates of RPP values by different studies can cast doubt on the reliability and applicability of quantitative vegetation reconstruction (Hellman et al., 2008a; Hellman et al., 2008b; Soepboer et al., 2010; Trondman et al., 2015). Therefore, it is necessary to evaluate the RPP estimates that are being applied in the REVEALS model for quantitative vegetation reconstruction.

The reliability of RPP estimates can be evaluated by comparison of REVEALS estimated vegetation on pollen records from large lakes and observed vegetation around the lakes (Hellman et al., 2008a). However, in regions that only have a sparse distribution of large lakes (such as the mountain regions of China), the usage of this validation strategy is hampered. In theory, multiple small sites can be utilized to estimate regional vegetation composition (Sugita, 2007a), and this has been further tested with empirical data in southern Sweden (Trondman et al., 2016). The REVEALS estimates from multiple small bogs are comparable with that of relevant large lakes, although standard errors (SEs) of estimates from multiple small sites will be larger than the ones from large lakes due to between-site variation (Sugita, 2007a; Trondman et al., 2016). This approach has been used to validate the LRA in Denmark (Nielsen, 2004) and North America (Sugita et al., 2010). A second approach to evaluating relative pollen productivity estimates is via simulated pollen and vegetation data (Sugita, 2007a).

In this study, we aim to (1) rigorously evaluate the relative pollen productivity estimates originally obtained from the cultural landscape of Shandong (Li et al., 2017), with detailed vegetation data that cover a large enough spatial extent, taking advantage of the strength of the ERV and the REVEALS model, and with the possibility of quantifying uncertainty and (2) compare two alternative strategies for evaluating these RPP estimates and propose possible approaches for future validation of RPP estimates.




2 Materials and methods



2.1 Geographical setting and site characteristics

The study region, located in the lower reach of the Yellow River drainage basin (Figure 1) is one of the most important agricultural regions of China. The potential natural vegetation is deciduous mixed forest according to Wu (1980). At present, the region is characterized by cultivated modern fields in the plains, and traditional land use on the terraces in the low mountain areas. The study region encompasses 16 land-cover categories grouped into five broader vegetation communities: (i) cultivated crops dominated by Triticum spp. (wheat), Zea mays (maize), Arachis hypogaea (peanut), and Ipomoea batatas (sweet potato); (ii) cultivated fruit and nut trees consisting of Castanea mollissima (chestnut), Crataegus pinnatifida (Chinese hawthorn), Diospyros kaki (kaki), Juglans regia (walnut), Malus domestica (apple), Pyrus spp. (pear), Prunus cerasus (cherry), and Zanthoxylum bungeanum (Chinese pepper); (iii) secondary woodland including mainly Pinus tabuliformis (Chinese red pine), P. thunbergii (black pine), Platycladus orientalis (Chinese thuja), and Robinia pseudoacacia (black locust); (iv) ruderal community characteristic of abandoned or managed agricultural area boundaries; and (v) meadows dominated by Artemisia mongolica (Besser), A. annua (sagewort), Asteraceae, Caryophyllaceae, Humulus scandens (hop), Lespedeza bicolor and L. tomentosa (bush clovers), and Vitex negundo (Chinese chaste tree). More detailed information on the spatial distribution of the vegetation in this region is presented in Li et al. (2017).




Figure 1 | (A) Location of the study area and (B) distribution of the sampling sites with related areas for vegetation data of different size ("buffers"); blue (SW sites) and grey (NE sites) dashed circles indicate distances (buffers) of 75 km and 100 km in strategy I, and black solid circles indicate distances (buffers) of 100 km, 125 km, and 150 km in strategy II (see Figure 2 for details on validation strategies). Vegetation communities: 1. Picea jezoensis forest; 2. Juniperus komarovii forest; 3. Pinus tabuliformis forest; 4. Pinus tabuliformis and Robinia pseudoacacia mixed forest; 5. Pinus densiflora forest; 6. Pinus thunbergii forest; 7. Platycladus orientalis forest; 8. Platycladus orientalis and Bothriochloa ischaemum steppe; 9. Platycladus orientalis and Quercus variabilis mixed forest; 10. Quercus acutissima forest; 11. Robinia pseudoacacia forest; 12. Malus sieversii forest; 13. Salix matsudana forest; 14. Populus simonii forest; 15. Populus nigra forest; 16. Populus, Salix, Ulmus mixed forest; 17. Cotinus coggygria shrub; 18. Carex moorcroftii steppe; 19. Vitex negundo, Ziziphus jujuba, Bothriochloa ischaemum shrub–steppe; 20. Zoysia japonica-dominated meadow; 21. Secale sylvestre and Leymus paboanus-dominated meadow with Betula pendula; 22. Aeluropus pungens-dominated meadow; 23. Suaeda glauca-dominated meadow; 24. Phragmites australis Marsh; 25. cultivated crops: Triticum aestivum, Oryza sativa, Setaria italica, Ipomoea batatas, Sorghum bicolor, Gossypium spp., Arachis hypogaea, Zea mays; 26. cultivated crops with cultivated trees (Juglans regia, Castanea mollissima, Crataegus pinnatifida, Malus domestica, Amygdalus persica, Prunus armeniaca, Vitis vinifera, Ziziphus jujuba var. jujuba); hl. waterbody; Sf. saltern.






2.2 Modern pollen data collection

A total of 36 surface moss polsters were collected randomly within an area of 100-km radius in May 2013 and 2014, among which 17 and 19 sites are located within an area of around 50-km radius in the northeast and southwest, respectively. The sample collection and pollen extraction strategy were described in Li et al. (2017). Pollen identification was performed under a light microscope at 400× magnification, and in special cases at 600× magnification, by using the pollen flora of China (Wang, 1995) and the European pollen flora (Beug, 2004) as a complimentary, and reference collections of physical specimens at the Paleoecology laboratory (Linnaeus University, Sweden) Pollen counts were limited to no less than 1,000 grains produced by terrestrial flowering plants for each sample.




2.3 Vegetation data surrounding the sampling sites

For evaluation of the RPP estimates obtained by Li et al. (2017), we collected the observed local- and regional-scale plant cover for the region. We operationally define the local and regional scale as within 1,500 m from each site and up to 150 km from the geographical center of all sites, respectively.



2.3.1 Observed local vegetation survey within 1,500 m of the sampling sites

Vegetation surrounding the 36 moss-polster sites was surveyed up to 1,500 m for each site following the standard protocol suggested by Bunting et al. (2013) during the same period as pollen sample collecting, where the vegetation survey strategy varies depending on the distance from the sampling sites (zones A, B, and C) and is briefly summarized as follows. (1) Zone A (0−10 m): plant cover was estimated within 21 × 1 m2 quadrats, one quadrat was located at the center of the sampling site, and 20 other quadrats were placed at specific distances of N, E, S, W, NE, SE, SW, and NW directions. (2) Zone B (10−100 m): vegetation communities, defined based on dominant taxa, were mapped using a compass and a handheld GPS out to 100 m, and vegetation was surveyed in each community within several randomly distributed 1-m2 quadrats for the open community, 6-m radius point surveys and 1-m2 quadrats for semi-open and forest community. (3) Zone C (100 m–1,500 m): Google Earth image within 1,500 m from the center of each moss sample was used to identify land-cover categories, where both winter and summer images were adopted to separate deciduous from evergreen trees; plant composition for each land-cover category was obtained from the field surveys. For a more detailed vegetation survey strategy, the readers are referred to Li et al. (2017).




2.3.2 Observed regional plant cover

To compare the REVEALS estimates with observed vegetation within different distances (or buffers), we obtained the plant cover within a radius of 100 km, 125 km, and 150 km from the geographical center of the 36 sampling sites. Meanwhile, the mean plant cover for the two subregions was obtained within a circle of 75-km and 100-km radius from the geographical center of the 17 sites and 19 sites, respectively (Figure 1). The distances were selected based on previous empirical and theoretical studies, which show that REVEALS estimates represent vegetation within an area of ca. 104–105 km2 (e.g., Soepboer et al., 2007; Sugita, 2007a; Hellman et al., 2008a; Wan et al., 2022).

The extracted regional plant abundance was compiled from three data sources. (1) Land-cover types were primarily extracted from a 1:1 million vegetation map of China (Hou, 2019); this data source provides 542 Chinese land-cover categories, of which 23 were included within the designed areal extent of this study. Plant composition for each categorized land-cover type was obtained from (2) a field survey as in Li et al. (2017), and (3) literature (Wang and Zhou, 2000). The field survey results were generalized by calculating the mean species abundance of all representative quadrats of the same categorized land-cover type. For land-cover categories whose plant composition is not available from the field survey, the information was obtained from the literature (Wang and Zhou, 2000). When the species composition in the literature is described as Braun-Blanquet cover-abundance scale (Braun-Blanquet, 1964), the abundances were translated to cover estimates within each vegetation type as follows: present—0.01%; I—5%; II—10%; III—25%; IV—50%; V—75%.

The plant species recorded in the field survey and collected from the literature were harmonized with pollen morphological taxonomy and nomenclature to overcome the variation in taxonomic resolution of pollen identification, following two publications (Wang, 1995; Beug, 2004). The most common ten pollen morphological types that were present in at least 60% of the sites and with a maximum percentage value larger than 1% were selected for this study. The plant composition (aggregated to pollen morphological taxonomy) of each categorized community is presented in Table 1.


Table 1 | List of vegetation categories (the same as in Figure 1) and the plant composition (aggregated to pollen morphological taxonomy) of each categorized community that are included within the buffer distance of 150 km.







2.4 RPP estimate validation using the REVEALS model

To evaluate the relative pollen productivity (RPP) estimates from Shandong (Li et al., 2017), we use pollen counts from 36 moss polsters, observed local vegetation, and regional vegetation. When subfossil pollen data are available only from small-sized sites, such as within this region, REVEALS results have been shown to be robust when pollen data from several small-sized lakes and bogs are used, both theoretically (Sugita, 2007a) and empirically (Sugita et al., 2010; Fyfe et al., 2013; Trondman et al., 2016). In attempting to maximize the effectiveness of our validation, we have used two independent strategies to avoid circularity in the validation process for obtaining RPP estimates (we rerun the ERV model based on 10 target taxa of this study instead of the exact values based on 18 taxa published in Li et al. (2017)) and the REVEALS estimates. Figure 2 summarizes the testing schemes.




Figure 2 | Flowchart of strategies used to validate relative pollen productivity (RPP) using the REVEALS model: the splitting-by-subregion strategy (I) and the leave-one-out (LOO) strategy (II).



In strategy I, we handle the pollen and vegetation data from the northeast and the southwest subgroups separately. We run the ERV model with pollen counts and vegetation data within 1.5 km of the 19 sites located in the southwest and the 17 sites located in the northeast of the study region to generate a new set of RPP estimates. The standard deviations (SDs) for all RPP estimates are lower than RPP values in the southwest, whereas the SDs of several taxa are larger than the RPP values in the northeast (results not shown), which motivated us to apply the REVEALS model on pollen counts from the 17 sites in the northeast and the RPP estimates obtained from the southwest. The 17 northeast moss polster samples are grouped within an area of around 50 km radius; we therefore compared the REVEALS estimates from the northeast with the observed regional vegetation from two different distances (75 km and 100 km) from the geographical center of the northeast to test the spatial scale of the REVEALS model. We refer to original pollen proportions as PPs, the REVEALS estimates of regional vegetation as RVs_NE, and the observed vegetation as OBVs_NE75 and OBVs_NE100, for distances of 75 km and 100 km respectively.

In strategy II, we use the “leave-one-out” (LOO) cross-validation scheme (Efron and Tibshirani, 1993; Sugita et al., 2010; Mazier et al., 2015). We remove one site from the full dataset of 36 locations and apply the ERV model using pollen and vegetation data from the remaining 35 sites to obtain RPP estimates. We then apply the REVEALS model using the new RPP values and pollen counts of the selected site that has been removed from the dataset (Figure 2). The process is repeated 36 times, and mean REVEALS estimates and related SEs from the 36 runs are calculated, where the SEs of the mean REVEALS estimates were calculated based on the delta method (Stuart and Ord, 1994). We refer to the mean REVEALS estimates of the regional vegetation obtained LOO as RVs_LOO, whereas the observed regional vegetation as OBVs_LOO100, OBVs_LOO125, and OBVs_LOO150 for distances of 100 km, 125 km, and 150 km respectively.

For all ERV model runs, Poaceae is chosen as the reference taxon for which the RPP is set to 1, and RPP of all other taxa is expressed relative to Poaceae. The fall speed of pollen (FSP), derived from Li et al. (2017), was originally calculated from Stoke’s law (Gregory, 1973) with measurements of the size along the short and long axes of the pollen grains. The taxon-specific approach of Prentice (Prentice, 1985) was selected to calculate distance-weighted plant abundance at a distance from the edge of the depositional basin (0.5-m radius), based on Sutton’s atmospheric diffusion model (Gaussian plume diffusion model, GPM) for the deposition of small particles in the air (Sutton, 1953). ERV (Extended R-value) submodel 3 (Sugita, 1994) was applied for the estimation of the RPP of each taxon with a maximum likelihood method (Parsons and Prentice, 1981; Prentice and Parsons, 1983; Sugita, 1994); the moving-window linear regression method (Gaillard et al., 2008) was used for estimating the relevant source area of pollen (RSAP) simultaneously. For a detailed rationale for parameter setting in the model run, the readers are referred to Li et al. (2017).

Except for the two strategies shown and mentioned above, we attempted to randomly select half the number of sites to run the ERV model, and the other half to run the REVEALS model, and only two among 10 trials showed promising results (results not shown). Others either have large SDs of RPP estimates from the ERV model or have too large SEs of the REVEALS estimates, hence they are not shown here. Moreover, we have attempted the strategies adopted by Sugita et al. (2010), which is using a randomly selected half-number of sites to run the ERV model to get RPP estimates and applying LRA with the LOO cross-validation strategy on the other half of sites. However, the SEs of the REVEALS estimates or LOVE estimates are too large (results not shown).





3 Results

These results describe the differences in the RPP estimates and the validation efficiency between the two strategies (splitting-by-subregion strategy (I) and leave-one-out strategy (II)) and using all pollen samples from the entire study region. This is done separately for the two strategies.



3.1 Results from strategy I



3.1.1 Relevant source area of pollen and relative pollen productivity estimates

Log-likelihood against distance curves (ESM Figure S1) in ERV models indicate the change in goodness of fit of the data to the model, and log-likelihood (LLD) increases with distance. The point at which the curve reaches an asymptote is defined as the relevant source area of pollen (RSAP), measured in meters (Sugita, 1994). The curve of LLD approached the asymptote at a distance of 154 m when the southwest sites were used for running the ERV model, whereas the RSAP was 145 m both in the entire region and when all sites were used for calculating RPP estimates of 18 taxa (Li et al., 2017).

The RPP estimates from strategy I and the mean RPP values from strategy II are presented in Table 2 and Figure 3, alongside recalculated RPP based on 10 target taxa from the entire region and earlier published RPP values (Li et al., 2017). The SDs for RPP estimates from the southwest and the entire region and the SE of mean RPPs from LOO are lower than RPP values. The ranking of the RPP estimates from the southwest is Humulus > Artemisia > Castanea > Pinus > Quercus > Ulmus > Asteraceae SF. Cichorioideae > Robinia > Poaceae > Caryophyllaceae. While the ranking is Artemisia > Pinus > Humulus > Castanea > Quercus > Asteraceae SF. Cichorioideae Caryophyllaceae> Ulmus> Poaceae> Robinia for the entire region.


Table 2 | The relative pollen productivity (RPP) estimates from strategy I (the southwest subregion), the mean RPP estimates of strategy II (LOO) strategy, and recalculated RPP based on 10 target taxa from the entire region and earlier published RPP values (Li et al., 2017).






Figure 3 | Bar plot of the relative pollen productivity (RPP) estimates and their standard deviations (SDs) of the 10 target taxa from the southwest, mean RPP estimates and related standard error of the LOO strategy, and the RPP estimates and SDs recalculated for the 10 taxa for the entire region and the RPP estimates from Li et al. (2017).






3.1.2 REVEALS estimates

To visualize the accuracy of the estimated vegetation using the REVEALS model, the RV_NE and PPs are shown in comparison with OBVs_ NE75 and OBVs_NE100 for each of the individual taxa (10 target taxa) from the strategy I (Figure 4). Poaceae, Robinia, Asteraceae SF. Cichorioideae, Caryophyllaceae, and Ulmus are underrepresented in PPs in comparison with OBVs. Artemisia, Pinus, Humulus, and Castanea are overestimated by PPs. The SEs for all RVs are lower than RV values, and the RVs of all taxa are generally closer to OBVs than PPs alone. RVs of all herb taxa, except Humulus and Asteraceae SF Cichorioideae, are slightly overrepresented, and RVs of all tree taxa are underrepresented. The comparison of RVs with OBVs collected at different spatial scales shows that the RVs of all herb taxa are closer to OBVs_NE75, whereas the RVs of all tree taxa (Pinus, Robinia, Quercus, Castanea, and Ulmus) are more similar to OBVs_NE100.




Figure 4 | Bar charts of REVEALS-based vegetation abundance (RVs) in comparison with that of pollen proportions (PP) and observed vegetation (OBVs) within different distances from strategy I and strategy II.







3.2 Results from strategy II



3.2.1 Relevant source area of pollen and relative pollen productivity estimates

Log-likelihood values increased with distance, and the curves approached the asymptote at a distance between 150 and 171 m for all 36 ERV runs in the LOO strategy (ESM Figure S1), whereas the RSAP was 145 m based on the ERV using all samples from the entire study region and in Li et al. (2017).

The SDs for all RPP estimates from the 36 runs in strategy II are lower than RPP values, and the rank order of mean RPP estimates of the 36 ERV runs in the LOO strategy and the entire region is similar, which is Artemisia > Humulus > Pinus > Castanea > Quercus > Asteraceae SF. Cichorioideae > Ulmus > Poaceae > Caryophyllaceae > Robinia, except that Pinus has a higher RPP than Humulus, and Caryophyllaceae has a higher RPP than Poaceae and Robinia in the ERV runs of the entire region.




3.2.2 REVEALS estimates

To visualize the accuracy of the estimated vegetation using the REVEALS model, Figure 4 depicts the RVs and PPs, in comparison with OBVs from 100 km, 125 km, and 150 km for individual taxa from strategy II. Similar trends are displayed to those in strategy I: Poaceae, Robinia, Asteraceae SF. Cichorioideae, and Caryophyllaceae are underrepresented in PP, and Artemisia, Pinus, and Quercus are overestimated. SEs of RVs for all taxa are smaller than the RV values, and the REVEALS model improves the accuracy of estimated vegetation compared to PP alone for all taxa except Castanea. RV underestimates cover of Pinus, Robinia, and Asteraceae SF. Cichorioideae and slightly overestimates cover of Artemisia, Poaceae, Caryophyllaceae, and Ulmus. A comparison of the RVs with OBVs from different spatial scales show similar trends to strategy I. RVs are more similar to OBVs_LOO100 for Artemisia and Asteraceae SF. Cichorioideae, whereas RVs are more similar to OBVs_LOO125 for Ulmus, and closer to OBVs_LOO150 for Pinus, Poaceae, Quercus, and Robinia. There is no discernible difference between OBVs_LOO100, OBVs_LOO125, and OBVs_LOO150 km for Humulus and Caryophyllaceae.






4 Discussion



4.1 Relative pollen productivities

The stability/reliability of RPP estimates of the ERV runs is firstly evaluated by the shape of log-likelihood curve against distance. In all tests, the curve increased and reached an asymptote, which ensures the goodness of fit of the data to the model. However, the shape of the curve from strategy I (dividing the dataset by region) shows a slight departure from the theoretical behavior, which should be stable after having reached the asymptote. The ERV results from the LOO strategy and the whole data set are similar in terms of the changes in both the log-likelihood and the likelihood function score against distance (ESM Figure S1).

The stability/reliability of RPP estimates is highly correlated with their standard deviations (SDs) calculated in the ERV model. In this study, SDs of all RPP estimates from both strategies are lower than the RPP values. The ranking of the RPP estimates does not show significant differences between the southwest (strategy I), the LOO strategy (strategy II), and the entire region. The variation in RPP estimates between the three datasets is within the range of 30% for most of the taxa, except Humulus, Caryophyllaceae, and Ulmus, where the variation is up to 50% between estimates. Greater differences in RPP estimates are found between the southwest and the entire region than between the LOO strategy and the entire region.

Several factors may account for the dissimilarities between the RPP estimates. The noticeable disparity can be seen in the vegetation openness and heterogeneity caused by differences in human disturbance between the two subregions. There are more sites from the southwest subregion that are either located within cultivated fields or include cultivated fields within 100 m compared with the northeast. Nevertheless, there is little direct evidence to believe that differences in RPP estimates from the southwest and the entire region are due to human activity, although previous studies have found that pollen concentration of non-cultivated plants is much lower in cultivated fields than in the natural and abandoned field communities (e.g. Li et al., 2012). Therefore, it would be worth testing the impact of human activity on RPP estimates in the future.




4.2 Validation



4.2.1 Evaluation of the validation strategy

There are various strategies to validate RPP estimates (Soepboer et al., 2007; Sugita et al., 2010; Jiang et al., 2020; Wan et al., 2022). In this work, we have evaluated RPPs in terms of the stability of RPP estimates, and similarities between observed and estimated regional vegetation based on the three sets of RPP estimates generated here.

We first compare the RPP estimates from the two strategies (LOO and regional splitting) with those based on 10 taxa of the entire region. The RPP estimates of all taxa from the LOO strategy, except for Artemisia and Robinia, are more similar to those of the entire region than those from the regional splitting approach (Table 2). The LOO strategy is therefore better than the subregion strategy if we evaluate the efficiency in terms of the similarity of the RPP estimates.

The validation efficiency, quality, and reliability of the REVEALS estimates are shown by the SEs of the RVs. There are two sources of uncertainty in the RVs: the SDs of RPP values and the between multiple site variation in pollen assemblages. Both are incorporated into the SEs of the RVs. Our results show that the SEs of RVs for all taxa are lower than RV values. The coefficients of variation between observed and estimated vegetation abundance (expressed as standard variation divided by the OBV values) vary among taxa. The largest variation detected between RVs and OBVs is less than 1.4-fold, whereas it is as large as 8.19-fold between PPs and OBVs in strategy I. Similar trends are found in strategy II, where the greatest difference between RVs and OBVs is less than 1.1-fold, whereas it is 7.1-fold between PPs and OBVs. In general, the RV of all taxa, except Pinus in both strategies, show better results than PP alone, which confirms that the application of RPP estimates in the REVEALS model provides consistently better and more reliable estimates of vegetation cover. Overall, the tests confirm the reliability of the RPP estimates, and in the case of this study, the LOO strategy is the best choice for evaluating the RPP estimates using the REVEALS model.

This study has shown that herb taxa, and in particular Artemisia, Caryophyllaceae, and Poaceae, are overrepresented by the RVs. Some herbs match well (Asteraceae S.F Cichorioideae and Humulus). Tree taxa (Pinus, Quercus, Robinia, and Ulmus), although not Castanea, are underrepresented by the RVs. This is because pollen records from small-sized sites capture more pollen grains from plants in close proximity than those from farther away (Prentice, 1985; Sugita, 1994), and additional trees growing at a longer distance are underestimated in the mean regional estimated vegetation by the REVEALS model. Similar trends are detected in the mountain region of the northern Pyrenees (Marquer et al., 2020). In addition, the overrepresentation of herbs and underrepresentation of trees by the REVEALS model shows larger dissimilarity for aggregated taxa (herbs vs. trees) than individual taxon (e.g., Marquer et al., 2014).

Pollen assemblages represent the surrounding plant abundance well in terms of individual taxon although the degree of similarity between observed and REVEALS-estimated vegetation abundance varies among taxa. The highest similarity between OBVs and RVs is found in taxa with high abundances in both pollen and vegetation, e.g., Poaceae, Artemisia, and Caryophyllaceae. The discrepancies between RVs and OBVs are much higher for taxa with a low abundance of pollen or vegetation, such as Humulus. In general, the RVs improve the accuracy of quantitative reconstruction of vegetation around the sampling sites in comparison with PPs, which supports earlier validation studies in China (e.g., Wan et al., 2022) and Europe (e.g., Hellman et al., 2008a; Hellman et al., 2008b), although further tests using pollen records from large lakes are necessary.

We attempted a randomized splitting of the sites to validate our RPPs, but obtained high SDs in our RPP estimates and large SEs in the REVEALS results, most likely owing to the heterogeneity in the study region of local vegetation. We therefore only used dataset splitting by region.




4.2.2 Spatial representation of the REVEALS model

Our study revisits one of the questions in the quantitative reconstruction of regional vegetation, the spatial representation of REVEALS based vegetation abundance. A number of empirical studies have been conducted in Europe (Soepboer et al., 2007; Hellman et al., 2008b; Hjelle et al., 2015; Marquer et al., 2020) and China (Wan et al., 2022) to address this issue, and the spatial representation was estimated to vary between 25 and 200 km distance from the sampling basin. The RVs based on pollen records from small- to middle-sized lakes in the Swiss plateau are comparable with vegetation collected around 200 km (Soepboer et al., 2007). The spatial extent of the RVs using pollen records from large lakes is around 50 km x 50 km to 100 km x 100 km (ca. 25-50 km radius), although the best fit between RV vegetation and observed vegetation within the 100 x 100 km area in southern Sweden (Hellman et al., 2008b), while RVs from small water reservoirs in tropical China show the highest similarity with vegetation collected within 80 km, although there are no significant differences between observed vegetation collected within 50 km and 80 km (Wan et al., 2022).

The spatial size of the vegetation dataset required for validation of REVEALS estimates of plant cover and/or RPPs is an issue that was first evaluated and discussed by Hellman et al. (2008b) for pollen records from large lakes. No comparable study has been performed since in other regions. It has been assumed that the spatial scale of REVEALS reconstructions is of similar magnitude independently of the characteristics of the regional vegetation (e.g., Trondman et al., 2015; Githumbi et al., 2022). In theory and practice, however, the strict definition of the pollen source area is difficult for REVEALS application. Sugita (2007a) defined it as the area within which most of the pollen comes from. The usage of multiple small moss polster sites for estimating regional vegetation is the most notable difference between this study and previous work. The high homogeneity of vegetation collected from the vegetation map in the sampling region induced high similarity in the mean observed regional vegetation between different distances although the actual landscape is much patchy. Nevertheless, our results demonstrate that herb covers estimated by REVEALS are more similar to the mean observed vegetation within 75 km, whereas RVs of tree taxa, except Robinia, are closer to the mean vegetation within 100 km in strategy I. Notably, the similarity between RVs and OBVs collected from different distances varies from individual taxa in strategy II, RVs of Artemisia, and Asteraceae SF. Cichorioideae are much more similar to OBVs within 100 km, whereas RVs of Humulus and Ulmus are more similar to OBVs within 125 km, and RVs of Pinus, Poaceae, Quercus, and Robinia are closer to OBVs within 150 km. Overall, the RVs of herb taxa are more similar to OBVs collected within shorter distances, whereas the RVs of trees are more similar to OBVs collected within longer distances in both strategies. Our findings point to the importance of collecting vegetation from different distances in evaluating the REVEALS-estimated regional vegetation and that the spatial extent of the REVEALS model is related to the character of the taxa and the size of the “deposition basin”.




4.2.3 Discrepancies between RVs and OBVs

The REVEALS model results in much better estimates of vegetation cover than unconverted pollen percentages; however, discrepancies still exist between estimated and observed vegetation. This is most clear for taxa that are dominant in some sites but absent in the others, such as Robinia and Castanea, whose RPP values obtained in the testing process may not represent the correct average value for this region. The RVs slightly overestimate most of the herb taxa and underestimate all tree taxa in strategy I, and RVs underestimate Pinus, Robinia, and Asteraceae SF. Cichorioideae, whereas they overestimate Poaceae, Caryophyllaceae, and Ulmus in strategy II.

Sugita (2007a) suggests that the number and properties of sites that are necessary for REVEALS to reconstruct representative regional vegetation depend on the regional spatial complexity, gradients, species composition and diversity, and basin size. A variety of factors could account for the discrepancies between observed and estimated vegetation from the REVEALS model, and we consider the most important ones to be (1) pollen assemblages; (2) between-site variation in the vegetation of multiple sites; and (3) other factors related to methodology.



4.2.3.1 Pollen assemblages

The temporal differences in the pollen sample and the collected vegetation might be responsible for some of the discrepancies between the estimated and observed vegetation. Moss polsters represent generally 1–2 (3) years of pollen deposition according to studies in Europe (e.g., Cundill, 1991; Räsänen et al., 2004). Given the small green fresh moss samples we collected in Shandong, we believe that the moss polsters represent vegetation from no more than 2 years. However, the time span of the obtained vegetation abundance varies, where the local vegetation applied in the ERV model is based on 1 year, whereas the regional vegetation is collected from the available vegetation inventories conducted in the 1980s (Hou, 2019). Nevertheless, there is little evidence to believe that the discrepancies between observed and estimated vegetation are due to this factor, and the application of regional vegetation from the available vegetation mapping does not necessarily affect the validation.

The second aspect is the difference in the gradients of the target taxa in pollen and vegetation. The validation is applied on a few taxa with considerable amounts both in pollen and in vegetation (accounting for 67%–99% of the total pollen assemblages). However, the dominant taxa vary in plant abundance among our sites, and several taxa (e.g., Vitex, Ziziphus, and Zanthoxylum bungeanum) have significant cover in the vegetation survey but are rarely present in pollen assemblages. These taxa are therefore not selected for validation. The variation between sites with larger proportions of unselected taxa enhances between-site variation and in turn results in larger SEs of the REVEALS estimates. However, all RVs obtained are with relatively low SEs, and none of the SEs are larger than the RVs in both strategies. Therefore, it is difficult to test if the absence of unselected taxa is responsible for the discrepancies between observed and simulated vegetation abundance.




4.2.3.2 Vegetation data

Another important and probably more crucial issue is the precision of the estimates of plant abundance, which varies depending on the source and temporal resolution of the vegetation data. One of the caveats of this study is the use of a low spatial resolution vegetation map. To reduce the SE of the RVs, multiple small sites (in strategy I) and the mean RVs of the 36 REVEALS runs based on a single small site (strategy II) were used to estimate regional vegetation. Mean OBV collected from vegetation maps was used to compare with RVs. However, empirical vegetation survey data in anthropogenic landscapes might not always fulfill the requirements of the ERV and the REVEALS model, such as the important condition of stationarity of the spatial structure of vegetation and plant communities of study areas locally and regionally within the study region at regional spatial scale, although the coarse resolution of the regional vegetation cannot be effectively attributed to spatial variation in vegetation composition at finer scales.

Our results show that the RV has a very good fit with OBV mainly for Pinus, Artemisia, Poaceae, Robinia, and Asteraceae SF Cichorioideae; the similarity between estimated and observed vegetation is less good for some other taxa, and cultivation may be responsible for some of the discrepancies. The cover of categorized communities, extracted from available vegetation inventories conducted in the 1980s (Hou, 2019), may have changed, and this is particularly the case for Castanea, because Castanea preferably grows at the foot of the mountains at low altitudes. The abundance of Castanea cultivation has probably increased over the last 40 years due to the extension of farmland through exploring new territory at the foot of the mountains in the study region. Therefore, the validation of RPP estimates needs to be applied to an adequate temporal resolution and areal extent of vegetation survey in the future.




4.2.3.3 Methodological issues

The Landscape Reconstruction Algorithm, which includes REVEALS as the first step, is developed in ideal circumstances for the sake of simplicity. Highly simplified assumptions include (1) the sedimentary basin for pollen deposition and source plants are located on a flat terrain; (2) there are no spatial gradients in plant distribution and plant community structure in the region, even though vegetation is patchy; (3) wind comes from all directions evenly; (4) pollen grains deposited in the sedimentary basin are all airborne (Sugita, 2007a; Sugita, 2007b). In addition, simulations demonstrate that large basins > 200–500 m in radius are ideal for the REVEALS application for regional vegetation reconstruction (Sugita, 2007a). Our study region is characterized by low mountains, where complex topography limited the availability of large sites, particularly lakes. The application of the REVEALS model on multiple small sites might explain some of the uncertainties of the estimated vegetation abundance in the mountain region as discussed above.

There are strengths and weaknesses in both strategies that have been used here. One of the potential drawbacks of strategy I of reducing the number of sites for the ERV model is that it can change the occurrence frequency of target taxa, resulting in shorter gradients. It is not possible to produce reliable RPP estimates for target taxa if there are poor correlations between pollen and vegetation, although there may be strong gradients within all sites in the region to build up a strong pollen–vegetation relationship.

Understanding and quantifying the representation of vegetation by pollen was the focus in the development of the ERV model, and also one of the major goals of pollen analysis. Despite the issues discussed above, the RPP values for nine of the 10 target taxa are validated as reliable approximations in terms of pollen representation of vegetation.






4.3 Comparison with other RPP validations in China

Three studies have compared and evaluated RPP estimates in China (Xu et al., 2014; Jiang et al., 2020; Wan et al., 2022). Regardless of RPP selections, all studies found that vegetation cover estimates using either REVEALS alone or both the REVEALS and LOVE models provide a better representation of vegetation than pollen proportions.

Of the three studies, the one conducted in the steppe region in Inner Mongolia found that predicted and observed vegetation abundances match well for most of the pollen taxa evaluated (12 among 18 taxa) and that the RPP estimates for those taxa are regarded as reasonable (Xu et al., 2014), although the major caveat of their validation was the circular use of the datasets, without considering spatial autocorrelation. The high similarity between the RPP estimates in our study and those of Xu et al. (2014) raises the possibility for future validation using the pollen records and observed regional vegetation from one study in combination with RPP estimates obtained from the second study. 

The RPP estimate validation study in subtropical China of Jiang et al. (2020) found that both local and regional vegetations are closer to observed vegetation than the pollen proportions alone. They estimated regional mean vegetation abundance by the application of the REVEALS model on pollen records from multiple small sites, and the local plant abundances by the application of the LRA with the leave-one-out cross-validation strategy (Jiang et al., 2020). Similar conclusions were made in tropical China, where the RPP estimates obtained from surface soil were validated by the application of the REVEALS model on extra-surface pollen records from six reservoirs with a radius between 400 and 750 m from the same region to estimate regional vegetation abundance. This study was methodologically sound, as it used an independent dataset for validation (Wan et al., 2022). The strategies that we used within our study (both using LOO, and subdividing samples by region) fulfill the necessary validation requirements of independent dataset validation.

Previous LRA validation studies have shown that the REVEALS model performs better on groups of taxa (i.e., land-cover types) than individual taxa (Hellman et al., 2008a; Marquer et al., 2020), because the discrepancies between REVEALS estimated and observed plant abundance for individual taxa within one group might annul each other within that same group. Our study provides a high level of performance for groups of taxa (e.g., “trees” and “herbs”), but grouping taxa does not provide a better fit between RVs and OBVs than for individual taxa. This is due to the fact that almost all tree taxa are underrepresented in the RVs of this study and herbs are overrepresented, hence grouping by tree or herb taxa aggregates discrepancies rather than obscuring them, unlike previous studies.





5 Conclusions

This study evaluated the relative pollen productivities (RPPs) generated from an earlier study of the cultural landscape of Shandong (Li et al., 2017). The results show that the RVs of all taxa are generally closer to OBVs than PPs, and the degree of similarity between RVs and OBVs depends strongly on the taxa composition of the vegetation and pollen assemblages; it is highest for taxa dominant in the region, such as Artemisia, Poaceae, and Humulus. The RVs of all herb taxa except Humulus and Asteraceae SF Cichorioideae are slightly overrepresented, and the RVs of all tree taxa are underrepresented except for Castanea. This study confirms the reliability of obtained RPP estimates for nine of 10 taxa, Artemisia, Humulus, Castanea, Quercus, Asteraceae SF. Cichorioideae, Caryophyllaceae, Ulmus, Poaceae, and Robinia for their potential applications in the quantitative reconstruction of vegetation abundance in temperate China.

The comparison between the RVs and OBVs show that the RVs of all herb taxa are more similar to OBVs collected from shorter distances, whereas the RVs of all tree taxa are more similar to OBVs collected from longer distances. This study points to the importance of collecting adequate temporal and spatial resolution vegetation survey data from various distances in evaluating the RVs and that the spatial representation of the REVEALS model is strongly related to the characteristics of taxa, and size of the deposition basin.

This study proposed two new alternatives for RPP estimate validation, which promotes the possibility of evaluating the reliability of the RPP estimates using the REVEALS model. The results show that the LOO strategy is the better approach for evaluating the RPP estimates from surface moss pollsters in this study region. Two better alternatives for evaluating the reliability of the RPP estimates from this data set could be (i) using pollen and vegetation from other sets to evaluate the RPP estimates and (ii) collecting more RPP values to compare with the obtained RPP estimates for the taxa, such as Castanea, whose RPP estimates are not reliable from this or other regions. Therefore, comparative analyses of RPP estimates and validation need to be carried out across regions and vegetation types where the RPP estimates are obtained.
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Common reed (Phragmites australis) is a widespread grass species that exhibits a high degree of intraspecific variation for functional traits along environmental gradients. However, the mechanisms underlying intraspecific variation and adaptation strategies in response to environmental gradients on a regional scale remain poorly understood. In this study, we measured leaf, stem, and root traits of common reed in the lakeshore wetlands of the arid and semi-arid regions of the Inner Mongolia Plateau aiming to reveal the regional-scale variation for functional traits in this species, and the corresponding potentially influencing factors. Additionally, we aimed to reveal the ecological adaptation strategies of common reed in different regions using the plant economics spectrum (PES) theory. The results showed that functional-trait variation followed significant latitudinal and longitudinal patterns. Furthermore, we found that these variations are primarily driven by temperature-mediated climatic differences, such as aridity, induced by geographical distance. In contrast, soil properties and the combined effects of climate and soil had relatively minor effects on such properties. In the case of common reed, the PES theory applies to the functional traits at the organ, as well as at the whole-plant level, and different ecological adaptation strategies across arid and semi-arid regions were confirmed. The extent of utilization and assimilation of resources by this species in arid regions was a conservative one, whereas in semi-arid regions, an acquisition strategy prevailed. This study provides new insights into intraspecific variations for functional traits in common reed on a regional scale, the driving factors involved, and the ecological adaptation strategies used by the species. Moreover, it provided a theoretical foundation for wetland biodiversity conservation and ecological restoration.
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1 Introduction

Plant functional traits are adaptive and effective traits that affect plant survival, growth, and reproduction; furthermore, they reflect plant responses to the environment (Liu and Ma, 2015; Bruelheide et al., 2018b) and have proved useful for predicting plant community assembly and diversity (Lavorel and Garnier, 2010), which can respond strongly to environmental and climate change, and serve as excellent ecological indicators (Joswig et al., 2022).

Numerous empirical studies have elucidated the nature of trait variation and have shown systematic relationships between traits and climatic and/or soil properties (Wright et al., 2005; Cornwell and Ackerly, 2009; Simpson et al., 2016). However, the dominant theories and methods of trait-based community ecology mainly focus on the differences in functional traits between species (Roscher et al., 2018), whereas the important role of intraspecific trait variation has been neglected (Siefert et al., 2015; Ma et al., 2022). Species with a widespread distribution tend to have greater trait variability and high intraspecific variation; moreover, they show a continuous geographic gradient, especially across different latitudes, as a consequence of acclimation to a broad range of environmental conditions (Siefert et al., 2015; Ren et al., 2020). Indeed, numerous studies have shown that large-scale variation for individual plant traits is associated with environmental gradients (Atkin et al., 2015; Wright et al., 2017). Further, previous studies have suggested that, together, climate and soil determine the form and function of plants (Simpson et al., 2016; Bruelheide et al., 2018a). However, studies on the characteristics of intraspecific variation for plant functional traits and their adaptation to environmental conditions are important for understanding plant community assembly and diversity in different regions, and the mechanisms underlying their response to habitat conditions (Suding et al., 2008; Kong et al., 2021).

The underlying concept of the PES theory has attracted wide attention from ecologists. Initially, Wright et al. (2004) defined the “leaf economic spectrum (LES),” as a continuously varying spectrum of leaf functional trait combinations at a global scale, to illustrate trade-off strategies between vascular plant resource acquisition and storage, which can be expressed through the range of variation in trait indicators and their quantitative relationships (Wright et al., 2004). However, since then, ecologists have extended LES studies to stem, root, whole plant, community structure, and ecosystem types at different levels (Pérez-Ramos et al., 2012; Kong et al., 2019; Li et al., 2019). One end of the PES represents the “fast investment-gain” strategy of plants, whereby, species make a low tissue investment and get a fast return, i.e., an acquisition strategy. Meanwhile, the other represents the “slow investment-gain” strategy of plants, whereby, species make a high tissue investment and gte a slow return, i.e., a conservative strategy (Wright et al., 2004; Reich and Cornelissen, 2014). PES studies can better describe the trade-offs between functional traits at the organ level. In particular, the PES theory provides new perspectives and explores avenues for researching intraspecific variation in functional traits and species ecological-adaptation strategies.

The cosmopolitan species, P. australis, is a tall wetland grass with high intraspecific variation that maks it a suitable model species for studying the mechanisms underlying intraspecific functional trait variation (Kueffer et al., 2013; Eller et al., 2017). In this study, we surveyed P. australis community sites in 13 lakeshore wetlands, and monitored 26 plant functional traits, including leaf, stem and root traits to analyze the variation for such traits according to geographic location, and the corresponding determinants. Furthermore, we investigated the extent to which the major dimensions underpinning the form variation of P. australis in lakeshore wetlands can be attributed to gradients in climate and soil conditions, and to what extent these factors can jointly or independently explain form-variation in P. australis in lakeshore wetlands. Finally, the ecological adaptation strategies under different regional characteristics are summarized using economic spectrum analysis. Specifically, we assessed the following hypotheses: (1) Intraspecific variation in P. australis functional traits exhibits significant latitudinal and longitudinal gradients that can be explained by the combined effects of climate and soil. (2) Economic spectrum theory applies to the functional traits of P. australis populations, and the ecological adaptation strategies of P. australis traits depend on regions.




2 Materials and methods



2.1 Study area, experiment design and sampling

This study was conducted on lakeshore wetland ecosystems along lakes in the semi-arid and arid regions of Inner Mongolia, northern China (Figure S1; Table S1). Thirteen sampling sites in the lakeshore wetlands of 11 lakes (three sampling sites in Hulun Lake of Xheke (XHK), Mniaob (MNAB) and Glada (GLD)) were investigated across a large geographic range (38.70° - 49.32° N, 101.27° - 117.71° E) in which two distinct climatic regions were identified, as per aridity index (AI), namely, semi-arid (AI ≥ 0.2) and arid (AI < 0.2) regions (Antonio and Robert, 2019). Four of 11 sampling localities laid in the semi-arid region (Hulun lake, Buir Lake (BEL), Zagustai lake (ZGST), and Hongjiannao lake (HJN)), and seven in the arid region (Chagannur lake (CGNE), Narin Lake (NLH), Tonggunaoer lake (TG), Bagadabusu lake (BG), Badain lake fresh water (BDD), Badain lake salt (BDX), and Juyan Lake (JYH)) (Figure S1). Communities of P. australis-dominant species were selected in lakeshore wetlands to measure functional traits.

Fresh samples were collected from 13 sampling sites in the selected lakeshore wetlands during July-August 2020. Five quadrats (1 m×1 m, 5 blocks) were randomly selected from each P. australis community. In each quadrat, 8-10 intact plants with uniform growth and without pests or diseases were selected, excavated together with their roots, and brought back to the laboratory for the separation of organs to study the functional traits of P. australis. Additionally, topsoil samples (0 – 30 cm depth) were collected from three randomly selected sample quadrats of the excavated P. australis specimens. Five soil cores were collected from each quadrat using a 7-cm diameter drill, mixed into one composite sample, and brought back to the laboratory to analyze the soil physical and chemical properties.




2.2 Functional traits measurements

Twenty-six traits of common reed plants were measured directly or indirectly. Plant height was measured in the field, and selected individuals were excavated together with their root systems. Then, roots, stems, and leaves of each plant were separated and individually scanned at a 300 dpi resolution (Epson Perfection V850 Pro scanner, Dell USA), such as to measure the leaf area and root diameter infield before drying at 80°C for 48 h. Biomass was measured to approximate 10−3 g, and the specific leaf area (SLA), leaf dry matter content (LDMC), and specific root length (SRL) were calculated after Freschet et al. (2021). Scanned leaf and root images were analyzed using Photoshop (http://www.ps.lhfei.cn/) and WinRHIZO (http://www.regentinstruments.com/assets/winrhizo_about.html), respectively. Leaf thickness (LTH), stem diameter (SD) and root diameter (RD) were measured using Vernier calipers. Stem density (SDE) was calculated from dry stem weight and volume measurements. Carbon and nitrogen concentrations of these samples [including leaf nitrogen content (LN), leaf carbon content (LC), stem nitrogen content (SN), stem carbon content (SC), root nitrogen content (RN) and root carbon content (RC)] were measured using an elemental analyzer (Elementar Vario EL III, Germany). In turn, total phosphorus (TP) concentration, including leaf phosphorus content (LP), stem phosphorus content (SP) and root phosphorus content (RP) was measured using the H2SO4-HClO4 fusion method. The stoichiometric ratios of the roots, stems and leaves (including leaf C:N, C:P, and N: P ratios; stem C:N, C:P, and N: P ratios; root C:N, C:P, and N:P ratios) were calculated based on their C, N and P contents (Wang et al., 2020).




2.3 Soil property measurements and climate data collection

Soil samples were sieved through a 2-mm mesh sieve to remove roots and small rocks, and the divided into two parts: one was naturally dried, while the other was stored at 4°C as fresh soil sample. Fresh soil sample (10 g) was used to measure ammonium concentrations (NH4) with 50 ml of 2 M KCl-extractable with a continuous flow spectrophotometer (FIAstar 5000, Foss Tecator, Denmark). Soil available phosphorus (AP) was extracted with 0.5M NaHCO3 (pH 8.5) and analyzed using the molybdenum blue-ascorbic acid method. Soil pH was measured in a 1:5 soil:water suspension and soil electrical conductivity (EC) was measured in a 1:2.5 soil:water suspension using a glass electrode. Soil total carbon (TC) and total nitrogen (TN) were measured using an elemental analyzer (Elementar Vario EL III, Germany).

As for climate factors, mean annual temperature (MAT), mean annual precipitation (MAP), annual potential evapotranspiration (PET), and aridity index (AI) were used in this study. MAT and MAP data with a resolution of 30 × 30 s were obtained from the WorldClim Global Climate Database using the geographic coordinates of each plot (http://www.worldclim.org). PET data with a resolution of 30 × 30 s were extracted from CGIAR-CSI (http://www.cgiar-csi.org). AI was calculated as follows: AI = MAP/PET (Antonio and Robert, 2019).




2.4 Statistical analysis

All data were analyzed using R version 4.1.1 (R Core Team, 2021). Quadrat-level data were obtained by averaging the trait values of all sampled individuals in the quadrat. To meet the assumption of normality in subsequent tests, all data were log-transformed before analysis. The functional traits of P. australis were analyzed using principal component analysis (PCA), and the PC1 axis with the greatest amount of variability was used to represent leaf, stem, and root traits. We performed simple linear regression analysis to investigate the relationships between leaf, stem, and root traits, with latitudinal and longitudinal gradients. This analysis was used to reveal intraspecific variations on a large scale. Ridge regression (Friedman et al., 2009) examines all environmental variables to explain intraspecific variation in functional traits and is a well-established linear regression method that is suitable for dealing with a large number of collinear predictors of climate and soil variables. We used hierarchical partitioning, i.e., ridge regression with hierarchical partitioning (Chevan and Sutherland, 1991) to define the extent to which the explained intraspecific variablity for each trait on the latitudinal gradient was due to independent and joint climate- and soil- variable effects. Additionally, redundancy analysis (RDA) was used to detect how climate and soil factors affect intraspecific variation for functional traits (R package ‘vegan’); subsequently, the explanation of climate and soil factors was confirmed by package ‘rdacca.hp’ (Lai et al., 2022). The significance of RDA was tested using random permutations (n = 999 for all analyses). PCA was designed to rank leaf, stem, root, and whole-plant traits of P. australis. A higher proportion of the variance was explained by the calculated PC1 and PC2, which were used as proxies for LES, stem economics spectrum (SES), root economics spectrum (RES), and whole-plant economics spectrum (WPES) to reveal ecological adaptation strategies. The relative contribution of each trait to PC1 and PC2 was estimated by correlation analysis between each trait index, and PC1 and PC2 scores. The F-test was used to analyzed the differences between PC1 and PC2 scores for leaf, stem, root and whole-plant traits in the arid and semi-arid regions.





3 Results



3.1 Intraspecific variation for traits along latitudinal and longitudinal gradienst

Leaf, stem and root functional traits in Phragmites australis showed a significant latitudinal and longitudinal gradient pattern (P ≤ 0.05), albeit minor to moderately explained (R2 ≤ 0.28, Figure 1). Specifically, leaf trait values increased significantly (R2 = 0.28, P < 0.001, Figure 1A; R2 = 0.25, P < 0.001, Figure 1D) with increasing latitude and longitude, whereas stem and root trait values decreased significantly (R2 < 0.23, P < 0.05, Figures 1B, C, E, F). The variation in functional traits of common reed along longitude and latitude was primarily attributed to changes in climate as reflected by the aridity index associated with the change in both longitude and latitude. We then assessed the independent or joint effects of climate and soil on intraspecific trait variation using ridge regression (Figure 2; Table 1). Root and stem traits (RR: ridge regression; r2stem = 0.60, r2root = 0.56) were better explained than leaf traits (r2leaf = 0.48, Table 1). Further, hierarchical partitioning (RR with hierarchical partitioning) results suggested that both independent and joint effects of climate and soil affected intraspecific trait variations (Figure 2). However, the independent climate effects were observed for most traits and explained trait variation better than any independent soil effect or joint climate-soil effects (Figure 2B; Table 1).




Figure 1 | The intraspecific variation in the leaf traits, stem traits and root traits of Phragmites australis with latitudinal and longitudinal gradient. Black lines are the fitted lines from OLS regressions. Grey shadings represent 95% confidence intervals. Significance (p-value) is shown in parentheses. R2 describes the proportion of variation explained by each model. Lat, Latitude; Lon, Longitude. (A–C) The variations of leaf, stem, and root traits along the latitude gradient. (D–F) The variations of leaf, stem, and root traits along the longitude gradient.






Figure 2 | Hierarchical partitioning identifies the contribution of climate and soil variables to explained for each trait variation of Phragmites australis (n = 65; blue, leaf traits; red, stem traits; yellow, root traits). (A) The x–y plot of the soil versus climate factors to explained a trait variation. The axes showed the sum of the respective independent and joint effect of soil and climate by hierarchical partitioning. The independent effect was the fraction of r2 explained exclusively by either soil or climate variables. The joint effect was the fraction explained by both climate and soil together, and was split equally among them. (B) Percentage variation explained by climate (purple, percentages on the left), soil (peach, percentages on the right) and jointly (grey, percentages in the middle) for trait groups-leaf, stem and root. Leaf thickness, LTH; Leaf dry matter content, LDMC; Specific leaf area, SLA; Leaf nitrogen content, LN; Leaf carbon content, LC; Leaf phosphorus content, LP; Leaf C/N ratio, L_C.N; Leaf C/P ratio, L_C.P; Leaf N/P ratio, L_N.P; Stem diameter, SD; Stem density, SDE; Stem nitrogen content, SN; Stem carbon content, SC; Stem phosphorus content, SP; Stem C/N ratio, S_C.N; Stem C/P ratio, S_C.P; Stem N/P ratio, S_N.P; Root diameter, RD; Specific root length, SRL; Root nitrogen content, RN; Root carbon content, RC; Root phosphorus content, RP; Root C/N ratio, R_C.N; Root C/P ratio, R_C.P; Root N/P ratio, R_N.P.




Table 1 | The intraspecific variation in each trait of Phragmites australis explained (r2) by ridge regression and the independent and joint effects for climate and soil variables from hierarchical partitioning.



Using RDA, we showed that climatic factors MAT and AI, and soil C:N, pH, and EC, were the best predictors of intraspecific trait variation. Furthermore, trait variation and the driving factors involved were significant in arid and semi-arid regions (Figure 3, R2 > 0.17, P < 0.001). Specifically, MAT, pH, and EC were the best predictors of leaf-, stem-, and root-trait variation in arid regions, whereas AI and soil NH4 best predicted leaf-, stem-, and root-trait variation in semi-arid regions (Figure 3).




Figure 3 | Redundancy analysis (RDA) ordination for leaf, stem, and root traits of Phragmites australis and contribution of climatic and soil factors to trait variability in lakeshore wetlands across arid and semi-arid regions (Permutation test (n = 999), P < 0.001). Arrows were colored according to climate and soil factors group (climate, yellow and soil, green variables; arrow length and point positions scaled to fit the plot). The solid lines represent 95% confidence intervals for functional traits in arid regions. Dashed lines represent 95% confidence intervals for functional traits in semi-arid regions. Bars plot each RDA plot show the variation explained by each factor.






3.2 The economics spectrum of P. australis traits and ecological adaptation strategies

Based on economics spectrum theory, the traits of P. australis showed an ecological adaptation strategy for conservation in arid regions, and one of acquisition in semi-arid regions (Figure 4, See Appendix S3 in Supporting Information). Particularly, the results of PCA for leaf trait variability showed that PC1 and PC2 explained 66.56% and 17.06% of the variance, respectively (Figure 4A). The PC1 axis represented a gradient from SLA and LN to LDMC and LTH, confirming a certain coordination among these leaf traits (Figure 4A). Most of the P. australis leaf traits in the arid region were clustered on the conservative side and those in the semi-arid region were clustered on the acquisitive side. The scores of the PC1 axis were significantly different between the arid and semi-arid regions (p < 0.001; Table S3).




Figure 4 | Principal component analysis (PCA) of leaf, stem, root system and whole-plant traits. (A) PCA of leaf traits. (B) PCA of stem traits. (C) PCA of root traits. (D) PCA of whole-plant traits. The solid lines represent 95% confidence intervals for functional traits in arid regions. Dashed lines represent 95% confidence intervals for functional traits in semi-arid regions. Leaf thickness, LTH; Leaf dry matter content, LDMC; Specific leaf area, SLA; Leaf nitrogen content, LN; Leaf carbon content, LC; Leaf phosphorus content, LP; Leaf C/N ratio, L_C.N; Leaf C/P ratio, L_C.P; Leaf N/P ratio, L_N.P; Stem diameter, SD; Stem density, SDE; Stem nitrogen content, SN; Stem carbon content, SC; Stem phosphorus content, SP; Stem C/N ratio, S_C.N; Stem C/P ratio, S_C.P; Stem N/P ratio, S_N.P; Root diameter, RD; Specific root length, SRL; Root nitrogen content, RN; Root carbon content, RC; Root phosphorus content, RP; Root C/N ratio, R_C.N; Root C/P ratio, R_C.P; Root N/P ratio, R_N.P.



In turn, the results of PCA for stem traits showed that PC1 and PC2 explained 50.32% and 34.2% of the variance, respectively (Figure 4B). The PC1 axis represented a gradient from SDE and SP to SD, confirming the coordination among these stem traits. Common reed specimens of arid and semi-arid regions were distributed on both the conserved and acquired sides but neither of them had any significant effect on the PC1 axis (p > 0.05, Table S3). Lastly, the results of PCA for root traits showed that PC1 and PC2 explained 51.51% and 25.14% of the variance, respectively, but there was no coordination in the traits along the PC1 axis (Figure 4C). Therefore, we did not detect an economics spectrum for P. australis roots in this study.

As for the results of PCA for whole-plant traits, this showed that PC1 and PC2 explained 32.23% and 30.41% of the variance, respectively (Figure 4D). Thus, whole-plant traits (except LDMC and RC) contributed significantly to the PC1 axis (Table S2), confirming the coordination of whole-plant traits along the PC1 axis. Most of the P. australis traits observed in semi-arid regions were distributed on the acquisition side, whereas as those in arid regions were distributed on the conservative side; furthermore, and the PC1 axis scores of the P. australis traits in the arid regions were significantly higher than those in the semi-arid regions (p < 0.001, Table S3).





4 Discussion

This study demonstrated that intraspecific trait variation in P. australis followed a pattern associated with a significant latitudinal and longitudinal gradient along the lakeshore wetland in Inner Mongolia. Furthermore, such variation basically depended on climatic differences as reflected on aridity index variability associated with longitude and latitude, and was less dependent on edaphic properties. Through PES analysis, we confirmed that the economics spectrum of P. australis plants not only existed in the traits of a single organ, but also acted at whole-plant level. Moreover, the traits of P. australis showed a conservative ecological adaptation strategy in arid regions and an acquisitively one in semi-arid regions.



4.1 Intraspecific functional-trait variation with location characteristics is regulated by climate

For widely distributed species, differences in stand and climatic environment in natural growth habitats inevitably lead to difference in plant physiological and ecological characteristics, resulting in significant differences in functional traits (Roscher et al., 2018). Thus, for example, previous studies have shown that specific leaf area and dry matter content are important indicators of plant resource utilization strategies (Joswig et al., 2022). In general, a lower specific leaf area, which restricts water vapor diffusion from the leaf out to the surrounding atmosphere, corresponds to thicker leaves (Dong et al., 2020). This adaptation enhances ability of the leaf to resist water loss, making it more effective under arid conditions (Wright et al., 2002; Rodriguez et al., 2015; Niinemets, 2016). Hence, plants adapted to harsh environments often have a high dry-matter content, which enhances stress tolerance and nutrients retention (Thomas et al., 2020). Thus, P. australis has adapted to high latitudes by reducing specific leaf area and increasing leaf dry-matter content, which is consistent with most studies on leaf functional traits (Luo et al., 2019; Gong et al., 2020).

As important elements for plant growth and development, C, N, and P contents and their stoichiometric characteristics not only reflect the ability of plants to produce assimilated products and their efficiency for nutrient utilization, but additionally, they determine the limiting factors controlling plant growth and development (Ordoñez et al., 2009; Zhang et al., 2020). Mineral element concentrations in plant tissues differ with the characteristics of geographical locations, most likely reflecting the effects of different nutrient requirements and assimilative capacities under different climatic conditions for growth (Heilmeier, 2019). In this study, leaf and root N content did not show a latitudinal gradient-associated pattern, which may have resulted from the unrestricted availability of N in the lakeshore wetlands of the geographic pattern. In turn, leaf, stem, and root P contents in P. australis plants increased along a decreasing latitudinal pattern, indicating that lakeshore wetlands in arid regions are more P-limited than those in semi-arid regions. Further, plant C:N ratio tended to increase as the latitudinal gradient, indicating that the C and N uptake and assimilation capacities of P. australis increased with higher latitudes (Wang et al., 2018). Additionally, both plant C:P and N:P ratios showed a decreasing trend as the latitudinal gradient, indicating that P was reduced by P limitation from arid to semi-arid lakeshore wetlands, and that the P supply was greater than those of C and N. Indeed, C:P and N:P ratios can be used to determine the soil availability of plant nutrients and are widely used to determine the limiting patterns of C, N, and P nutrients in plant-soil systems (Luo et al., 2017; Yang et al., 2018).

Up to 60% of intraspecific trait variation was explained by climate and soil variables in our study. Particularly, LTH, LDMC, SLA, LN, LP, SDI, and SRL, showed broad-scale correlations with climate and soil, and many of these traits showed geographic patterns (Wright et al., 2017). Moreover, temperature-dependent climatic factors were the dominant factors in the variation in the functional traits of P. australis at the regional scale, which were less related to soil properties (Figure 2). Specifically, ambient temperature, potential evapotranspiration, and precipitation have strong effects on plant growth, biomass, reproduction, and phenology (Cavender-Bares et al., 2016). This study reports latitudinal and longitudinal clines in leaf, stem, and root traits, proving that the functional traits under study were preserved and expressed according to their adaptation to climatic factors at the place of origin, especially MAT (Ren et al., 2020). Several previous studies on P. australis found that this variation tends to follow patterns associated with climate changes along latitudinal and longitudinal gradients (Lin et al., 2010; Bhattarai et al., 2017; Gong et al., 2020). High and frequent precipitation, abundance of water vapor, and suitable temperatures, should meet the basic requirements of a healthy and vigorous plant physiological performance (Joswig et al., 2022). In addition, these conditions promote the weathering of soil minerals, provide suitable conditions for microbial activity, contribute to the rapid turnover of organic matter, and provide sufficient nutrients to microorganisms. In short, they represent conditions that allow plants to grow fast and tall in the race for light (Slessarev et al., 2016; Wright et al., 2017).




4.2 Plant economics spectrum and ecological adaptation strategies

The study of the economics spectrum provides new theories and methods for analyzing the effects of global climate change on plants and their adaptation mechanisms, whereby it has become a hot topic in ecological research (Sakschewski et al., 2015). In accordance with the criteria outlined by Wright et al. (2004) for defining LES, the first principal axis of trait covariation, representing a core set of traits explained a substantial proportion of the variance for LES, SES, RES, and WPES. The results of this study on a single P. australis population showed that the economics spectrum theory was equally applicable to different traits of the same species in different habitats. Furthermore, PES studies have pointed out the characteristics of different plant functional trait combinations and the interrelationships among traits, indicating that plants of different habitats adopt different environmental-adaptation strategies through trade-offs among traits (Niinemets, 2015; Riva et al., 2016).

Economic spectrum theory was applied to leaf, stem and whole plant traits of P. australis, and significant differences for LES and WPES in arid and semi-arid regions were detected. Common reed specimens in the arid region were distributed on the conservative side represented by LES and WPES, with a small investment in SLA, LN, L_C:P and L_N:P, and a large one in LDMC, LP and L_C:N. In contrast, specimens in the semi-arid region were distributed on the acquisition side. This suggested that P. australis has constant or consistent conservative or acquisitive strategies at the organ and whole plant levels in arid and semi-arid regions, respectively (Joswig et al., 2022). Thus, in arid zones, P. australis usually has thicker leaves and stronger stalks, and allocates more biomass to mechanical support, thereby exhibiting a conservative strategy for withstanding adverse environmental conditions (Pérez-Ramos et al., 2012). However, in semi-arid zones, where greater water and nutrients availability provide superior conditions for the growth of P. australis, an acquisition-based strategy was favored to meet the higher nutrient content required. In the lakeshore wetlands of Inner Mongolia, LES, SES, and WPES of P. australis showed significant differences between arid and semi-arid regions, whereas RES did not. We speculate that this may be due to the significant variation in root traits, most of which show a high coefficient of variation and are more sensitive to soil texture and nutrient contents, and P. australis specimens can display different survival strategies depending on the region (Packer et al., 2017; Feng et al., 2020). Thus, despite the importance of the selection of plant traits under different environmental conditions, the coordination of plant acquisition or conservation strategies among traits, organs, and resources still converges under different habitat conditions (Reich and Cornelissen, 2014).





5 Conclusions

This study revealed that functional traits of P. australis followed patterns significantly associated with latitudinal and longitudinal gradients in lakes and lakeshore wetlands within the arid and semi-arid regions of the Inner Mongolian Plateau. The resulting intraspecific variation in traits across latitudinal and longitudinal gradients was primarily influenced by temperature-mediated climatic factors, whereas correlations between such trait variations and soil heterogeneity or the combined effects of climate and soil were low. The economics spectrum of P. australis populations in leaf and stem traits, and in the whole-plant, was clearly established. Further, the “investment-gain” strategy axis of the economics spectrum of P. australis in arid and semi-arid regions was characterized by divergence into two distinct directions. The arid region showed a conservative strategy, whereas the semi-arid region showed an acquisitive strategy. Our data strongly support the research of WPES of a single species with a plant economics spectrum, and further enrich the integration of intraspecific variation and the plant economics spectrum in different climatic regions. These findings bear important theoretical and practical significance for understanding the ecological adaptation strategies of plant species.
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Phylogenetic analysis provides crucial insights into the evolutionary relationships and diversification patterns within specific taxonomic groups. In this study, we aimed to identify the phylogenetic relationships and explore the evolutionary history of Stipa using transcriptomic data. Samples of 12 Stipa species were collected from the Qinghai-Tibet Plateau and Mongolian Plateau, where they are widely distributed, and transcriptome sequencing was performed using their fresh spikelet tissues. Using bidirectional best BLAST analysis, we identified two sets of one-to-one orthologous genes shared between Brachypodium distachyon and the 12 Stipa species (9397 and 2300 sequences, respectively), as well as 62 single-copy orthologous genes. Concatenation methods were used to construct a robust phylogenetic tree for Stipa, and molecular dating was used to estimate divergence times. Our results indicated that Stipa originated during the Pliocene. In approximately 0.8 million years, it diverged into two major clades each consisting of native species from the Mongolian Plateau and the Qinghai-Tibet Plateau, respectively. The evolution of Stipa was closely associated with the development of northern grassland landscapes. Important external factors such as global cooling during the Pleistocene, changes in monsoonal circulation, and tectonic movements contributed to the diversification of Stipa. This study provided a highly supported phylogenetic framework for understanding the evolution of the Stipa genus in China and insights into its diversification patterns.
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1 Introduction

The Stipa genus consists of temperate, herbaceous plants. This genus originated from the Pooideae subfamily and has evolved into the dominant and key species of needlegrass in the Eurasian grasslands (Lu and Wu, 1996; Nobis et al., 2020; Zhang et al., 2022). In the Chinese context, the Stipa genus encompasses a diverse array of 23 distinct species, including 6 varieties. Various Stipa species, along with their geographic distributions, serve as pivotal criteria in the categorization of grasslands and play a pivotal role in the systematic classification of grassland ecosystems. For instance, within the Mongolian Plateau (MP), the presence of species such as Stipa gobica, S. klemenzii, or S. breviflora distinctly characterizes the desert steppe, while S. krylovii and S. grandis stand as prominent indicators of the typical steppe. And on the Qinghai-Tibet Plateau (QTP), alpine steppes find their primary constitution in the form of S. purpurea, S. basiplumosa, and S. roborowskyi (Zhou, 1980; Guo et al., 1983; Lu and Wu, 1996; Zhang, 2012; Lu et al., 2018; Qiao, 2019; Li et al., 2020; Mao et al., 2021). Therefore, a comprehensive exploration of the origin and evolutionary trajectory of the Stipa genus holds paramount significance in advancing our understanding of Chinese grassland ecology.

The scarcity of fossil evidence initially constrained the investigations on the phylogeny of Stipa species (Wang et al., 1975; Thomasson, 1978; Strömberg, 2005). Such investigations primarily relied on morphological traits (Tzvelev, 1976; Tzvelev, 1989; Jacobs and Everett, 1996). Subsequently, researchers obtained additional relevant molecular data, including nuclear ITS intergenic spacers, intergenic spacers (IGS), and chloroplast gene fragments from this genus (Jacobs et al., 2007; Hamasha et al., 2011; Romaschenko et al., 2012; Krawczyk et al., 2017). Previous studies have indicated that Stipa species in Central Asia form a monophyletic clade. However, the phylogenetic relationships within the Stipa genus remain unresolved (Nobis et al., 2020). Therefore, it is a challenge to comprehend the phylogeny of this genus. Therefore, elucidating the robust phylogenetic relationship within the Stipa genus is of great ecological significance for understanding its origin and evolutionary patterns, and grassland development.

Rapid progress in sequencing technologies has provided significantly increased access to extensive genetic information. In recent years, there has been a notable expansion in research methodologies, including the application of complete chloroplast genomes (Krawczyk et al., 2018; Krawczyk et al., 2022), thousands of Single Nucleotide Polymorphisms (SNPs) genotyping using genome-wide (Baiakhmetov et al., 2021b), and the exploration of nucleolar organizing regions (NORs) in the genomic analysis of Stipa (Baiakhmetov et al., 2021a). These phylogenetic studies are providing more comprehensive insights than earlier research, resulting in new progress regarding the phylogenetic relationships of species within the Stipa genus (Krawczyk et al., 2018; Baiakhmetov et al., 2021b; Krawczyk et al., 2022).

Stipa, as the core taxon within the Stipeae, represents a rigorously monophyletic assemblage, divided into two distinct clades. One clade is exclusive to species inhabiting the Himalayan region, while the other encompasses species distributed across various Eurasian territories (Hamasha et al., 2011). A congruent pattern was identified by Peng (2015) in his research (Peng, 2015); however, it’s worth noting that this pattern doesn’t appear to universally hold across all investigations (Krawczyk et al., 2017; Krawczyk et al., 2018; Baiakhmetov et al., 2021b; Krawczyk et al., 2022). While existing methodologies applied to Stipa phylogeny have proven effective in elucidating taxonomic relationships at the genus level and beyond, their performance diminishes when exploring relationships below the genus level. Notably, in these studies, the support for internal branches within the Stipa phylogenetic tree exhibited certain limitations, with instances of notably weak support. Therefore, there is an imperative need to explore more precise and efficient methods for reconstructing the phylogenetic relationships within the Stipa genus, particularly within its relatively underexplored Chinese distribution range.

Compared with genomic sequencing, transcriptome sequencing efficiently provides significant-high-quality data regarding protein-coding genes, making it particularly suitable for studying nonmodel organisms (Wickett et al., 2014; Zimmer and Wen, 2015; Zeng et al., 2017; Baiakhmetov et al., 2021b). Comparative transcriptomics has emerged as an effective method for evolutionary analyses in plants (Cheng et al., 2018; One Thousand Plant Transcriptomes Initiative, 2019; Kapli et al., 2020) and has significantly promoted the identification of phylogenetic relationships among closely related species, as demonstrated in Cyathophora (Wang et al., 2017), Trigonopedia (Guo et al., 2018), and Daghestanica (Xie et al., 2020). Zhang et al. conducted transcriptome analyses of 157 Pooideae species, identified 1234 orthologous genes, and reconstructed the highly supported maximum likelihood (ML) phylogenetic tree using the concatenation method (Zhang et al., 2022). The phylogenetic tree included three species of Stipa in China, with branches that received high support. This provides valuable insights into reconstructing the phylogenetic relationships within the Stipa genus.

In this study, we have gathered 12 Stipa species, representing five of the seven recognized sections within the Stipa genus found in China. Notably, these encompass the principal and prevailing species inhabiting diverse Stipa grassland ecosystems on the QTP and the MP within Chinese territory. Building upon prior research, which has underscored the relationship between the phylogenetic structure of Stipa and the geographical distribution of its constituent species, the primary objective of this paper is to scrutinize the phylogenetic aspects of these 12 Stipa species in China. Our approach involves the generation of novel transcriptome data, an invaluable resource enabling an in-depth exploration of the evolutionary history underpinning the Stipa in China.




2 Materials and methods



2.1 Sample collection

In total, 12 Stipa species were collected from their respective distribution regions from June to August in 2018 and 2019 (Figure 1 and Table 1). At least one specimen of each species was stored in the herbarium of the College of Ecology and Environment, Inner Mongolia University, and the specimens were identified by Prof. Liang, and voucher specimen numbers were in the Supplementary Data Table S3. Among them, seven species were high-altitude species (3200–4800 m above sea level) native to the QTP, whereas the other five species were distributed in the relatively low-altitude (1100–1500 m) MP (Figure 1 and Table 1). To ensure the RNA integrity of the samples, we specifically selected the spikelets during the heading period of Stipa that were tightly wrapped by bracts and not exposed to air. Five individuals of each species were collected. Their spikelets were immediately placed in liquid nitrogen and stored at −80°C for subsequent RNA extraction.




Figure 1 | Geographical distribution of sampled Stipa species. Each color-matched circle on the map corresponds to a different Stipa species, with the names of the species listed nearby.




Table 1 | Sampling sites of Stipa species.






2.2 RNA extraction and transcriptome sequencing

Total RNA was extracted from each sample using ethanol precipitation and CTAB-PBIOZOL reagent as per the manufacturer’s instructions (Hangzhou Bori Technology, Hangzhou, China). The quality and quantity of the extracted RNA were assessed using a NanoDrop spectrophotometer and an Agilent 2100 Bioanalyzer (Thermo Fisher Scientific, MA, USA), respectively. Three samples with an RNA integrity number ≥ 6.5 from each Stipa species were selected for constructing the cDNA libraries. mRNA was isolated from total RNA using Oligo (dT) beads and fragmented into short fragments using a fragment buffer at an appropriate temperature. The fragmented RNA was used for the synthesis of the first strand of cDNA using random hexamer primers and reverse transcriptase, followed by the synthesis of the second strand using DNA Polymerase I and RNase H. The double-stranded cDNA was purified using QIAquick PCR Extraction Kit (Qiagen) and subjected to end-repair using an A-Tailing Mix and RNA Index Adapters. The final cDNA library was prepared via PCR amplification with AMPure XP beads. The library was sequenced using the BGISEQ-500 platform (BGI, Shenzhen, China) with paired-end reads of 100 bp.




2.3 RNA-seq output quality control and transcriptome de novo assembly

The raw reads of each sample were processed to obtain clean reads by removing reads containing potential adaptors, unknown nucleotides (>5%), and low-quality reads (reads with >20% nucleotides with base quality < 15) using SOAPnuke (version 1.4.0) (Chen et al., 2017) and trichromatic (version 0.36) (Bolger et al., 2014). The Quality 20 (Q20), Quality 30 (Q30), and Guanine-Cytosine (GC) content of the clean reads were recorded. The clean reads from the three samples of each Stipa species were combined and de novo assembled using Trinity (version 2.0.6) (Grabherr et al., 2011) with default parameters. CD-HIT (Fu et al., 2012) was used with a cutoff of 95% similarity for clustering and removing redundant contigs in the assembled transcripts, after which nonredundant transcripts were obtained. The results of the assembly of nonredundant transcripts were evaluated based on the shortest sequence length at 50% of the total sequence length (N50) criteria. Furthermore, TransDecoder (version 5.5.0) was used with default settings to predict coding sequences (CDSs) and protein-coding sequences of the nonredundant transcripts (Kim et al., 2015). Benchmarking Universal Single-Copy Orthologs (BUSCO) (Waterhouse et al., 2017) based on the 4896 poles universal single-copy orthologs (https://busco.ezlab.org/frames/plants.htm), the completeness of the assembly results was assessed. In this analysis, we also wished to detect the number of single-copy orthologs among the 12 Stipa species.




2.4 Orthologous gene identification and gene annotation

The orthologous gene dataset was constructed among the 12 Stipa species by comparing the predicted protein sequences from the nonredundant transcripts with the protein data of Brachypodium distachyon downloaded from the National Center for Biotechnology Information (NCBI) (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/005/505/GCF_000005505.3_Brachypodium_distachyon_v3.0). This was performed using bidirectional best BLAST (Version 2.2.25) with an e-value cutoff of 1e−10, identity > 20%, and bit score > 40 (Altschul et al., 1997). Only one-to-one orthologous gene pairs between one Stipa species and B. distachyon were retained. The intersection of these 12 sets of one-to-one orthologous gene pairs was taken to obtain the final one-to-one orthologous gene set (Supplementary Data Figure S2). To assess the completeness and quality of the assembly, the protein-coding sequences of B. distachyon were used as proxies. BLASTp (with a threshold of 1e−5) was used for gene function annotation against the nonredundant protein database (NR) of NCBI and the Swiss-Prot protein database.




2.5 Phylogenetic analysis and molecular dating

Multiple sequence alignments of the protein sequences were performed using MAFFT (Katoh et al., 2002) and converted to nucleotide alignments using PAL2NAL (Suyama et al., 2006). Poorly aligned positions and divergent regions were eliminated using Gblocks (http://molevol.cmima.csic.es/castresana/Gblocks_server.html) (Talavera and Castresana, 2007). The filtered nucleotide sequences were translated back to protein sequences. The phylogenetic relationships of the Stipa were reconstructed using the concatenation method and several different tree-building strategies as given in the flowchart in Figure S2. B. distachyon as an outgroup of the Stipa. In the RaxML software, the ML tree was constructed after searching for the best model using the built-in command, with the bootstrap set to 1000 replicates (Stamatakis, 2014). In IQtree, the ML tree was built after searching for the evolutionary models for sequence partitions using ModelFinder, with bootstrap set to 1000 replicates (Nguyen et al., 2015; Kalyaanamoorthy et al., 2017). The Bayesian inference (BI) tree was constructed using the Bayesian method, with the best models for sequence partitions found after 200,000 Markov Chain Monte Carlo (MCMC) iterations until significant convergence was achieved (Ronquist et al., 2012).

To estimate the divergence times of the Stipa genus, MCMCtree from PAML was used. The mean and 95% highest posterior density (HPD) intervals of divergence times for each node were obtained (Yang, 1997). Considering the lack of fossil records of Stipa, we calibrated the divergence times using the divergence time of B. distachyon and Stipa [27–58 million years ago (Mya)] obtained from the TimeTree project (www.timetree.org/) (Kumar et al., 2017). The tree topology was visualized using the ggtree package in R software (Yu et al., 2017).





3 Results



3.1 Transcriptome sequencing and basic bioinformatic analysis

A total of 3807.24 million paired-end clean reads were generated from the sequencing data of 380.71 gigabases (Gb) obtained from the 36 Stipa samples. The average size of clean reads per sample was 10.58 gigabytes (Gb), with average Q20 and Q30 values of 97.75% and 92.00%, respectively (Supplementary Data Table S1).

The assembly process provided nonredundant transcripts for the 12 Stipa species, with an average of 227,312 unigenes (≥200 bp) and an average N50 value of 1622 bp (Table 2 and Supplementary Data Table 1). Furthermore, predicted CDSs were obtained, with an average of 87,406 CDSs and N50 values ranging from 1032 to 1152 bp (Table 1).


Table 2 | De novo assembly of the sequenced transcriptomes.



The BUSCO analysis indicated the completeness of the transcriptome assembly, which was approximately 84% on average across the 12 Stipa species (Supplementary Data Figure S1).

Annotation results using B. distachyon as a reference revealed that 99% of the orthologous genes had hits in the NR database and 75% in the SwissProt database. In total, 73% of the orthologous genes were assigned to Gene Ontology categories, and 48% had matches in the KEGG pathway database (data not presented). These results indicated that the transcriptomes of the Stipa species were well assembled and relatively complete, providing high-quality data for further comparative transcriptome analyses.




3.2 Identification of orthologous genes

Using the bidirectional best BLAST analysis, we identified one-to-one orthologous genes in the protein-coding sequences of B. distachyon and Stipa species, obtaining 10,717 shared genes among the 12 Stipa species. By increasing the BLAST parameter identity to 30%, 9418 genes were retained. Subsequently, these genes were further filtered based on sequence saturation and multiple alignment analysis, to obtain 9397 genes forming the “one2_orthologous” gene set. Further, 2300 orthologous genes with high homology (90%) were extracted. Additionally, from the set of 4896 single-copy orthologous genes retrieved from the BUSCO database, 62 single-copy orthologous genes shared among the 12 species were identified, and this set was designated as the “SCG_orthologous” gene set. Finally, the three gene sets were combined to obtain three supergenes, with lengths 7,637,640, 2,314,182, and 118,167 bp, respectively, for the phylogenetic analysis of the Stipa genus (Supplementary Data Figure S2).




3.3 Phylogenetic analysis

Considering the computational time and resource constraints, we initially adopted various tree-building strategies for the analysis of the SCG_orthologous gene set. First, using the RaxML software with default parameters, the best model was searched. Subsequently, a maximum likelihood (ML) tree was constructed (Supplementary Data Figure S2). In the resulting tree, only one branch had a low bootstrap value (BP = 47%), and others had BP > 90% (SCG_RaxML tree) (Figure 2). Next, we identified the optimal evolutionary model using ModelFinder and constructed an ML tree with IQtree (Edge-linked partition model) (Supplementary Data Figure S2). The results revealed that the BP for the tree topology was all above 80%, with the majority being 100% (SCG_IQtree) (Figure 2). Finally, using the MrBayes Bayesian method, a BI tree was obtained that exhibited high stability, with each branch having a support value of 100% (SCG_BI tree) (Figures S2 and 2). Therefore, the SCG_orthologous supergenes provided consistent topological structures in the evolutionary trees generated by different software and methods, exhibiting high stability (Figure 2).




Figure 2 | Phylogenetic trees constructed via varied strategies. The tree’s top name corresponds to the tree in the flowchart in Supplementary Data Figure S2. The Bayesian Inference (BI) tree carries a node support probability (Prob), equivalent to 100% bootstrap values (BP) in the Maximum Likelihood (ML) tree. Species names appear on the right side of the branch tips. The values below the tree represent branch lengths, which have been shortened for the outgroup Brachypodium distachyon for readability.



The phylogenetic tree was constructed using two distinct datasets of one2_orthologous genes, comprising 9397 and 2300 sequences, respectively. Notably, the one2_RaxML tree exclusively consisted of 9397 immediate homologous genes, whereas the one2_IQ tree and one2_BI tree were formed using a partitioning model and Bayesian approach, respectively, with the 2,300 selected genes (Supplementary Data Figure S2). The results revealed remarkable stability and similarity in the topologies of these three trees, exhibiting only minor discrepancies, particularly regarding the relative position of S. basiplumosa. Within both one2_IQtree and one2_BI trees, S. basiplumosa demonstrated a consistent and robust relationship with S. purpurea and S. roborowskyi, supported by a high BP of 89% and a probability of 100%. However, in the one2_RaxML tree, the branch containing S. basiplumosa exhibited a significantly lower self-expansion value and merely 23% BP (Figure 2). Interestingly, the relative position of S. basiplumosa with neighboring species differed between the topology of one2_orthologous and SCG_orthologous (Figure 3).




Figure 3 | Evolutionary shifts in species placement within the phylogenetic tree. The arrangement of species positions in the depicted phylogenetic tree described illustrates intriguing evolutionary changes. The sequence of the six phylogenetic trees from left to right reflects the arrangement of the six trees displayed in Supplementary Data Figure S2.



Specifically, in SCG_orthologous, S. basiplumosa displayed a closer association with S. tremula and S. subsessiliflora (BP = 100%), whereas in one2_orthologous, it appeared more closely related to S. purpurea and S. roborowskyi (BP = 89%). However, the exclusion of S. basiplumosa did not alter the positioning of these species within the one2_orthologous tree. Notably, the position of S. glareosa remained consistent within the one2_orthologous topology [(S. glareosa, (S. gobica, S. klemenzi)), BP = 100%], although it slightly deviated from the SCG_orthologous tree [(S. gobica, (S. glareosa, S. klemenzi)), BP = 80% or 90%, prob = 100%] (Figures 2 and 3).

In summary, the phylogenetic relationships constructed from the two gene sets were generally consistent and reflected a common feature, that is, the internal divergence of the Stipa genus into two distinct branches (BP = 100%). These two branches were respectively represented by the QTP species, namely, S. capillacea, S. purpurea, S. roborowskyi, S. tremula, and S. subsessiliflora forming the QTP clade (QTP_clade) and by the MP species, namely, S. breviflora, S. gobica, S. klemenzi, S. krylovii, and S. grandis, along with a QTP species S. glareosa, forming the MP clade (MP_clade) (Figure 3).




3.4 Estimation of divergence time

Molecular clock analysis revealed that the divergence between the Stipa genus and B. distachyon occurred approximately 3.962 Mya (95% CI: 2.486–5.672 Mya). Within the Stipa genus, the internal diversification began approximately 2.107 Mya (95% CI: 1.101–3.668 Mya), and the QTP_clade and MP_clade diverged sequentially during 0.45 Mya. The QTP_clade exhibited continuous diversification within the time range of 1.783–1.056 Mya, whereas the MP_clade initiated diversification during the overlapping period of 1.669–0.937 Mya. Eventually, the two clades completed species diversification synchronously within 0.846 Mya (Figure 4).




Figure 4 | The chronogram of divergence times in the Stipa genus. The average age (above branches) and their 95% confidence intervals (expressed in blue bars) were depicted near various nodes in the Stipa genus phylogeny. Geological timescales are provided below the tree diagram.



In the MP_clade, the desert grassland species S. breviflora diverged first, followed by S. glareosa, S. gobica, and S. klemenzi. Finally, the typical steppe species S. krylovii and S. grandis diverged. In the QTP_clade, the alpine meadow species S. capillacea diverged first, followed by the western QTP desert grassland species S. basiplumosa, S. purpurea, and S. roborowskyi. Lastly, the species located in the northern Qilian Mountains, S. tremula and S. subsessiliflora, diverged.





4 Discussion



4.1 The application of transcriptome in constructing phylogenetic relationships of Stipa

Plastid genes, particularly chloroplast genes, serve as a stable marker system in phylogenetic analysis because of their uniparental inheritance and high conservation (Orton et al., 2021). However, a study on 19 Stipa species revealed that the highly similar chloroplast genome sequences of this genus posed a certain interference in phylogenetic analysis (Krawczyk et al., 2018). On the other hand, small variation information carried by a few nuclear genes limited the extraction of sufficient genetic variations and the obtaining of reliable analytical results (Zimmer and Wen, 2015). A few gene fragments may lead to suboptimal saturation of the constructed phylogenetic trees (Cornwell and Nakagawa, 2017; Zeng et al., 2017). Therefore, in the research of Stipa species, these two are the primary limiting factors for obtaining high-confidence phylogenetic relationships (Romaschenko et al., 2010; Hamasha et al., 2011; Romaschenko et al., 2012; Peng, 2015; Krawczyk et al., 2017; Krawczyk et al., 2018; Krawczyk et al., 2022). Krawczyk’s research identified a region proximal to the 26S nrDNA, specifically within the nuclear rRNA intergenic spacer region (IGS), as one of the most phylogenetically informative areas among Stipa species. Their phylogenetic tree, which encompassed 35 Stipa species, marked the first systematic tree for the Stipa genus that exhibited well-resolved evolutionary branches. However, it’s noteworthy that only 19 branches garnered support levels exceeding 50% (Krawczyk et al., 2017). Similarly, Baiakhmetov constructed phylogenetic relationships for 14 Stipa species using nucleolar organizing regions (NORs), and their findings also indicated relatively low support in the resulting tree (Baiakhmetov et al., 2021b). It appears that there is a paradox in Stipa genus phylogenetic research. When researchers aim to enhance the clarity of branches in the phylogenetic tree, as discussed above, they often encounter challenges in achieving higher support levels.

Consequently, Krawczyk et al. suggested the incorporation of more nuclear genes in the phylogenetic analysis of the Stipa genus (Krawczyk et al., 2018). Later, Baiakhmetov employed a genome-wide approach to obtain thousands of SNP genotypes for a phylogenetic analysis of a population comprising five Stipa species. The results indicated that fewer than half of the branches could be supported with a value of ≥0.8 (Baiakhmetov et al., 2021b). In our study, the high-confidence phylogenetic trees of Stipa were obtained from dozens and thousands of protein-coding genes, with almost 100% support for all branches (Figure 2). This complements the low resolution of the previous phylogenetic tree of Stipa.

This was possible because of the rapid development of sequencing technology. Rapid analysis of numerous nuclear genes through transcriptome sequencing has been widely used in reconstructing phylogenetic relationships in plants (One Thousand Plant Transcriptomes Initiative, 2019), providing good results across green plant groups and higher taxonomic units (Zeng et al., 2014; Guo et al., 2018; Zhang et al., 2022). Nevertheless, when using a large amount of gene data for phylogenetic analysis, the isolation of gene sets and tree-building strategies can influence the final results (Blair and Murphy, 2011; Zeng et al., 2014; Cornwell and Nakagawa, 2017; Zeng et al., 2017). In this study, transcriptome sequencing, assembly, and screening were conducted on 12 Stipa species, the majority of which are dominant or key species of Stipa on the grasslands found in the QTP and MP. Through meticulous analysis of orthologous genes within the transcriptome data, two sets containing high-quality orthologous genes (2300 and 9397, respectively) were obtained. These genes were subjected to phylogenetic analysis using various tree-building strategies (Supplementary Data Figure S2). The results indicated that the orthologous genes of Stipa species exhibited low sensitivity to different tree-building methods (Figure 2), thus potentially providing stable phylogenetic relationships.




4.2 Identification of two geographically related clades within the Stipa genus

Although the lack of data is limiting the phylogenetic studies on Stipa, we can still obtain some insights based on available studies. Hamasha et al. (2011) conducted a phylogenetic analysis of the Stipeae tribe using ITS and ribosomal genes and reported that several Stipa species from the QTP, including S. basiplumosa, S. rohmooiana, S. subsessiliflora, and S. purpurea, formed a distinct branch within the Stipa genus. Another larger branch of the Stipa genus consisted of S. breviflora, S. baicalensis, S. gobica, and other species from the Tianshan Mountains, MP, and other regions (Hamasha et al., 2011). Peng (2015) constructed a phylogenetic tree of Chinese Stipa species using ITS and chloroplast genes and reported that the Stipa genus primarily differentiated into two clades. One clade consisted of Stipa species from the Sect. Pseudoptilagrostis Tzvel. and some species of the Sect. Barbatae Junge was primarily distributed in the QTP, whereas the other clades included Stipa species from the Sect. Leiostipa Dum, Sect. Stipa, Sect. Smirnovia Tzvel, and the remaining species of the Sect. Barbatae Junge (Peng, 2015). To maintain consistency with the previous discussions, we referred to these two clades as the “QTP_clade” and “MP_clade”, representing the major distribution areas of Stipa species in the QTP and MP, respectively. In the aforementioned studies, the nodes supporting the separation of the two clades had relatively high BP, which was consistent with our finding that the BP for the QTP and MP clades was 100% (Figure 2). However, some differences in the internal relationships within each clade were observed in our previous studies. In a study by Hamasha, S. capillacea from the QTP were clustered within the non-QTP branch. In a study by Peng, S. capillacea was assigned to the QTP clade, whereas S. purpurea was classified within the MP clades. In our study, these species were clustered within the QTP clades (Figures S2 and 2).

Furthermore, within the taxonomic realm of the Sect. Smirnovia Tzvel. [comprising species such as S. glareosa, S. gobica, and S. klemenzii, primarily inhabiting the desert steppe of the MP (BP > 89%)] and the Sect. Leiostipa Dum. [comprising S. krylovii and S. grandis (BP = 100%), dominantly found in the typical steppe of Mongolia], we observed stable clustering that adheres to traditional taxonomic classifications based on distinctive traits (Nobis et al., 2020). However, S. breviflora, a member of Sect. Barbatae Junge, typically does not cluster within this section but is placed in non-QTP branches (Peng, 2015; Nobis et al., 2020; Baiakhmetov et al., 2021b; Krawczyk et al., 2022). Similarly, other members of Sect. Barbatae Junge, including S. tremula, S. roborowskyi, and S. purpurea, were grouped based on morphological characteristics (Hamasha et al., 2011; Peng, 2015), then clustered with Sect. Pseudoptilagrostis Tzvel., containing S. basiplumosa and S. subsessiliflora, forming a coherent clade on the QTP (Figures 2 and 3). These findings are consistent with a previous study (Hamasha et al., 2011; Peng, 2015), highlighting the importance of our results in providing highly supported and reliable data for resolving the developmental relationships among Stipa species.

In the context of phylogenetic analysis based on morphological traits, members of the Barbatae section typically manifest as small branches comprising multiple taxa. These branches subsequently intertwine within the Pseudoptilagrostis, Smirnovia, and Leiostipa sections (Nobis et al., 2020). In contrast, the members of Smirnovia and Leiostipa sections often form distinct and stable clusters (Romaschenko et al., 2012; Baiakhmetov et al., 2021b). This observation implies that taxonomic traits from different sections contribute variably to the phylogenetic signal. It also corroborates earlier findings, suggesting that many crucial classification traits within Stipa lack robust phylogenetic signals (Romaschenko et al., 2012).




4.3 Geological and climate changes may drive species diversification in the Stipa genus

The phytolith data from the Eocene-Miocene period in the North American interior provides evidence that the Stipeae appeared in the early Oligocene (34 Mya) and transitioned from closed habitats to open environments. However, it was not until the Late Oligocene or Early Miocene (7-11 million years ago) that the Stipeae became ecologically dominant in North America alongside other grasses (Strömberg, 2005). Molecular evidence suggests that approximately 30 Mya, the Stipeae underwent diversification into two major clades (New World and Old World) and experienced a period of stable temperatures (Romaschenko et al., 2010; Romaschenko et al., 2012; Zhang et al., 2022). During the middle Miocene (approximately 14 Mya), a rapid cooling occurred, leading to the differentiation of several genera including Stipa (Zhang et al., 2022). Nevertheless, our findings indicate that the estimated time of differentiation between Brachypodium distachyon and Stipa was approximately 3.962 Mya (95% CI: 2.486-5.672 Mya) (Figure 4). This value notably deviates from this fossil-based estimation.

We hypothesize that the considerable disparity in our results could be attributed to the relatively broad calibration time frame we employed. Specifically, we utilized a calibration range of 27 to 58 Mya for the separation of the Stipeae tribe and the Brachypodium distachyon, aligning it with the divergence point between the outgroup and Stipa. In comparison to the methodologies of Baiakhmetov et al. (2021b) and Zhang et al. (2022), which encompassed a more diverse array of calibration points and strategies, these studies achieved a higher degree of accuracy. In the investigation conducted by Baiakhmetov, a dual dataset approach was utilized for calibration (Baiakhmetov et al., 2021b). One dataset indicated a divergence between Brachypodium and Oryza approximately 38 to 48 Mya, while the other dataset estimated the emergence of Stipa at 33 to 39 Mya. Their results suggest that B. distachyon and Stipa diverged around 32.77 Mya. In another comprehensive study utilized a multifaceted approach involving three calibration strategies and a multitude of calibration points, encompassing various species within the Pooideae (Zhang et al., 2022). Their results suggested the appearance of Stipeae around 30 Mya, with Stipa emerging approximately 12.7 Mya. These studies, which utilized a more diverse set of calibration points and strategies, achieved higher precision and demonstrated closer alignment with empirical data. Hence, it becomes clear that the inclusion of multiple, highly accurate calibration points and strategies is imperative for attaining precise estimates of divergence times in our research endeavors.

Currently, molecular clock analyses estimate the origin of the Stipa genus as the middle Miocene to early Pliocene (Baiakhmetov et al., 2021a; Baiakhmetov et al., 2021b; Zhang et al., 2022). Our results show that Stipa emerged and began to differentiate at 2.107 Mya (95% CI: 1.101-3.668; Figure 4), which is slightly later than the current results. The discrepancy between the estimated molecular clock origin time and the earliest fossil record of Stipa from the North American interior (23 Mya, Elias, 1942; Thomasson, 1978; Thomasson, 1985; Strömberg, 2005) may be due to several factors. One possibility is the limited number of Stipa species used in both previous studies and our own. Another factor could be the extinction of ancient Stipa species, leading to a delay in the molecular clock estimation of the origin compared to the fossil record. It’s important to note that the North American concept of Stipa encompasses a broader spectrum compared to the Eurasian concept (Hamasha et al., 2011; Romaschenko et al., 2012; Nobis et al., 2020), including numerous species with substantial morphological differences from their Eurasian counterparts (Romaschenko et al., 2012). Therefore, the fossil records from North America may not provide a comprehensive representation of Eurasian Stipa.

Currently, the fossil records in Eurasian geological strata still lack substantial evidence regarding the presence of Stipa. However, according to pollen records of herbaceous plants in Chinese geological strata, there appears to be a gradual increase in the abundance of herbaceous plants, possibly including Stipa, during the early Pliocene to Pleistocene period (Jiang and Ding, 2009; Deng et al., 2019; Spicer et al., 2020). This observation aligns reasonably well with the patterns we have observed in our research.

Our study suggested that the Stipa genus underwent rapid diversification from the early Pliocene to the Pleistocene (3.962–0.937 Mya; Figure 4). This finding is consistent with previous studies based on morphological traits (Tzvelev, 1976; Tzvelev, 1989; Linder et al., 2018) and pollen records of herbaceous plants (Jiang and Ding, 2009; Zhang, 2012; Deng et al., 2019). The divergence time of Stipa (4.39-0.16 Mya) obtained by Baiakhmetob through nucleolar organizing regions (NORs) was also extremely similar, although it received weak support from the phylogenetic tree (Baiakhmetov et al., 2021b). The notable features of the Pliocene include a rapid global temperature decline, extensive expansion of the Arctic ice cap (Goldner et al., 2014), the final significant uplift of the QTP (Spicer et al., 2020), and glacial–interglacial oscillations in the Pleistocene (Liu et al., 2001). Although the uplift history of the QTP is still debated (Wang et al., 2014; Spicer et al., 2020), its uplift has been confirmed to intensify the Asian monsoon system and inland aridification, promoting biodiversity in the region (Dupont-Nivet et al., 2007; Favre et al., 2015; Sun et al., 2017; Li et al., 2021; Mao et al., 2021; Wu et al., 2022). The Pleistocene climatic oscillations created conducive circumstances for the proliferation of species specialized for cold habitats, resulting in the emergence of numerous endemic vicariants in Central Asia and the western Pamir-Alai Mountains, which serve as significant centers for species diversification. Specifically, Stipa gracilis and S. zeravshanica exemplify this phenomenon (Vintsek et al., 2022). These species exhibit distinct characteristics that align with the “interglacial refugia model,” wherein populations undergo expansions during glacial periods followed by abrupt demographic contractions during interglacial periods (Bennett and Provan, 2008). The spikelet traits of the Stipa genus may be associated with adaptation to arid and monsoonal environments. For instance, the dorsal awn of the spikelet can aid plants in attaching to animals and enhancing seed burial in the soil and can facilitate long-distance dispersal aided by monsoonal systems; moreover, a fur-like hairy ovary indumentum can protect the ovary and increase drought resistance (Tzvelev, 1989; Strömberg, 2011; Linder et al., 2018).

During the early Pleistocene (2.107 Mya), the Stipa genus diverged into two clades, consisting of native species from the QTP and MP, respectively, and completed the speciation process during the middle Pleistocene (1.783–0.937 Mya, Figure 4). This divergence could be attributed to the geographical isolation caused by the uplift of the Qilian Mountains in northern QTP (Rowley and Currie, 2006; Spicer et al., 2020; Wu et al., 2022). Additionally, the glacial–interglacial cycles in the Pleistocene further intensified aridity in the northwestern inland regions of China (An et al., 2006), range shifts of many taxa including Stipa (Vintsek et al., 2022), leading to adaptive differentiation within the two clades and gradual accumulation of genetic distance. During glaciations in the Pleistocene, a unified, extensive ice cap covering all land surfaces did not form in China, and glaciation only occurred on mountain peaks. This made the central QTP and MP a place for the development of numerous Central Asian flora and fauna (Mao et al., 2021). The evolutionary complexity and diverse habitats of the QTP and MP provided multiple ecological niches for the survival and proliferation of Stipa plants (Guo et al., 1983; Liu et al., 2014; Qiao, 2019). Many researchers believe that cooling during the Pliocene significantly promoted the origin and expansion of temperate biotic communities (particularly for the subfamily Pooideae), which benefitted from key morphological innovations and genome duplication events in a spikelet (Sandve et al., 2011; Vigeland et al., 2013; McKain et al., 2016; Linder et al., 2018). Whole-genome duplication events have been observed exclusively in the New World clade of Stipeae, specifically in genera such as Austrostipa (Tkach et al., 2021), while no such events have been detected in Old World Stipa genera (Zhang et al., 2022). Stipa may have acquired allopolyploidy through hybridization with distantly related diploid species (Tzvelev, 1989; Krawczyk et al., 2018; Nobis et al., 2019; Baiakhmetov et al., 2020; Baiakhmetov et al., 2021a; Baiakhmetov et al., 2021b; Nobis et al., 2022), thereby obtaining and retaining beneficial genes related to stress response or reproductive development.




4.4 Evolution of the Stipa genus has always been accompanied by the development of grasslands

Since the Middle Miocene, the evolution of herbaceous plants has outpaced that of woody plants due to the habitat provided by mountainous movements and cooling climate, making the western region of China a center for the development of herbaceous plants. From the Middle Miocene onward, the number and variety of herbaceous plants significantly increased, reaching the peak during the Pliocene. During this period, grasslands or grassy areas expanded southeastward, and a modern grassland distribution pattern emerged in China during the Early Pliocene, extending from northwest to southeast (approximately 14–6 Mya) (Jiang and Ding, 2009; Strömberg, 2011; Lu et al., 2018). Stipa began to diversify at a very rapid rate since its emergence in the Pliocene (Figure 4). Various plants from grassland, including those from Stipa, as well as Asteraceae, Liliaceae, Leguminosae, and Poaceae, began to develop. This led to the formation of Stipa steppes dominated by Stipa species in the late Pliocene, which were widely distributed in the QTP and MP regions (Wang, 1997; Li, 1999; Strömberg, 2011; Li et al., 2015; Deng et al., 2019).





5 Conclusion

Using various transcriptomic datasets, we evaluated and compared various phylogenetic analysis methods to reconstruct the high-resolution phylogenetic relationships within the Stipa genus. This study provided important clues to the phylogeny and evolutionary history of Stipa. The results revealed that Stipa, as an early classification unit within the Stipeae tribe, originated from the Middle Miocene to the Early Pliocene. During the Early Pleistocene, it diversified into two clades in China, namely, the QTP clade and the MP clade, consisting of native Stipa species distributed on the QTP and MPs, respectively. It underwent rapid parallel diversification within the Pleistocene. Geological events and climate changes during this period likely acted as external driving factors for the diversification of Stipa. Additionally, the characteristic awned inflorescence of Stipa and hybridization events may have provided an intrinsic genetic basis for its adaptive evolution. The evolution of Stipa was accompanied by the development of grassland landscapes, and Stipa species gradually evolved into the dominant and widely distributed species on grasslands.
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Functional traits play an important role in studying the functional niche in plant communities. However, it remains unclear whether the functional niches of typical forest plant communities in different climatic regions based on functional traits are consistent. Here, we present data for 215 woody species, encompassing 11 functional traits related to three fundamental niche dimensions (leaf economy, mechanical support, and reproductive phenology). These data were collected from forests across four climatic zones in China (tropical, subtropical, warm-temperate, and cold-temperate) or sourced from the literature. We calculated the functional niche hypervolume, representing the range of changes in the multidimensional functional niche. This metric quantifies how many functional niche spaces are occupied by existing plants in the community. Subsequently, we analyzed differences in functional niche hypervolume and their associated environmental factors across different types of forest vegetation. The results indicate that the functional niche hypervolume and the degree of forest vegetation overlap decrease with increasing latitude (e.g., from tropical rainforest to cold temperate coniferous forest). The total explanatory power of both climate and soil factors on the variation in functional niche hypervolume was 50%, with climate factors exhibiting a higher explanatory power than soil factors. Functional niche hypervolume is positively correlated with climate factors (annual mean temperature and annual precipitation) and negatively correlated with soil factors (soil pH, soil organic matter content, soil total nitrogen content, and soil total phosphorus content). Among these factors, annual mean temperature, soil pH, and soil total nitrogen content most significantly affect the difference in functional niche hypervolume among forest vegetation. Our study emphasizes the significant variation in the functional niche hypervolume among typical forest vegetation in China.




Keywords: functional traits, functional niche hypervolumes, forest vegetation, environmental factors, ecological niche




1 Introduction

Functional niche reflects the adaptive strategies of plants in different environments, playing a significant role in studying mechanisms of community coexistence and predicting the species’ distribution along environmental gradient (Maynard et al., 2015; Jiang et al., 2018). Functional traits, which are crucial characteristics that permeate individuals, populations, communities, and ecosystems (Zhang et al., 2016), provide a new entry point for understanding ecosystem functions and processes. Functional niches, based on plant functional traits, have proven successful in predicting the roles of plant species in ecosystems (Diaz and Cabido, 2001; McGill et al., 2006; Lavorel et al., 2011). Research on functional niches, grounded in plant functional traits, has garnered increased attention in recent decades. The plant functional niche can be calculated by determining the functional position of species in the community through the average trait value of species and calculating the niche width as the difference in intraspecific traits (Violle and Jiang, 2009). Ecologists define functional niche as the relative position of species on the functional axis within the multidimensional niche space constructed based on the functional traits of species (Blonder, 2018; Li et al., 2018; Raffard et al., 2020).

Existing research demonstrates that a species’ niche exhibits obvious functional differentiation within the multidimensional functional niche space. Changes in the dominant functional dimension dictate the key ecological strategy employed by a species in response to its environment (Pianka et al., 2017). Structural differences in morphology between species can facilitate the separation of functional niches and balance competition among them. For instance, deciduous and evergreen plants occupy distinct functional niche spaces, with deciduous plants typically associated with higher soil nutrient demand and lower stress resistance (de la Riva et al., 2017). The functional niche of a species becomes more diverse as community species’ richness increases, leading to an expansion of the niche space accordingly (Li et al., 2018). Previous research indicates that environmental filtering is the primary factor driving changes in the functional niche, and a species’ functional niche maintains a covariant relationship with environmental changes (Yang et al., 2014). Significant differences in functional niche overlap were observed for herbaceous plants along the gradient of environmental interference and stress, particularly related to soil fertility (Li and Shipley, 2019). The degree of niche overlap is directly proportional to interference intensity in medium and low-stress environments.

To analyze the geographic difference in niche, it is essential to quantify the functional niche space and the degree of functional trait overlap within it. The proposed creation of a functional niche periodic table based on functional traits (Pianka et al., 2017) provides a practical foundation for quantitative analysis. The key to constructing such a niche periodic table is the scientific selection of different functional dimensions and the accurate placement of species on the axis of multidimensional niche space. An organism’s habitat, life history, nutrition, defense, and metabolism represent the most pertinent ecological strategies. Functional traits can be chosen based on these five dimensions to construct the niche periodic table (Winemiller et al., 2015). The niche periodic table has been successfully employed in studying the functional ecology of lizards (Pianka et al., 2017). However, the functional dimension of plants differs from that of animals, and it can be categorized into different groups based on how plant functional traits respond to the environment. This involves grouping traits that contain distinct information about functional dimensions (Kraft et al., 2015; Wang et al., 2018).

Environmental conditions represent the primary abiotic factors influencing the functional niche of plants, as environmental change serves as a major external driving force that maximizes plant functions. In essence, plants optimize their utilization of environmental resources by leveraging their strengths and mitigating their weaknesses (Gratani et al., 2003). Differences in the functional niches of species, reflecting various resource acquisition strategies among plants, may alleviate species competition in resource-rich environments. On a regional scale, environmental factors, particularly climate parameters such as average temperature and precipitation, exhibit certain regular changes across geographical gradients, thereby shaping the functional characteristics of plants through environmental filtering. Environmental filtering is considered to play a more significant role in temperate forests compared to tropical rainforests (Myers et al., 2013; Yao et al., 2020). At smaller scales, such as local plots, soil and terrain factors often come into play (Stein et al., 2014; Takahashi and Tanaka, 2016). Higher environmental pressure compels species to maintain a stronger functional balance (He et al., 2021).

Different environmental factors in various climatic zones drive the development of distinct functional traits in plants, resulting in diverse adaptive strategies (Westoby et al., 2002). The survival strategies of plants can be represented as their positions in the three-dimensional space of the leaf-height-seed (LHS) scheme (Westoby, 1998; Pollock et al., 2018; Fyllas et al., 2020). Species with similar functional traits are typically confined to a specific suitable area due to environmental filtering, leading to the occupation of distinct functional niche spaces by different species (Ackerly, 2003). Climatic conditions generally constrain the relationships between traits on a global scale (Butler et al., 2017; Šímová et al., 2018). The similarity of traits along climate gradients has been observed at global scales (Díaz et al., 2016; Wright et al., 2017). A forest endowed with abundant water and heat resources possesses a larger functional niche space than one with a less favorable environment (Yu, 2021). In contrast, the influence of soil is more evident at a small scale. Soil nutrients significantly impact the spatial variation of plant functional traits (Ordoñez et al., 2009). When soil nutrient content is low, plants tend to exhibit a higher degree of functional trait integration, which hinders the expansion of plant functional space (He et al., 2021).

While the quantity of research on plant functional traits has increased in recent years, there remains a noticeable gap in the study of plant functional niches and their responses to various environmental factors such as temperature, precipitation, and soil nutrient content (Zhang et al., 2020). By integrating the multidimensional functional traits of plants, plant functional niche more comprehensively reflects the overall trade-off strategies employed by plants. The functional niche hypervolume, representing the range of changes in the multidimensional functional niche (the volume of functional niche space), is utilized to quantify how many functional niche spaces are occupied by existing plants in the community (Blonder et al., 2014). To date, little is known about how the spatial differentiation of plant functional niche hypervolume responds to large-scale patterns of environmental change based on functional traits. This study focuses on woody plants in four forest types across different climatic regions in China: tropical rainforest (TF), subtropical evergreen deciduous broad-leaved mixed forest (SF), warm-temperate coniferous broad-leaved mixed forest (WF), and cold temperate coniferous forest (CF). The study aims to address the following questions: (1) Is there a difference in the functional niches’ hypervolume and overlap degree among different forest vegetation types? (2) What are the main factors affecting the difference in the functional niches’ hypervolume and degree of overlap in different forest vegetation types?




2 Materials and methods



2.1 The study area

The study encompasses four distinct forest types, each located in specific regions: the TF area is situated in the Bawangling National Nature Reserve in Hainan Province; the SF area includes Mulinzi and Xingdoushan National Nature Reserve in Hubei Province; the WF area is found in the Xiaolongshan National Nature Reserve in Gansu Province; and the CF area is situated in the Kanas National Nature Reserve in Xinjiang Uygur Autonomous Region (Autonomous region is equivalent to province). The Bawangling TF represents one of the most well-preserved primitive tropical rainforests in China, with the Bawangling tropical mountain rainforest being the largest among the forest types in the reserve. The SF, located in Mulinzi, Hubei Province, particularly in the Xingdoushan forest area, exhibits distinct seasonal variations. The first forest layer mainly consists of deciduous broad-leaved trees, while the second is dominated by evergreen broad-leaved trees. The Xiaolongshan boasts unique geographical and environmental conditions, situated at the intersection of four natural vegetation regions (Himalaya, Mongolia Xinjiang Plateau, central China, and North China). Positioned at the south edge of the temperate zone, it exhibits a warm and temperate character. The geographical distribution of the vegetation is illustrated in Figure 1.




Figure 1 | Distribution of four forest vegetation types in different climatic zones in China.






2.2 Sampling design

From April 2018 to July 2019, we randomly established 50 permanent 20 m×20 m forest dynamic plots (FDPs) in natural old-growth forests at each of the four study sites following the Center for Tropical Forest Science (CTFS) protocols (Condit, 1998). Within each plot, data for all woody plants (including trees and shrubs) with a diameter at breast height (DBH) ≥ 1 cm were recorded, including species name, DBH, location (coordinate within the plot), height, and growth status. All species were identified with the assistance of local botanists. In each vegetation type, at least 10 robust individual plants per species were sampled to measure their functional traits. Only species with an abundance of >20 individuals per plot were sampled, covering over 90% of all individuals in each of the 50 FDPs. A total of 215 species (belonging to 116 genera and 55 families) were sampled across the four biomes. For each sampled individual, we collected five fully expanded and healthy leaves and one 1-2 cm diameter branch for trait measurements.

Soil samples were also collected. Each of the 20m × 20m plots was divided into four 10m × 10m subplots. Soil samples (0–20 cm depth) were taken at the center of each subplot and the center of each 20m × 20m plot, resulting in a total of five samples collected and mixed for each FDP.




2.3 Functional traits

The functional niche space of woody plants was constructed by selecting 11 functional traits across three functional dimensions (Yu, 2021): (1) leaf economic traits, including leaf area (LA, cm2), specific leaf area (SLA, cm2/g), leaf dry matter content (LDMC, g/g), and leaf nitrogen concentration (LNC, g/cm3); (2) mechanical support characters, including stem tissue density (STD, g/cm3), potential maximum plant height (MPH, m), and potential maximum diameter at breast height (MDBH, CM); and (3) reproductive phenological traits, including mean flowering time (FLT, day), flowering duration (FLD, day), mean fruiting time (FRT, day), and fruiting duration (FRD, day). All 11 functional traits were collected from field sampling or identified in the literature. The seven functional traits in the economic and mechanical support dimensions of plant leaves were obtained through field sampling and their measurement adhered to standard methods outlined in the handbook for standardized measurement of plant functional traits (Pérez-Harguindeguy et al., 2013). LA was measured using the LI-COR3100C area meter (LI-COR, Lincoln, NE, United States). The leaf fresh mass was weighed and then dried for 72 hours in an oven at 60°C to obtain leaf dry mass. LDMC was calculated as the ratio of leaf dry mass to fresh mass, and SLA was calculated as the ratio of LA to leaf dry mass. LNC was measured by Kjeldahl digestion, followed by colorimetric analysis. To measure STD, one 5 cm long segment was cut from branches with a diameter between 1 and 2 cm. The pith, phloem, and bark from all segments were removed, and the segments’ fresh weight was measured using a Mettler-Toledo balance. The dry mass was then measured after drying for 72 h at 70°C. STD was calculated as the dry mass divided by fresh volume calculated from the entire sectional area (Pérez-Harguindeguy et al., 2013). MPH and MDBH were calculated as the 95th percentile value for each species based on at least 20 individuals across 50 FDPs in each study site (Fauset et al., 2015). The four functional traits in the reproductive phenology dimension were primarily collected from the flora of China (http://www.efloras.org/). FLT, FLD, FRT, and FRD were calculated using the Julian date (Laughlin et al., 2010).




2.4 Environmental variables

Climatic and soil factors data were collected for each FDP. Climatic variables comprised 19 bioclimatic variables (Hijmans et al., 2005) obtained from the WorldClim database (https://www.worldclim.org/). In this study, the Pearson correlation test was employed for screening, and a standard correlation coefficient exceeding 0.95 was used to eliminate climate factors exhibiting high spatial autocorrelation. Subsequently, the annual average temperature and annual precipitation variables were selected for subsequent data analysis. Soil factor data from the 20m × 20m quadrats were measured in situ. The topsoil from 0 to 20 cm was collected along the diagonal and center of each quadrat and mixed thoroughly. The soil samples were then stored in a dry location in the laboratory for natural air drying prior to analysis. Soil analyses included tests for pH, soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN), available phosphorus (AP), and available potassium (AK).




2.5 Data analysis

Before data analysis, the Z-values of environmental data were standardized to eliminate dimensional differences between environmental factors. The “PCA of PCA” method was employed to derive the functional niche values (species load values) of species on the PC1, PC2, and PC3 axes from the functional niche spaces of woody plants within forest vegetation across different climatic regions. Subsequently, the n-dimensional hypervolume method (Blonder et al., 2014) was utilized to calculate the functional niche values of each 20m ×20m quadrat. The influence of environmental factors on the functional niche hypervolume of woody forest plants was then analyzed for different climatic regions. The explanatory power of climate and soil factors in differentiating functional niche hypervolume was evaluated using the variance partitioning method (Peres-Neto et al., 2006). The Pearson correlation test was employed to assess the correlation between the functional niche hypervolume and each environmental factor. Regression analysis, including variance partitioning, was used to further evaluate changes over time. Finally, the model selection and multi-model inference (MSMI) method were applied to construct the optimal model and test the significance of woody plant functional niche hypervolume of forest vegetation and its environmental factors across different climate regions (Calcagno and de Mazancourt, 2010). The MSMI method utilizes the AIC value as the standard for calculating the optimal model. The influence of environmental factors on the functional niche hypervolume of woody plants can be evaluated from the optimal model’s variable importance results, enabling the determination of the key environmental factors affecting differences in the functional niche hypervolume of woody plant communities across different climatic regions. The data analysis and plotting described above were performed using the R 3.6.0 program (R Core Team, 2019). PCA analysis utilized the “vegan” package, n-dimensional space hypervolume calculation used the “hypervolume” package, the MSMI method employed the “glmulti” and “mumin” packages, and correlation, regression analysis, and mapping used the “stats” package and “ggplot2” packages.





3 Results



3.1 Differences in the functional niche hypervolumes of forest vegetation

The functional niche hypervolume of woody forest vegetation decreases from tropical to cold temperate zones. The largest hypervolume is observed in the TF (niche hypervolume = 4.75), followed by coniferous woody plants in CF (niche hypervolume = 3.59), while SF (niche hypervolume = 2.31) and WF (niche hypervolume = 2.42) exhibit similar values. Notably, the functional niche hypervolume of the woody plants in the TF is significantly larger than the other three forest types: 2.06 times that of the SF, 1.96 times that of WF, and 1.3 times that of CF (Figure 2).




Figure 2 | Differences in functional niche hypervolumes among woody plants in various forest vegetation types. The three dimensions of N-dimension hypervolumes are defined based on PC1-PC3, where PC1-PC3 presents the first three principal component axes of functional niche space for woody plants.TF, Tropical rainforest; SF, Subtropical evergreen deciduous broad-leaved mixed forest; WF, Warm-temperate coniferous broad-leaved mixed forest; CF, Cold-temperate coniferous forest.



The degrees of functional niche overlap among woody plants in different forest vegetation types illustrate the law of geographical differentiation (Figure 3). The degree of overlap significantly decreases with increasing latitude span, indicating an increase in functional differences. There is a notable disparity in the degree of functional niche overlap among different forest vegetation types (Figure 3). The overlap degree for TF and CF plants is the lowest (overlap index = 0.19), while that of SF and WF plants is the highest (overlap index = 0.67). The degree of overlap between TF and SF is 0.45, that of WF is 0.37, and that of CF is 0.19. The degree of overlap between SF, WF, and CF are 0.67 and 0.32, respectively. The degree of overlap between WF and CF is 0.45.




Figure 3 | Overlaps of functional niche hypervolumes and their differences among woody plants in different forest vegetation types. (A) Overlap index of functional niche; (B) Relationship between hypervolume overlap of functional niche and latitude range (P<0.001). TF, Tropical rainforest; SF, Subtropical evergreen-deciduous broad-leaved mixed forest; WF, Warm-temperate coniferous broad-leaved mixed forest; CF, Cold-temperate coniferous forest.






3.2 Relationship between functional niche hypervolume of forest vegetation and climate and soil factors

The combined impact of climate and soil environmental factors accounts for 50% of the total volume differentiation in the functional niche of woody plants across different forest vegetation types. Within the variance explained by environmental factors, the joint explanatory power of climate and soil factors on the variation in functional niche is 6%. Independently, climate factors contribute 28% to the explanation, while soil factors independently contribute 16%. This implies that the explanatory power of climate factors is 12% higher than that of soil factors. These findings suggest that climate factors exert a greater influence on the variation in functional niche hypervolume among forest vegetation types than soil factors do.

The results of Pearson correlation analysis reveal a significant correlation between the functional niche hypervolume of woody plants in different forest vegetation and six environmental factors, excluding the contents of soil available nitrogen, phosphorus, and potassium (P < 0.01, Table 1). Regression analysis further indicates a noticeable trend in the difference of functional niche hypervolume concerning several environmental factors. The functional niche hypervolume demonstrates a positive correlation with the annual average temperature and annual precipitation. Woody plant communities experiencing higher temperatures and precipitation exhibit larger functional niche hypervolume measurements (Figure 4). Additionally, the functional niche hypervolume shows a negative correlation with the four soil factors. Woody plant communities with higher values of soil pH, as well as content of organic matter, nitrogen, and phosphorus, exhibit smaller functional niche hypervolume measurements (Figure 5).


Table 1 | Correlations between environmental factors and the functional niche hypervolume of woody plants in different forest vegetation types.






Figure 4 | Relationships between climatic factors and functional niche hypervolumes of woody plants in different forest vegetation types. All P values are less than 0.01. TF, Tropical rainforest; SF, Subtropical evergreen deciduous broad-leaved mixed forest; WF, Warm-temperate coniferous broad-leaved mixed forest; CF, Cold temperate coniferous forest.






Figure 5 | Relationships between soil factors and functional niche hypervolumes of woody plants in different forest vegetation types. All P values are less than 0.01. TF, Tropical rainforest; SF, Subtropical evergreen deciduous broad-leaved mixed forest; WF, Warm-temperate coniferous broad-leaved mixed forest; CF, Cold temperate coniferous forest.






3.3 Key environmental factors affecting the difference in functional niche hypervolumes of forest vegetation

The influence of environmental factors on the difference in functional niche hypervolume of forest vegetation varies by variable (Table 2). The difference significantly responds to changes in annual average temperature (P < 0.001) and is even more pronounced in response to changes in soil pH, soil total nitrogen, and total phosphorus contents (P < 0.01). According to the results of variable importance inferred from the MSMI multi-model, annual average temperature and soil pH emerge as the most crucial variables determining the difference in functional niche hypervolume of forest vegetation, each with a variable importance value of 1.00. The importance of soil total nitrogen content is somewhat weaker, with a variable importance value of 0.99, followed by the soil total phosphorus content, which has a variable importance value of 0.98. These results underscore that annual average temperature, soil pH value, and soil total nitrogen content are the key environmental factors influencing the difference in functional niche hypervolume of forest vegetation.


Table 2 | Importance values of environmental factors on functional niche hypervolumes of forest vegetation.







4 Discussion



4.1 The rule of difference in functional niche hypervolumes among forest vegetation types

The functional niche hypervolume represents the spatial extent of the functional niche occupied by a species, indicating the richness of the functional diversity within a community. Larger functional niche hypervolumes in communities correspond to higher species functional diversity. In our study, the functional niche hypervolume of woody plant communities across different climatic regions exhibited a decreasing trend from south to north. The tropical rainforest, with the largest functional niche space among the four study areas, likely possessed the highest functional diversity. This elevated functional diversity was associated with superior water and heat conditions, fostering high species richness. Research has shown that the functional niche space increases with species richness due to greater functional differences (Swenson and Weiser, 2014), emphasizing the complementary effect of enhanced plant functional niches with increasing functional niche space. Consequently, differences in functional diversity between communities are largely attributed to variations in species number and composition.

Interestingly, the SF has a slightly higher number of species than that of the WF. However, the functional niche hypervolume of the woody plants in the SF is slightly smaller than that in the temperate forest. This may suggest a more concentrated functional niche in the subtropical region compared to the temperate region. The spatial convergence of the functional niche of species at lower latitudes may be stronger than that at higher latitudes. In our study, the woody plants in the subtropical region are all broad-leaved trees, while temperate forests include both broad-leaved and coniferous trees. Therefore, the leaf function characteristics of woody plants in subtropical forests are similar, while those in temperate forests are more differentiated in the leaf economic dimension. Additionally, the SF has more abundant water and heat resources than the WF, indicating more intense competition for woody plant resources in the temperate forest. The expansion of the functional niche space of woody plants in the temperate forest facilitates more effective utilization of environmental resources. The CF has only six coniferous species, but they exhibit large functional niche hypervolumes. This is because the functional differentiation among these few species is highly diverse despite the simplicity of species composition. For example, the leaf area of Picea obovata is only 0.14 cm2, while the leaf area of Betula pendula is 96 times larger.

It is crucial to note that the selection of functional traits can influence our results. The calculation of the functional niche hypervolume is based on the chosen functional traits, and different trait selections may yield different effects on the functional niche hypervolume. While we aimed to avoid subjective trait selection, the traits chosen are limited by the current data availability. We incorporated as many relevant traits as possible for analysis, but not all coefficients were included in this study. Therefore, our results serve as a preliminary exploration, and further analysis with more comprehensive trait data is necessary for more convincing conclusions. Additionally, not all of the traits obtained come from first-hand field investigations; we integrated literature data with field investigation data for the analysis. As the quantity and accuracy of trait data improve, future studies on functional niches based on these data may yield more meaningful results.




4.2 The impact of environmental factors on the difference in functional niche hypervolume among forest vegetation types

The influence of various environmental factors on community ecological processes manifests in diverse ways, underscoring the need for a comprehensive consideration of these factors within the sample plot. In this study, the combined impact of two key environmental factors, climate and soil, strongly explains the differentiation in functional niche hypervolume among woody plants in distinct climate regions, accounting for a significant 50% of the variance change. This underscores the close relationship between the functional niche hypervolume of woody plant communities and their environment. Different environments drive changes in geographical patterns of plant functional traits, leading to a geographical differentiation of measures of plant functional niche based on these traits (Reich and Oleksyn, 2004). The four woody plant communities studied here span the tropical, subtropical, warm temperate, and cold temperate zones from south to north, respectively. The variations in the spatial distribution of temperature, precipitation, soil, and other resources significantly impact the functional niche hypervolume across different climatic regions (Duivenvoorden and Cuello A, 2012). Biogeographically, climate emerges as a more dominant factor than soil and terrain in differentiating plant functional traits across regions. Consequently, climate filtering plays a pivotal role in shaping species distribution and functional diversity (Van Nuland et al., 2020; Yao et al., 2020). We observed that the climate factors had greater explanatory power than soil factors in influencing the differences in functional niche hypervolume of woody plant communities. This suggests that climate heterogeneity was the primary environmental factor driving changes in the functional diversity of diverse forest plants. This observation aligns with the “environment energy hypothesis” based on climate (Brown, 2014), showing that energy serves as the driving force behind biodiversity changes. Solar radiation contributes to heat energy, determines factors like average annual temperature and evapotranspiration, and regulates the physiological activities of plants. Consequently, in environments with varying levels of energy, plants tend to exhibit greater functional differentiation to efficiently obtain survival resources (Tilman et al., 2001). Thus, the amount of energy in different vegetation communities plays a crucial role in shaping the functional niche hypervolume of plants.




4.3 Key environmental factors influencing the differences in functional niche hypervolume among forest vegetation types

Many studies have shown that there are corresponding laws of change in plant spatial distribution and environmental gradients. The impact of climate heterogeneity on species distribution and diversity at different latitudes has received particular attention (Wilson et al., 2013; Dias et al., 2020; Liu et al., 2022). In general, biodiversity declines with increasing latitude, temperature, precipitation, and evaporation rates (Gaston, 2000). The functional niche hypervolume of woody plant communities across different climate regions also exhibits an obvious pattern of difference. Functional niche hypervolume increases with decreasing latitude and increasing temperature and precipitation. Increased functional niche space corresponds to higher functional diversity, indicating that the trend of functional diversity and species diversity change is mostly consistent at a large scale (Swenson and Weiser, 2014; Li et al., 2018). It is reported that high functional diversity is related to more heterogeneous climate conditions because such conditions enable species to use more resources, allowing a greater number of species to coexist (Stark et al., 2017).

This study found a positive correlation between the functional niche hypervolume of woody plant communities and hydrothermal conditions, which aligns with the environment energy hypothesis. It is recognized in the literature that energy-rich communities can accommodate a greater number of species, thus occupying a larger niche space. The functional niche hypervolume of woody plant communities may also be related to climate stability. Research has shown that areas with stable climates can provide a steady supply of resources necessary for species’ survival, making them more conducive to species’ adaptation and evolution (Jetz et al., 2004; Feng et al., 2019). Tropical rainforests, with the smallest degree of seasonal change and the most stable climate, exhibit the largest functional niche hypervolume of woody plant communities.

This study also identified a negative correlation between functional niche hypervolume of woody plant communities across different climate regions and soil pH value, aligning with previous research (Ruiz-Benito et al., 2017; Šímová et al., 2019). One possible explanation is that soils with higher pH values may reduce the efficiency of plant photosynthetic utilization, consequently limiting plant functional changes and functional niche space occupied by species.

Environmental factors vary in their importance to the functional niche hypervolume of woody plant communities. The findings of this study highlight that annual average temperature is the primary factor influencing the differences in functional niche hypervolume, followed by soil pH and soil total nitrogen content. This underscores the greater significance of climate factors compared to soil factors at large scales. Given the ongoing rapid changes in the global environment, including frequent extreme temperature and precipitation events, it is crucial to comprehend how climate factors affect the functional niche space of species for effective biodiversity conservation planning and implementation. Examining plant functional niches through the lens of functional traits enables scholars and decision-makers to gain a deeper understanding of how these traits shape plant distribution, potentially enhancing species resilience in the face of climate change (Treurnicht et al., 2020). The results of this study suggest that future ecological research should particularly focus on the potential impacts of temperature changes, especially in the context of global climate shifts, on functional niches and biodiversity.





5 Conclusions

The novelty of our study lies in revealing the differences in functional niche hypervolume and degree of overlap among woody plant communities across four distinct climate regions. (1) The functional niche hypervolume decreases with increasing latitude, transitioning from tropical rainforest to cold temperate coniferous forest. (2) The degree of functional niche overlap gradually decreases with increasing latitude. (3) The explanatory power of climate and soil factors on the functional niche hypervolume of woody plant communities across different climatic regions was 50%, with the former showing a higher influence than the latter. This suggests that climate is a more critical factor than soil in determining functional niche hypervolume at a large scale. (4) The key climate and soil factors impacting functional niche hypervolume include annual average temperature, soil pH value, and soil total nitrogen content. The study provides a scientific reference for future research exploring the mechanisms of plant community construction from the perspective of functional niche.
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Introduction

The diversity-productivity relationship is a central issue in maintaining the grassland ecosystem’s multifunctionality and supporting its sustainable management. Currently, the mainstream opinion on the diversity-productivity relationship recognizes that increases in species diversity promote ecosystem productivity.





Methods

Here, we challenge this opinion by developing a generalized additive model-based framework to quantify the response rate of grassland productivity to plant species diversity using vegetation survey data we collected along a land-use intensity gradient in northern China.





Results

Our results show that the grassland aboveground biomass responds significantly positively to the Shannon-Wiener diversity index at a rate of 46.8 g m-2 per unit increase of the Shannon-Wiener index in enclosure-managed grasslands, under the co-influence of climate and landscape factors. The aboveground biomass response rate stays positive at a magnitude of 47.1 g m-2 in forest understory grassland and 39.7 g m-2 in wetland grassland. Conversely, the response rate turns negative in heavily grazed grasslands at -55.8 g m-2, transiting via near-neutral rates of -7.0 and -7.3 g m-2 in mowing grassland and moderately grazed grassland, respectively.





Discussion

These results suggest that the diversity-productivity relationship in temperate grasslands not only varies by magnitude but also switches directions under varying levels of land use intensity. This highlights the need to consider land use intensity as a more important ecological integrity indicator for future ecological conservation programs in temperate grasslands.
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1 Introduction

The relationship between species diversity and ecosystem functions has been a fundamental subject in ecology, attracting continuous attention in the past few decades (Chapin et al., 2000; Hautier et al., 2015). Being one of the most important ecosystem properties, biodiversity provides key support to processes such as biomass accumulation, energy flow, and nutrient cycling in the ecosystems (Balvanera et al., 2006). In addition, changes in the diversity-productivity relationship have consistent consequences for the cycling of major elements on broad spatial scales, substantially affecting greenhouse gas fluxes between the biosphere and the atmosphere (Handa et al., 2014). Therefore, accurate insights into the diversity-productivity relationship are essential to enhance ecosystem resilience and mitigate climate change impacts on agriculture, forestry, and grassland systems (Isbell et al., 2015; Ye, 2023).

In the diversity-productivity relationship in plants, the mainstream opinion is inclined to a positive correlation which recognizes that increases in species diversity promote ecosystem productivity (Wang et al., 2019; Thakur et al., 2021), despite disputes on driving mechanisms. For example, in low-productive bioclimatic regions such as desert steppe, steppe, and semi-steppe rangelands, increases in species diversity are found to increase plant productivity (Omidipour et al., 2021) due to increased species asynchrony and the chance of compensatory dynamics (Isbell et al., 2015). Meta-analyses involving ecosystems in multi-regions also show that ecosystems become more stable with higher asynchrony as a result of higher species diversity (Lin et al., 2010). Even under circumstances where environmental covariates are considered, the relationship remains positive (Xu et al., 2021). Nevertheless, plenty of evidence exists to depict a more complex picture, where the diversity-productivity relationship can not only be positive but also negative and may follow a unimodal pattern, a U-shaped pattern, or no pattern at all (Levine et al., 2004; Duffy et al., 2017). As the multi-ecosystem meta-analysis of Hector and Bagchi (2007) reveals, while the plant productivity is positively correlated with the plant species diversity at the local scale, the diversity-productivity relationship at the regional scale, however, follows U- or reverse U-shaped patterns. The multiple interactions and feedback among biotic and abiotic factors are probably the most important drivers of such multi-faceted relationships between biodiversity and plant productivity (Tilman et al., 2012).

The relationships between plant productivity and the climatic and landscape factors are complex and multifaceted too. Overall, climatic factors such as air temperature and precipitation have direct influences on plant growth and productivity. Higher biomass accumulations are often observed in environments with higher precipitations and more suitable temperature ranges (Wu et al., 2021; Ye et al., 2023). In contrast, the effects of landscape factors such as elevation, slope, and landforms on vegetation biomass production are more difficult to observe, because these factors usually exert influences on plant productivity indirectly via, e.g., erosion and sedimentation processes (Thelemann et al., 2010) or interact with management practices to foster a beneficial vegetation mosaic (Xu et al., 2022a). In semiarid grasslands of northern China, for instance, the relatively stable levels of plant diversity and productivity in recent years are attributed to landscape-scale management measures of nitrogen addition and mowing (Wang et al., 2021). On the one hand, research findings suggest that suitable climate and landscape conditions facilitate aboveground biomass (AGB) accumulation (Chen et al., 2023). On the other hand, however, extensive climate-landscape interactions add complex, nonlinear patterns to the diversity-productivity relationship. As indicated by Broderick et al. (2022), plant productivity response to climate is constantly influenced by the legacy effects of climatic history on plant community, soil microbial activity, and nutrient cycling. Critically, the magnitude and direction of this legacy effect vary with the landscape, meaning that climate and landscape should always be considered together in plant productivity evaluations.

Livestock grazing is found to play an important role in the diversity-productivity relationship. In arid and semiarid grasslands, reduced plant species diversity associated with increasing grazing intensity might have strong negative impacts on both below- and aboveground productivities (Sanaei et al., 2023). Livestock grazing can influence plant and soil conditions through biomass consumption, trampling, and addition of nutrients in dung and urine (Xue et al., 2023), but the extent of the impacts depend upon grazing intensity and frequency, local climate, and the type of plant community (Bai et al., 2012). Grazing can also promote species composition and, according to Huston (1979), the highest plant species diversity might be found at intermediate grazing intensity. Additionally, grazing intensity is also linked to abiotic conditions and landscape contexts, because livestock tend to feed more in lowland than upland areas, meaning that livestock disturbances are less intense in higher elevations and/or higher slope positions (Chang et al., 2021).

Moreover, previous research in the region (Li et al., 2022) finds that mowing can trigger a direction change in the grassland diversity-productivity relationship. This finding was based on an in-situ, multi-year experiment in a single locality. Whether different land use types or intensities can trigger similar changes to the diversity-productivity relationship at larger scales is still an open question to debate. Here, based on land use intensity evaluation (Yan et al., 2021) involving regionally common grassland use types including wetland grassland, forest understory grassland, mowing grassland, grazing grassland, and degraded grassland under enclosure management, we aim to further explore the effects of land use type and intensity on the relationships between plant diversity and productivity. We hypothesize that at the landscape scales, the diversity-productivity relationship varies with the type and intensity of exogenous disturbances that the grassland ecosystem will receive. Specifically, the objectives of this paper are to: (1) develop a modeling framework that is capable of handling both the nonlinear effects of biotic/abiotic factors on grassland productivity and the interactions among these factors; (2) evaluate the diversity-productivity relationship in response to varying land use intensity (LUI) classes under the co-influence of climatic and landscape factors; and (3) identify priority areas for future research on the diversity-productivity relationship especially in temperate grasslands.




2 Materials and methods



2.1 Study area

The research was conducted in Hulunber in northern Inner Mongolia, China (Figure 1). As part of the eastern Eurasian Steppe, Hulunber sits in the transition zone from the Greater Khingan Mountains to the Mongolian Highlands. A temperate continental climate prevails in the area. The annual precipitation totals 200-750 mm in the study area, 70% of which falls between June and August. The annual temperature averages between -4.5°C and 2.5°C. The regional vegetation possesses the mixed characteristics of the arid steppe, meadow steppe, and forest steppe. Dominant plant species are Leymus chinensis and Stipa Baicalensis in the area, where a range of associated species including Carex spp, Cleistogenes squarrosa, Poa sphondylodes, Achnatherum sibiricum, etc., coexist. The major soils in the study area are Kastanozems, Solonchaks, and Gleysols (IUSS Working Group WRB, 2015).




Figure 1 | The study area. Plant sampling locations are indicated by the red dots. The underlying land cover types are extracted from the China Land Cover Dataset (Yang and Huang, 2021).






2.2 Vegetation survey

We conducted a vegetation survey in 55 sampling sites across the whole study area in July and August 2022 (Figure 1). These sampling sites cover all types of temperate grassland in the region, including grazing grassland, mowing grassland, degraded grassland under restoration (or enclosed grassland), wetland grassland, and forest understory grassland. The stocking rate in the heavily grazing grassland was evaluated as 0.92 AU ha-1, where 1 AU is defined as 500 kg cattle. In mowing grassland, hay was harvested by mowing annually in autumn. The restoration grassland was fence-enclosed year-round. Regional research (Yan et al., 2021) showed that the LUI in these grasslands is ranked in increasing order as: Enclosed grassland< forest understory grassland< wetland grassland< mowing grassland< moderate-grazing grassland< heavy-grazing grassland. At the time of sampling, no grassland was classified as the light-grazing class.

In each sampling site, three quadrats of 50 cm x 50 cm in size were randomly placed in vegetation, and plant communities within each quadrat were surveyed to determine the coverage, height, density, and AGB for each plant species that appeared within the quadrat. Considering that shrubs are rare in grassland ecosystems, we only considered quadrats without shrubs as they are more representative of grassland productivity. The area under vegetation cover and the area of bare soil were visually estimated in situ by experienced field staff and the percentage of vegetative area was derived as the coverage per plant species. Plant height was determined by the average height of three randomly selected plant individuals per species identified in situ. Plant density was measured by counting the total number of plant individuals per species. AGB was determined by collecting and weighing the aboveground part of the plant per species in each quadrat. Standing plants were cut at the soil surface per species and collected in sample bags. Fallen, withered parts on the soil surface were also collected. Dry weights were measured in the laboratory after the samples were oven-dried at 85°C for 12 h. The geographic coordinates and landscape vegetation types were simultaneously measured and described for each sampling site.




2.3 Climatic and landscape parameters

We obtained the fifth-generation ECMWF atmospheric reanalysis of land monthly averaged data (ERA5) from the Copernicus Climate Change Service (https://cds.climate.copernicus.eu/; accessed 1 March 2022). ERA5 is a state-of-the-art global reanalysis dataset for land applications, which provides a consistent spatiotemporal representation of the global climate system (Muñoz-Sabater et al., 2021). The spatial resolution of ERA5 is about 5 km in the study area. We derived mean annual temperature (MAT), mean annual precipitation (MAP), and mean annual potential evapotranspiration (PET) from monthly values in the sampling year and during the last ten years (MAT10, MST10, MAP10, and PET10, respectively) in trying to capture the effects of annual climate variability versus decadal climate trends on plant productivity (Cuo et al., 2021). The aridity index, which is defined as the MAP to PET ratio (UNEP, 1992), during the sampling year and the last ten years (AI and AI10, respectively) was also derived. The elevation data was obtained from the Shuttle Radar Topography Mission (Farr et al., 2007). The slope gradient and direction (i.e., aspect) were derived from the elevation data using the terra package in R (Hijmans, 2023).




2.4 Diversity index

We used the Shannon-Weiner diversity index (SnW) to measure the species diversity of the surveyed plant communities. SnW is defined by Equations 1 and 2 (Spellerberg and Fedor, 2003):

 

 

where RC is the relative coverage of a plant species; RH is the relative height; RD is the relative density; and RBa is the relative AGB. Here, the values of RC, RH, RD, and RBa are defined as the percentage of a plant species’ coverage, height, density, and AGB to the sum of all plant species identified in the plant community, respectively. It is important to note that the Shannon-Wiener index is a comprehensive representation of the plant species diversity, which simultaneously considers a plant species’ distribution extensiveness, competence, abundance, and productivity using RC, RH, RD, and RBa, respectively. In addition, the Shannon-Wiener index is sensitive to the changes in the coverage, height, density, or biomass of a species in the plant community. Since coverage, density, and biomass are relatively independent aspects of the plant community, the Shannon-Wiener index is less prone to the disturbance of statistical outliers (Leinster and Cobbold, 2012).




2.5 Model development

We developed a multiple regression model between AGB and plant diversity. In addition to the Shannon-Wiener index, sampling site-specific climatic and landscape factors, and LUI were also included as regressors. The model has the following form:

 

where CL is a combination of MAT, MAP, PET, and AI, LS is a combination of elevation, slope gradient, and aspect; s is a smooth function used to capture the nonlinear relationships between a regressor and AGB. Cubic splines are a typical form of the s function (Wood, 2003); and symbol × stands for the interaction between two regressors, as in SnW × LUI for the interaction between the Shannon-Wiener index and LUI; ε is the model residual. It is important to note that LUI is a categorical variable, whereas all the other regressors are continuous variables. It is also important to note that the inclusion of an interaction term between SnW and LUI will produce a varying coefficient for SnW per LUI class, which makes the modeling of a varying AGB response rate to the diversity index per LUI class possible. The model was estimated in R (version 4.1.3) using the maximum likelihood method as implemented by the generalized additive model (GAM) function of the mgcv package (Wood, 2011). The spatial autocorrelation in ϵ was evaluated using the Moran’s I index as implemented in the spdep package (Bivand and Wong, 2018).

We constructed two contrasting models (i.e., LM versus GAM) to characterize AGB’s response to the three categories of covariates, namely, plant diversity, climate, and the plant community’s landscape position, conditioned by the LUI classes that represent the anthropogenic disturbances to the grassland ecosystem. A fundamental difference between these two models is that the interaction between plant diversity and LUI is included as an independent regression term in the GAM model, but not in the LM model because the term is tested insignificant in the latter. Only the most significant covariate per covariate category is retained in the models. To represent the nonlinear responses of AGB to plant diversity and the environment, the LM model adopts polynomial functions for the Shannon-Wiener index and MAT, respectively, whereas the GAM model employs a cubic spine function. Since LUI is a categorical variable, it is treated as fixed effects during model estimation (Lee et al., 2010).

We evaluated the performance of the candidate regression models using the metrics of the mean absolute error (MAE), the mean absolute percentage error (MAPE), the root mean square error (RMSE), and the coefficient of determination (R2). We also assessed the relative importance of the model regressors in terms of their R2 contributions averaged over the orderings among regressors (Lindeman et al., 1980), using the relaimpo package in R (Grömping, 2006). To increase the robustness of the relative importance assessment, we employed the bootstrap technique for deriving the mean and 95% confidence interval of the relative importance percentage for each model regressor based on 1,000 replications (Dikta and Scheer, 2021).





3 Results



3.1 Plant productivity and diversity

Among the 55 sites we sampled (Figure 1), plant AGB, MAT, and slope gradient vary among LUI classes. The survey results (Table 1) show that AGB varies greatly across the study area with a wide range between 32.6 g m-2 and 510.5 g m-2. The lowest AGB is observed in the heavily grazed grassland, while the highest AGB is observed in the grassland under enclosure management (hereafter enclosed grassland). The lowest MAT of -0.73°C is observed in forest understory grassland and the highest MAT of 1.68°C in the heavily grazed grassland. It is worth noting that the forest understory grassland is located at the highest elevation (846.09 m), whereas the heavy-grazing grassland is located at much lower elevations (600.89 m), only higher than the wetland grasslands (586.11 m). Although the Shannon-Wiener diversity index varies from 1.34 (wetland grassland) to 1.93 (enclosed grassland) in the study area, the differences in the Shannon-Wiener index among the LUI classes are insignificant (Figure 2).


Table 1 | Plant aboveground biomass (AGB), Shannon-Wiener index, mean annual temperature (MAT), and slope gradient (%) per land use intensity (LUI) class in Hulunber.






Figure 2 | Variations in plant aboveground biomass (AGB) and the Shannon-Wiener index per land use intensity class. Error bars are standard errors. Different letters indicate significant differences at P< 0.05.






3.2 Correlations between AGB and covariates

AGB is significantly correlated with the selected climatic parameters (Figure 3). Specifically, AGB is positively associated with MAP, but negatively associated with MAT. We also considered MAT10 and MAP10 to examine whether the climatic legacy effect was valid on AGB. However, these two parameters are not significantly superior to their annual counterparts, MAT and MAP. Here, legacy climate in the past decade offers very limited extra power in explaining the AGB variabilities than the current climate. This is logical because grassland vegetation dynamics are predominantly coupled with the annual cycles. Decadal cycles are less relevant. Likewise, we tested the correlation between AGB and AI. To our surprise, the correlation coefficient between AGB and AI was not only much lower in magnitude than those for MAT and MAP but also insignificant. The correlation analysis confirmed our hypothesis that landscape factors are significantly positively correlated with the AGB, suggesting that plant communities tend to produce higher AGB at higher elevations or in steeper slopes. Last but not least, the Shannon-Wiener index was tested insignificant in association with the AGB across all LUI classes, although there was a tendency that AGB might increase by a small margin with higher plant diversity.




Figure 3 | Pearson correlation coefficients between the cross pairs of the plant productivity, diversity, climatic, and landscape factors. The sign and magnitude of the correlation coefficient, r, are represented by the color and size of the circles. Statistically insignificant correlations are crossed out. AGB, aboveground biomass (g m-2); SnW, Shannon-Wiener index (dimensionless); MAT, mean annual temperature (°C); MAP, mean annual precipitation (mm); AI, aridity index (dimensionless); MAT10, MAP10, and AI10 are average MAT, MAP, and AI of the past 10 years, respectively; Elev, elevation (m A.S.L.); Slope, slope gradient (%); Aspect, slope direction. *, P< 0.05; **, P< 0.01; ***, P< 0.001.






3.3 Established AGB models

Established models (model 1 and model 2) are presented in Table 2. Model performance comparison shows that both model 1 and model 2 produce comparable fitting performance on our data (Table 3). It also shows that the model-fitted AGB values compare considerably well with the field-observed AGB and that no sensible patterns are discerned in the model residuals against the zero-error line for both models (Figure 4). This means that the variance of AGB is adequately characterized by both models and that additional covariates are not necessary. This also indicates that the detrimental effects of collinearity on the performance of the established models are negligible, despite correlations between, e.g., elevation and the climatic variables as shown in Figure 3 (Hebbali, 2020). Spatial autocorrelation tests on the residuals of both models 1 and 2 show that the Moran’s I indices were evaluated as 1.03 for model 1 and 0.66 for model 2, suggesting that AGB residuals are slightly clustered among the vegetation sampling sites. The testing results also show that the P-values associated with the obtained Moran’s I indices are 0.28 and 0.48 for model 1 and model 2, respectively, meaning that extra statistical handling of the spatial autocorrelation in AGB residuals is unnecessary (Bivand and Wong, 2018). Although model 1 produces a slightly lower MAE (28.83 g m-2) than model 2 (32.56 g m-2), model 1 compares inferior to model 2 in terms of the other two metrics, MAPE and RMSE. Moreover, the goodness of fit measurement (R2) of model 1 is found lower than that of model 2. Critically, the Bayesian Information Criterion (BIC) value is evaluated at least 4 units higher for model 1 than for model 2, suggesting that model 2 is neater than model 1. Based on these comparisons, model 2 is adopted in the subsequent diversity-productivity relationship evaluation.


Table 2 | Coefficients of the two obtained AGB models considering the Shannon index, mean annual temperature (MAT), slope gradient, and land use intensity (LUI) as regressors.




Table 3 | Performance evaluation of obtained AGB models based on mean absolute error (MAE), mean absolute percentage error (MAPE), root mean square error (RMSE), determination coefficient (R2), and the Bayesian Information Criterion (BIC).






Figure 4 | Validation of the two obtained AGB models. (A) Comparison between the field observed AGB and the model fitted AGB. Solid lines are linear trends for the two models, respectively. The dashed line is the 1:1 line. (B) Comparison between the model residual and model fitted AGB.






3.4 Relative importance

Based on the bootstrap evaluation of the regressor’s relative importance in explaining the spatial variability in AGB, we find that 33.9% of the AGB variability is attributed to MAT, relative to a much lower level of 7.4% for the Shannon-Wiener index (Figure 5A). The contribution of the plant community’s landscape position, represented by slope gradient, is somewhat marginal (2.1%). The primary control (56.6%) of the AGB variability comes from the interactions between plant diversity and LUI. The lower bounds of the 95% confidence intervals of the relative importance values are all higher than zero, suggesting that the mean importance values are all statistically significant (P< 0.05). We further examine the associated variations between AGB and its covariates using a ternary plot (Figure 5B). A general increasing trend of AGB with increasing slope gradient is evident in full ranges of MAT, covering all of the sampling sites under the observed LUI classes (Figure 5C). Although AGB displays a generally increasing trend with increasing MAT, the MAT-AGB relationship becomes less evident in the lower ranges of the slope gradient (slope< 4%), suggesting that herbivore removal of AGB are more intense in lowland areas. Likewise, a varying trend of AGB is observed in response to changes in the Shannon-Wiener index across the slope ranges of the landscape. While the AGB trend is more homogeneous against the Shannon-Wiener index in, e.g., forest understory grasslands (Figure 5C), the AGB trend is observed to vary more in mowing and heavily grazed grasslands.




Figure 5 | Driving factors of the grassland aboveground biomass (AGB). (A) Relative importance of Shannon-Wiener index, mean annual temperature (MAT), slope gradient, and the interactions between the Shannon-Wiener index and land use intensity (LUI) in explaining the AGB’s spatial variability. The filled bars represent the mean, and the whiskers represent the 95% confidence interval derived from the bootstrapping of 1,000 replications of the relative importance evaluation procedure (Grömping, 2006) using a generalized additive model (Equation 3); (B) AGB variations in response to the three most important factors identified in (A) namely, the Shannon-Wiener index, MAT, and slope gradient; (C) Spatial representation of the relationship between MAT and LUI classes per sampling site.



In short, the varying trends in AGB in response to different categories of covariates suggest that the effects of LUI as the primary driver of the AGB variability have to be controlled in the first place if the diversity-productivity relationship were to be untangled.




3.5 Diversity-productivity relationship

According to model 2, the AGB of the plant communities in enclosed grasslands is characterized to rise at a rate of 46.78 g m-2 per unit increase of the Shannon-Wiener index (Figure 6). The AGB response rate stays at comparably positive levels in forest understory grassland and wetland grassland (47.10 and 39.73 g m-2 per unit increase of Shannon-Wiener index, respectively), while in mowing grassland and moderate-grazing grassland, the AGB response rates decrease to -6.99 and -7.25 g m-2 for each unit increase of the diversity index, respectively. Conversely, for each unit increase of the Shannon-Wiener index, the model predicts that plant AGB in heavy-grazing grasslands decreases by 55.81 g m-2. This means that the response rate of the AGB to the Shannon-Wiener index drops from positive levels in the enclosed, forest understory, and wetland grasslands to a negative level in the heavy-grazing grasslands, transiting via near-zero levels in the mowing and the moderate-grazing grasslands.




Figure 6 | The average response rate of aboveground biomass (AGB) to the Shannon-Wiener diversity index taking all vegetation survey sites together per land use intensity class. The response rate is evaluated as the regression coefficient of the Shannon-Wiener index using a generalized additive model (Equation 3).







4 Discussion



4.1 The modeling framework

With the model we developed and the dataset we collected, we find that grassland AGB responds significantly positively to plant species diversity in grasslands under enclosure management, the forest understory grassland, and the wetland grassland, contrasting to a potential negative response in AGB to the Shannon-Wiener diversity index in heavily grazed grasslands. We also find that the responses of grassland AGB to changes in plant diversity are neutral in mowing grassland and moderately grazed grassland. Moreover, we demonstrate that the diversity-productivity relationship exhibits a downward trend against the increasing LUI gradient as in the order of enclosed grassland, forest understory grassland, wetland grassland, mowing grassland, moderate-grazing grassland, and heavy-grazing grassland that we surveyed (Figure 6), meaning that the diversity-productivity relationship not only changes magnitude but also switches directions under varying levels of LUI. While these findings are in line with some authors for a more complex diversity-productivity relationship (Levine et al., 2004; Hector and Bagchi, 2007; Duffy et al., 2017), and confirm and extend previous research in the region (Li et al., 2022), these findings challenge the mainstream opinion that supports a consistently positive relationship between plant diversity and productivity (Isbell et al., 2015; Wang et al., 2019; Omidipour et al., 2021; Thakur et al., 2021).

Using a synthesis dataset of 854 grassland sites in Inner Mongolia, for example, Bai et al. (2007) tested the relationship between grassland productivity and species abundance in the whole of Inner Mongolia and found that the diversity-productivity relationship remained positive across multiple plant organizational levels and spatial scales. Bai et al. (2007) also found that the positive diversity-productivity relationship was robust against management practices such as mowing. In contrast, our results differ from both points. The diversity-productivity relationship that our results revealed varies from positive to negative under LUI levels from low (enclosed grassland) to high (heavy-grazing grassland), respectively, transiting via intermediate levels including the mowing grasslands in particular. Discrepancies in the dataset and model may be a major cause for this differential characterization of the diversity-productivity relationship. The dataset we use is produced by one survey team and in one field campaign, whereas the synthesis data used in, e.g., Bai et al. (2007) was produced by multiple teams and in at least multiple years, giving rise to data quality concerns (Fohrafellner et al., 2023).

Not only our dataset is unique, but our modeling framework is unique as well. We consider climatic and landscape factors in addition to plant diversity and anthropogenic disturbances in modeling grassland productivity using a framework that is capable of explicit handling of nonlinear effects and factor-to-factor interactions. In a similar effort to characterize the alpine grassland productivity in the Qinghai-Tibet Plateau, Wu et al. (2021) considered both climatic and anthropogenic contributions using spline functions in a GAM model structure. However, an explicit representation of the anthropogenic disturbance to the grassland ecosystem was missing from the approach. As a compromise, they interpreted the model residuals as the anthropogenic effect, in addition to the nonlinear effects of temperature, precipitation, and radiation. Likewise, in trying to model the nonlinear effects of multiple global change factors including temperature, precipitation, carbon dioxide concentrations, and nitrogen deposition on the net primary production of a California grassland, Zhu et al. (2016) simply employed quadratic functions. Additionally, although the role of interactions between biotic and abiotic factors has been recognized in eco-environmental research for a long time, proper handling of interactions in modeling approaches is still rarely seen (Duncan and Kefford, 2021). The modeling framework we develop here represents a significant endeavor in diversity-productivity relationship research, especially in the eastern Eurasian Steppe.




4.2 Diversity-productivity relationship

Our results support the consensus established in previous research that grassland productivity is simultaneously affected by multiple factors. These include, among others, plant diversity, climate, landscape, and management. The effect of plant diversity on productivity is currently disputed for magnitude, sign, and pattern (Hector and Bagchi, 2007; Duffy et al., 2017; Thakur et al., 2021), as already discussed above. Although our results suggest a potential positive effect of slope gradient on AGB, as further confirmed by its marginal importance of 2.1% in explaining the spatial variability in AGB, previous research showed that landscape position could have a stronger relationship (Wang et al., 2007) or a nonlinear relationship with the AGB (Sa et al., 2012). It is important to note that although slope gradient and AGB are positively correlated, the regression coefficient of it in a multiple regression model may stay positive or turn negative due to the suppressor effect (Watson et al., 2013). In this paper, MAT’s effect on AGB is well captured using either a polynomial or a spline function, exposing that grassland productivity responds nonlinearly to air temperature. This is largely in line with a range of previous research. For example, Lin et al. (2010) found that at the global scale, grassland AGB first increased to a peak level and decreased thereafter in response to moderate warming. A similar inverse U-shaped pattern was also found in AGB’s response to MAT in the Eurasian Steppe (Jiao et al., 2017). What was not frequently seen in previous research is that MAT can account for as high as one-third (33.9%) of the spatial variability in AGB, confirming the importance of air temperature in biomass accumulation (Anderson et al., 2006; Ye et al., 2013). Above all, our results reveal that the interactions between plant diversity and LUI account for over half (56.6%) of the variabilities in AGB, compared to 7.4% for plant diversity. The statistical establishment of this finding represents a major contribution of this paper to the diversity-productivity relationship research.

Based on observational data on plant diversity and AGB, the diversity-productivity relationship characterized here may be fundamentally different from that obtained from field experiments. Most plant diversity experiments manipulate plant species by including the common, native species into the experimental design where rare and non-native species are usually unintentionally excluded (Dee et al., 2023). Rare and dominant species can affect productivity differently. An increase in species diversity resulting from dominant species usually increases productivity, however, increases in diversity that come from rare species decrease productivity (Parker et al., 2019). Among the plant species we observed through the vegetation survey, rare species are much more prevalent than the non-rare and, in particular, dominant species (Enquist et al., 2019) in terms of the total observed number of plant individuals per species across all LUI classes (Figure 7). The contrast between the rare and non-rare species is even higher in less-intensively managed grasslands, such as the enclosed grassland, forest understory grassland, and wetland grassland. One important observation in this study is that increases in LUI effectively eliminate the more productive species from the plant community in all grassland types (Figure 7). On the one hand, the rare species in more intensively managed grasslands may produce less AGB than dominant species (Parker et al., 2019). On the other hand, however, these rare species also compete with dominant species for space. Collectively, these productivity-reducing effects and the changing rare versus non-rare species composition drive the LUI-dependent diversity-productivity relationship in this paper.




Figure 7 | Relationship between aboveground biomass (AGB) and plant density in temperature grasslands. Rare species appear in the lower range of the x-axis, whereas non-rare species appear in the upper range of the x-axis in each panel.






4.3 Priorities for future research

We propose the following recommendations for future research. Firstly, diversity-productivity relationship research that involves multiple scales is much needed, and, therefore, should be encouraged. Research projects that unite observations and experiments from, e.g., the local (Wang et al., 2019), subregional (this paper), to regional scales (Bai et al., 2007) based on data integration and fusion should be prioritized. It is important, however, to ensure that the scale issues are correctly identified and handled (Duncan and Kefford, 2021), because the number of interactions and feedback among factors vary increasingly under multi-scale circumstances, driving greater complexity and uncertainty in diversity-productivity relationship characterization (Tilman et al., 2012). For example, climate variability and change usually show strong impacts on plant diversity and productivity at local scales. At regional scales, however, the impact may become more difficult to characterize due to confounding effects or shifting feedback mechanisms (Isbell et al., 2015). Secondly, multiple biotic and abiotic factors should be considered in modeling diversity-productivity relationships. We believe that relevant climatic and landscape factors should always be considered together, in addition to an appropriate proxy of anthropogenic disturbances. Although we opt for the LUI classes in this paper, other options – e.g., the Integrated Disturbance Index (Ligeiro et al., 2013) – need to be explored; Thirdly, the synergistic diversity-productivity relationship under moderate grazing or mowing management deserves more attention. On the one hand, there is a good chance that the dual goals of grassland utilization and conservation can be simultaneously met under these management schemes (Tälle et al., 2016; Li et al., 2022). On the other hand, although previous research suggested that diversity-productivity synergy could be fulfilled via, e.g., competition mediation (Peintinger and Bergamini, 2006; Fagundez, 2016) and plant-soil interactions (Storkey et al., 2015; Xu et al., 2022b), it is still unclear how this synergy can be reliably triggered and temporally sustained. More research is therefore needed.





5 Conclusions

Our research provides novel evidence that the grassland diversity-productivity relationship is controlled by LUI in temperate grasslands, based on the field data we collected and the modeling framework we developed for this purpose. Our major finding is that the response rate of grassland productivity to plant diversity decreases from positive to negative values along an increasing LUI gradient, which challenges the mainstream opinion that recognizes a robustly positive relationship between plant diversity and productivity. This highlights the need not only to prioritize the diversity-productivity relationship research, especially those involving multiple spatial scales, but also to incline to LUI as a viable indicator of ecological integrity especially for the temperate grassland ecosystems. This also indicates that there is a good chance to balance the use and conservation of grassland resources by adopting a moderate grazing or mowing scheme in grassland management. It is clear that heavy grazing should be avoided under all circumstances for the well-being of grassland ecosystems.
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Foliage leaves are essential for plant survival and growth, and how plants allocate biomass to their leaves reveals their economic and ecological strategies. Prior studies have shown that leaf-age significantly influences leaf biomass allocation patterns. However, unravelling the effects of ontogeny on partitioning biomass remains a challenge because it is confounded by the effects of environmental factors. Here, we aim to elucidate whether leaf-age affects the allocation to the lamina and petiole by examining leaves of known age growing in the same general environmental context. We sampled 2698 Photinia serratifolia leaves developing in the same environment from April to November 2021, representing eight leaf-ages (n > 300 for each leaf-age). Petiole and lamina biomass, and lamina area were measured to evaluate the scaling relationships using reduced major axis regression protocols. The bootstrap percentile method was used to determine the differences in scaling exponents among the different leaf-ages. ANOVA with Tukey’s HSD was used to compare the ratios of petiole and lamina biomass to lamina area across the leaf-ages. Correlation tests were used to determine if exponents, intercepts, and ratios differed significantly across the different leaf-ages. The data indicated that (i) the ratio of petiole and lamina biomass to lamina area and the scaling exponent of lamina biomass versus lamina area correlate positively with leaf-age, and (ii) the scaling exponent of petiole biomass versus lamina area correlates negatively with leaf-age. Leaf maturation process involves an inverse proportional allocation between lamina and petiole biomass for expanding photosynthetic area. This phenomenon underscores the effect of leaf-age on biomass allocation and the importance of adopting an ontogenetic perspective when entertaining plant scaling theories and unravelling the principles governing shifts in biomass allocation throughout the leaf lifespan.




Keywords: diminishing returns, leaf mass per unit area, ontogeny, scaling growth, trade-offs





Introduction

Foliage leaves are the primary photosynthetic organs of terrestrial plants and therefore are critical to plant survival and growth (Rascher and Nedbal, 2006; Díaz et al., 2016; Adams III and Terashima, 2018). The photosynthates produced by leaves are utilized to sustain metabolism, support the functions of other organs, and regenerate damaged body parts (Nakamura and Hashimoto, 1988; Lockhart et al., 2003; Wright et al., 2004). However, the availability of raw materials for photosynthesis constrains the production of photosynthates, prompting plants to balance the allocation of resources to leaves, stems, and roots according to the physiological demands of each organ-type (Enquist and Niklas, 2002; Cheng et al., 2015). Prior physiological studies using different measurement methods provide insights into the utilization and transportation of photosynthates (Farrar and Jones, 2000; Minchin and Thorpe, 2003; Jahnke et al., 2009), and the final metabolic outcome of these processes can be assessed by measuring the biomass allocated to each organ- or tissue-type (Poorter et al., 2012).

Eudicot leaves are composed of two basic structural units, the lamina and the petiole, and the distribution of biomass between these two different units reflects a trade-off between their respective functions (Niklas, 1992; Niklas, 1999; Niklas and Enquist, 2002; Pasini and Mirjalili, 2006). This distribution, referred to as “leaf biomass allocation”, provides valuable information about plant economics and ecological strategies, and its variations reveal the ecological and evolutionary processes that shape plant development (Niklas, 1994; Westoby et al., 2002; Niklas et al., 2007).

Previous studies have applied two approaches (i.e., the ratio and scaling approach) to characterize leaf biomass allocation (Poorter et al., 2012; Poorter et al., 2015). The first approach involves determining the quotient of biomass at a specific time to describe the allocation of biomass to a particular structural or functional trait, such as lamina dry mass per unit area (LMA), which represents the leaf-level cost for light-harvesting (Poorter et al., 2009). Wright et al. (2005) quantified climatic influences on key leaf traits globally and reported that plants tend to have higher mean LMA at sites experiencing greater environmental stress (e.g., hotter, drier, and higher irradiance sites).

In contrast, the scaling approach employs a power-law equation to describe the relationship between or among different body parts (Niklas, 1994; Enquist et al., 2007; Niinemets et al., 2007; Niklas et al., 2009; Sack et al., 2012). For example, the lamina biomass (M) and area (A) scaling relationship exhibits a log-log linear relationship with a scaling exponent (i.e., the log-log slope denoted by α) whose numerical value reflects different leaf biomass allocation patterns affecting light interception and mechanical support. An isometric scaling relationship (i.e., α = 1.0) indicates that increases in leaf biomass obtain a one-to-one proportional increase in area (i.e.,  ). However, Niklas et al. (2007) found that the numerical value of the interspecific scaling exponent often exceeds unity (i.e., α > 1.0), indicating that increases in lamina biomass do not obtain proportional increases in lamina area. This phenomenon has been called “diminishing returns” (also see Milla and Reich, 2007).

However, a limited number of studies have tested leaf-age’s effects on biomass allocation patterns. Jiao et al. (2022) reported that the numerical value of the scaling exponent α increases as Photinia × fraseri “Red Robin” leaves grow older, resulting in a higher M vs. A scaling exponent for leaves sampled in the summer compared to leaves sampled in the spring. However, the proximate cause for the phenomenon was not resolved because it can be explained by seasonal changes in environmental factors (i.e., temperature and precipitation significantly increase in the summer) as well as developmental changes in leaf functional traits (Reich et al., 2014) and leaf growth and structural allocation patterns (Hudson et al., 2011). Therefore, the effect of leaf-age on leaf biomass allocation patterns remains uncertain due to a paucity of direct observation and phenotypic plasticity in response to environmental factors (Jiao et al., 2022; Westoby et al., 2022).

To address this area of uncertainty, we collected the leaves of the evergreen species Photinia serratifolia (Desfontaines) Kalkman in eight leaf-age groups from the spring to the winter of 2021. P. serratifolia was selected due to the new leaves of this species only emerged on the top of branches once a year, there is no need to worry about the investigated leaves being shadowed by another round of new leaves. We employed both the ratio and scaling approaches to investigate the relationships between lamina biomass and area. In addition, the scaling relationships between petiole biomass and other variables of interest (e.g., lamina biomass and lamina area) of the eight different age groups were examined because of their important mechanical and hydraulic functionalities (Sack et al., 2003; Filartiga et al., 2022; Li et al., 2022). The goal of this study was to answer one key question: does leaf-age affect leaf biomass allocation patterns?





Materials and methods




Leaf collection

Newly emerging leaves on three P. serratifolia trees, which all grew in Nanjing Forestry University campus (118°48′35″E, 32°4′67″N), Nanjing, Jiangsu Province, China, were tagged during late February and early March in 2021, and a total of 2698 leaves were collected from April to November, with over 300 leaves sampled for each month. Table 1 provides the sampling information for each leaf-age group, and Figure 1 presents representative examples of the investigated leaf-age groups. Supplementary Figure S1 presents examples of the investigated tagged leaves. The climatic information pertinent to Table 1 was collected from https://www.ncei.noaa.gov (Station Name: NANJING; ID: CHM00058238; 118.9°E, 31.93°N; 15 m a.s.l.).


Table 1 | Sampling months and relevant climatic information.






Figure 1 | Examples of the lamina of eight leaf-age groups investigated in this study.







Leaf measurements

Leaves were scanned to bitmap images at a 600-dpi resolution using a photo scanner (V550, Epson Indonesia, Batam, Indonesia). Adobe Photoshop CS6 (version: 13.0; Adobe, San Jose, CA, USA) was used to obtain lamina black-white images. The planar coordinates of each lamina boundary were extracted using an M-file based on MATLAB (version ≥ 2009a; MathWorks, Natick, MA, USA) developed by Shi et al. (2018). The lamina area of each leaf was calculated using the “bilat” function in the “biogeom” package (version 1.3.5; Shi et al., 2022) using R software (version 4.2.0; R Core Team, 2022). Lamina fresh mass (LFM) and dry mass (LDM), and petiole fresh mass (PFM) and dry mass (PDM) were measured using an electronic balance (Type: ML 204; Mettler Toledo Company, Greifensee, Switzerland). LFM and PFM were determined after drying laminae and petioles to constant weight in an oven (Type: XMTD8222; Jinghong Experimental Equipment Co., Ltd., Shanghai, China) at 80°C for 48 h before measurement.





Statistical methods

Preliminary regression analyses of the untransformed and log-transformed data indicated that scaling relationships statistically complied with power-law functions taking the general form of:

 

where   and   represent two interdependent variables of interest (e.g., lamina dry mass and petiole dry mass), and   and   are the slope and y-intercept of the log-log regression curve (i.e., the scaling exponent and the normalization constant, respectively), respectively. The log-transformed form of Equation 1 takes the linear form (Niklas, 1994; Niklas et al., 2007).

 

where  ,  , and  . Parameters   and   in Equation 2 were estimated using reduced major axis regression protocols (Niklas, 1994; Smith, 2009). The bootstrap percentile method (using 3000 bootstrapping replicates) was used to test the significance of the difference in the estimated scaling exponents of   vs.   between any two of the leaf-age groups (Efron and Tibshirani, 1993; Sandhu et al., 2011). Analysis of variance followed by Turkey’s honestly significant difference test with a 0.05 significance level were used to test for the significance of the differences in the quotients of LDM and A, PDM and A, LFM and A, and PFM and A among eight leaf-age groups (Hsu, 1996). Correlation tests were used to test whether there were significant correlations between the slopes (i.e., the scaling exponents) and leaf-age, between the intercepts and leaf-age, and between the ratios of leaf traits and leaf-age. All statistical analyses were performed using R (version 4.2.0; R Core Team, 2022).






Results

The numerical values of the scaling exponents of LDM vs. A were significantly greater than unity (i.e., α > 1.0) for each of the seven leaf-age groups, i.e., the lower bounds of the corresponding 95% confidence intervals (CIs) exceeded unity, with the exception of the first age group whose 95% CIs did include unity. Similarly, the scaling exponents of PDM vs. A were significantly greater than unity for the first and second age groups, whereas the 95% CIs of the scaling exponents for the remaining six age-groups included unity or the upper bounds of the 95% CIs were significant smaller than unity. The goodness of fit for LDM vs. A was significantly better than that of PDM vs. A. The r2 values for LDM vs. A were typically greater than 0.8, with two exceptions (i.e., 0.735 and 0.793), whereas the r2 for PDM vs. A was consistently smaller than 0.8 (Table 2).


Table 2 | Fitted results for lamina dry mass (LDM) vs. lamina area (A) and petiole dry mass (PDM) vs. A in eight leaf-age groups.



The scaling exponents of LFM vs. A were significantly greater than unity for all leaf-age groups, with the lower bounds of the corresponding 95% CIs exceeding unity in each age group. The 95% CIs of the scaling exponents of PFM vs. A included unity for the third, seventh, and eighth leaf-age groups; for the remaining age groups, the scaling exponents of PFM vs. A were significantly greater than unity, i.e., the lower bounds of the 95% CIs were greater than unity. The goodness of fit for LFM vs. A was significantly greater than that of PFM vs. A. The r2 values for LFM vs. A were consistently above 0.9, whereas the r2 values for PFM vs. A did not exceed 0.8 (Table 3). The data indicated that the scaling exponents of LDM vs. A tended to be slightly greater than those of LFM vs. A, and that the exponents of PDM vs. A tended to be slightly smaller than those of PFM vs. A. Additionally, the goodness of fit for both lamina fresh mass and petiole fresh mass was better than for their corresponding dry mass counterparts (Tables 2, 3).


Table 3 | Fitted results for lamina fresh mass (LFM) vs. lamina area (A) and petiole fresh mass (PFM) vs. A in eight leaf-age groups.



A comparison of the scaling exponents of LDM vs. A, PDM vs. A, LFM vs. A, and PFM vs. A indicated a significant correlation between the scaling exponents and leaf-age (|r| > 0.5, P < 0.05). Additionally, the temporal variation in the lamina mass vs. A scaling exponent and that in the petiole mass vs. A scaling exponent were significantly opposite (Figure 2). The scaling exponents of LDM vs. A, and LFM vs. A numerically increased with increasing leaf-age, and the positive correlation between the LDM vs. A scaling exponent and leaf-age was more robust than that of the LFM vs. A scaling exponent, as indicated by a larger correlation coefficient (Figures 2A, B). Conversely, the scaling exponents of PDM vs. A, and PFM vs. A decreased with increasing leaf-age, and the negative correlation between PFM vs. A scaling exponent and leaf-age was more robust than that between the PDM vs. A scaling exponent and leaf-age, as reflected by a lower correlation coefficient (Figures 2C, D). Although there were slight differences in the scaling exponents of LDM vs. A and LFM vs. A, the influence of leaf-age on those exponents was similar. The same held true for petiole scaling exponents that vary in the opposite direction (Figure 2).




Figure 2 | Comparisons of the scaling exponents (α-values) of LDM vs. A (A), of LFM vs. A (B), of PDM vs. A (C), and of PFM vs. A (D). Each boxplot was obtained from 3000 bootstrap replications. The lowercase letters a–c on the top of each box denote the significance of the difference in the scaling exponents between any two leaf-ages at a 0.05 significance level. r is the correlation coefficient for the scaling exponents and leaf-age groups, and P is the significance test parameter. Leaf-age codes correspond to those in Table 1.



A comparison of the intercepts of PDM vs. A, LFM vs. A, and PFM vs. A also reveals a significant correlation between the intercept and leaf-age (|r| > 0.5, P < 0.05), with the exception of the intercept of LDM vs. A whose correlation coefficient with leaf-age is −0.481 (Figure 3). The trend in the variation of the intercept was opposite to the trend in the numerical value of the scaling exponent (Figures 3, 4). This inverse relationship has been reported previously for other scaling relationship but is not always biologically meaningful because it emerges as a mathematical artifact whenever multiple scaling relationships share a common point ( ,  ) for which   (Niklas and Hammond, 2019). Nevertheless, the observed variation in the numerical values of intercepts is meaningful because the values influence the quantities of biomass allocated to the construction of laminas given that  . In addition, the correlations between the intercept of LDM vs. A and leaf-age, and between PDM vs. A and leaf-age (Figures 3A, C) were less robust than their fresh mass counterparts (Figures 3B, D), as shown by the numerically larger or smaller correlation coefficients.




Figure 3 | Comparisons of the intercepts of LDM vs. A (A), of LFM vs. A (B), of PDM vs. A (C), and of PFM vs. A (D). Each boxplot was obtained from 3000 bootstrap replications. The lowercase letters a–c on the top of each box denote the significance of the difference in the scaling exponents between any two leaf-ages at a 0.05 significance level. r is the correlation coefficient for the scaling exponents and leaf-age groups, and P is the significance test parameter. Leaf-age codes correspond to those in Table 1.






Figure 4 | Comparisons of the ratios of LDM to A (A), LFM to A (B), PDM to A (C), and PFM to A (D). The lowercase letters a–e on the top of each box denote the significance of the difference in the means between any two leaf-ages based on Tukey’s HSD test at a 0.05 significance level. The numbers above the whiskers represent the coefficients of variation (%). The horizontal solid lines represent the medians, and the asterisks within boxes represent the means. r is the correlation coefficient for the scaling exponents and leaf-age groups, and P is the significance test parameter. Leaf-age codes correspond to those in Table 1.



The ratios of LDM to A, LFM to A, PDM to A, and PFM to A were correlated positively with leaf-age (P < 0.05), and the correlation between the ratios of LFM to A and leaf-age was less statistically robust than the other correlations (Figure 4). Additionally, the positive correlation between ratios of dry mass (including lamina dry mass and petiole dry mass) to lamina area (Figures 4A, C) and leaf-age were more robust than their fresh mass counterparts (Figures 4B, D), as shown by the numerically larger correlation coefficients.





Discussion

This study has documented that there is a difference between the ratio and scaling approaches. As determined by the ratio approach, both the ratio of lamina biomass to lamina area and the ratio of petiole biomass to lamina area increased with increasing leaf-age. In contrast, the scaling approach reveals a statistically significant opposite trend in the scaling exponents dictating lamina biomass vs. lamina area compared to that of petiole biomass vs. lamina area. In this context, it is worth noting that the same ratio can be achieved by either a decrease in the denominator or an increase in the numerator, which makes the interpretation of a ratio potentially ambiguous when taken in isolation. Consequently, it is wise to consider the results of the ratio and scaling approach in tandem to eliminate any potential ambiguities in interpreting results such as those presented here.

Based on these two approaches, this study confirms that leaf-age is an important factor in determining the scaling relationships of leaf biomass allocation patterns. However, previous studies have attributed the variation of leaf biomass allocation patterns to environmental factors. For example, Pan et al. (2013) showed that the numerical value of α increases with altitude across 121 vascular plant species. Likewise, Thakur et al. (2019) observed that the numerical value of α increases with the degree of environmental stress (i.e., higher, drier, open habitats). These studies indicate that leaf development is responsive to local ambient conditions in addition to differing across species. In contrast, our data indicate that environmental differences during the eight months over which leaf were sampled had little or no observable effect. The correlation test of the relationships between the numerical values of the scaling exponents and normalization constants for any of the biomass allocation patterns for lamina and petiole (listed in Tables 2, 3) and the differences in monthly temperature and precipitation among the eight leaf samples (listed on Table 1) failed to reveal any statistically significant relationship (i.e., P >0.05). Although it is important to note in this context that the absence of evidence for an “environmental effect” is based on a small sample size of leaf-age (n = 8) drawn from only one taxon (see Supplementary Figures S2 and S3). In addition, the differences in the monthly temperature or precipitation recorded over the duration of sampling are arguably not extreme.

The foregoing caveats are important because environmental factors are known to affect leaf growth and interact with ontogeny (Hudson et al., 2011; Reich et al., 2014), such as the noticeable shift that is observed in the data collected between the second and fourth months, which might result from increasing temperature or precipitation (Figures 2, 3). Environmental factors can also result in temporal changes in leaf biomass allocation patterns over the lifespans of leaves. For example, older leaves can be shaded by new cohorts of leaves, which can alter light-interception, leaf temperatures, and rates of evapotranspiration. Notably, overshadowing was not significant in our P. serratifolia leaf samples, as the new leaves emerged in the spring and were sampled from the upper canopy. Nevertheless, given the limited research on the effects of leaf-age on leaf biomass allocation patterns, additional studies are required across diverse species and different environmental contexts before any definitive conclusions can be drawn (Figure 5). In addition, the ratio and scaling approaches for describing leaf biomass allocation are based on different assumptions and theories, making the choice of whether to use fresh or dry biomass as a representation of organ biomass uncertain. To address these uncertainties, we discuss these issues separately in the following three sections.




Figure 5 | Summary of the effects of leaf-age on leaf anatomical traits and scaling exponents. The illustrated maturation processes are based on prior findings.






Ratio and scaling approaches, and the choice of fresh or dry as a representation of biomass

The difference in the results emerging from the use of the ratio and scaling approaches should be a key consideration when designing a research program (Cheng et al., 2015; Li et al., 2022). The ratio-based approach has the advantage that it reveals plant biomass allocation as a simple proportion or percentage between any two variables of interest (Wright et al., 2005; Poorter et al., 2012), whereas the scaling approach has the advantage of capturing any non-linear or linear relationship between two variables while adjusting for size or age, i.e., provides a simple way of summarizing proportional and size-dependent phenomena (Niklas, 1994; Milla and Reich, 2007; Niklas et al., 2007; Guo et al., 2022).

This study shows that the goodness of fit of the lamina fresh mass vs. lamina area scaling relationship is consistently more statistically robust than that of lamina dry mass vs. lamina area among each of the eight different leaf-age groups. The same is true for the petiole fresh mass vs. lamina area scaling relationship compared to that of petiole dry mass vs. lamina area. This phenomenon highlights the superiority of fresh mass over dry mass in describing leaf biomass allocation with the scaling approach, as previously demonstrated (see Huang et al., 2019; Liu et al., 2020; Guo et al., 2022).

Nevertheless, the foregoing results do not necessarily indicate that fresh mass should be substituted by dry mass under all circumstances. The choice should depend on the specific research question. For example, studies of nutrient cycling and ecosystem dynamics may benefit from the use of leaf dry biomass, as it reflects the long-term accumulation of plant biomass measured primarily in terms of carbon investments (Shipley et al., 2006). Dry biomass is also commonly used due to its practicality and ease of measurement, which makes it more suitable for large-scale studies and comparisons across different ecosystems (Wright et al., 2004; Poorter et al., 2012). On the other hand, studies of plant growth and development may require fresh biomass to accurately capture the plant’s physiological state (Shipley et al., 2005; Niinemets et al., 2007). Fresh biomass is also a more reasonable biomechanical trait because it reflects the loads that must be supported and because it correlates with turgor and therefore the stiffness of most primary plant tissues, particularly the hydrostatic tissues found in leaves (Niklas, 1991a; Niklas, 1991b; Niklas, 1992).





Influence of leaf-age on leaf biomass allocation

Leaf-age significantly influences leaf morphology and chemical composition, such as leaf thickness and cellulose, as leaves grow older (Mediavilla et al., 2011), and the photosynthetic capacity of leaves is reported to decline gradually with age, presumably due to changes in leaf chemical composition, leaf nitrogen content, and CO2 diffusion limitation (Kitajima et al., 1997; Day et al., 2001; Han et al., 2008; Zhang et al., 2008). Consequently, the influence of leaf-age on biomass allocation patterns appears to persist throughout leaf ontogeny until maturation (Figure 5), as demonstrated by the observed variation in the numerical values of scaling exponents for both lamina and petiole biomass allocation with respect to lamina area (Pantin et al., 2012; Jiao et al., 2022), although the variation of leaf biomass allocation in the senescence process is uncertain (Lim et al., 2007; Koyama, 2018). Specifically, a significant opposite trend in the scaling exponents between the two allocation patterns during ontogeny is evident, which highlights the age-related effects on leaf biomass allocation.

The scaling exponent of leaf dry mass vs. lamina area tends to be close to unity in the first leaf-age group (Table 2), probably because juvenile leaves tend to allocate a larger proportion of their biomass to support area expansion and expedite photosynthesis-related processes, such as the development of chloroplasts and other pigments, thereby maximizing their ability to capture light and nutrients (Westoby et al., 2000). Changes in the numerical values of scaling exponents likely reflect the accumulation of secondary cell wall materials and lignification (e.g., xylem and phloem fibers) during maturation. For example, the maturation of Laurus nobilis leaves can be described as a “hardening process” that entails the development of the vascular tissues, and the thickening and lignification of the cell walls in the bundle sheath extensions and the epidermis (Fasseas and Akoumianaki-Ioannidou, 2010; Schuetz et al., 2014). This phenomenology, which also occurs in petioles as a consequence of the vascular tissues within them, is partly responsible for the increase in lamina dry mass per unit area (LMA) and lamina thickness with age, which is reported to correlate with increases in the concentrations of Ca and lower concentrations of N, P, K, and Mg on a dry mass basis (Mediavilla et al., 2011). Typically, a higher LMA also corresponds with thicker palisade layers, which helps to maximize overall light absorption at greater depths within the mesophyll (Coble and Cavaleri, 2017). Therefore, the scaling exponents governing the relationship between lamina mass and area numerically increase (Niinemets, 2001; Westoby et al., 2002).

Despite similar developmental patterns, the vascular development within the lamina differs from that within the petiole, especially in larger leaves with higher hydraulic resistance (Sack et al., 2004; Pantin et al., 2012). The extra leaf lamina construction demands together with biomass constraints during growth (Niinemets et al., 2004; Niinemets et al., 2006) may necessitate the prioritization biomass allocation to the petiole for increased transport capacity (Filartiga et al., 2022). Regardless of the cause, the scaling exponents of petiole biomass versus lamina biomass numerically decrease with leaf-age, indicating a shift in biomass allocation from the lamina to the petiole as leaves reach their full maturity (see Supplementary Figure S4). This observation is consistent with prior studies, e.g., petiole mechanical stiffness increases with leaf-age, as demonstrated in a comparison between young (May) and mature (August) leaves of Populus tremuloides within a single growing season (Niklas, 1991c).





Taking leaf-age into account when assessing environmental effects

Temperature and precipitation are often reported to be the most important environmental factors affecting plant growth, thereby significantly affecting nutrient cycling, productivity, ecosystem fluxes, and other key plant and ecosystem processes (Kulmatiski and Beard, 2013; Hatfield and Prueger, 2015). Therefore, it is not surprising that leaf biomass allocation patterns to different organs or tissues are also significantly affected by temperature and other environmental conditions (Mediavilla et al., 2014; Reich et al., 2014). Two common leaf functional traits that respond to temperature are LDM and A, both of which are reported to increase with increasing temperature. LMA has been shown to respond plastically to abiotic variables such as light, temperature, water and nutrient availability, and atmospheric composition (Niinemets, 2001; Wright et al., 2005; Poorter et al., 2009). Thus, dynamic but predictable environmental conditions exert an influence on leaf biomass allocation patterns (Poorter et al., 2012).

However, as noted, the data reported here indicate that the “environmental effect” on the numerical value of biomass scaling exponents is statistically negligible, although the data presented here are limited both in leaf-age sample size (n = 8) and taxa (n = 1). The limited data also indicate that an “environmental effect” may be overestimated if leaf-age is not considered. At the site examined in this study, ambient temperature and precipitation gradually increase during the rainy season, especially in July and August. Likewise, the scaling exponents of lamina biomass vs. A numerically increased and the petiole biomass vs. A decreased in this period. However, after that period, the numerical values of scaling exponents are largely invariant and insensitive to changes in temperature and precipitation, even though the temperature and precipitation varied oppositely. This behavior is interpreted to indicate that scaling exponents are not responsive to changes in environmental conditions, which contradicts some previous studies (Pan et al., 2013; Thakur et al., 2019). However, additional research is clearly required to track in considerably greater detail the extent to which biomass vs. area scaling relationships respond to changes in environmental conditions, particularly during the early expansion and maturation of laminae (Westoby et al., 2022).

This caveat is particularly important because an increase in leaf biomass must be viewed as an ontogenetic process that is tied to lamina area expansion and structural maturation of both lamina and petiolar tissues. With increasing leaf-age, mechanical and hydraulic tissues are ontogenetically modified altering the biochemical and mechanical properties of cell primary and secondary walls (Wu et al., 2021). Research has also shown that the leaf circadian clock exerts control over biomass allocation patterns and that there is an asynchrony between the young leaves and older leaves (Pantin et al., 2012). Therefore, it is essential to accurately determine the age of leaves, when using either ratio or scaling methods to describe biomass allocation patterns. In passing, it is worth noting that leaf-age also affects other leaf traits. For example, maximum photosynthetic rates and nitrogen content are reported to decrease with leaf-age (Ishida et al., 1999; Han et al., 2008; Oikawa et al., 2008; Wang et al., 2015). Hence, a variety of important processes other than biomass allocation patterns are affected by leaf-age.






Conclusions

The data emerging from this study highlight an inverse proportional allocation between leaf petiole and lamina, and the significant influences of leaf-age on the relation of both lamina and petiole mass to the lamina area during leaf maturation. The data also yield different insights when subjected to two different approaches to quantity biomass allocation patterns (i.e., the ratio approach and the scaling approach). Based on these analyses, we recommend that (i) both the ratio and scaling approaches can be applied when analysing the relevant data, and (ii) that leaf-age should be included as an important variable of interest when evaluating biomass allocation patterns. Given the significant changes in the numerical values of petiole and lamina scaling exponents as a function of leaf maturation, this work demonstrates the necessity of an ontogenetic perspective when exploring biomass allocation patterns.
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Biodiversity underpins grassland ecological functions and productive capacities. By studying the mechanisms for the maintenance of species diversity in animal communities, we can provide important theoretical guidance for the optimization of grazing management and biodiversity protection. The typical grassland of Xilingol in Inner Mongolia, China, was used as the experimental area, and a grazing intensity experiment was set up. This consisted of four gradient levels that were grazed by sheep, which were available for continuous monitoring, namely control standard sheep unit·day·hectare-1·year-1 (CK, 0 SSU·d·hm-2y-1), light grazing (LG, 170 SSU·d·hm-2·y-1), moderate grazing (MG, 340 SSU·d·hm-2·y-1), and high grazing (HG, 510 SSU·d·hm-2·y-1). Nine consecutive years of multi-indicator monitoring of vegetation was carried out from 2014–2022, using monitoring data coupled with time series and inter-annual climatic (relative moisture index, RMI) fluctuations. This was done to analyze the impacts of disturbances, such as grazing use and climatic fluctuations, on the diversity of species and above-ground productivity of the community, thereby exploring the relationship between diversity and productivity, and provide possible explanations for the emergence of a range of ecological responses. The statistical analysis methods used were One-way Analysis of Variance (ANOVA), general linear regression and mixed-effects models.  The main conclusions of this study are as follows: (1) The grassland in the experimental area under CK had the highest diversity and productivity and the ecosystem was better able to buffer the negative impacts of climatic drought. Furthermore, the effect of climate on productivity and diversity weakened as the intensity of grazing increased. (2) LG to MG had a constant diversity. (3) Grazing utilization changed the relationship between community species diversity and aboveground productivity by releasing spatial community resources, altering the structure of plant communities, weakening competitive exclusion, and strengthening complementary effects. However, under all of the conditions there is a brief stage in the time series when diversity is stimulated to increase, and the higher the grazing intensity, the earlier this occurs.
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1 Introduction

In recent years, the increasing threat to the biodiversity of various ecosystems due to the impacts of climate change and human activities has resulted in the rapid disappearance of many fragile ecosystems (Alverson et al., 2003; Seddon et al., 2016; Meng et al., 2021). Consequently, research on biodiversity conservation has become a crucial topic in the fields of ecological and environmental sciences (Hooper et al., 2005; Vellend et al., 2017). Grasslands are important ecosystems as they cover approximately 5.25 billion hectares (40.5%) of the world’s land area, except for Greenland and Antarctica (China Green Times, 2018). Grasslands comprise of two primary categories: tropical (savannas) and temperate grasslands. These areas are primarily located in the intermediate zone between forests and deserts. Most of the world’s grasslands play key ecological and production roles, sustain livestock development, and safeguard ecosystem functions in dry and semi-arid areas (Suttie et al., 2005; Wu et al., 2015). They are commonly referred to as “meat, milk, carbon, and money banks.”

However, the ecological foundation of these grasslands is complex. Climate change, such as warming and alterations in precipitation patterns, as well as human intervention (e.g., overgrazing), has dramatically transformed the structure and species diversity of grassland ecosystems and their functions (Hickman et al., 2004; Heisler-White et al., 2008; Harrison et al., 2015; Ivits et al., 2016; Li et al., 2016; Ma et al., 2017). Consequently, grassland degradation, plant diversity loss, and ecosystem function decay have threatened global ecological security and the growth of agriculture and animal husbandry industries considerably (Nellemann and Corcoran, 2010; An et al., 2019). Therefore, maintaining and improving the ecological function and productivity of grasslands, with biodiversity as a representative indicator, has become a crucial theoretical and practical requirement for addressing global climate change and preventing land desertification.

In recent years, a series of important research advances have been made on grassland biodiversity maintenance mechanisms and the relationship between biodiversity and ecosystem functioning, especially productivity. These advances are of great value in guiding the development of more multidimensional and in-depth research, as well as grassland biodiversity conservation, restoration, and reorganization. The intermediate disturbance hypothesis and grazing optimization theory proposed by numerous scholars have had the most profound impacts on the study and conservation of grassland biodiversity and productivity. The intermediate disturbance hypothesis suggests that grassland ecosystems have a certain ability to regulate external disturbances, and that the intermediate disturbance frequency can maintain high species diversity and productivity. However, it has also been suggested that the intermediate disturbance hypothesis is not valid for arid grasslands with harsh environmental conditions (Sasaki et al., 2008). Throughout the large number of research cases, some follow the intermediate disturbance hypothesis, whereas some do not, and some have mixed responses, which suggests that the intermediate disturbance hypothesis still has large limitations. Therefore, further research is required that takes into consideration different ecosystems. The grazing optimization theory suggests that herbivores and forage evolve synergistically and that rational grazing is beneficial to grassland vegetation. The main theoretical basis of the grazing optimization theory is plant compensatory growth, which is the phenomenon in which plants are adapted to herbivore harvesting disturbances through the regulation of phenotypic quantitative traits and physiology. These adaptations include the increase in the number of divisions due to the breaking of the apical dominance, an increase in the rate of leaf photosynthesis, and a redistribution of storage resources (Yuan, 2019). However, the grazing optimization hypothesis is not necessarily true and is closely related to the status of plants before and after feeding and environmental conditions, as well as to different grassland types, grazing utilization methods, and plant species (Holechek, 1981; Hart and Balla, 1982). There are also studies on grasslands that do not provide sufficient evidence of grazing optimization (Gong et al., 2015). Grasslands, as ecosystems with a production function, must focus on their formation, maintenance, and responses to grazing disturbances and climate change in terms of productivity. Biodiversity is the main process parameter for studying changes in disturbed subjects resulting from disturbance factors, making it crucial to investigate the relationship between biodiversity and productivity. It has been argued that selection and complementary effects explain the principle of increased diversity to increased productivity (Grime, 1998; Loreau, 2000; Fu et al., 2014; Mensah et al., 2016), whereas the competitive exclusion theory suggests that in eutrophic environments, an increase in productivity reduces diversity. Overall, the relationship between diversity and productivity is complex, with positive, negative, uncorrelated, and nonlinear correlations.

To fully illustrate the effects of grazing on biodiversity in grassland grazing ecosystems and to determine how this change affects productivity, as well as to explore the mitigating and enhancing effects of inter-annual climate fluctuations, a gradient experiment on grazing intensity was set up in a typical grassland of the Xilinguole League, Inner Mongolia. The experiment ran from 2014 to 2022. This study was set out to illustrate the changes in grassland plant community structure, biodiversity and productivity and the intrinsic relationship between them under the changes of multiple elements such as grazing intensity, climate fluctuation, and time continuation by means of 9 years of successive observations, therefore providing a theoretical basis for the exploration of a sustainable grazing management system, and also for the exploration of the biological relationship between biodiversity and productivity.




2 Materials and methods



2.1 Study area

The study site is located in Chowk Ula, Xilinhot, Inner Mongolia, China (44°15′24.43″N ~ 44°15′40.66″N, 116°32′08.16″E ~ 116°32′28.32″E), and with an elevation of approximately 1111 m–1121 m (Figure 1). The average annual temperature and precipitation of the study area is approximately 2.6°C and 283 mm (1953–2022), respectively, thereby categorizing this area to the temperate semi-arid grassland climate zone. The average annual temperature of the climate within the nine year study period (2014–2022) was 0.3°C, the highest temperature was recorded in 2014 (0.4°C) and the lowest was in 2020 (0.3°C). The average annual precipitation within this period was 295 mm, the maximum annual precipitation was 413 mm (2015), and the minimum annual precipitation was 169 mm (2017). Both indicators exhibited a downward trend. The annual precipitation, average temperature, and relative moisture index (RMI) were studied to determine the inter-annual fluctuation characteristics of the climate (Figure 2). The data were derived from monthly meteorological data for Xilinhot, Inner Mongolia.




Figure 1 | Geographical location of test area.






Figure 2 | The changes of annual average temperature, annual precipitation and RMI in Xilinhot from 2014 to 2022. (A) Changes in mean annual temperature and annual precipitation in Xilinhot, 2014-2022. (B) Changes in RMI in Xilinhot, 2014-2022. RMI represents relative moisture index.



The relative moisture index (M) is one of the indexes to characterize the balance between precipitation and evaporation in a certain period of time. The larger the index, the more humid it is. The calculation formula is as follows (General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China, 2017):

The RMI is one of the indices used to characterize the balance between precipitation and evaporation in a certain period of time. The larger the index, the more humid the environment. The calculation formula is as follows (General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China, 2017):



where M is the RMI, P is the amount of precipitation in mm over a period of time, and PE is the possible evapotranspiration for a certain period of time in mm.



where PEm is the possible evapotranspiration, which is the monthly possible evapotranspiration in mm/month; Tiis the monthly average temperature in °C; H is the annual heat index; A is a constant.

Calculation method of monthly heat index Hi:



The calculation method of annual heat index H:



The calculation method of constant A:



When the monthly average temperature Ti ⩽ 0°C, the monthly heat index Hi = 0, and the monthly possible evapotranspiration PEm = 0 (mm/month).

The grassland type in this area is a typical grassland, the soil is chestnut, and plant species are abundant. The life function groups were divided into four different plant functional groups (PFGS) (Table 1): perennial grasses (PG), perennial forbs (PF), shrubs and semi-shrubs (SS), and annuals and biennials (AB).


Table 1 | Species table of the study area.






2.2 Experimental design

The test area was closed between 2007–2013 for rehabilitation; the grazing test platform was set up in 2014 and has been undergone grazing trials since then. Four grazing intensities (standard sheep unit·day·hectare-1·year-1, SSU·d·hm-2y-1), were set in the study area, including the control (CK, 0 SSU·d·hm-2y-1), light grazing (LG, 170 SSU·d·hm-2y-1), moderate grazing (MG, 340 SSU·d·hm-2y-1), heavy grazing (HG, 510 SSU·d·hm-2y-1). According to the initial grazing weight of 50 kg as a standard sheep unit conversion, the experimental animals were Ujimqin 2-year-old wethers. The grazing test area was 1.33 hm2 (after 2018, in order to enrich the content of the test layout, the second and fourth divisions were implemented in some grazing test areas). Grazing intensity treatments consisted of three replicates per space. Grazing in the plot began in mid-June every year and ended in mid-September.




2.3 Index acquisition and calculation



2.3.1 Plant community index acquisition

From 2014 to 2022, in mid and late August of each year, five 1 m × 1 m quadrats were randomly set up in each plot of the grazing experimental area, and the species list was recorded in detail for each quadrat. Each plant in the quadrat was cut off, bagged according to species, taken back to the laboratory for deactivation at 105°C for 30 min and dried to a constant weight at 65°C to obtain the aboveground biomass index of each plant species, this was used as the basic data for the calculation of the diversity index.

Additionally, three 1.2 m × 1.2 m annual mobile enclosures were arranged in the LG, MG, and HG treatment plots, and 1 m × 1 m quadrats were set up in mid-September of the same year. The species list was recorded, and the plants in the quadrats were cut according to species. As per the test requirements, the plants were dried and weighed to obtain aboveground net primary productivity (ANPP) of the plant communities under different grazing intensities.




2.3.2 Index calculation

The species diversity index in this study was selected from the commonly used Shannon-Wiener (H), Simpson (D), and Pielou (J) indices. The importance value (P) was expressed as the relative biomass of each species in the community (relative biomass = dry weight of a species in the community/total dry weight of all species in the community). The formulas for calculating each index is as follows:





where Pi is the important value of the ith species.



where H is the Shannon-Wiener diversity index, and S is the number of species.





2.4 Statistical analyses

A One-way Analysis of Variance (ANOVA) was used to analyze changes in grassland plant community productivity under grazing use and climate fluctuations, ratio of ANPP of grassland plants under different grazing intensities to ANPP in 2014, changes in community species diversity indices over time, and community species diversity indices under different grazing intensities. General linear regression was used to analyze the response of grassland plant functional group productivity to climate fluctuations. Mixed-effects models were also used to analyze the relationships between the RMI and species diversity, species diversity and community productivity, and the RMI and community productivity under different grazing intensities.

One-way ANOVA and general linear regression analyses were performed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA). Mixed-effects models were generated using the lme4 program package in R version 4.2.2. Graphing was performed using GraphPad Prism version 9.5.1 (GraphPad Software Company, San Diego, California, USA). The data were expressed as mean ± SE. Differences were considered statistically significant at p< 0.05.





3 Results



3.1 ANPP and structure of plant communities



3.1.1 ANPP of plant communities

In terms of RMI (Figure 2), the mean value of the index for Stage II was lower than those of Stages I and III, and it was generally in a relatively dry stage. In Stage II, community and perennial plant ANPP remained stable in CK, LG, and MG, whereas in HG, perennial ANPP decreased significantly, and community ANPP increased significantly. In Stage III, community and perennial plant ANPP significantly increased in CK and LG compared to the previous two stages due to the increase in RMI, MG perennial plant ANPP increased compared to the previous two stages, and HG perennial plant ANPP only significantly increased compared to Stage II.

The grassland plant communities in the experimental area were subjected to various ecological effects resulting from the combined influence of climate (primarily rainfall or RMI), and environmental and anthropogenic disturbances. Grazing utilization intensities emerged as the dominant factor influencing these effects (Figure 3). Community productivity is a key metric for evaluating the responses to external factors, including disturbances. This study examined changes in ANPP by incorporating climatic fluctuations and the duration of grazing utilization across three stages: Stage I (2014–2016), Stage II (2017–2019), and Stage III (2020–2022). Community productivity results showed that the community constructed by accumulating species and the plant community were formed by removing AB and this showed no significant differences (p > 0.05) between Stages I and II, but both were significantly lower than Stage III in CK (Figure 3A) and LG (Figure 3B). While MG (Figure 3C) and HG (Figure 3D) increased dramatically owing to the productivity of AB in Stage II, the 3-year averages accounted for 105.53% and 119.28% of the average ANPP, which were much higher than those of CK and LG, as these amounted to 81.73% and 75.18%, respectively. Therefore, changes in the ANPP of the MG community compared to CK and LG were mainly characterized by no difference between Stage I, II, and III. While HG showed the highest ANPP in Stage II, which was significantly higher than that in stage I, and did not show any difference with stage III, the perennial plant ANPP in this stage was significantly lower than that in the other two stages, which were not significantly different (p< 0.05).




Figure 3 | Changes in ANPP of grassland plants under grazing and climate fluctuations from 2014 to 2022. (A) ANPP of CK. (B) ANPP of LG. (C) ANPP of MG. (D) ANPP of HG. CK represents control standard, LG represents light grazing, MG represents moderate grazing, and HG represents heavy grazing. PG represents perennial grasses, PF represents perennial forbs, SS represents shrubs and semi-shrubs, and AB represents annuals and biennials. ANPP represents aboveground net primary productivity. Capital letters indicate significant differences in the mean ANPP of the plant community between Stage I, II, III. Lowercase letters indicate significant differences in the mean ANPP of the perennial plant community (PG, PF, SS) between Stage I, II, III. Different letters indicate that the difference is significant at the p< 0.05 level, the same below.






3.1.2 Structure of plant community

Plant community structure was represented by the proportion of different functional groups in this study (Supplementary Figure 1). Taking the CK as a reference (Supplementary Figure 1A), the dynamic changes in CK can be attributed primarily to climate fluctuations. In CK, PG dominated the community, accounting for 83.8 to 96.0% of the total. Compared to Stage I, the percentages of AB and SS increased in the relatively dry Stage II, whereas PG and PF decreased. After the drought process of Stage II and the transition to relatively wet Stage III, the proportion of PG increased to greater than that of Stage I and the PF and SS decreased to a certain extent. Enhanced changes in some factors in LG (Supplementary Figure 1B), MG (Supplementary Figure 1C), and HG (Supplementary Figure 1D) compared with CK were considered to be related to grazing utilization and intensity. A large increase in the percentage of AB in the grazing-utilized grassland occurred in the second year of the trial (2015), reaching its highest percentage in 2017 and 2018. Both LG and MG almost entirely excluded AB from the community in 2020 and beyond, but a percentage remained in HG in 2020 and 2021. An increase in the proportion of AB in Stage II occurred at the expense of a reduction in PF and PG. Comparing Stage III with Stage I, most of the PF under the grazing treatments increased to some extent, showing a difference from CK, which may be the result of the ecological response to grazing utilization.




3.1.3 Ecological response accumulation

We used three years of Stage III as replicated data, and analyzed the ratio of ANPP under different treatments to the initial year of the experiment (2014) as one of the cumulative characteristics of ecological response to grazing use (Figure 4A). Light grazing significantly increased the ANPP ratio compared to that of CK, but was not significantly different from that of MG and HG, therefore LG increased the ANPP. This analysis examined the proportion of the aggregate PFGS ANPP to the aggregate community ANPP for each treatment between 2014 and 2022, which served as a proxy for the cumulative impact of community composition (Figure 4B). The results indicated that as the grazing intensity increased and the percentage of PG ANPP decreased in the following order: CK > LG > MG > HG. Moreover, the PF and AB ANPP exhibited variable degrees of increase in correlation with grazing intensity, with a more significant increase in the proportion of AB.




Figure 4 | (A) Ratio of grassland plant ANPP to 2014 under different grazing intensities in 2020-2022. (B) Cumulative effects of grassland plant community structure under grazing utilization and climate fluctuations. CK represents control standard, LG represents light grazing, MG represents moderate grazing, and HG represents heavy grazing. PG represents perennial grasses, PF represents perennial forbs, SS represents shrubs and semi-shrubs, and AB represents annuals and biennials. ANPP represents aboveground net primary productivity.







3.2 Changes in species diversity



3.2.1 Changes in the time series

This study analyzed the temporal characteristics of the Simpson, Shannon-Wiener, and Pielou indices under different grazing treatments (Figure 5). Overall, the three diversity indices were significantly different (p< 0.05) under CK, LG, MG, and HG during the study period and showed a single-peaked curve characterized by peaks mostly occurring in Stage II, which was a relatively dry period. To illustrate the impact of grazing on diversity more clearly, we subtracted the diversity index calculated under the CK from that of the different grazing treatments and used the resulting comparative values to demonstrate the differential effects of grazing (Supplementary Figure 2). Over time, the three diversity indices exhibited a pattern of increase, followed by a decrease, compared with CK. The peaks of the Simpson and Shannon-Wiener indices for LG (Supplementary Figures 2A,B) occurred four years after the start of the trial, the Pielou index was in the third year (Supplementary Figure 2C), and all three indices were higher than that of CK in 2017 and 2018. The Simpson and Shannon-Wiener indices for MG (Supplementary Figure 2D,E) peaked three years after the commnecement of the experiment and were only higher than those of CK in the years of the respective peaks. Throughout the experiment, the Pielou index remained inferior to that of the CK (Supplementary Figure 2F). However, HG was significantly different (p< 0.05) from LG and MG (Supplementary Figures 2G–I). The HG peak appeared much earlier, with HG diversity being stimulated and exceeding that of CK in the second year of the trial, after which it was mostly lower than that of CK. In summary, our study found that grazing ecosystems were able to stimulate an increase in species diversity in the temporal dimension but sustained it for only 1–2 years, with this stimulatory effect occurring relatively earlier as grazing intensity increased.




Figure 5 | Changes in species diversity index of grassland communities over time from 2014 to 2022. (A) Shannon-Wiener index over time. (B) Simpson index over time. (C) Pielou index over time. CK represents control standard, LG represents light grazing, MG represents moderate grazing, and HG represents heavy grazing.






3.2.2 Cumulative effect of species diversity

The average diversity index values for each year across the different experimental treatments were used to indicate the overall impact on diversity (Figure 6). The analysis revealed that the Shannon-Wiener index did not vary significantly between grazing intensities. However, the Simpson and Pielou indices gradually decreased with increasing grazing intensity. The Simpson index indicated that CK had significantly higher values than LG, MG, and HG, whereas the Pielou index showed that CK had significantly higher values than MG and HG. However, CK was not significantly different from LG. Notably, there were no significant differences between CK and LG. The Simpson index captured the significance of differences between grazing intensity treatments better than the Shannon-Wiener and Pielou indices.




Figure 6 | The community species diversity index under different grazing intensities from 2014 to 2022. CK represents control standard, LG represents light grazing, MG represents moderate grazing, and HG represents heavy grazing. (A) Shannon-Wiener index under different grazing intensities from 2014 to 2022. (B) Simpson index under different grazing intensities from 2014 to 2022. (C) Pielou index under different grazing intensities from 2014 to 2022.







3.3 Impacts of climate fluctuations on species diversity and ANPP



3.3.1 Response of major PFGS to climate fluctuations

This study utilized the RMI to portray climate traits. Additionally, changes in the RMI were employed to illustrate inter-annual fluctuations in climate (Figure 7). Because of the disproportionately low ANPP of SS in the community, only the major PFGS were analyzed here. As the RMI increased (the degree of drought weakened), the ANPP of PG in LG, MG, and HG in the community increased significantly. The increase was greatest in HG, followed by MG, and smallest in LG, with no significant trend observed in CK. There was no significant response of PF ANPP to climatic fluctuations; AB ANPP showed significant decreases in LG, MG, and HG, with the largest decrease in HG, followed by MG, smallest decrease in LG, and no significant trend in CK.




Figure 7 | Response of changes in ANPP proportion of major functional groups to climatic fluctuations. CK represents control standard, LG represents light grazing, MG represents moderate grazing, and HG represents heavy grazing. PG represents perennial grasses, PF represents perennial forbs, SS represents shrubs and semi-shrubs, and AB represents annuals and biennials. ANPP represents aboveground net primary productivity. (A) Response of changes in ANPP proportion of PG to climatic fluctuations. (B) Response of changes in ANPP proportion of PF to climatic fluctuations. (C) Response of changes in ANPP proportion of AB to climatic fluctuations.






3.3.2 Species diversity in relation to ANPP of communities under climatic fluctuations

From the results of the entire experimental timeline, the inter-annual differences in the RMI had different effects on plant community diversity under different treatments (Figure 8A). The results showed that the three diversity indices of CK were stable and did not show a trend in response to climatic drought and wetness. Relative to CK, LG and MG exhibited a negative response to increased relative wetness, while HG showed a positive response. This indicates that grazing utilization alters the trend tendency of community species diversity in response to climate change.




Figure 8 | Relationships between RMI and species diversity index, species diversity index and ANPP of community, RMI and ANPP of community under different grazing intensities. (A) RMI and species diversity index. (B) RMI and ANPP of community. (C) Species diversity index and ANPP of community. SP: Simpson index; SW: Shannon-Wiener index; PL: Pielou index. CK represents control standard, LG represents light grazing, MG represents moderate grazing, and HG represents heavy grazing. RMI represents relative moisture index. Effect size is the standardized coefficient of a linear mixed-effects model estimated separately for each predictor variable. Solid circles indicate significant effects (p< 0.05), and hollow circles indicate nonsignificant effects.



Community productivity in response to the relative humidity index (Figure 8B) was slightly lower in LG and slightly higher in MG than in CK, with CK, LG and MG showing positive trends, and HG showing negative trends. Although the relationship between the RMI and ANPP was not significant, the change in this tendency implied a significant change in the HG community, which may be related to the extensive growth of AB.

The correlation between species diversity index and community ANPP is shown in Figure 8C. This study revealed that grazing intensity alters the relationship between ANPP and species diversity indices. The control and LG species diversity indices were significantly negatively correlated with community productivity, whereas CK was not significantly correlated with MG and HG. Upon reaching HG, the relationship becomes insignificant, with a shift from negative to positive.






4 Discussion



4.1 Effects of grazing on species diversity of typical grassland plant communities in Inner Mongolia

Grazing utilization, especially intensive grazing, is a major factor altering the diversity and productivity of grassland ecosystems. When grazing is combined with climatic factors, the impact of the climate is often considered weaker (Collins and Barber, 1986; Zhao et al., 2003). Both the intermediate disturbance hypothesis and grazing optimization theory attempt to explain how rational grazing increases biodiversity and benefits ecosystems. The results of this study showed that LG and MG can increase or maintain relatively high ANPP, and LG can maintain species diversity as it was similar to CK, however there was no evidence suggesting that grazing would result in increased diversity. Additionally this finding aligns with previous studies as the predicted results of these studies confirm that species richness and diversity indices show a single-peak curve relationship with increasing grazing intensity, that is, plant diversity is highest at intermediate grazing intensity, and diversity decreases due to heavy grazing (Connell, 1978; Milchunas et al., 1988; Oba et al., 2001; Zhang et al., 2016; Joubert et al., 2017). However, research on the temporal dynamics of plant community diversity under grazing conditions is limited. Additionally, this study further demonstrated that grazing stimulates the ecosystem to increase biodiversity at a certain time compared to a non-grazing system, but this does not last long and then falls below the CK. This finding can be related to a 5-year grazing intensity-based experiment that confirmed that low loading rates favor sustainable grassland use and compensatory plant growth, and that the relationship between the compensatory growth of plant communities and loading rates can be modeled as a quadratic function with a downward opening or as a linear function with a negative slope, that is, as the loading rate increases, some systems exhibit undercompensatory growth, while others exhibit overcompensatory growth (Xue et al., 2010). The greater the grazing intensity, the earlier the excitation effect will appear, which may produce useful guidance for the optimization and adaptive management of grazing intensity over time. The priming effect on the time series under different grazing intensities was mainly related to changes in the community structure. In this study area, climate aridification caused a spatial release of the community, providing opportunities for AB to grow, which in turn appeared to increase the number and diversity of species in the community. However, from our experiments the addition of grazing and a disturbance factor, advanced and delayed the emergence of AB and increased the degree of dominance of AB in the community as the intensity of grazing increased. This result further confirms that the close relationship between grassland use patterns and species diversity depends on changes in species composition (Huo et al., 2014; Zhang et al., 2021).




4.2 Effects of climatic fluctuations on species diversity and ANPP of typical grassland plant communities in Inner Mongolia

Changes in precipitation and temperature are the primary indicators of global climate change and exert a substantial influence on both plant growth and diversity (Schultz and Halpert, 1995; Stanisci et al., 2005). In this study, we selected the RMI, which combines temperature and precipitation, to measure the level of dryness and wetness of the climate as the most scientific approach for analyzing this concept. However, our research findings revealed that climate did not have a substantial impact on the species diversity and ANPP of grazing ecosystem communities in this study. This can be attributed to factors such as the scale of the study and grazing utilization. At larger spatial scales, the gradient variation in climatic factors played a more prominent role than local-scale human activities, leading to a higher proportion of climate-related explanations for the distribution pattern of species diversity. However, at smaller spatial scales, the extent of the climate explanation has decreased (Bai et al., 2008; Fan et al., 2009). Furthermore, studies have shown that there is scale dependence in the relationship between the two, and that at large scales (e.g., regional or global scales), the relationship may be positive; however, at relatively small scales (e.g., local and landscape scales), there may be a one-peak function, a negative correlation, or no significant correlation between the two (Waide et al., 1999; Cornwell and Grubb, 2003; Ma et al., 2013; Hautier et al., 2018). This also reflects the difference between α- and β-diversity. The CK was the most stable ecosystem in terms of diversity, however this did not demonstrate any skewed trends toward changes in the RMI. This suggests that the spatial resources of the forbidden grassland were consistently occupied and utilized by PG. In addition, they display greater stability in arid environments and are less dependent on precipitation changes (Hoover et al., 2021). After grazing interference, the diversity index showed a negative relationship with the RMI, which was caused by the wet climate of the year. Perennial grasses are often nibbled to limit the occupation of its spatial resources, when the water resources are more adequate, its use of the functional group of the PG advantage, as well as the space left out of the grazing interference, through the competition for resources, further strengthens and expands the functional group of the PG to the exclusion of the AB. This results in a tendency to reduce diversity. When overgrazing occurs, a large amount of space in the community is completely freed, resources become redundant, and the onset of a wet climate conditions provide conditions for different plant species to survive, and provide an opportunity to increase the diversity of species in the community. Similarly, the wetter the climate, the higher the productivity of the non-heavily grazed utilization community, owing to the increase in the dominant PG. However, for heavily grazed communities, the increase in PG in wet years will exclude AB, but the increase in PG often does not complement or even overcompensate for the biomass of the excluded AB; thus, there is a tendency for the ANPP of the community to decline as the RMI increases.




4.3 Species diversity of plant communities in typical grassland grazing ecosystems in Inner Mongolia in relation to ANPP

The relationship between species diversity and productivity has been shown to take four main forms: positive (Tilman, 1997; Mittelbach et al., 2001), negative (Thompson et al., 2005), single-peaked (Kassen et al., 2000; Loreau, 2000), and uncorrelated (Grace et al., 2007]. The results of this study showed that in typical grassland grazing ecosystems, CK and LG ANPP were significantly negatively correlated with species diversity, which is in line with the theory of competitive exclusion. Although the CK ANPP was not at its maximum and was significantly lower than the LG ANPP, upon close examination of resource utilization, it appears that the CK space resources may be saturated. In CK, under the state of multi-year grazing ban, the ground was covered by a large amount of deadfall, spatial resources were crowed, light resources were restricted, PG was barely affected, and the growth of relatively low plants were somewhat restricted. Under LG conditions, freeing up a certain amount of space that tends to be occupied by more competitive PG, with plants such as PF being competitively crowded out. Although LG ANPP was the highest among the four grazing treatments, its diversity was not at its maximum, which is consistent with the theory of competitive exclusion and grazing optimization. This study also found that the relationship between species diversity and ANPP of the community was negatively tilted, but not significant, as grazing intensity increased to reach the MG, suggesting that competitive exclusion was attenuated under this grazing condition and that competitive exclusion and complementary effects may co-exist. Competitive exclusion plays a dominant role in relatively good climatic and dry years, and the compensatory effects of ABs increase community species diversity and further widen differences in functional traits. Plants utilize resources more efficiently, which in turn maintains diversity and contributes to increased productivity (Cavanaugh et al., 2014; Mensah et al., 2016; Pan et al., 2016). When the grazing intensity reaches HG, spatial resources are fully released, complementary effects are strengthened, and the relationship between productivity and diversity becomes positive.





5 Conclusion

In the typical grasslands of Inner Mongolia, forbidden grasslands have proven more effective in mitigating the adverse effects of climatic drought, with climate playing a lesser role in ANPP and diversity as grazing intensity increases. Light or moderate grazing maintains diversity but does not necessarily lead to an increase. There were brief periods within the time series when diversity was stimulated to increase, regardless of whether grazing was light, moderate, or heavy. Grazing modified the connection between the species diversity of the community and ANPP by releasing the spatial resources of the community, changing the structure of the plant community, weakening competitive exclusion, and strengthening complementary effects. The scope of this study was limited to small-scale and uncomplicated community structures in the research area that are prone to disruptions from grazing activities. Although several outcomes did not reach statistical significance, some trends offer valuable information. For instance, the impacts of both wet and dry climate changes on the diversity of grassland plant communities in the study region resulted in distinct trends.
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Disturbance alters environmental conditions in forests. Plants growing in forests with different disturbance histories in diverse environments may adopt varying life history strategies, but few studies focus on this effect. This study comprehensively investigated plant biodiversity, biomass, and functional traits in subtropical forests with two different disturbance histories in east China to explore differences in life history strategies. Biodiversity was slightly higher in disturbed compared to conserved forests. Significantly higher biomass was measured in conserved relative to disturbed evergreen broadleaved forests (P < 0.05). In conserved forests, leaf tissue density (LTD) was significantly higher and leaf thickness (LT), leaf dry matter content (LDMC), twig tissue density (TTD), twig dry matter content (TDMC), bark tissue density (BTD) and dry matter content (BDMC), and stem tissue density (STD) and dry matter content (SDMC) were significantly lower than in disturbed forests (P < 0.05). In terms of associated plant biodiversity, biomass, and functional traits, conserved forests adopted a resource acquisition strategy, reducing biodiversity and developing multiple functional traits such as high leaf area and specific leaf area and low LT, LDMC, TTD, TDMC, BTD, BDMC, STD, and SDMC to support a high biomass accumulation rate. Disturbed forests adopted a resource conservation strategy, enhancing biodiversity and developing converse trait combinations to lower the rate of biomass accumulation. A comprehensive investigation of plant biodiversity, biomass, and functional traits and subsequent assessment of plant life history strategies in conserved and disturbed forests will aid investigations of regional biodiversity and carbon reserves, contribute data to the TRY and Chinese plant trait databases, and improve ecological management and restoration efforts in east China.
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1 Introduction

Forests cover approximately 31% of Earth’s land surface and provide important ecosystem services, including biodiversity protection and climate change mitigation (Melillo et al., 1993; Anderson-Teixeira et al., 2015; FAO, 2020). Natural and anthropogenic disturbances, such as climate change, fire, pest outbreak, livestock grazing, and land use change drive environmental heterogeneity and regulate community composition, structure, and function in forests (Zhang and Shangguan, 2006; Turner, 2010; Mori et al., 2018; Wang et al., 2020; Thom and Seidl, 2022; Yang et al., 2022; Patacca et al., 2023; Stritih et al., 2023). Worldwide, forests are increasingly altered by natural and anthropogenic disturbances that occur with variable frequency and/or intensity. Understanding the effects of perturbation and the corresponding strategies that enable plants to grow and reproduce under specific conditions (e.g., habitat type, climate, species composition) in forests under different disturbance histories is important for the development of informed forest management and restoration approaches (MacArthur and Wilson, 1967; Grime, 1977; Meyer et al., 2021; Senf and Seidl, 2021; Edgar and Westfall, 2022; Senf and Seidl, 2022).

Plant biodiversity, biomass, and functional traits in forests are key research areas in disturbance and conservation ecology (Turner, 2010; Newman, 2019; Loto and Bravo, 2020). Biodiversity reflects species composition and diversity and is closely related to community stability and ecosystem function (Petchey and Gaston, 2006; Xu et al., 2016). The intermediate disturbance hypothesis postulates that biodiversity varies with disturbance frequency and/or intensity and usually peaks at intermediate time spans and intensities. Adaptation to disturbance drives significant differences in plant community structure in disturbed forests (Horn, 1975; Connell, 1978; Bongers et al., 2009; Meyer et al., 2021). Biomass is the living organic mass that accumulates as green plants assimilate carbon. It forms the basis of community productivity and carbon storage and can be used as a direct indicator of environmental quality in forest ecosystems (Cannell, 1982). Forest disturbance decreases net primary productivity, resulting in lower biomass and carbon accumulation (Pugh et al., 2019). Plant functional traits refer to a set of plant attributes that may affect the colonization, survival, growth, and death of plants (Violle et al., 2007). Individually or in combination, plant functional traits may indicate an ecosystem’s response to environmental change and can strongly influence ecosystem processes (Cornelissen et al., 2003; Reich et al., 2003). Functional traits are closely linked to disturbances such as fire, biological invasion, and land use change (Verheyen et al., 2003; Pausas et al., 2004; Lamarque et al., 2011). Plant biodiversity, biomass, and functional traits are thus affected by environmental perturbation and may be useful in illuminating the resource acquisition and allocation strategies plants adopt in environments experiencing different types of disturbance.

Deriving from the rise of the Qinghai–Tibet Plateau, east China is covered by a broad area of subtropical forests, especially zonal evergreen broad-leaved forests, which form a unique ecosystem type in the global subtropical area (Editorial Committee of Vegetation Map of the People’s Republic of China (ECVMC), Chinese Academy of Sciences, 2007). This forest has high species diversity and vegetation carbon storage and is important to the regional environment (Song, 2013). However, rapid economic development and population growth, in conjunction with a lack of understanding of the importance of ecological protection, has resulted in multifarious anthropogenic disturbances for the last several decades. Few parcels of primary conserved forests remain and are mostly scattered across a few nature reserves and in remote mountain locations (Fan et al., 2019). Plant species composition and diversity, biomass, and functional trait characteristics differ significantly between anthropogenically disturbed forests and primary conserved forests in this region (Zhu et al., 1997; Li et al., 2018; Huang et al., 2022; Yin, 2022; Luo et al., 2023; Yu et al., 2023). Nevertheless, the influence on biodiversity of specific strategies adopted by plants in response to environmental changes in perturbed and conserved forests have not been reported. Some studies have explored the life history strategies of plants in these types of forests from a functional trait perspective, but these studies only measured leaf treats (Huang et al., 2022; Yin, 2022; Yu et al., 2023).

In this study, we explored the life history strategies of plants from the perspective of associated biodiversity, biomass, and functional traits in a total of 66 east China forests (22 conserved and 44 intermediately disturbed forests) under two different disturbance histories. We evaluated plant species composition, diversity, biomass, and twelve morphological traits (leaf, twig, bark, and stem) for 19 species commonly found in both forest types. Accordingly, the two following predictions were made: (1) Biodiversity, biomass, and functional traits differ significantly between forests with two different disturbance histories. (2) Disturbed forests exhibit higher biodiversity (especially for more shade-intolerant species), with individuals exhibiting higher leaf thickness (LT), bark thickness (BT), leaf tissue density (LTD), leaf dry matter content (LDMC), twig tissue density (TTD) and dry matter content (TDMC), bark tissue density (BTD) and dry matter content (BDMC), and stem tissue density (STD) and dry matter content (SDMC) and lower leaf area (LA) and specific leaf area (SLA), representing a resource conservative strategy with a low growth rate (i.e., low biomass). Conserved forests exhibit lower biodiversity (especially for less shade-intolerant species) and individuals exhibit opposite trait combinations, representing a resource acquisition strategy with a high growth rate (i.e., high biomass). This study will improve understanding of the effects of disturbance on forest community structure and function and provide insights to inform forest conservation practices in the east subtropical zone in China.




2 Materials and methods



2.1 Study area

Jiulong Mountain straddles the borders of Zhejiang, Fujian, and Jiangxi Provinces in east China and is among the 35 priority areas for biodiversity protection in China (Ministry of Ecology and Environment of the People’s Republic of China (MEEC), 2011). It is located in a mid-subtropical climate zone and has a monsoon climate. The mean annual temperature is 16.2°C, with maximum and minimum temperatures of 42.0°C and −10.5°C, respectively. Mean annual precipitation is 1,856 mm and mean annual sunshine duration is 1,925 h (Zheng et al., 2021). Owing to its remote location and relative inaccessibility, Jiulong Mountain harbors well-conserved native vegetation and a number of endangered and rare animal and plant species, especially in Jiulong Mountain National Nature Reserve (118°49′–118°55′ E, 28°19′–28°24′ N). This site is located in Suichang County, Zhejiang Province and has an area of 55.25 km2. It was declared as a Province Reserve in 1983 and was promoted to a National Nature Reserve in 2003. Conservation efforts focus on animals such as Ursus thibetanus, Muntiacus crinifrons and Tragopan caboti, plants such as Torreya jiulongshanensis, Taxus wallichiana var. mairei, and Bretschneidera sinensis, and the native vegetation.




2.2 Vegetation survey and biomass estimation

Field measurements were collected from the Jiulong Mountain National Nature Reserve and its peripheral protective band. This area has not experienced forest fires for more than 100 years. Anthropogenic disturbances such as forest logging, firewood cutting, forest plantation, and livestock grazing took place both in the reserve (especially in the buffer and experimental zones) and its peripheral protective band before it was established as a Province Reserve in 1983. After it received its protective designation, indigenous people inhabiting the area migrated out of the reserve, and all human activity has been strictly controlled for the last 40 years. However, intermediate anthropogenic disturbance continued to occur in the reserve’s peripheral protective band. Cunninghamia lanceolata and Pinus massoniana forests and bamboo forests were planted in 1988 and 1993, respectively. Other natural forests were occasionally subjected to disturbances such as firewood cutting and livestock grazing. Following a comprehensive vegetation survey, 22 plots of conserved forest representative of the protected were selected in Jiulong Mountain National Nature Reserve along with 44 disturbed forest plots with vegetation characteristic of the mountain in the peripheral protective band of the reserve. All plots had an area of 20 m × 20 m (Supplementary Table 1). Geographical coordinates, elevation, slope, aspect, litter thickness, and outcrop coverage were recorded for each plot. Species identity, diameter at breast height (D), and height and crown width were recorded for all woody plants with D ≥ 5 cm. The total biomass of each individual woody plant was estimated using biomass allometric models (Supplementary Table 2). The biomass of species (most dominant species were included) was estimated using biomass allometric models when available. The biomass of species for whom models were not available was estimated using universal allometric models.




2.3 Assessment of plant functional traits

Following the vegetation survey, 19 common species (usually called overlapping species, Cryptomeria japonica var. sinensis, C. lanceolata, P. massoniana, Acer davidii, Acer elegantulum, Alniphyllum fortunei, Castanopsis eyrei, Celtis biondii, Choerospondias axillaris, Cornus hongkongensis subsp. elegans, Machilus thunbergii, Phoebe sheareri, Prunus schneideriana, Quercus glauca, Schima superba, Eurya muricata, Itea omeiensis, Lindera erythrocarpa, and Loropetalum chinense) that were distributed across both conserved and disturbed forests were selected for functional trait evaluation. Ten healthy individuals with similar D were selected for each species, with five individuals collected from each forest type. Four branches were collected from each individual, with each one taken from a different position on the sunlit side of the tree canopy using an averruncator. Five mature broad leaves or 10 mature needle leaves and a ~20 cm-long terminal twig were sampled from each branch. 20/40 leaves and four twigs were sampled from each individual. Three bark samples and three stem samples were collected from each individual near D using a sickle and an increment borer.

Fresh and dry (oven-dried at 80°C for 72 h) leaf, twig, bark, and stem samples were weighed using an electronic balance (accurate to 0.001 g). LA was determined using a WinFOLIA multipurpose leaf area meter (Regent Instruments, Canada). LT and BT were measured using an electronic vernier caliper (accurate to 0.01 mm). Leaf sample volume was calculated by multiplying LA and LT. Twig, bark, and stem sample volume was measured using the drainage method (Cornelissen et al., 2003). The values of SLA, LTD, LDMC, TTD, TDMC, BTD, BDMC, STD, and SDMC were calculated as shown in Supplementary Table 3.




2.4 Data analysis

Plant species composition and diversity and biomass were only evaluated for individuals with D ≥ 5 cm. Plant diversity was assessed using species richness and the Simpson diversity index. Non-metric multidimensional scaling was used to compare species composition between conserved and disturbed forests. Species were classified as shade-tolerant, shade-intolerant, and neutral (Song, 2013). Principal component analysis (PCA) was used to evaluate the effects of plant species on functional traits and show functional trait distributions among plant species. Trait data were log-transformed before PCA analysis. An independent sample t-test was conducted to determine biomass differences between conserved and disturbed forests and trait differences between plants in conserved and disturbed forests. All statistical analyses were performed using R software version 4.2.0 (R Core Team, 2018).





3 Results

A total of 7,546 individuals belonging to 195 species were recorded. A combined total of 84 species were identified in conserved and disturbed forests, with 56 species exclusive to conserved forests and 54 species exclusive to disturbed forests. C. lanceolata, S. superba, A. fortunei, Q. glauca, and C. eyrei were the dominant tree species distributed across both forest types. Only a single individual was identified for 35 species in conserved forests and for 23 species in disturbed forests. The species richness of conserved forests ranged from 1 (pure C. japonica forest) to 28 (mixed coniferous broadleaved forest dominated by C. lanceolata and M. thunbergii), corresponding to an average of 17.64 ± 6.69. The species richness of disturbed forests ranged from 1 (pure Phyllostachys edulis forest) to 39 (deciduous broadleaved forest dominated by A. fortunei and C. axillaris), for an average of 18.84 ± 6.69 (Figure 1A). Average Simpson index values were 0.74 ± 0.22 for conserved and 0.75 ± 0.25 for disturbed forests (Figure 1B). Disturbed forests had slightly higher species richness and Simpson index values than conserved ones (P > 0.05). Species composition was similar for conserved and disturbed forests (Figure 1C). Slightly more shade-intolerant (early-succession) species were observed in disturbed forests (44.93%) than in conserved ones (43.57%).




Figure 1 | T-test comparisons of species richness (A), Simpson index values (B), and non-metric multidimensional scaling ordination of species composition (C) in conserved and disturbed forests in east China. Points correspond to relative species richness (A), Simpson index values (B), and species composition (C) in forest plots. Lines indicate mean species richness (A) and Simpson index values (B). Species richness and Simpson index values were not significantly different between conserved and disturbed forests (P > 0.05).



Conserved forest biomass ranged from 53.39 Mg hm-2 to 326.42 Mg hm-2, averaging 148.53 ± 79.21 Mg hm-2. The biomass of disturbed forests ranged from 68.16 Mg hm-2 to 268.13 Mg hm-2, for an average of 136.74 ± 51.99 Mg hm-2. Among conserved forests, high biomass values (> 250 Mg hm-2) were recorded for an evergreen and deciduous broadleaved mixed forest dominated by Liriodendron chinense and Quercus multinervis and for two evergreen broadleaved forests dominated by Rhododendron simiarum and Cyclobalanopsis multinervis, respectively. Low biomass values (< 70 Mg hm-2) were recorded for an evergreen and broadleaved mixed forest dominated by S. superba and Cyclocarya paliurus and a deciduous broadleaved forest dominated by Cladrastis wilsonii. Among disturbed forests, high biomass was recorded for a mature C. lanceolata forest and low biomass was recorded for a Phyllostachys edulis forest and a C. lanceolata forest. T-test results indicated that forests of the same type had similar biomass values (P > 0.05, Figure 2). For different forest types, conserved evergreen broadleaved forests had significantly higher biomass than disturbed ones (P < 0.05), whereas other types of conserved and disturbed forests had similar biomass (P > 0.05) (Figure 2).




Figure 2 | Differences in biomass between conserved and disturbed forests in east China. Significant difference (t-test, P < 0.05) is indicated by a star. F1, evergreen broad-leaved forest; F2, evergreen coniferous forest; F3, evergreen and deciduous broad-leaved mixed forest; F4, coniferous and broad-leaved mixed forest; F5, deciduous broad-leaved forest; F6, bamboo forest.



Functional traits differed between species in conserved and disturbed forests (Figure 3). Generally, the 19 dominant overlapping species presented higher LA, SLA, LTD, and BT and lower LT, LDMC, TTD, TDMC, BTD, BDMC, STD, and SDMC in conserved forests than in disturbed forests (Supplementary Table 4). LA, SLA, and BT were statistically similar in conserved and disturbed forests (P > 0.05), whereas conserved forests had significantly higher LTD and significantly lower LT, LDMC, TTD, TDMC, BTD, BDMC, STD, and SDMC than disturbed ones (P < 0.05, Table 1). No significant difference was identified for any P. massoniana traits between conserved and disturbed forests (Table 2). Other species’ traits varied to differing degrees between conserved and disturbed forests (Table 2).




Figure 3 | PCA showing the distribution of plant functional traits across common species in conserved (A) and disturbed (B) forests in east China. Axis1 accounts for 40.60% (A) or 39.35% (B) of variation, and Axis2 accounts for 23.74% (A) or 28.04% (B) of variation. LA, leaf area; LT, leaf thickness; SLA, specific leaf area; LTD, leaf tissue density; LDMC, leaf dry matter content; TTD, twig tissue density; TDMC, twig dry matter content; BT, bark thickness, BTD, bark tissue density; BDMC, bark dry matter content; STD, stem tissue density; SDMC, stem dry matter content. S1, Cryptomeria japonica var. Sinensis; S2, Cunninghamia lanceolata; S3, Pinus massoniana; S4, Acer davidii; S5, Acer elegantulum; S6, Alniphyllum fortunei; S7, Castanopsis eyrei; S8, Celtis biondii; S9, Choerospondias axillaris; S10, Cornus hongkongensis subsp. elegans; S11, Machilus thunbergii; S12, Phoebe sheareri; S13, Prunus schneideriana; S14, Quercus glauca; S15, Schima superba; S16, Eurya muricata; S17, Itea omeiensis; S18, Lindera erythrocarpa; S19, Loropetalum chinense.




Table 1 | Plant functional traits in conserved and disturbed forests in east China.




Table 2 | Differences in plant traits between conserved and disturbed forests in east China.






4 Discussion

Vegetation–disturbance interactions have long been the focus of intense research in disturbance and conservation ecology. A single index, such as community biodiversity, is often used to evaluate the effects of natural and anthropogenic disturbances on vegetation (Bongers et al., 2009; Gosper et al., 2013; Meyer et al., 2021), but biodiversity-only approaches do not allow the complete characterization of vegetation–disturbance interactions (Mouillot et al., 2013). This study assessed plant biodiversity, biomass, and functional traits in subtropical forests with two different disturbance histories, and the results aim to improve understanding of vegetation–disturbance interactions. However, this study has some shortcomings. Though our exclusion of individuals with D < 5 cm did not have a considerable effect on biomass estimates, it may have had a sizeable effect on our estimates of species composition and diversity. Future studies should consider herbaceous vegetation and woody individuals with D < 5 cm. Moreover, inter- and intraspecific variation in some plant functional traits, such as BT, LA, LT, and SLA, was high, and a sample size of five individuals may not have been sufficiently large.

Global vegetation distributions and plant community composition, structure, and function are determined by climate but are also strongly influenced by other environmental factors at the regional and local scales, including land use change, disturbance, topography, and soil (Zhang, 1993; Thuiller et al., 2004; Alessa and Chapin, 2008; Gillman et al., 2015; Liu and Ma, 2015; Liu et al., 2016). In this study, conserved and disturbed forests were adjacent to one another and shared similar climates and local habitats but had different disturbance histories. Our assessment of life history strategy differences based on plant biodiversity, biomass, and functional traits is robust because of the direct exclusion of the effects of other environmental factors. Assessing plant functional traits using overlapping plant species also allowed us to exclude the effect of species identity (Liu et al., 2023).

The intermediate disturbance hypothesis suggests that biodiversity peaks at intermediate time spans and intensities (Horn, 1975; Connell, 1978; Meyer et al., 2021). In this study, slightly higher biodiversity was observed in intermediately disturbed forests than in conserved forests. This is because only plant individuals with D ≥ 5 cm were sampled, and understory plants are more strongly influenced by disturbance (Meyer et al., 2021; Huang et al., 2022). The biomass of subtropical forests disturbed by anthropogenic fire, forest logging, and livestock grazing is lower than that of primary zonal evergreen broad-leaved forest in southern China (Li et al., 2018; Luo et al., 2023). This study also found that the disturbed evergreen broad-leaved forests had significantly lower biomass relative to primary conserved forests. Due to its excellent protection regime, conserved forests in the Jiulong Mountain National Nature Reserve have higher biomass than forests in east China (Dai et al., 2017). Plant scientists have focused more attention on the functional traits of natural vegetation than on functional traits in artificial and anthropogenically disturbed vegetation (Liu and Ma, 2015), with most of the data in global and Chinese plant trait databases collected from natural vegetation (Kattge et al., 2011; Kattge et al., 2020; Wang et al., 2018). Here and in the other few studies conducted in Chinese subtropical forests, disturbed forests had significantly higher LDMC, lower LA and SLA, and similar LTD compared with conserved forests (Huang et al., 2022).

Biodiversity, biomass, functional traits, and their interactions can reveal responses and adaptation to specific environmental conditions, resource acquisition and utilization strategies, and the corresponding life history strategies that adopted by vegetation to adapt to various environments (Díaz et al., 2016; Pugh et al., 2019; Meyer et al., 2021). Plants employing a resource acquisition strategy usually grow rapidly (high photosynthetic rate), with high leaf turnover, N content, and SLA, while those adopting a resource conservative strategy usually grow slowly (low photosynthetic rate) with relatively slow leaf turnover, N content, and SLA (Chen and Xu, 2014). Plants tend to adopt different life history strategies when they grow in different environments (Liu et al., 2023). Such environmentally-mediated differences in species composition and life history strategies could reduce niche overlap, maintain high biodiversity, and strengthen ecosystem stability (Liu and Ma, 2015). In this study, we found that individuals in disturbed forests allocate more resources to cope with unfavorable conditions than to grow. As such, they adopt a resource conservation strategy, increasing biodiversity and LT, LDMC, TTD, TDMC, BTD, BDMC, STD, and SDMC while reducing SLA to conserve resources and grow slower (lower biomass). In contrast, conserved forests allocate more resources for rapid growth (higher biomass), adopting a resource acquisition strategy and reducing biodiversity.

Anthropogenic disturbance has impacted forests in east China for much of recorded history, and land cover is dominated by disturbed forests and degraded vegetation such as shrub and grass communities. Remaining primary evergreen broad-leaved forest covers only 4% of its total distribution area in east China (Song, 2013; Liu et al., 2023). Ecosystem services, such as water conservation, biodiversity protection, and carbon sequestration could be enhanced by restoring climax evergreen broad-leaved forests in these degraded areas, mitigating the effects of regional and global environmental changes. A comprehensive comparison of plant biodiversity, biomass, and functional traits and subsequent assessment of life history strategy differences between conserved and disturbed forests will provide basic data for regional biodiversity and carbon inventories and for global and Chiense plant trait databases. It will also guide approaches to ecological management and restoration of degraded evergreen broad-leaved forest in east China.




5 Conclusion

Overall, our assessment of plant biodiversity, biomass, and functional traits suggests that individuals in disturbed forests adopt a resource conservation strategy, enhance biodiversity, and develop multiple functional traits such as high LT, LDMC, TTD, TDMC, BTD, BDMC, STD, and SDMC and low SLA to reduce the rate of biomass accumulation. Vegetation in conserved forests adopts a resource acquisition strategy, reduces biodiversity, and develops converse trait combinations to support high rates of biomass accumulation. A better understanding of the life history strategies of disturbed forests will improve forest conservation and restoration efforts in east China.
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Climate varies along geographic gradients, causing spatial variations in the effects of energy and water on species richness and the explanatory power of different climatic factors. Species of the Quercus genus are important tree species in China with high ecological and socioeconomic value. To detect whether the effects of energy and water on species richness change along climatic gradients, this study built geographically weighted regression models based on species richness and climatic data. Variation partition analysis and hierarchical partitioning analysis were used to further explore the main climatic factors shaping the richness distribution pattern of Quercus in China. The results showed that Quercus species were mainly distributed in mountainous areas of southwestern China. Both energy and water were associated with species richness, with global slopes of 0.17 and 0.14, respectively. The effects of energy and water on species richness gradually increased as energy and water in the environment decreased. The interaction between energy and water altered the effect of energy, and in arid regions, the effects of energy and water were relatively stronger. Moreover, energy explained more variation in species richness in both the entire study area (11.5%) and different climate regions (up to 19.4%). The min temperature of coldest month was the main climatic variable forming the richness distribution pattern of Quercus in China. In conclusion, cold and drought are the critical climatic factors limiting the species richness of Quercus, and climate warming will have a greater impact in arid regions. These findings are important for understanding the biogeographic characteristics of Quercus and conserving biodiversity in China.
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1 Introduction

The distribution pattern of biodiversity and its underlying mechanisms and determinants are one of the central issues in macroecology and biogeography (Gaston, 2000; Lomolino et al., 2017; McGill, 2019). The contemporary climate, environmental heterogeneity, historical events, and biological evolution work together to shape biodiversity (O'Brien et al., 2000; Wiens and Donoghue, 2004; Kreft and Jetz, 2007; Allouche et al., 2012; Stein et al., 2014; Willig and Presley, 2018; Dimitrov et al., 2023). Among these factors, contemporary climate is one of the major factors affecting the distribution pattern of biodiversity at broad scales (Wang et al., 2011; Chen et al., 2015; Vázquez-Rivera and Currie, 2015). Species richness, which refers to the number of species in a given habitat, is regarded as an important dimension of biodiversity (Nagalingum et al., 2015; Molles and Sher, 2018; Willig and Presley, 2018; Wang et al., 2022). Numerous studies have also confirmed that climate plays a decisive role in shaping species richness, especially energy (i.e., temperature) and water (i.e., precipitation) (O'Brien, 2006; Eiserhardt et al., 2011; Wang et al., 2011; Vázquez-Rivera and Currie, 2015; Xu et al., 2019; Subedi et al., 2020).

It has been widely demonstrated that species richness is strongly correlated with energy and water (Hawkins et al., 2003; Field et al., 2009; Brown, 2014; Lomolino et al., 2017; Bohdalková et al., 2021; Coelho et al., 2023). Warmer and more humid regions provide more available resources to plants, eventually sustaining higher species richness (Jiménez-Alfaro et al., 2016; Pandey et al., 2020). Bhatta et al. (2021) found that the richness distribution pattern of plants across the Himalayas could be explained by the interaction of energy, water, and their seasonal variation. Xu et al. (2019) reported that the species richness of the Quercus genus was a function of energy, water, and their interaction. China is a vast country with diverse climate zones (ranging from tropical to boreal zones) and vegetation types (including deserts, grasslands, alpine meadows, and forests), leading to obvious gradients of energy and water (Fang et al., 2002; Ding, 2013). There are consequent geographical shifts in species richness and spatial variations in the effects of energy and water (Hawkins et al., 2014). However, only a small number of studies have focused on these changing effects along climatic gradients on the regional scale (Coelho et al., 2023).

The gradients of energy and water also cause the explanatory power of different climatic factors for species richness to change across regions (Svenning et al., 2009). Previous research has explored the richness distribution patterns of different taxa and their climatic determinants in China (Chen et al., 2011; Wang et al., 2011; Shrestha et al., 2018; Chen and Su, 2020; Wang et al., 2022). For example, Pandey et al. (2020) clarified that climatic seasonality was the predominant factor underlying the distribution pattern of gymnosperm richness in China and found that energy–water was the best set to predict changes in species richness. Shrestha et al. (2018) studied the drivers of high Rhododendron diversity in southwest China and confirmed that climatic gradients and temperature seasonality played a key role in determining Rhododendron diversity. However, there is still a lack of research to identify the main climatic factors forming the richness distribution pattern of the Quercus genus in China and quantify their explanatory powers.

Species of the Quercus genus are important tree species all over the world, especially in the northern hemisphere (Menitsky, 2005; Gil-Pelegrín et al., 2017; Subedi et al., 2020; Chen et al., 2021; Xia et al., 2022). Quercus species are also dominant species that constitute 10% of China’s forest and have high ecological and socioeconomic value, such as maintaining biodiversity, ensuring ecosystem stability, and providing fire protection (Zhang, 2007; Gil-Pelegrín et al., 2017; National Forestry and Grassland Administration, 2019; Xia et al., 2022). According to the Flora of China Editorial Committee (1999), there are 40 species in the Quercus genus in China. These species are widely distributed, with high species diversity and broad ecological amplitudes, making Quercus a suitable taxon for large-scale research (Flora of China Editorial Committee, 1999; Zhang, 2007; Xu et al., 2016).

Based on species richness and climatic data, the present study examined how spatial variations in energy and water influenced the richness distribution pattern of the Quercus genus in China with geographically weighted regression (GWR). The relative importance of different climatic factors for determining the species richness of the Quercus genus was also calculated using variation partition analysis. This study aimed to answer the following questions: (1) What is the richness distribution pattern of the Quercus genus in China? (2) Do the effects of energy and water on species richness change along climatic gradients? (3) Which climatic factor is the most important in shaping the richness distribution pattern? Taking Quercus species distributed in China as research objects and investigating the relationship between species richness and climate are of great significance for understanding the biogeographic characteristics of the Quercus genus and conserving biodiversity in China.




2 Materials and methods



2.1 Species richness data

Thirty-five species in the Quercus genus distributed in China were selected for this research. The checklist was derived from the Flora of China, excluding three varieties and two species of the Cyclobalanopsis genus (Supplementary Table S1) (Flora of China Editorial Committee, 1999). Species distribution data were obtained from two sources: online specimen databases (the Chinese Virtual Herbarium database, http://www.cvh.ac.cn/; the National Specimen Information Infrastructure database, http://www.nsii.org.cn/2017/home.php; the PE Herbarium database, http://pe.ibcas.ac.cn/) and field surveys. Because most specimen records were recorded by administrative divisions or geographic locations and lacked information on the latitude and longitude, all species distribution data were organized at the county level, and only one of the multiple data located in the same unit (one county) was retained for each species. The number of species in a unit was used as the species richness data. To avoid the impact of the area on the research, the species richness data were converted to 20’ × 20’ grid cells (Zhang et al., 2017; Zhang et al., 2019). A total of 3,676 grid cells containing species richness data were utilized for analysis.




2.2 Climatic data

A frequently used climatic dataset from the WorldClim database (version 2.1, https://www.worldclim.org/data/worldclim21.html) was chosen for this study (Xu et al., 2019; Sun et al., 2020; Dimitrov et al., 2023; Poppenwimer et al., 2023; Yang et al., 2023). This dataset contained 19 bioclimatic variables, of which BIO1–BIO11 represented energy availability, while BIO12–BIO19 represented water availability (Table 1). In addition, the potential evapotranspiration (PET), actual evapotranspiration (AET), and aridity index (AI) were selected as research variables and downloaded from the CGIAR consortium for spatial information (http://www.cgiar-csi.org/). PET can characterize energy in an area, AET reflects the amount of water actually available to plants, and AI is an indicator assessing drought conditions (Wang et al., 2009; Li et al., 2013; Zomer et al., 2022). All climatic variables are listed in Table 1. The climatic data were resampled with a spatial resolution matching the accuracy of rasterized species richness data to 20 × 20 arc minutes in ArcGIS 10.6.


Table 1 | Climatic variables used in this study.



To analyze the problem of multi-collinearity between climatic variables, Spearman correlation analysis was performed for the variables of energy and water. The results showed significant correlations between climatic variables (Supplementary Figure S1). Principal component analysis (PCA) was performed for energy and water variables separately to address the problem of multi-collinearity. According to the stopping rules in PCA, the first principal components (PC1) for energy (EPC1) and water (WPC1) were extracted to represent the gradients of energy and water after dimensionality reduction, respectively (Jackson, 1993).




2.3 Data analysis

Ordinary least square (OLS) regression was employed to examine the relationship between the species richness of the Quercus genus and the climate in China. The OLS regression assumed a stationary relationship within the research area and generated global slopes on behalf of the constant effects of energy and water on species richness (Jetz et al., 2005; Weisberg, 2005; Hawkins et al., 2011; Li et al., 2013; Suissa et al., 2021). Then, GWR was conducted to determine whether the richness–climate relationship shifted geographically. GWR took the spatial non-stationarity into account, introduced distance weights, and regressed at each specific geographic location, enabling the estimation of local slopes in each study unit (one grid cell) and the assessment of the changing effects of energy and water on species richness (Fotheringham et al., 2002; Charlton et al., 2009; Eiserhardt et al., 2011; Keith et al., 2014; Huang et al., 2023). The local slope signified how many species could be gained or lost when changing one unit of energy or water (Xu et al., 2016). Two GWR models were constructed, with one (the GWR energy model) including species richness and EPC1, and the other (the GWR water model) including species richness and WPC1, and acquired local slopes indicating the effects of energy (Eslopes) and water (Wslopes) on species richness.

The model performance was estimated based on the correlated Akaike information criterion (AICC) value, where the smaller the value, the better the model (Cavanaugh, 1997; Fotheringham et al., 2002). It is generally accepted that there is a significant difference between models when the AICC values differ by more than three (Cavanaugh, 1997). Through the residual distribution of the OLS model, whether there was a spatial variation in the relationship between species richness and climate could be determined (Tripathi et al., 2019). This was the prerequisite for subsequent research.

Two linear models were established to evaluate the changing effects of energy and water along climatic gradients, with Eslopes against EPC1 and Wslopes against WPC1. Furthermore, regression analyses were conducted with Eslopes/Wslopes/Richness as dependent variables against EPC1 and WPC1 as independent variables to explore how the interaction between energy and water changed the independent effects of these factors on species richness. The results were presented in the form of contour plot.

To identify the main climatic factors shaping the richness distribution pattern of the Quercus genus in China, variation partition analysis (VPA) was used to calculate the explanatory powers of energy and water for species richness (Quinn and Keough, 2002; Murray and Conner, 2009; Pandey et al., 2020). As aforementioned, significant correlations between variables were observed (Supplementary Figure S1). With the least absolute shrinkage and selection operator (LASSO) algorithm, a common compression estimation method, two sets of variables (representing energy and water) that had a major influence on the species richness with low collinearity were screened in advance and utilized in VPA (Efron et al., 2004; Sun et al., 2020). Next, the relative importance of the selected variables was quantified using hierarchical partitioning (HP) analysis (Mac-Nally, 2002; Mac-Nally and Walsh, 2004; Pandey et al., 2020).

Based on the results of PCA for energy and water variables, the scores on the first axis were divided into four gradients (according to the quartiles): 0–25%, 25%–50%, 50%–75%, and 75%–100%, corresponding to the cold/arid, cool/semi-arid, warm/semi-humid, and hot/humid regions, respectively. The procedures above were repeated in different climate regions.

OLS and GWR were modeled in ArcGIS 10.6, and the value of species richness was log-transformed. The Lasso algorithm, VPA, and HP analysis were performed with R software. Other analyses were conducted in Origin 2022.





3 Results



3.1 Climate and richness distribution patterns

The results of PCA showed that the first principal components for energy (EPC1) and water variables (WPC1) explained 56.61% and 73.21% of the variance, respectively (Figure 1). According to the broken-stick stopping principle, EPC1 and WPC1 contained most of the information of the original climatic variables and could reflect variations in energy and water. Figures 2A, B depict the distribution patterns of EPC1 and WPC1, respectively. The distribution of climate exhibited an evident spatial pattern. With increasing latitude, the ambient energy (EPC1) gradually decreased. In addition to the change in latitude, there was also a reduced trend of available water (WPC1) from coastal to inland areas. This was consistent with the current climatic conditions in China.




Figure 1 | Biplot of principal component analysis. (A) Principal component analysis of energy variables; (B) principal component analysis of water variables. Black axes represent the loading plots, while red and blue axes represent the score plots.






Figure 2 | Distribution pattern of first principal component for (A) energy variables (EPC1) and (B) water variables (WPC1). (C) Richness distribution pattern of the Quercus genus in China. Colors from red to green represent species richness from high to low. Residual distribution pattern of the OLS energy model (D) and OLS water model (E). (F) Local slopes of the GWR energy model (Eslopes) distribution pattern. (G) Local slopes of the GWR water model (Wslopes) distribution pattern. The grey region in all figures represents the area without the distribution of Quercus species.



Species of the Quercus genus are widely distributed in China, but the richness distribution is uneven. The species richness of Quercus is higher in the south of China than in the northern region. As presented in Figure 2C, Quercus species are mainly concentrated in the mountains of southwestern China, and the area with the highest species richness is located in the Hengduan Mountains, where the species richness reaches 23, accounting for 65.71% of the total number of Quercus species.




3.2 Establishment, evaluation, and selection of models

The results of OLS model revealed that both energy and water were associated with the species richness of the Quercus genus in China, with global slopes of 0.17 (p < 0.01) and 0.14 (p < 0.01), respectively. Comparing the adjusted R2 and AICC values showed that energy and water variables were better fitted by the GWR model than the OLS model (Table 2). The residual distribution of the OLS model also exhibited a clear spatial pattern, demonstrating that the relationship between species richness and climate existed geographical shifts (Figures 2D, E). Therefore, the results of the GWR model were chosen for the subsequent analysis.


Table 2 | Different parameters derived from the OLS and GWR models.






3.3 Changing effects of energy and water on species richness

Figures 2F, G display the local slopes of the GWR energy model (Eslopes) and the GWR water model (Wslopes) distribution patterns, indicating apparent spatial variations in the effects of energy and water on the species richness of Quercus in China. Both Eslopes and Wslopes exhibited significant declines along with the increase in energy and water in the environment (Figure 3). Contour plots indicated that the interaction between energy and water had a certain effect on Eslopes. The decreasing trend of Eslopes with increasing EPC1 became indistinct, and the effect of energy on species richness was highest when energy availability was at a medium level, which signified that Eslopes would be influenced by water availability as it changed along EPC1 gradients (Figure 4A). The energy–water interaction had little effect on Wslopes. The gradual decline in Wslopes along WPC1 gradients is still distinct in Figure 4B, confirming that the shift of Wslopes with WPC1 is not affected by energy availability. As shown in Figures 4C, D, the highest species richness occurred in the areas with moderate energy and sufficient water, and the effect of climate on the species richness was the lowest at this time.




Figure 3 | Local slopes of the GWR model change along climate gradients. (A) Local slopes of the GWR energy model (Eslopes) decrease significantly along energy gradients (EPC1) (R2 = 0.245; P < 0.001). (B) Local slopes of the GWR water model (Wslopes) decrease significantly along water gradients (WPC1) (R2 = 0.206; P < 0.001).






Figure 4 | Contour plots showing the effect of the interaction between energy and water on (A) the local slopes of the GWR energy model (Eslopes); (B) the local slopes of the GWR water model (Wslopes); and (C) species richness. (D) Variation of species richness along the gradients of the local slopes of the GWR energy model (Eslopes) and GWR water model (Wslopes).



For different climate regions, Eslopes decreased faster with the increase in EPC1 in arid regions (Figure 5, Table 3), and the values of Eslopes were relatively higher in arid regions (Figure 4A). There was no obvious pattern in the variation of Wslopes with water gradients in different climate regions (Figure 5, Table 3). However, it was worth noting that Wslopes significantly increased with rising WPC1 in hot regions, and the values of Wslopes shifted from negative to positive (Figure 5H, Table 3).




Figure 5 | (A–D) Local slopes of the GWR energy model (Eslopes) changing along energy gradients in different climate regions. (A) Arid regions; (B) semi-arid regions; (C) semi-humid regions; (D) humid regions. (E–H) Local slopes of the GWR water model (Wslopes) changing along water gradients in different climate regions. (E) Cold regions; (F) cool regions; (G) warm regions; (H) hot regions.




Table 3 | Relationship between the local slopes of the GWR model and energy/water gradients in different climate regions.






3.4 Main climatic factors and their explanatory powers

A total of nine variables, namely BIO3, BIO5, BIO6, and PET on behalf of energy and BIO12, BIO14, BIO15, BIO18, and AI on behalf of water, were screened for VPA and HP analysis using the LASSO algorithm. Based on the results of VPA, the joint effect of energy and water had the highest explanatory power for species richness (16.4%), followed by the independent effect of energy (11.5%) (Figure 6A). For cold regions, the explanatory power of different climatic factors increased, with the explanatory power of energy (19.4%) being slightly higher than that of water (19.1%) (Figure 6B). In arid regions, the variations explained by energy and water increased (18.4% and 10.5%, respectively), but the independent effect of water remained lower than the joint effect of energy and water (13.9%) (Figure 6C). HP analysis provided the relative importance of each variable (Figure 7). BIO6 (min temperature of coldest month) made the highest contribution to species richness among all variables, while BIO15 (precipitation seasonality) contributed the most to species richness among water variables. In general, the relative importance of energy variables was higher than that of water variables.




Figure 6 | Results of variation partition analysis for the species richness of the Quercus genus in China with two sets of variables: energy (red circles) and water (blue circles). (A) All study areas; (B) cold regions; (C) arid regions. Numbers represent the proportion of variation explained (%) by energy and water. The number in the intersection of the two circles represents the joint effect of energy and water. Residuals represent the unexplained variation.






Figure 7 | Results of hierarchical partitioning analysis for the species richness of the Quercus genus in China with variables screened using the LASSO algorithm.







4 Discussion



4.1 Richness distribution pattern of the Quercus genus in China

The richness distribution pattern of the Quercus genus in China exhibited great spatial variation, and the areas with high species richness were primarily distributed in southwestern China, mostly along the major mountain ranges (from Hengduan Mountains to Qinling Mountains and Daba Mountains in central China). These mountainous areas with suitable temperatures and stable rainfall are hotspots for the distribution of many species, including the Quercus genus (Liu et al., 2017; Zheng et al., 2018; Yang et al., 2023). For example, Xie et al. (2022); Pandey et al. (2020); Sun et al. (2020), and Yu et al. (2017) have reported that the southwestern mountains in China are hotspots for the distribution of threatened conifers, gymnosperms, oaks, and rhododendrons, respectively. The results also indicated that the species distribution of the Quercus genus exhibited a certain trend of clustering, which was consistent with the result of a previous study by Sun et al. (2020).

As a whole, the species richness of Quercus in northern China was lower than that in southern China. This might be due to the fact that most Quercus species originated from tropical or temperate forests and have adapted to warm environments and lack tolerance for coldness (Flora of China Editorial Committee, 1999; Menitsky, 2005; Xu et al., 2016). The northwestern region of China (the Qinghai–Tibet Plateau and most of Inner Mongolia) has harsh and extreme climate conditions (Zhai et al., 1999; Ding, 2013). These areas belong to the temperate desert zone, temperate steppe zone, or Qinghai–Tibet Plateau high cold vegetation zone in terms of vegetation regionalization in China and are not suitable for the growth of Quercus species (Fang et al., 2002; Ding, 2013; Li et al., 2013). Therefore, there is basically no record of the species distribution of the Quercus genus in these regions (Zhang, 2007).




4.2 Changing effects of energy and water on species richness

A positive relationship was found between the species richness of Quercus and the climate in China, verifying that increases in energy and water would promote regional species richness. The results also confirmed that the effects of energy and water on species richness varied spatially, with a gradual increase from hot and humid regions to cold and arid regions. This is in accordance with previous findings that cold and drought are the key climatic constraints of species diversity (Xu et al., 2016; Zhang et al., 2019; Huang et al., 2023). It can be inferred that this is due to the enhanced physiological filtering of the environment on species as cold and drought intensify. Low temperatures and water deficits inhibit photosynthesis, slow water transportation, reduce the metabolic rate, and limit the growth of plants (Cavender-Bares et al., 2005; Apostol et al., 2007; Nobel, 2009; Anderegg and HilleRisLambers, 2016; Ahmad et al., 2019; Liu et al., 2021; Liu et al., 2023). By acting on the physiological tolerance of species, the decline in energy and water restricts their geographical distributions and ultimately influences the richness distribution pattern of plants through population dynamics (Anderegg and HilleRisLambers, 2016; Xu et al., 2016; Sun et al., 2020). Vessella and Schirone (2013) determined that drought and cold stresses were the main factors affecting cork oak occurrence in Italy. Xu et al. (2013) examined the role of evolutionary history on the species diversity of oaks and found that niche conservatism extended the effects of low temperature and drought on plant physiology to species distribution and diversity. This is in line with the physiological tolerance hypothesis, which proposes that lower species richness in cold and arid regions is attributed to fewer species being able to adapt to extreme climate conditions (Currie et al., 2004; Wang et al., 2011). This hypothesis was also supported by one of the findings of the present study that the species richness of Quercus was generally higher in the south of China than in the northern region.

The results also revealed that the effect of energy on species richness was changed by energy–water interaction. The findings suggest that the closer the available water to the physiological tolerance limit of Quercus species, the faster the species richness responds to the ambient energy. Xu et al. (2016) investigated the effect of the interaction between energy and water on the species diversity of Quercus and discovered that the effect of energy shifted from positive in dry regions to negative in wet regions, which also demonstrated that water influenced the relationship between diversity and energy. By contrast, the present research did not detect a change in the effect of water on species richness due to energy–water interactions. The gradually increasing effect of water along the gradient of water in hot regions, which was contrary to the overall trend, as well as the negative to positive conversion in the value of the water effect might be on account of the alleviation of water deficiency induced by high temperature.

By dividing the research area into different climate regions, this work demonstrated that the effects of energy and water on species richness were relatively stronger in arid regions. Many studies have corroborated that drought is a determining factor restricting the distributions of certain plants and regional species diversity (Choat et al., 2012; Zhang et al., 2019). Using pteridophytes to test the water–energy dynamic hypothesis, Huang et al. (2023) deduced that shifts of energy and water in dry environments could give rise to dramatic changes in the species richness of pteridophytes. Zhang et al. (2014) predicted that the loss of woody plants in Yunnan Province for the years 2070–2099 would mainly be related to the reduction of precipitation in the dry season and the instability of temperature. Because of global warming, temperature is increasing and will continue to rise in the future (IPCC, 2023). In view of the results of this work, it is speculated that the effect of climatic warming on the species richness of the Quercus genus will exhibit spatial differences in China and these species will be more vulnerable to climate change in arid regions. Therefore, it is necessary to strengthen conservation measures in arid regions to reduce the disadvantage of future climate change and lower the risk of species extinction.




4.3 Main climatic factors in shaping the richness distribution pattern

Energy explained more variation than water for the species richness of Quercus in China in both the entire study area and in different climate regions. Woody plants are more susceptible to energy because they have evolved an improved ability to adapt to water deficits (Oliver et al., 2000; Chen et al., 2015). In particular, most Quercus species are drought-resistant and have a relatively high tolerance for water deficits (Flora of China Editorial Committee, 1999; Menitsky, 2005). Compared with other climate regions, the explanatory power of climatic factors increased in cold and arid regions, also indicating that the effects of energy and water on species richness gradually increased with lower temperatures and the intensification of drought.

Min temperature of coldest month (BIO6) made the highest contribution to the species richness of Quercus in China. Sufficient energy, especially during the growing season and winter, is commonly regarded as a dominant factor limiting the growth and distribution of plants (Koehler et al., 2012; Larjavaara, 2014; Chen et al., 2021). Bhatta et al. (2021) confirmed that thermal energy was the core regulator for the species richness of plants in the Himalaya. Wang et al. (2011) explored the spatial distribution pattern of woody plants in China and its relationship with climatic factors. Their results clarified that mean temperature of coldest quarter (BIO11) had the greatest impact on species richness, and the distribution pattern of woody plants was mainly filtered by the frost. Most Quercus species originated from tropical or temperate zones, and the low temperature in winter would become one of the limitations for the northward migration of their distribution ranges (Sun et al., 2020). Among water variables, precipitation seasonality (BIO15) exhibited a high relative importance for species richness. Even though species of the Quercus genus are not highly dependent on water, unstable precipitation can still induce physiological damage to plants (Gao and Liu, 2018; Shrestha et al., 2018).

The tropics is widely considered the area with the highest biodiversity (Brown, 2014). However, environmental heterogeneity, historical events, and biological evolution have gave rise to diverse habitat preferences for different species (Chen et al., 2015; Sosa and Loera, 2017; Tripathi et al., 2019). The present research showed that the richness distribution hotspot of the Quercus genus in China was in the Hengduan Mountains, but the conditions of energy and water in this area were not the best. In terms of environmental heterogeneity, the uplift of the Qinghai–Tibet Plateau has led to complex topography and diverse vertical climate types in the Hengduan Mountains, resulting in a variety of habitats for plants and allowing species with different ecological niches to coexist in these areas (Stein et al., 2014; Pandey et al., 2020). In the present study, it was deduced that the high habitat heterogeneity in this region shaped the high species richness, which might also be the reason for the high unexplained residuals in variation partition analysis. In subsequent research, all related factors should be considered to examine the main environmental factors forming the richness distribution pattern of the Quercus genus in China.





5 Conclusions

Using the GWR model and a variety of statistical analyses, the effects of energy and water on the species richness of the Quercus genus in China and the explanatory powers of different climatic factors were quantified. The results indicated that the spatial variations in energy and water were important for explaining the richness distribution pattern. As cold and drought intensified, the effects of energy and water on species richness gradually increased. The climate effects were relatively stronger in arid regions, suggesting that arid regions would be more vulnerable to future climate change. In addition, this research found that energy played a more important role in forming the richness distribution pattern of the Quercus genus in China. However, some limitations existed in this research, such as possible bias in the acquisition of species richness data and the relatively low resolution of climatic data. The inclusion of phylogenetic analysis and an increased number of biotic and abiotic factors are necessary for further research. Nevertheless, exploring how species richness responds to climate has important theoretical value and practical implications for understanding the formation mechanisms of biodiversity and predicting the impact of future climate change on biodiversity.
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The diversity of flower colours in nature provides quantifiable evidence for how visitations by colour sensing insect pollinators can drive the evolution of angiosperm visual signalling. Recent research shows that both biotic and abiotic factors may influence flower signalling, and that harsher climate conditions may also promote salient signalling to entice scarcer pollinators to visit. In parallel, a more sophisticated appreciation of the visual task foragers face reveals that bees have a complex visual system that uses achromatic vision when moving fast, whilst colour vision requires slower, more careful inspection of targets. Spectra of 714 native flowering species across Taiwan from sea level to mountainous regions 3,300 m above sea level (a.s.l.) were measured. We modelled how the visual system of key bee pollinators process signals, including flower size. By using phylogenetically informed analyses, we observed that at lower altitudes including foothills and submontane landscapes, there is a significant relationship between colour contrast and achromatic signals. Overall, the frequency of flowers with high colour contrast increases with altitude, whilst flower size decreases. The evidence that flower colour signaling becomes increasingly salient in higher altitude conditions supports that abiotic factors influence pollinator foraging in a way that directly influences how flowering plants need to advertise.
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Introduction

Flowering plants form an experimentally accessible way to investigate how signals may evolve due to biotic influences like the visual capabilities of important pollinators (Chittka and Menzel, 1992; Dyer et al., 2012; Dyer et al., 2021) that facilitate the efficient transfer of pollen and/or abiotic factors like environmental climate or solar radiation (Koski and Galloway, 2018; Peach et al., 2020). Recent research has considered for the Australian continent the potential contributions of biotic or abiotic factors on flower colour and found that whilst both factors do contribute, the pollination by animal vectors was the main influence (Dalrymple et al., 2020).

Bees of the world are prolific pollinators of flowering plants (Michener, 2007). Comparative research on a wide variety of bee species from around the world has established that colour sensing in all tested bees is phylogenetically conserved, suggesting all known species probably see colour in a similar way (Briscoe and Chittka, 2001). The honeybee in particular serves as an important model species for understanding biotic pollination since colour vision has been extensively studied for over 100 years (von Frisch, 1914; von Frisch, 1967; von Helversen, 1972; Galizia et al., 2012). Honeybees have colour vision based on UV-, blue-, and green-sensitive photoreceptors which enable colour perception via opponent neural processing in multiple layers of the bee brain (Peitsch et al., 1992; Dyer et al., 2011). As free flying insects, the visual system of bees needs to balance several factors to forage including often moving longer distances, moving quickly between dense foliage, avoiding collisions (Srinivasan, 2010), detecting potential food sources like flowers amongst foliage (Bukovac et al., 2016; Dorin et al., 2023), and then enabling recognition of profitable flowers that are of value to land on (Garcia et al., 2020). As colour vision involves multiple photoreceptors and neural processing, this sense is more costly in terms of processing time. Honeybees thus employ their vision in a dynamic way. Flying fast and detecting targets at a distance (small visual angle) is processed by the green-sensitive photoreceptor channel enabling efficient achromatic vision, whilst colour vision is used when a bee slows down to inspect a flower at a large visual angle and this vision involves all three photoreceptor channels. Experiments on free flying bumblebees shows that both chromatic and achromatic signals and flower size significantly affect the efficiency with which either plastic-model (Spaethe et al., 2001) or real (Dyer et al., 2007) flowers are found. How this complexity of bee pollinator vision may have affected flower evolution has only been explored recently (e.g., Garcia et al., 2021), showing that in Nepal there is a significant positive correlation between flower size and chromatic colour contrast in the subalpine region, but a negative correlation at the lower altitudes; whilst at high elevations in Norway, flower size was positively correlated with achromatic green contrast. These initial results are suggestive that abiotic factors like climatic conditions may affect biotic flower colour signalling in complex ways.

To further investigate how abiotic factors may influence biotic flower colour signalling, island biogeography and the distribution of flowering plant diversity across the elevational gradients is important to understand. Taiwan, encompassing our current study sites, is an island territory close to mainland China and evolved approximately 4 to 5 million years ago (Wu, 1978; Biq et al., 1985). Several high mountains over 3,000 m a.s.l. exist in Taiwan and have created topographically isolated habitats below and above the treeline and fast-changing climatic zones (from tropical low land forest to alpine vegetation) along the elevation changes. Mountains are high value sites for understanding how abiotic or biotic factors may influence flower colour signalling (Arnold et al., 2009). The multiple origins of Taiwan flora (Huang, 2011) and complex island habitats (Li et al., 2013) thus may have potentially generated specific floral colour diversity at different elevations. For example, at different elevations, available resources such as soil nutrients as well as energy flux potential (Jentsch and White, 2019) may cause plants to have different flower sizes, which could require different spectral signalling to optimally capture the attention of bee pollinators. However, currently very little is known about Taiwanese or even Asian flower colouration and signal evolution with respect to animal pollinator colour vision. One recent study in Taiwan (Tai et al., 2020a) showed that flower signals do show the same general patterns of conforming to pollination by bees as has been established in other countries (Chittka and Menzel, 1992; Dyer et al., 2012; Bischoff et al., 2013; Shrestha et al., 2014). In addition, honeybees and bumblebees are frequently observed across Taiwan (Sung et al., 2006; Kudo et al., 2024 preprint). In the current study, we thus employed the analysis techniques of understanding how bee colour vision optimally finds flowers depending upon chromatic and/or achromatic signals, and the respective size of flowers. This research was conducted within a phylogenetically informed statistical analyses framework to investigate if there may be evidence of abiotic factors influencing biotic colour signalling at several elevational ranges.





Materials and methods




Study area and sample collection

Our study sites include the islands of Taiwan. The main island of Taiwan lies in East Asia located in between 21.916107° N - 25.086991° N, 120.787456° E - 121.899446° E with a land area of 35,808 square kilometers. The island is surrounded by the South and East China Seas and at the nearest point is 130 km from any other major continental land mass (Figure 1, see details in Tai et al., 2020a). Our sample locations include the Taiwanese main island and two nearby offshore islands (Green Island and Orchid Island) (Figure 1). These sampling sites cover the major vegetation zones in Taiwan. Further, our study sites mostly includes the National Parks in the different elevational regions, which represents all vegetation types in the study region. We collected the flowers of native species (For example, Figure 2) from March 2016 to September 2017, covering two periods of the peak blooming (Tai, 2018). Our current study comprised of a total of 714 native flowering species.




Figure 1 | (A) Overview of location of Taiwan, and (B) Location of sampling sites and elevational range within Taiwan Solid circles, squares and triangle represents the different sampling sites. Maps are prepared using package Maps in R version 3.4.4.






Figure 2 | Example of flowering plants from five different elevational zones in Taiwan. (A) Trachelospermum lanyuense (15mm); (B) Alpinia x ilanensis (16mm); (C) Trochodendron aralioides (15mm); (D) Anaphalis morrisonicola (7mm); (E) Spiraea hayatana (4.5mm); (F) Ipomoea imperati (37.5mm); (G) Begonia longifolia (22mm); (H) Adenophora morrisonensis (31.5mm); (I) Veratrum shuehshanarum (12mm); (J) Veronica morrisonicola (11mm); (K) Bretschneidera sinensis (45mm); (L) Tricyrtis formosana (45mm); (M) Rhododendron formosanum (50mm); (N) Gentiana arisanensis (19.5mm); (O) Viola adenothrix var. tsugitakaensis (17.5mm). We show mean flower size (diameter, mm) in parenthesis for each species. Image credit: King-Chun Tai.



Our study site was divided into five sub-categories based on vegetation zones (Li et al., 2013): i. Foothills (<500m a.s.l.), ii. Submontane (500-1,499m a.s.l.), iii. Montane (1,500-2,499m a.s.l.), iv. Upper-montane (2,500- 2,999m a.s.l.), and v. Alpine (>3,000m a.s.l.).





Floral colour measurement

Floral colours were measured using an Ocean Optics spectrophotometer (Ocean Optics Inc., USB-4000+, USA) with a UV-VIS-NIR light source (Ocean Optics Inc., DH-2000-BAL, USA) and a quartz fiber-optic probe (Ocean Optics Inc., Lab-grade Reflection Probes, USA) relative to a 100% white standard and 0% black dark reference. The flower reflectance spectra were measured from 300 to 700 nm and then processed by the software OCEAN VIEW (Ocean Optics Inc., USA), and this range encompasses the visible spectrum of key pollinators. We sampled 3-5 flowers from each respective species from all of the sampling sites. All the flower colour data are available in Tai et al., 2020b (Dryad database).





Hymenopteran colour space modelling

The hexagon colour space was developed for hymenopteran insects by Chittka (1992) and has recently been shown to accurately model broad-band flower spectra as perceived by bee pollinators (Dyer et al., 2007; Garcia et al., 2017). The implementation of the colour modelling used the photoreceptor data for Apis melifera since the spectral sensitivity of the photoreceptors and colour opponency mechanisms for higher order processing are well characterised (Peitsch et al., 1992; Dyer et al., 2011).





Green contrast and colour contrast

Following the same method as Spaethe et al. (2001), the biologically relevant factors of the green contrast and/or colour contrast were modelled to represent the respective achromatic and chromatic signals of flowers for each species considering bee vision. Long wavelength green contrast modulated the green receptor excitation generated by any stimulus relative to the modelled 0.5 signal strength of the adaptation green foliage background in the hexagon colour space (Chittka, 1992; Spaethe et al., 2001; Garcia et al., 2021). Thus, the green contrast for each flower was calculated as an absolute difference value between the green receptor excitation and 0.5 (e.g., gc= |0.5-E(g)|), where E(g) represents the green receptor excitation. The colour contrast of each species’ flower was calculated as Euclidean distance from the respective locus to the achromatic centre in the bee colour hexagon (for calculation details, see Method S1).





Phylogenetic tree

The phylogenetic tree constructed in Tai et al. (2020a), (available in the Dryad Digital Repository) was used to inform the analyses. We pruned the phylo-tree and prepared a new phylogenetic tree to exclude some species lacking flower size data. Some branches were left unresolved as polytomies.

To access the phylogenetic comparative analysis for flower signals data among five elevational zones, we used the phylo.maker function in R package ‘V.PhyloMaker’ (Jin and Qian, 2019). We used options ‘scenario 3’ to reconstruct the phylogeny and the output tree available is Figure 3.




Figure 3 | Left panel: phylogenetic relationship for 714 species. Terminal branches are visually presented as the flower colour of each species for human vision, which was generated based on the reflectance spectrum using the function ‘spec2rgb’ in R package PAVO. Solid circles at the tip represent the elevational zone for the respective plant species (dark green: foothills, light green: submontane, gold: montane, orange: upper-montane, beige: alpine). Right panel: pruned sub-tree from the whole phylogeny (see red square on the left panel) that shows the elevational zone, flower colour, and flower size for each example plant species. Solid squares at the tip represent the elevational zone. The solid green, solid red, and open white circles represent the green contrast, colour contrast, and flower size for each species, respectively, while the size of the circles indicates the magnitude of each variable.







Response variables: flower size and elevation

Flower size (i.e., flower diameter, mm) and altitude data were obtained from various floras, books, and electronic databases (Supplementary Table S2). We basically used three electronic databases, including a) Flora of Taiwan, 2021 Second Edition (https://tai2.ntu.edu.tw), b) Flora of China, 2021 (www.efloras.org), and c) kplant, 2021 (http://kplant.biodiv.tw), to obtain the required data. Our data are based on Flora of Taiwan as we used local flora for the data extraction and used efloras or kplant when the required data was absent. The study obtained the minimum and maximum value of the flower diameter. If flower diameter data were absent, we alternatively obtained the minimum and maximum size of the most showy floral part, i.e., in most of the species, the petals, while in some clades, sepals (e.g., Clematis sp.) or standards (e.g., family Fabaceae). Flower size (Size) was thus typically measured as the average flower diameter, or 2 × average petal (or sepal) size of each species. Details of Size calculation for some atypical flowers are supplied in Supplementary Table S2.

We obtained the species distribution range for respective species using a similar approach and calculated the mean value (Supplementary Table S2) which is used in our data analysis. We categorised the respective species into five different groups based on the range of distribution for each species (see details above in Study area and sample collection). Figure 4 provides the flower size across the different elevation zone.




Figure 4 | Flower size (i.e., flower diameter, mm) at different elevational zones.







Data analysis

The graphical summary of the distribution of green contrast, colour contrast, and size values of flowers present at each location shows the variability of signals (Figure 5), and the quantitative data suggest that at the alpine altitude flowers display colour signals of the highest colour contrast, whilst the frequency of large flowers decreases (Table 1). This trend for flower size is reflected by the mean values observed for these parameters at each location (Figure 6), whilst colour contrast indicates that more complex processes perhaps influenced by different pollinators may be at play, and green contrast appears to be the least influenced by changes in altitude. The data showing that flower colour signals become increasingly salient at alpine altitudes is perhaps as a solution to facilitate the detection of smaller flower targets by bee pollinators. To test this hypothesis, we built linear models explaining the effect of either colour contrast or size on the amount of green contrast displayed by flowers sampled at each location. For each site, we defined green contrast values as the response variable and tested for any significant effect of either colour contrast or size on the dependent variable.




Figure 5 | Distribution of green contrast (panels A-E, solid bars), colour contrast (panels F-J, hatched bars), and size (panels K-O, cross hatched bars) values for the flowers of 714 species at five elevational zones, n= in the island of Taiwan: Foothills (< 500 m a.s.l., first column, n=183), Submontane (500– 1,499 m a.s.l., second column, n=258), Montane (1,500–2,499 m a.s.l., third column, n=170), Upper-montane (2,500–2,999 m a.s.l., fourth column, n=67), and Alpine region (>3,000 m a.s.l., last column, n=36).






Figure 6 | Mean and 95% confidence intervals for the (A: green contrast, GC), (B, colour contrast, CC), and (C: size) observed at each elevation: Foothills (1), Submontane (2), Montane (3), Upper-montane (4), and Alpine (5).




Table 1 | Modes indicating to the most frequently observed green contrast (GC), colour contrast (CC), and size values at each elevational zone.



Following the analysis procedure in Garcia et al. (2021), we tested for the potential effects of colour contrast and size on the green contrast (to account for the pollinator discrimination perspective) of the data corresponding to each tested elevation using linear models. Each model had the general form Y=β0+β1X +E, where Y represents the response variable (green contrast), X is a matrix containing the independent variable(s), colour contrast or size, included in the model, β0 is the intercept and β1 is the coefficient unique to each predictor, and E is an error term. The formulation of the linear models included reconstructed phylogenies for the species present on each site to account for non-independence between observations due to a shared evolutionary history (Freckleton et al., 2002). We calculated the regression coefficients for each elevation using the pgls function in R package ‘caper’ (Orme et al., 2018) which estimates the phylogenetic signal Pagel’s λ (Pagel, 1999) for each relation along with the value for the model’s parameters.

Pagel’s λ is a scaling parameter, ranging between 1 and 0, and was used to evaluate the degree to which closely related species exhibit similar trait values. When λ = 0, the trait is assumed to evolve independently along phylogeny (no signal) while λ=1 indicates the trait follows a Brownian motion evolution (strong signal). Some of our species tip label phylogeney are not resolved and have polytomies; Pagel’s λ performs more robustly with the incompletely resolved phylogeny in multispecies analysis (Molina-Venegas and Rodríguez, 2017). Thus, Pagel’s λ values were calculated for flower size and green and colour contrast. Modelling was done using the function phylosig in the package ‘phytools’ for R.

The analyses also tested for potential non-linear relationships between the independent variables and green contrast for each site. Potential non-linearity of the relationship between responses and the predictor variable was modelled by including the quadratic terms Y = β0+ β1X2 + β2X + E into the models or by applying a logarithmic transformation to the independent variable Y = β0 + β1log(X) + E. The model that best described the observations was selected based on the values of the Aikaike Information Criteria (AIC) and adjusted R2 value, following standard model selection procedures (Hurvich and Tsai, 1989; Crawley, 2013).






Results

We found that flower size decreases along the elevation zone (Figure 4) in our study sites. We further plotted the raw spectral data and converted them into the bee hexagon model (Figure 7) to show the how bees see the colour.




Figure 7 | Floral reflectance spectra based on elevational zones (first column; A, C, E, G, I), and floral spectra in bee colour hexagon model in Taiwan (second column; B, D, F, H, J). The colour bar at the x-axis in the first column shows the human colour. The red circles in the hexagons show the achromatic region where bees do not reliably perceive chromatic signals. Colour solid circles (second column B, D, F, H, J) in bee hexagon represents the human flower colours that falls at different colour region (UV:Ultraviolet, B: and G: Green)  of bee colour space.



The values and significance of the predictors in the five linear models are presented in Table 2 along with the phylogenetic signal calculated for each data set. Colour contrast was found to have a significant non-linear effect on the green contrast of flowers present in the Foothills (< 500 m a.s.l.) and Submontane (500–1,499 m a.s.l.) zones (Figure 8). Flower size did not predict green contrast at any elevational zones.


Table 2 | Values and statistical significance of the linear coefficients (β) describing the effect of colour contrast (cc) and flower size (sz) on the green contrast of flowers present at five different zones on the island of Taiwan.






Figure 8 | Graphical representation of the linear models describing the relationships between colour contrast, flower size, and green contrast for flowers present at five different elevations on the island of Taiwan: Foothills (A), Submontane (B), Montane (C), Upper-montane (D), and Alpine (E). Significance of the relationship is indicated by asterisks: α = 0.05 (*), α = 0.01 (**), and not significant (NS). Markers on each panel indicate the values for the significant predictor and green contrast for the plant species present at each elevational zones.



The analyses revealed that alpine flowers show no phylogenetic signal for green and colour contrast, nor for flower size (Table 3). These results indicate that alpine zone flower colour and size signals are labile and may experience stronger selection pressure to be flexible and adapt when compared to some other altitudes. A phylogenetic signal for colour contrast was only detected for the montane species, whereas phylogenetic signals for green contrast were detected at all elevations except the alpine zone (Table 3). Overall, these results suggest that colour signals may be more evolutionary labile than the achromatic signals.


Table 3 | Phylogenetic signals (Pagel’s λ) for the green contrast (GC), colour contrast (CC), and flower size (SIZE) of species among all five elevational zones in Taiwan.







Discussion

Recent research has demonstrated that both abiotic and biotic factors contribute to influencing the colouration of flower signals and suggested that more salient colours may be the product of harsher conditions (Dalrymple et al., 2020; Dyer et al., 2021). In parallel to this finding, evidence that important pollinators like bees use their vision in complex dynamic ways incorporating both achromatic (principally for flower detection at a distance) and chromatic (for flower recognition at close range) contrasts in a way that significantly affects flower colouration has emerged (Garcia et al., 2021). In a phylogenetically informed framework, we investigated if flower colour may change for a large island community depending upon the altitude of the flowering plants. This required both a large database of flowers and an accurate model of how colour signals are perceived by bee pollinators. Based on 714 flower spectra measured with a spectrophotometer from 300-700 nm and subsequent modelling in a hexagon colour space for plant-pollinator interactions (Chittka, 1992; Shrestha et al., 2019a), we found evidence of significant non-linear relationship between chromatic colour contrast and achromatic green contrast of flowers present in the foothills (< 500 m a.s.l.) and submontane (500–1,499 m a.s.l.) zones (Figure 8). Somewhat surprising given that achromatic green contrast enables the detection of flowers at a smaller visual angle due to the fundamental wiring of the visual system of honeybees (Giurfa et al., 1996; Giurfa et al., 1997; Spaethe et al., 2001; Dyer et al., 2008), our data analyses showed that flower size did not predict green contrast at any categorised elevation in Taiwan (Table 3). However, we did observe that the frequency of flowers with high colour contrast was highest at the alpine altitude, whilst flower size decreased at higher elevations (Figure 4). This finding for Taiwan is consistent with evidence from Australia (Dalrymple et al., 2020) and Norway (Garcia et al., 2021) that harsher environments such as on mountains influence flowering plants to advertise with more salient colour signals to best advertise to pollinators. This observation was additionally supported by the fact that the alpine flowers in Taiwan show no phylogenetic signals for neither green and colour contrast nor size (Table 3), which suggested elevation effects may drive selection not only of colour signals but also extend to the size signal.

Interestingly, it is worthy to note the colour contrast of the flowers show less phylogenetic signals compared to green contrast (Table 3), indicating colour contrast is more labile (Figure 3) and evolutionarily plastic. A similar pattern was observed within Australia as the phylogenetic signal was absent for colour contrast but detected when considering green contrast (Garcia et al., 2021). This is perhaps because the bees are known to employ green contrast for long distance detection but use colour contrast for close inspection for the flowers to visit or even pollinate, which has real impact on the reproduction success of angiosperms (Giurfa et al., 1996; Garcia et al., 2021). Therefore, colour contrast promoting a decision to land on a flower may theoretically receive stronger selection pressure than green contrast, although green contrast improves flower detection. It will thus be of value in future research to consider in other environments the degree to which the dynamics of bee pollinator vision may have influenced flower colour evolution in different countries.

The evidence that flower size overall decreased considering increasing altitudes (Figure 4) is interesting as behavioural studies over the past decade have shown that bees can use size as an important cue for making decisions (Avarguès-Weber et al., 2014; Howard et al., 2017), and interestingly, the capacity to process size is linked to the cognitive abilities of bees to estimate quantities (Bortot et al., 2020) and potentially forage efficiently. Moreover, similar to the patterns observed in Taiwan, flower size decreasing along elevation was reported at both species and community levels in China, Nepal, and Norway (Zhao and Wang, 2015; Garcia et al., 2021), which may be because of the resource-cost compromise in harsh alpine environments. Kudo et al. (2024) suggested that the higher frequency of flies compared to bees that visited flowering plants in the Mt. Hehuanshan area (Nantou County), 3000m a.s.l., in central Taiwan may be due to the harsh environmental conditions. However, in New Zealand, mountains bees were the main pollinator despite flies being more frequent flower visitors (Bischoff et al., 2013). Further, flower size reduction (Figure 4) may be due to the increasing self-pollination and the abrupt changes in climate at high elevations (Bliss, 1962; Körner, 2003; García – Camacho and Totland, 2009; Körner and Paulsen, 2009). Currently however, there is dearth of a long-term study about the later theory increasing selfing (Wirth et al., 2010) and potential reductions in flower sizes. We also found lower species diversity at higher elevations and our sampling size n =36 represents the overall species diversity at higher elevations. Nonetheless, several studies observed counter cases where some plant species present larger flower sizes at high altitudes (Kudo and Molau, 1999; He et al., 2017). Recent works in the northern and southern hemispheres provide comparable evidence that the level of precipitation contributes more than other factors to the variation of flower size (Zhao and Wang, 2015; Hendriks, 2019). Thus, complex changing environmental factors and the requirement to gather optimal rewards is likely to have been a driver for the complex visual processing of spatial cues like size that has been observed in bees (Avarguès-Weber et al., 2014; Howard et al., 2017; Bortot et al., 2020).

It is also known that flower signaling can be influenced by different orders or even species of pollinator. For example, whilst bee pollinators promote a variety of salient flower colours across the colour space of bees (Figure 7), plants pollinated by flies are most frequently a dull yellowish green colour and have loci in a different region of colour space compared to bee pollinated flowers (Garcia et al., 2022; Dyer et al., 2023). Interestingly, recent evidence suggests that in some mountain environments, fly visitors may become relatively more frequent than bee pollinators due to climatic conditions (McCabe and Cobb, 2021; Kudo et al., 2024). Even between bee species colour preference experiments reveal some evidence of consistent preferences, such as for short wavelength rich “blue” colours, but also some differences between species that might influence the frequency with which particular plants are pollinated (Giurfa et al., 1995; Koethe et al., 2016). A limitation of the current study is that whilst measuring flowering plant colouration across Taiwan, it was not possible to simultaneously capture a detailed survey of the insect species at the respective altitudes as this type of data in itself requires different methodologies (Shrestha et al., 2019b and reference within). We did however observe that honeybees, bumblebees, and several other bee species were frequently present across Taiwan (Starr, 1992; Sung et al., 2006; Lu and Huang, 2023; and Kudo et al., 2024); thus, the colorimetric analyses implemented was relevant at all field sites. Whilst for fly pollinators, new analyses tools like for colour similarity judgements have emerged (Garcia et al., 2022), it currently remains an open question how fly pollinators may use chromatic and/or achromatic contrasts for flower detection and subsequent recognition. Given the new colorimetric evidence that flower signalling does change dependent upon altitude (Figure 4), it will in future research be of high value to try and dissect flower visitations by insect species at different altitudes by insect pollinators in Taiwan, and to separately evaluate the dynamics of their vision using standard methods (Giurfa et al., 1996; Giurfa et al., 1997; Dyer et al., 2008; Dyer et al., 2016) and how such biotic-mediated processes can influence flower colour signalling at a community level (Shrestha et al., 2019c; Garcia et al., 2021). It is also potentially important to incorporate hypotheses frameworks that consider the complex signalling that may evolve when different species are flower visitors in an environment (Rodríguez-Sambruno et al., 2023).

When considering a large but relatively isolated study site like the island environments of Taiwan or Australia, it is likely that abiotic factors will interact with biotically mediated colour selection forces in a complex and non-trivial way (Verloop et al., 2020). For example, variations in solar radiation and energy flux potential (Jentsch and White, 2019) can lead to a modulation of the production of anthocyanins and flavonols (Falcone Ferreyra et al., 2012), which could also influence flower appearance. Various pigments may also have specific functions in protecting flowers from abiotic stressors like increasing the amount of ultraviolet absorbing pigments to mask the amount of potentially damaging ultraviolet light that is reflected to the pollen (Koski and Ashman, 2015; Dyer et al., 2021). Pigments within the petal surface can affect the resultant colour signals in complex ways due to how and where within the petal surface the pigments are incorporated relative to other optical-modulating particles or cell structures (van der Kooi et al., 2019). The current study demonstrates that flower colour and its pattern does exhibit evidence of significant variations in signalling at different elevations across Taiwan as perceived by biologically important bee pollinators. Therefore, it will be of high value to conduct more fine-grained research within specific altitudinal ranges to understand the precise mechanisms that are involved, and how possible alterations in the climate and/or habitat fragmentation may impact them.
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Plant functional traits reflect the capacity of plants to adapt to their environment and the underlying optimization mechanisms. However, few studies have investigated trade-off strategies for functional traits in desert-wetland ecosystems, the mechanisms by which surface water disturbance and groundwater depth drive functional trait variation at the community scale, and the roles of intraspecific and interspecific variation. Therefore, this study analyzed specific differences in community-weighted mean traits among habitat types and obtained the relative contribution of intraspecific and interspecific variation by decomposing community-weighted mean traits, focusing on the Daliyabuyi Oasis in the hinterland of the Taklamakan Desert. We also explored the mechanisms by which surface water and groundwater influence different sources of variability specifically. The results showed that plant height, relative chlorophyll content, leaf thickness, leaf nitrogen content, and nitrogen-phosphorus ratio were the key traits reflecting habitat differences. As the groundwater depth becomes shallower and surface water disturbance intensifies, plant communities tend to have higher leaf nitrogen content, nitrogen-phosphorus ratio, and relative chlorophyll content and lower height. Surface water, groundwater, soil water content, and total soil nitrogen can influence interspecific and intraspecific variation in these traits through direct and indirect effects. As arid to wet habitats change, plant trade-off strategies for resources will shift from conservative to acquisitive. The study concluded that community functional traits are mainly contributed by interspecific variation, but consideration of intraspecific variation and the covariation effects that exist between it and interspecific variation can help to further enhance the understanding of the response of community traits in desert-wetland ecosystems to environmental change. Surface water disturbance has a non-negligible contribution to this adaptation process and plays a higher role than groundwater depth.
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1 Introduction

Plant functional traits are core attributes that reflect the response of vegetation to environmental change and strongly influence ecosystem function (Huxley et al., 2023; Jiang et al., 2023). Studies aimed at elucidating the formation mechanisms of functional traits enable the exploration of community ecology-related issues. Functional traits can be studied on multiple scales, and research results have been accumulated at individual as well as ecosystem levels (Roscher et al., 2018; Li et al., 2021; Ouyang et al., 2023). Since the introduction of the leaf economics spectrum concept in 2004, research focused on single traits or groups of traits has gradually shifted to strategies involving trade-offs among traits (Wright et al., 2004). The two ends of the leaf economics spectrum represent the conservative strategy (typically a longer leaf longevity and a lower specific leaf area, leaf nitrogen content, and photosynthetic rate) and the acquisitive strategy (typically a shorter leaf longevity and a higher specific leaf area, leaf nitrogen content, and photosynthetic rate) (Pan et al., 2020). Gathering information on the trade-off characteristics of traits enables researchers to interpret the adaptive strategies of plants under different environmental conditions and helps understanding the mechanisms underlying coexistence between species.

The response-effect trait theory suggests that species’ responses to the environment and their impacts on ecosystem functions are mediated by functional traits (Suding et al., 2008). The community-weighted mean (CWM) trait allows the mean value of traits to be calculated at the community scale using the values of community characteristics as weights (Garnier et al., 2004). The method takes the growth statuses of dominant and non-dominant species in the community into consideration and effectively identifies trait differences between communities. The trade-off strategies of traits illustrate the process of variation that exists in their response to environmental change. This variation can be categorized as inter- or intraspecific. In general, interspecific variability refers to changes in environmental conditions that cause changes in community species composition, known as species turnover (Hogan et al., 2023). In contrast, intraspecific variability refers to environmental effects on phenotypic plasticity in the same species that lead to changes in traits (Siefert et al., 2015).

The degree of intraspecific variation varies by species and trait but is associated with spatial and temporal heterogeneity in environmental conditions (Westerband et al., 2021; Wu et al., 2021). Researchers have begun to gradually focus on intraspecific variation in functional traits over the last decade and have launched a series of studies based on environmental gradients. Kichenin et al. (2013) quantified interspecific versus intraspecific variation in community functional traits across an altitudinal gradient and concluded that positive versus negative covariation between the two reveals plant responses to environmental change; Tusifujiang et al. (2021) concluded that desert plant adaptation decreases gradually when the environment changes from saline to drought stress based on the decrease in intraspecific variation due to increased drought stress. Many previous studies have tended to focus only on the effects exerted by interspecific variability on CWM traits, thereby unconsciously weakening the understanding of adaptive capacity and variability of the species themselves. Therefore, quantifying the relative contributions made by interspecific and intraspecific variability and analyzing their formation process may lead to a better understanding of the driving mechanisms of traits at the community scale (Paź-Dyderska et al., 2020; Xu et al., 2020).

Desert-wetland ecosystems are common in inland river basins in arid regions. Affected by drought and seasonal floods, there are significant differences in the habitats within the ecosystem. Desert-wetland ecosystems sustain a wider range of species and are important sites for understanding local biogeographic history and ecological adaptations of plants (Fensham et al., 2011; Galal et al., 2021). With the intensification of global warming, many regions, including Northwest China, are experiencing dramatic fluctuations in severe droughts and destructive flood events, resulting in huge impacts on the ecological environment (Qing et al., 2023). For Northwest China, increased glacier melt and flooding events have led to a “warming and humidification” trend, especially in the inland river basins of the arid zone (Yang et al., 2021; Chen et al., 2023). Desert-wetland ecosystems are areas of high incidence of these hydrological events. However, the mechanisms driving plant functional trait differences and intraspecific and interspecific variation in this ecosystem are still unknown, which is extremely detrimental to the understanding of plant response patterns and trade-off strategies for future extreme hydrological events.

This study selected the natural oasis at the end of the Keriya River, which is a typical desert-wetland ecosystem, for study. We divided functional traits at the community scale into two components, interspecific and intraspecific variation, and assessed the characteristics of functional traits in response to environmental factors such as surface water disturbance and groundwater depth. We hypothesized that (i) surface water and groundwater will influence intraspecific and interspecific variation in community functional traits and shape existing functional trait characteristics through covariation effects; (ii) The contribution of interspecific variation will be higher than intraspecific variation because species turnover is widespread among habitats; (iii) As habitat types change, trade-off strategies for functional traits will shift.




2 Materials and methods



2.1 Study area

The study area was located in the Daliyabuyi Oasis at the end of the Keriya River in Xinjiang, China (38°16′–38°37′ N, 81°41′–82°20′ E). The oasis is in the hinterland of the Taklimakan Desert, with an altitude of 1,100 to 1,300 m and total area of about 342 km2. The oasis has a warm-temperate arid desert climate, with an average annual precipitation of less than 20 mm, a potential evaporation of more than 2,000 mm, and a large diurnal temperature range (Peng et al., 2022). Due to scouring by the Keriya River, the internal river channels of the oasis have become complex and depositional characteristics of anastomosing river. However, except for the summer floods, the seasons and timing of flood events are not fixed. During the flood period, some areas experience different degrees of surface water overflow, leading to surface water disturbances on a certain scale (Shi et al., 2022). The plant community of the oasis consists mainly of Populus euphratica, Tamarix chinensis, Phragmites australis, and others. The research team laid several vegetation monitoring transects in the oasis at the end of 2018 and constructed 19 groundwater monitoring wells within these transects, thus acquiring groundwater depth data and establishing a good facility basis for community ecology research (Figure 1).




Figure 1 | Overview of the study area. (A) China map; (B) satellite image of the Taklimakan Desert; (C) groundwater monitoring wells and plot locations.






2.2 Vegetation survey and functional trait data collection

In the summer of 2021, the research team set up a 50 × 50 m plot near each groundwater monitoring well at the Daliyabuyi Oasis. Each plot was divided into four 25 × 25 m subplots (Zhao and Xu, 2019; Zhang et al., 2022), totaling 76 subplots. As this study focused on the community scale rather than the population scale, subplots with only one species were removed, leaving 71 subplots for the subsequent analyses (Zhao et al., 2022). The plant composition within the subplots was recorded and the number of individuals, height, crown length, and width data were determined separately for all plants (crown length and width data can be used to calculate vegetation coverage for different species). When height (H) is used as a functional trait, it refers to the average height of all individuals of each species within the subplot. A handheld GPS (G120BD, UniStrong, China) was used to locate plots and record information pertaining to geographic coordinates.

First, 8–10 plants of each species at different age stages were selected within each subplot (25 × 25 m) and young and old leaves were evenly collected on each plant. A total of 20–40 leaves were collected for each species within the subplot (Chen et al., 2021). Relative chlorophyll content (SPAD) was determined using a chlorophyll detector (SPAD-502, Konica Minolta Sensing Inc., Japan) as early as possible following leaf collection (Maharjan et al., 2021). Since the measurement of chlorophyll content was shown as SPAD value, the abbreviation of this trait was named as SPAD. Leaves were brought to the laboratory and placed in water for one hour for rehydration. The leaf thickness (LT) was measured using vernier calipers with an accuracy of 0.01 mm. The SPAD and LT of each species in the subplot are the average values calculated after measuring each leaf. Leaves of the same species within each subplot were pooled together and the fresh weight of the leaves was measured using an electronic balance with an accuracy of 0.001 g. Subsequently, the leaves were placed on a square mesh paper and covered with a transparent glass plate. The cleaned leaves were scanned at a resolution of 300 dpi using a portable scanner (Epson, V19, Japan) and the leaf area was extracted using Adobe Photoshop CS6 software. After drying in an oven at 75°C for 48 hours, the dry weight, specific leaf area (SLA), and leaf dry matter content (LDMC) were determined. Next, the dried leaves of the same species from each subplot were thoroughly mixed, crushed and sieved (0.15 mm) and the carbon (LCC), nitrogen (LNC), and phosphorus (LPC) contents of the leaves were measured. LCC and LNC were determined using an elemental analyzer (Vario EL cube, Elementar, Germany) and LPC was determined using the molybdenum antimony anti-colorimetric method (Ling-Ling et al., 2023). The ratios between LCC, LNC, and LPC were calculated to obtain C/N, C/P, and N/P.




2.3 Quantification of environmental factors

Three 100 cm deep soil profiles were randomly set up within each plot, and each profile was divided into six layers (0–5, 5–20, 20–40, 40–60, 60–80, and 80–100 cm) for sample collection purposes. The same layer of soil from three locations was thoroughly mixed after collection, at which point the six mixed soil samples represented soil conditions at different depths at the community level. The mixed soil samples were brought back to the laboratory in aluminum boxes and plastic bags, respectively, and soil water content, total dissolved solids, pH, organic matter, total nitrogen, and total phosphorus were determined. Soil water content was measured using the drying method; total dissolved solids and pH were determined using a conductivity meter (DDSJ-319L, Rex, China) and pH meter (PHSJ-5T, Rex, China), respectively; organic matter was determined using the potassium dichromate external heating method (Yuan et al., 2023); and total nitrogen and total phosphorus were determined in the same way as for leaves. Mean values of full profiles were used for each soil variable for subsequent analysis.

We obtained groundwater depth data recorded by groundwater monitoring wells for the plant growing season (April to October) from 2019 to 2021 and calculated the average value for subsequent analysis. Flood-related damage to the monitoring well in plot 16 resulted in missing data, due to which groundwater depth in this plot was calculated using data from 2019 and 2020 only. Selected Landsat 8 remote sensing images from 2017 to 2021 were used to obtain the frequency characteristics of surface water distribution via extraction of the water index and threshold segmentation techniques, which were validated via several field observations (Figure 2A). The extent of surface water disturbance to the community was quantified using the following formula:




Figure 2 | K-mean clustering results of surface water disturbance and groundwater depth. (A) frequency of surface water distribution; (B) K-mean clustering; (C, D) examples of surface water disturbance.



	

where S represents the number of surface water raster cells within 1 ha of the positioning point and wi represents the frequency of the ith raster cell in the monitoring time frame. SWD represents the degree of surface water interference at the community scale after considering the frequency and total amount of overflow. The obtained surface water disturbance and groundwater depth of data were standardized, and the habitat types were classified using the K-means clustering method.




2.4 Data analysis

Species importance values were used as weights to calculate CWM traits (H, SPAD, LT, SLA, LDMC, LCC, LNC, LPC, C/N, C/P, N/P) via the following method:

	

	

where IVj and traitj represent the importance value and average trait value of species j in each subplot, respectively, Arj denotes relative number of individuals, Hrj denotes relative height, and Crj denotes relative coverage. The calculation process involved the use of “FDiversity” software developed in R language (Casanoves et al., 2011).

Normality and homogeneity of variance tests were performed for each CWM trait in the study area. Data satisfying both normal distribution and homogeneity of variance were analyzed using the least significance difference (LSD) method to compare differences between habitat types; data that satisfied the normal distribution but did not pass the homogeneity of variance test were analyzed using Tamhane’s T2 method; data that did not satisfy the normal distribution were compared using the Kruskal-Wallis test. The surface water disturbance and groundwater depth were used as independent variables and CWM traits, which differed significantly among habitat types, were used as the dependent variables. The relationships between the independent and dependent variables were analyzed using simple linear regression. The above data were standardized before linear regression. To determine the trade-offs between functional traits, we also performed factor analyses on the trait data after standardization. The Varimax rotation method was used to reduce the correlation between factors to obtain a factor structure that is easy to interpret.

Leps’ method was used to calculate inter- and intraspecific variability in community traits as follows:

	

	

where traitj_mean refers to the fixed average trait value of species j, that is, the average of traits of species j in all subplots. Differences in fixed mean trait values between communities are generally considered to be caused by species turnover, whereas differences between CWM trait values and fixed mean trait values are considered to be due to intraspecific trait variation only. Thus, we obtained two new parameters of interspecific and intraspecific variability via this method. In addition to being able to use them as new response variables, it is also possible to obtain the relative contribution of these two parameters to the CWM traits based on the sum-of-squares decomposition (Lepš et al., 2011).

The study also used systematic clustering and two-way analysis of variance (ANOVA) to analyze the relative contribution and significance of surface water and groundwater to interspecific and intraspecific variability. Systematic clustering can categorize surface water disturbance and groundwater depth into different levels each, and both become categorical variables. The above analyses were conducted using the “cluster” package (Maechler et al., 2022) and the “trait.flex.nova” function in R 4.2.3. Finally, the mediating effects of soil physicochemical properties were analyzed using structural equation modeling (SEM) to clarify the direct and indirect effects of surface water disturbance and groundwater depth on the two components of CWM traits. The model construction process screened the soil factors according to the multicollinearity and selected the appropriate model according to the Akaike Information Criterion. This process used the “piecewiseSEM” package (Lefcheck, 2016).





3 Results



3.1 Differences in CWM traits among habitat types

K-means clustering can divide the study area’s habitats into three types (Figure 2B), namely low surface water disturbance and deep groundwater depth (habitat type A), low surface water disturbance and shallow groundwater depth (habitat type B), and high surface water disturbance and shallow groundwater depth (habitat type C). The results showed that five CWM traits, including the SPAD, N/P, LT, H, and LNC, showed significant differences among different habitat types. The highest SPAD was observed for habitat type C, which was significantly higher than those observed for the other two habitat types (Figure 3A). N/P was lowest in habitat type A, with a mean value of 15.49, significantly lower than those observed for the other two habitat types (Figure 3C). LT was highest in habitat type B, which was significantly higher than that of habitat type C (Figure 3F). H was lowest for habitat type C (median value of 92.07), which was significantly lower than those observed for habitat types A and B (Figure 3H). In habitat type C, the median LNC (18.78) was significantly higher than those of the other two habitat types (Figure 3J).




Figure 3 | Characteristics of CWM trait changes under different habitat types. Different letters indicate significant differences (P<0.05) between habitat types; The circles in the box plots represent the average value and the horizontal lines in the middle represent the median; Habitat type A, Low surface water disturbance and deep groundwater depth; Habitat type B, Low surface water disturbance and shallow groundwater depth; Habitat type C, High surface water disturbance and shallow groundwater depth; (A) SPAD, Relative chlorophyll content; (B) LCC, Leaf carbon content; (C) N/P, Nitrogen to phosphorus ratio; (D) C/N, Carbon to nitrogen ratio; (E) C/P, Carbon to phosphorus ratio; (F) LT, Leaf thickness; (G) SLA, Specific leaf area; (H) H, Height; (I) LDMC, Leaf dry matter content; (J) LNC, Leaf nitrogen content; (K) LPC, Leaf phosphorus content.






3.2 Response of CWM traits to surface water and groundwater

Linear regression results showed a significant negative correlation between H and surface water disturbance and significant positive correlations between SPAD, LNC, N/P, and surface water disturbance (Figure 4A). There was a significant positive correlation between H and groundwater depth and significant negative correlations between SPAD, LNC, N/P, and groundwater depth (Figure 4B). LT did not show a clear pattern of response to either surface water disturbance or groundwater depth (P>0.05). It is noteworthy that despite the general linear relationship observed between surface water disturbance, groundwater depth, and CWM traits, the goodness of fit for all linear regressions remains low.




Figure 4 | Characterization of the linear response of community functional traits to surface water disturbance (A) and groundwater depth (B). The abbreviations for functional traits are the same as in Figure 3.






3.3 Trade-off strategies for community functional traits

Factor analysis was performed on the five functional traits, and two factors were extracted. The variance explained by the factors, which were 48.0% and 20.7%, respectively, represented 68.7% of the information content of the original data (Figure 5). The use of factor loading coefficients derived from factor rotations as classification criteria resulted in H, N/P, and LNC being included in Factor 1, and SPAD, LT in Factor 2 (Supplementary Table 4). The traits in Factor 1 represented plant growth and nutrient storage status, while the traits in Factor 2 were closely related to the photosynthetic capacity of the plant. There were negative correlations between H and LNC and N/P and positive correlations between LNC and N/P (Factor 1). There was a negative correlation between SPAD and LT (Factor 2). According to Figures 3 and 4 and the leaf economics spectrum theory, as groundwater becomes shallower and the degree of surface water disturbance increases, functional traits at the community scale would change from a conservative strategy of “slow investment-return” to an acquisitive strategy of “quick investment-return”. This result accepts the third hypothesis that trade-off strategies for functional traits change as habitat type changes.




Figure 5 | Factor analysis of community weighted mean traits. The light blue circle represents Factor 1 and the light yellow circle represents Factor 2. The abbreviations for functional traits are the same as in Figure 3.






3.4 Sources of variation in functional traits

The contribution of interspecific versus intraspecific variation (Figure 6) revealed that the total variation in LNC was mainly derived from interspecific variability, which was 3.62 times higher than intraspecific variability. The proportions of interspecific and intraspecific variability for H were nearly identical, at 58.3% and 45.1%, respectively. The variation in SPAD, which was mainly derived from interspecific variability, accounted for 83.5% of the total variation. The proportion of interspecific variability (59.9%) in N/P was higher than that of intraspecific variability (32.0%). Of the total variation in LT, the proportion of interspecific variability (37.9%) was lower than that of intraspecific variability (56.7%). Interspecific and intraspecific variability showed positive covariation in the effects on LT, N/P, and SPAD and negative covariation in the effects on LNC and H. Combined with the linear regression results in Figure 4, this indicated that as community H gradually decreased, the H of dominant species showed a weak increasing trend, and as community LNC gradually increased, the LNC of the dominant species decreased.




Figure 6 | Source decomposition of CWM trait variation. The abbreviations for functional traits are the same as in Figure 3. All traits are community-weighted mean traits.



Two-way ANOVA indicated that surface water disturbance exerted a significant effect on the variation in community traits due to interspecific variability, with explanatory rates of 21.6% (SPAD), 11.8% (N/P), 5.7% (H), 14.5% (LT), and 29.0% (LNC), respectively. Surface water disturbance also exerted a significant effect on the intraspecific variability of the two traits, SPAD and LNC, which showed explanatory rates of 2.8% and 5.0%, respectively. Groundwater depth exerted a significant effect on the interspecific variability components, N/P, H, and LNC, explaining 5.0%, 6.6%, and 7.3%, respectively. Groundwater depth also had a significant effect on intraspecific variability in LT and LNC, with explanatory rates of 26.2% and 2.5%, respectively. The interaction between surface water and groundwater exerted a significant effect on the intraspecific variability of SPAD and LT, with explanation rates of 1.1% and 6.5%, respectively (Figure 7).




Figure 7 | Two-way ANOVA and variance decomposition results for surface water disturbance and groundwater depth. **: P<0.01; *: P<0.05; (A, B) results of systematic clustering of surface water disturbance and groundwater depth; (C) two-way ANOVA. The abbreviations for functional traits are the same as in Figure 3.






3.5 Effects of surface water, groundwater, and soil factors on CWM traits

We analyzed the driving mechanisms of interspecific and intraspecific variability by constructing SEMs that incorporated soil factors as an intermediate medium. Surface water disturbance exerted a significantly positive effect on soil water content. The SEM results for Factor 1 showed that interspecific variability of H was directly and positively influenced by groundwater depth and an indirect negative effect on it by surface water acting on soil water content (Figure 8A). Surface water disturbance exerted a direct positive effect on the intraspecific variability of H and an indirect negative effect on it by acting on soil water content (Figure 8B). The interspecific variability component in LNC was directly negatively influenced by groundwater depth and indirectly positively influenced by surface water via soil water content (Figure 8C). The intraspecific variability component of LNC was directly positively and negatively influenced by surface water disturbance and soil total nitrogen, respectively (Figure 8D). The interspecific variability component of N/P was directly and negatively influenced by the groundwater depth and indirectly positively influenced by surface water via soil water content. In addition, soil total nitrogen exerted a direct positive effect on the interspecific variability of N/P (Figure 8E). For the intraspecific variability component of N/P, no direct or indirect effects of surface water and groundwater were found (Figure 7; Figure 8F).




Figure 8 | Structural equation modeling of surface water and groundwater effects on Factor 1. **: P<0.01; *: P<0.05; The blue solid line in the figure represents positive impact, and the red dotted line represents negative impact; The abbreviations for functional traits are the same as in Figure 3; (A, B) interspecific variability and intraspecific variability of height; (C, D) interspecific variability and intraspecific variability of leaf nitrogen content; (E, F) interspecific variability and intraspecific variability of nitrogen to phosphorus ratio.



The SEM results for Factor 2 showed that both interspecific and intraspecific variability components of SPAD were directly and positively affected by surface water disturbance and that no other effects were present (Figure 9A; Figure 9B). Surface water disturbance exerted a direct negative effect on the interspecific variability of LT, as well as an indirect negative effect via the regulation of soil water content. Soil total nitrogen also exerted a direct negative effect on interspecific variability in LT (Figure 9C). The intraspecific variability of LT was only directly and positively influenced by groundwater depth (Figure 9D).




Figure 9 | Structural equation modeling of surface water and groundwater effects on Factor 2. **: P<0.01; *: P<0.05; The blue solid line in the figure represents positive impact, and the red dotted line represents negative impact; The abbreviations for functional traits are the same as in Figure 3; (A, B) interspecific variability and intraspecific variability of relative chlorophyll content; (C, D) interspecific variability and intraspecific variability of leaf thickness.







4 Discussion



4.1 Effects of habitat heterogeneity on functional traits

The habitat type shifted from A to B as the groundwater depth shifted from deep to shallow. Considering the strong dependence of desert plants on groundwater, such shifting enables most species to fulfill their water needs (Glanville et al., 2023). At this time, both traits of SPAD and LNC showed a weak upward trend at the community level, indicating that the photosynthetic rate was also slightly increased (Mu and Chen, 2021; Wang et al., 2021), even though the above trends did not constitute a significant difference. N/P showed a significant increase after groundwater depth became shallower, with the community showing some degree of phosphorus limitation (Koerselman and Meuleman, 1996; Cao and Chen, 2017). Zhang et al. (2018) concluded that shallower groundwater depths reduce soil phosphorus levels, a trend also found in this study (Supplementary Figure 1), which may be the underlying cause of phosphorus limitation. Thicker leaves imply longer leaf longevity (Pérez-Harguindeguy et al., 2016), and this study suggests that relying on differences in groundwater depth alone is not sufficient to change the leaf longevity profile of the community. Chen et al. (2021) found that groundwater depth resulted in changes in the LT of trees and shrubs, but there was no clear pattern of effect on the LT of herbaceous plants. Thus, the response of LT to groundwater depth may depend on plant life form.

SPAD was significantly enhanced after surface water disturbance increased (habitat type C). The significant decrease in LT enhanced the ability of leaves to intercept light, indicating a decline in leaf longevity in the community. The significant decrease in H caused by shallower groundwater depth and increased surface water disturbance may be attributed to the improved water environment which allows more herbaceous species to emerge, while the overlapping ecological niches may have also caused species, such as P. euphratica, to respond to resource competition by reducing their dominance (Shi et al., 2021). It has been noted that excessive surface water disturbance may cause waterlogging that increases soil salinity, thereby severely inhibiting the photosynthesis and growth of P. euphratica (Ma et al., 1997). Previous studies have suggested a positive correlation between LNC and photosynthetic- as well as respiration- rates (Evans, 1989; Dalke et al., 2018). The significant positive correlation between LNC and SPAD in this study verified the above statement (Supplementary Figure 2), while the lack of significant differences in LCC between habitat types also side-stepped the existence of a positive correlation between photosynthetic and respiration rates (Faber et al., 2022).




4.2 Role of environmental factors in the formation of CWM traits

Although the linear regressions between surface water, groundwater, and CWM traits in this study had statistical significance, the R2 values were low, indicating that other factors were involved in influencing functional traits. On the one hand, this study only considered the aboveground traits of plants, but the belowground traits are likely to have a more pronounced response pattern to water resource differences (Klimešová et al., 2023). On the other hand, competition between species may also be an important factor affecting trait plasticity, especially in regions with scarce resources (Berg and Ellers, 2010). Govaert et al. (2021) pointed out in their study that the traits of species depend not only on the degree of environmental change, but also on interspecies interactions.

The effects of soil moisture and salinity on the functional traits of communities in arid zones have been revealed by several studies (Gong et al., 2019; Luo et al., 2021). However, in the present study, soil factors were observed to assume a more mediatory role. During the screening of variables for structural equation model construction, it was found that the Akaike Information Criterion values were much higher than those of the current model when soil water content and salinity were included in the model, although the null hypothesis was not rejected (P>0.05). This may be due to both LNC and N/P being correlated with nitrogen content, indicating that the role of soil total nitrogen on interspecific and intraspecific variability may be closer to the theoretical model than soil salinity. The model showed that total soil nitrogen did not show a significant response pattern to surface water disturbance and groundwater depth, which is consistent with the findings of some studies (Zhang et al., 2018; Chen et al., 2020). However, the conclusion should consider the differences in time scales with other studies. When it is difficult to precisely capture the timing of the occurrence of surface runoff and underground leaching during the study process, their specific contribution to soil total nitrogen cannot be denied (Zhang et al., 2020; Bao et al., 2023) but can only indicate the existence of stability of soil total nitrogen under a given ecosystem. Due to the complexity of the spatial variation of environmental factors, the adaptive mechanism of plant communities to the environment is still uncertain and it is necessary to use fixed sample plots and continuous monitoring methods to conduct in-depth research.




4.3 Interspecific and intraspecific variability combine to drive changes in functional traits in oasis communities

In this study, the proportions of interspecific variability of SPAD, H, LNC, and N/P were higher than those of intraspecific variability. Changes in water environmental conditions in desert-wetland complex ecosystems may introduce new trait values that improve the adaptive capacity of the whole community. If the distance within the environmental gradient is too large, it may lead to an increase in the importance of species turnover (Siefert et al., 2014). However, the results of the study showed that the proportion of intraspecific variability was not much lower than that of interspecific variability, which could be due to both surface water and groundwater gradients being set appropriately and the capacity for potential phenotypic plasticity of the species being depleted by environmental changes (Auger and Shipley, 2013). Regardless of the cause, the importance of intraspecific variability in community trait variation cannot be ignored. There were positive covariation effects of intra- and interspecific variation in LT, SPAD, and N/P. LT has been used as an example to demonstrate that in communities where species with thin leaves are dominant, species will generally grow thinner leaves than expected. There was a negative covariation effect of intra- and interspecific variation of H and LNC, which is generally considered to be a weakening effect (Luo et al., 2023) and a negative compensatory mechanism (Xiang et al., 2021). Taking H as an example, in communities where taller species dominate, the weighted mean height of the community is lower than would otherwise be expected. The negative covariation elaborates the following mechanism: During the transition from arid to wet habitats, the dominance of dwarf plants with higher LNC gradually increases but the intraspecific LNC and H will decrease and increase, respectively. Past studies have also observed this phenomenon (Kichenin et al., 2013; Luo et al., 2016). Overall, this result accepts the first two hypotheses presented in the introduction as the contribution of intraspecific variation was lower than that of interspecific variation. However, in the process of environmental change, intraspecific variation influenced the pattern of community traits.





5 Conclusions

As the groundwater depth decreased and surface water disturbance increased, plant communities in desert wetland ecosystems tended to have higher LNC, N/P, and SPAD but lower H. Interspecific and intraspecific variations in traits can be affected directly or indirectly by surface water disturbance, groundwater depth, soil water content, and soil total nitrogen. Although changes in community functional traits are mainly caused by interspecific variation, intraspecific variation also has a non-negligible contribution. In addition, the covariation effect between interspecific and intraspecific variations can explain the formation of existing functional trait characteristics. With the shift from arid to wet habitats, the trade-off strategies of plant traits for resources shifted from conservative to acquisitive. It was concluded that intraspecific variation has been instrumental in enhancing the understanding of functional traits in response to environmental change. Interspecific variation, intraspecific variation, and covariation effects combine to influence community trait characteristics in desert-wetland ecosystems driven by surface water disturbance and groundwater depth, and the role of surface water is higher than that of groundwater in this process. Our study is an important step in unraveling the mechanisms through which surface water and groundwater influence functional traits.
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Plant species loss, driven by global changes and human activities, can have cascading effects on other trophic levels, such as arthropods, and alter the multitrophic structure of ecosystems. While the relationship between plant diversity and arthropod communities has been well-documented, few studies have explored the effects of species composition variation or plant functional groups. In this study, we conducted a long-term plant removal experiment to investigate the impact of plant functional group loss (specifically targeting tall grasses and sedges, as well as tall or short forbs) on arthropod diversity and their functional groups. Our findings revealed that the removal of plant functional groups resulted in increased arthropod richness, abundance and the exponential of Shannon entropy, contrary to the commonly observed positive correlation between plant diversity and consumer diversity. Furthermore, the removal of different plant groups had varying impacts on arthropod trophic levels. The removal of forbs had a more pronounced impact on herbivores compared to graminoids, but this impact did not consistently cascade to higher-trophic arthropods. Notably, the removal of short forbs had a more significant impact on predators, as evidenced by the increased richness, abundance, the exponential of Shannon entropy, inverse Simpson index and inverse Berger-Parker index of carnivores and abundance of omnivores, likely attributable to distinct underlying mechanisms. Our results highlight the importance of plant species identity in shaping arthropod communities in alpine grasslands. This study emphasizes the crucial role of high plant species diversity in controlling arthropods in natural grasslands, particularly in the context of plant diversity loss caused by global changes and human activities.




Keywords: arthropods, species diversity, arthropod diversity, alpine meadow, functional groups




1 Introduction

Global changes (Butchart et al., 2010; Griggs et al., 2013; Maes et al., 2016) and human activities have resulted in a decline in biodiversity (Dirzo et al., 2014; Vogel, 2017; Leather, 2018), which in turn affects ecosystem functioning and services (Loreau and Hector, 2001; Cardinale et al., 2012; Isbell et al., 2017). For instance, experimental warming and livestock grazing have been shown to significantly alter plant species composition and net primary production in alpine grasslands on the Tibetan Plateau, particularly the relative abundance of grasses, sedges, and herbs (Klein et al., 2007; Wang et al., 2012; Liu et al., 2018). However, the impact of plant species loss on other trophic levels, such as consumer diversity and multitrophic structure, has rarely been investigated in natural grasslands (Hooper et al., 2005; Duffy et al., 2007; Haddad et al., 2009; Scherber et al., 2010).

Arthropods play a vital role in grassland ecosystems and their abundance and community structure are greatly influenced by primary producers (Wilson, 1987; Siemann et al., 1998; Uchida & Ushimaru, 2014). A diverse plant community provides a wider range of resources and higher productivity, thereby supporting a greater variety of consumers (Strong, 1984; Srivastava & Lawton, 1998). For example, numerous studies have shown a positive relationship between plant diversity and herbivore diversity and abundance (Haddad et al., 2009; Ebeling et al., 2018). This relationship is attributed to the increased availability of ecological niches and dietary diversity for herbivores in diverse plant communities. As a result, the richness of carnivores is also promoted due to the higher diversity and abundance of herbivores (Siemann et al., 1998; Haddad et al., 2001; Gamfeldt et al., 2005; Dassou & Tixier, 2016; Jacquot et al., 2019). This is consistent with the resource heterogeneity hypothesis (Hutchinson, 1959; Lewinsohn & Roslin, 2008; Moreira et al., 2016), as a greater diversity of herbivores provides more specialized prey for certain carnivores, leading to an increase in their richness. Additionally, diverse plant communities can provide more structurally diverse habitats (Strong, 1984), which can support higher abundances of predators and limit herbivore populations (the Enemies Hypothesis, Root, 1973). While many manipulating biodiversity experiments have found a positive correlation between plant diversity and consumer diversity (herbivores and carnivores) (Koricheva et al., 2000; Haddad et al., 2001; Wimp et al., 2004; Crutsinger et al., 2006; Johnson et al., 2006; Haddad et al., 2009; Scherber et al., 2010; Borer et al., 2012; Ebeling et al., 2018), there have been a few observational and experimental studies that reported no impact of plant diversity on consumer diversity (Currie, 1991; Wright & Samways, 1998; Hawkins & Porter, 2003; Jetz et al., 2009).

While the relationships between plant diversity and arthropod communities have been well-documented, few studies have specifically investigated the impact of variation in plant species composition or functional groups on these communities (Schaffers et al., 2008). It is important to consider the influence of plant composition and functional groups as they form the basis of arthropod food webs by providing resources such as foliage, nectar, and pollen (Bronstein et al., 2006; Gish et al., 2015). Many phytophagous insects rely on specific plant species or genera for their survival (Bernays & Graham, 1988; Forister et al., 2015). Therefore, changes in plant species composition or functional groups can have a significant impact on herbivores and other higher trophic level arthropods (Symstad et al., 2000; Schaffers et al., 2008; Tobisch et al., 2023).

To address this knowledge gap, this study utilizes a long-term experiment in an alpine meadow on the Tibetan Plateau, where different plant functional groups have been systematically removed since 2012 (Zhou, 2019). Specifically, plant species from different height categories, including tall grass and sedge species, tall forb species, and short forb species, were targeted for removal. The experiment focuses on the impacts of plant diversity loss on arthropod diversity and their functional groups. This approach reflects realistic scenarios observed in ecosystems affected by overgrazing (Mu et al., 2016; Wang and Wesche, 2016; Niu et al., 2016a; Abdalla et al., 2018), human activities (such as grazing exclusion and fertilizer addition), and climate change (such as experimental warming) (Klein et al., 2007; Chen et al., 2013; Niu et al., 2014; Zhang et al., 2015), which can lead to changes in plant species abundance and composition.

The study aims to address the following questions: 1) Does the removal of plant species result in a decrease in arthropod abundance and diversity? 2) How does the removal of different plant functional groups affect arthropod communities across various trophic levels, such as herbivores, carnivores, and omnivores? Based on the well-established positive relationship between plant diversity and arthropod diversity, we predict that the overall diversity and abundance of arthropods will decrease in response to the removal of any of the three targeted plant groups. Furthermore, we expect that different plant groups will have varying impacts on arthropod trophic levels, which can be attributed to different mechanisms.




2 Materials and methods



2.1 Study site

The experiment was conducted in the Gansu Gannan Grassland Ecosystem National Observation and Research Station (35°58’N, 101°53’E) located in Maqu County of Gansu Province. The site experiences more than 2580 hours of annual sunshine, with no absolute frost-free period throughout the year and an annual average frost period of no less than 270 days. The average annual temperature is 1.20°C, with the highest temperature during the growing season ranging from 23.6-28.9°C. The average annual precipitation is 620-780mm, mainly occurring from June to September.

The vegetation at the site is typical alpine meadow on the eastern Tibetan Plateau, with Kobresia setschwanensis as the dominant species and other abundant grass and forb species such as Elymus nutans, Koeleria cristata, Anemone obtusiloba, and Anemone rivularis (Supplementary Figure S1). These species account for more than 80% of the total aboveground biomass of the quadrat plant community (Zhou, 2019).




2.2 Species removal experiment

The plant species removal experiment was established in a fenced alpine meadow in 2012, with no grazing from April to November (Zhou, 2019; Zhou et al., 2019). The experiment included five replicates for each treatment, with a total of 20 1.5m×1.5m plots (Supplementary Figure S2). This design was chosen to balance longer periods of field work with a large labor force, due to the relatively low β diversity of the plant community and soil heterogeneity (Niu et al., 2016b). Following a typical random blocks experimental design, we established 5 blocks as repetitions for plant removal. The removal was carried out once a year, in the beginning of the growing season in May since 2012. The target plant species (Supplementary Table S1) are removed with hand scissors, at the soil surface leaving the rest of the vegetation undisturbed. It is important to note that when removing the target plant species, we made efforts to remove the roots without damaging neighboring non-target individuals. Considering the actual loss of plant species diversity due to land use and climate change, we implemented four treatments: Control without removal (CK), removal of tall forb species (B: Re_tall_Forbs), removal of short forb species (C: Re_short_Forbs), and removal of tall grass and sedge species (D: Re_tall_Grasses_Sedges).

Numerous studies have demonstrated that height is a crucial trait in determining species fitness (Westoby et al., 2002; Díaz et al., 2016; Thomson et al., 2018; Du et al., 2022). Fertilization and removal experiments conducted on the Qinghai-Tibet Plateau have also shown that height differences play a dominant role in species fitness differences, species coexistence, and productivity in alpine grassland plant communities (Liu et al., 2016). Given the large number of forb species, we categorized them into tall (above 30cm) and short (below 15cm) categories to balance the number of species and biomass in the experimental site (Supplementary Table S1). The number of species removed varied by among treatments (Re_tall_Forbs: 19 species; Re_short_Forbs: 19 species; Re_tall_Grasses_Sedges: 12 species). Importantly, this approach ensures that the loss of species diversity and biomass is comparable between treatments.




2.3 Measurement of plant community

Three surveys were conducted to measure the plant community in each removal plot from late July to late August 2021. Within a 50 cm×50 cm quadrat, we measured and counted the plant species, as well as the height and abundance of each species in the plot. During the third plant quadrat survey, we collected plant material by cutting all plants in each plot at the soil surface, and then oven-dried the samples at 75 °C for 48 hours and measured their dry biomass (g m-2).




2.4 Arthropod sampling

For arthropod sampling, we used a trap method to collect surface arthropods three times in early July, early August, and late August 2021. It needs to note that no pre-treatment data of arthropods are available. Prior to sampling, we checked the local weather forecast for the next 48 hours and chose clear weather. To minimize damage to the plant community, we laid 20 trap bottles for each sampling site according to the plant growth of each sample site. Each trap bottle had a top diameter of 5.7 cm, a bottom diameter of 5.7 cm, a height of 7.1 cm, and a volume of approximately 200 ml. We poured 50-70 ml of 20% alcohol solution and 10-20 ml of white vinegar into each trap bottle, buried it in the ground and kept the mouth level with the surface. After 48 hours, we retrieved the trap bottles and separated the collected surface arthropods, which were then stored in 75% alcohol liquid. In the laboratory, we observed and identified the arthropods at least to the family level, or where possible, to the genus and species level (Ward et al., 2001). We recorded the species abundance for each quadrat and classified all arthropods into different functional groups based on taxonomy, life history characteristics, and feeding relationships (Supplementary Table S2).




2.5 Statistical analysis

Due to the random block design and repeated measurements, the experimental data are not completely independent. Therefore, to examine the overall impacts of plant species loss on arthropods, we conducted statistical analyses using linear mixed-effects models (LMMs). We calculated the effect size and its corresponding 95% confidence interval (CI) to quantify the treatment effect of plant species loss on arthropods. The regression coefficient in the LMMs represents the direction and magnitude of the treatment effect (Wu et al., 2022). Before analysis, we performed a natural logarithmic transformation on the response variable data to improve normality.

To visualize the differences in arthropod species composition under different treatments, we used non-metric multidimensional scaling (NMDS) and performed Permutational multivariate analysis of variance (PERMANOVA). The “metaMDS” function in the “vegan” package was used for NMDS, and a distance matrix was created based on arthropod abundance data using Bray-Curtis coefficients. Bray-Curtis distances were then used for NMDS ordering. All analyses were permuted 999 times (Minchin, 1987; Legendre and Legendre, 1998).

Furthermore, to investigate the effects of species loss on arthropod species diversity, we estimated five measures: (a) arthropod abundance, which refers to the number of individual arthropods; (b) arthropod richness, which refers to the number of arthropod species; (c) the exponential of Shannon entropy (Chao et al., 2014), which is often sensitive to the presence of rare species (Nagendra, 2002); (d) the inverse Simpson index, which emphasizes the dominant members (Nagendra, 2002), can be interpreted as the effective number of dominant species in the assemblage; (e) inverse Berger-Parker index, which is a preponderance measure that simply represents the proportional abundance of the most abundant species (Magurran, 2004). The four diversity indices can give an emphasis respectively on total species (species richness), rare species (Shannon diversity), dominant species (Simpson diversity) and the top dominant species (Berger-Parker) (Supplementary Table S6).

Based on correlations between our observations and data formats, as well as parameters for more accurate estimates of complex data structures. We used LMMs to examine the impacts of plant species diversity on arthropod and functional groups diversity (i.e. abundance, richness, the exponential of Shannon entropy, inverse Simpson index and inverse Berger-Parker index). Overall, arthropod diversity as a response variable and plant species diversity as a predictor explained the relationship between arthropods and herbivores and plant diversity. At the same time, we also analyzed the correlation between the diversity of different functional groups of arthropods, and set the corresponding prediction and response variables according to their significant difference changes under different treatments and the cascade relationship between different trophic levels. The all LMMs included the block as an independent random intercept effect.

All data analysis was conducted in R version 4.3.1 (http://www.r-project.org.version4.3.1). The “vegan” package was used for NMDS, and the “lme4” package was used for LMMs (Bates et al., 2015). We calculated the marginal and conditional R2-values of the models using the “glmm.hp” package (Lai et al., 2022). We use the “iNEXT” package to calculate R/E curves and sample completeness curves based on sample size. The results showed that the sampling effort was adequate, respectively covering (98.0%, 98.2%, 98.9%, 98.7%) of species richness in the communities (Supplementary Figure S3).





3 Results



3.1 Effects of plant functional groups removal on arthropod community

In the removing experiments, 2659 arthropods were totally sampled. Herbivores, carnivores, and omnivores accounted for 36.5%, 11.25%, and 52.25% of all arthropods in the control, 25.36%, 2.37%, and 72.27% in the treatment of removing tall grasses and sedges, 28.55%, 15.82%, and 55.63% in the treatment of removing tall forbs, and 29.94%, 11.75%, and 58.31% in the treatment of removing short forbs.

The forbs removal (including tall and short) significantly increased arthropod species richness, while removing tall grasses and sedges did not (Figure 1A). The abundance of arthropods increased significantly in the treatments of removing tall grasses and sedges and short forbs, but not in the treatment of removing tall forbs. Specifically, the former showed a 101% increase, and the latter showed a 150% increase (Figure 1B). For arthropods in the remove tall forbs treatment, the exponential of Shannon entropy was increased significantly, but did not change in the treatments of removing short forbs and tall grasses and sedges (Figure 2A). In the treatments involving the removal of tall grasses and sedges and forbs, there was no change observed in the inverse Simpson index and inverse Berger-Parker index of arthropods (Figures 2B, C).




Figure 1 | The effects of removing plant functional groups on arthropod richness (A) and abundance (B) by linear mixed-effects models (LMMs). The estimated values of the LMMs represent the positive (blue) or negative (red) effects of different species removals. The uncertainty associated with each treatment is depicted by the median values (above the bars) and a 95% credibility interval. A significant effect is indicated when the 95% confidence interval error line does not overlap with 0. The treatments include the removal of tall forb species (Re_tall_Forbs), short forb species (Re_short_Forbs), and tall grasses and sedges (Re_tall_Grasses_Sedges).






Figure 2 | The effects of removing plant functional groups on the exponential of Shannon entropy (A), inverse Simpson index (B) and inverse Berger-Parker index of arthropod (C) by linear mixed-effects models (LMMs). The estimated values of the LMMs represent the positive (blue) or negative (red) effects of different species removals. The comments in the figure correspond to those shown in Figure 1.



Overall, there was no significant correlation between arthropod richness, the exponential of Shannon entropy, inverse Simpson index and inverse Berger-Parker index and plant diversity (Supplementary Figure S8), while higher plant diversity significantly reduced arthropod abundance (Supplementary Figure S7). Furthermore, compared to the control, both removing short forbs and tall grasses and sedges significantly altered the species composition of the arthropod community (Figure 3; Supplementary Table S3).




Figure 3 | The differences in arthropod species composition between the treatments and the control shown by nonmetric multidimensional scaling analysis (NMDS).






3.2 Effects of plant functional groups removal on the trophic groups of arthropods

As comparing the treatments to the control, the removal of tall and short forbs had a greater effect on the various trophic arthropods compared to the removal of tall grasses and sedges. Specifically, the removal of tall forbs significantly increased herbivore richness and carnivore abundance (Figures 4A, 5B). However, herbivore abundance did not change in the treatment of removing forbs and tall grasses and sedges (Figure 5A). The increase in herbivore richness was a direct effect of the treatment and was not influenced by plant diversity (Figure 6A). Similarly, the variation in carnivore abundance was a direct result of the treatment, as there was no significant relationship between carnivore abundance and herbivore richness or abundance (Figures 6B, C).




Figure 4 | The effect of plant species removal on the richness of arthropod functional groups, as determined by linear mixed-effects models (LMMs). Herbivores (A), carnivores (B), and omnivores (C). The comments in the figure correspond to those shown in Figure 1.






Figure 5 | The effect of plant species removal on the abundance of arthropod functional groups by linear mixed-effects models (LMMs). Herbivore (A), carnivore (B), and omnivore (C). The comments in the figure correspond to those shown in Figure 1.






Figure 6 | The relationships between plant diversity and the diversity of arthropod functional groups in the removal of tall forbs and the control. Plant diversity and herbivore richness (A), herbivore richness and carnivore abundance (B), the relationship between herbivore abundance and carnivore abundance (C). The figure includes the R2 value and P value of the regression model, along with a 95% confidence interval.



The removal of short forbs significantly increased the richness (Figure 4), the exponential of Shannon entropy (Supplementary Figure S4), inverse Simpson index (Supplementary Figure S5) and inverse Berger-Parker index (Supplementary Figure S6) of herbivores and carnivores, as well as the abundance of carnivores (Figure 5B) and omnivores (Figure 5C). The higher herbivore richness observed was a direct consequence of the treatment, as there was no correlation between herbivore richness and plant diversity (Figure 7A). The increased richness and abundance of carnivores were also direct outcomes of the treatment, as they were not related to herbivore richness and abundance (Figures 7B, C, E). However, the higher abundance of omnivores in the treatment was driven by the increased herbivore richness and abundance, as indicated by their significant correlations (Figures 7D, F). For carnivores in the treatment, the higher the exponential of Shannon entropy was driven by the increased herbivore richness, due to their significant correlation (Supplementary Figure S9). However, the exponential of Shannon entropy of herbivore, inverse Simpson index and inverse Berger-Parker index of herbivores and carnivores were direct outcomes of the treatment, as they were not related to plant diversity and herbivore richness (Supplementary Figure S9).




Figure 7 | The relationships between plant diversity and arthropod trophic groups in the removal of short forbs and the control. Plant diversity and herbivore richness (A), herbivore richness and carnivore richness (B), herbivore richness and carnivore abundance (C), herbivore richness and omnivore abundance (D), herbivore abundance and carnivore abundance (E), herbivore abundance and omnivore abundance (F). The figure includes the R2 value and P value of the regression model, along with a 95% confidence interval.



In contrast, the removal of tall grasses and sedges only significantly increased the abundance of omnivores (Figure 5C). Furthermore, there was a negative correlation between omnivore abundance and herbivore abundance (Figure 8B).




Figure 8 | The relationship between plant diversity and the abundance of arthropod functional groups in the removal of tall grasses and sedges and the control. Plant diversity and carnivore abundance (A), herbivore abundance and omnivore abundance (B). The figure includes the R2 value and P value of the regression model, along with a 95% confidence interval.







4 Discussion

A diverse plant community can provide a wide range of resources and higher productivity, which in turn supports a greater diversity of consumers (Strong, 1984; Srivastava & Lawton, 1998). Numerous studies have reported a positive correlation between plant diversity and consumer diversity, including herbivores and carnivores, in manipulating biodiversity experiments (Koricheva et al., 2000; Haddad et al., 2001; Wimp et al., 2004; Crutsinger et al., 2006; Johnson et al., 2006; Haddad et al., 2009; Scherber et al., 2010; Borer et al., 2012; Ebeling et al., 2018). However, our long-term removal experiment yielded unexpected results, as we found that the loss of plant species increased both the richness and abundance of arthropods, especially the number of rare species (exponential of Shannon entropy) of arthropods, contrary to our initial prediction. Additionally, we observed different impacts of plant functional groups on arthropods. Specifically, the removal of forbs (including tall and short) significantly increased arthropod species richness, even higher the exponential of Shannon entropy after removing tall forbs, while the loss of tall grasses and sedges, or short forbs, significantly increased arthropod abundance. These removal treatments also led to changes in the species composition of arthropod communities, despite the absence of an overall correlation between plant diversity and arthropod richness. These findings indicate that high plant species diversity in natural grasslands on the Tibetan Plateau plays a crucial role in controlling the diversity and abundance of arthropods, as well as maintaining interactions within food webs (Barnes and Scherber, 2020).

Furthermore, our study revealed that the removal of different plant groups had varying impacts on arthropods across trophic levels, potentially due to different underlying mechanisms. Diverse plant functional groups can provide distinct food resources for arthropods, thus influencing their composition and diversity. For instance, legumes (e.g. Oxytropis kansuensis, Oxytropis ochrocephala, Tibetia himalaica), which contain high levels of nitrogen, can serve as a high-quality resource for certain herbivores (Kareiva, 1984). In contrast, gramineous plants are known for their low ammonia and hardness levels (Symstad et al., 2000), resulting in lower quality food resources for arthropods (Pinder and Kroh, 1987). Our study found that the removal of forbs had a greater impact on arthropods across different trophic levels compared to the removal of tall grasses and sedges, with differences also observed between tall and short forbs. The loss of both tall and short forbs, rather than tall graminoids, significantly increased herbivore richness (Figure 4A). Specifically, the loss of short forbs significantly increased the diversity of rare and dominant herbivores (Supplementary Figures S4–S6). This contrasts with a previous study that showed some orders of herbivores positively responded to the presence of forbs (Symstad et al., 2000). The observed impact of treatment may not be a result of indirect plant diversity loss, as herbivore richness was not related to plant diversity (Figures 6A, 7A). Instead, this may correspond to the resource concentration hypothesis (Root, 1973), which suggests that specialist herbivores are attracted to their host plants when other forbs are removed, leading to an increase in herbivore richness. This hypothesis is based on the idea that high plant diversity will increase nutrient heterogeneity within the plant community, and high-quality resources will be diluted, leading to a reduction in arthropod diversity (Otway et al., 2005). Additionally, nitrogen levels within plant species were found to be reduced in plant communities with high plant species richness (van Ruijven and Berendse, 2005; Borer et al., 2015), suggesting that plant species nutrition may be lower in communities with high plant diversity. Surprisingly, the removal of tall grasses and sedges did not have a significant impact on herbivores, which is inconsistent with several studies that have shown the presence of grasses significantly decreases herbivory rates or some orders of herbivores (Symstad et al., 2000; Loranger et al., 2014).

Although removing forbs increased herbivore, we did not observe consistent cascading impacts on higher-trophic predators. In the treatment where tall forbs were removed, the increased abundance of carnivores may be a direct result of the treatment, as there was no significant relationship between carnivore abundance and herbivore richness and abundance (Figures 6B, C). On the other hand, the removal of short forbs had a significant impact on high-trophic arthropods, with the richness, abundance, diversity of rare and dominant carnivores and abundance of omnivores being significantly increased by different mechanisms. The increased carnivore abundance may also be a direct result of the treatment, whereas the higher omnivore abundance observed in the treatment was likely a trophic cascading impact caused by the increased herbivore richness and abundance (Figures 7D, F). For carnivores (i.e., rare species) in the treatment, the higher the exponential of Shannon entropy observed was also likely caused by trophic cascading effect as its significant correlation with herbivore richness (Supplementary Figure S9). Similar results have been observed in other studies, where predator abundance and species richness decreased with increasing tree species richness (Schuldt and Assmann, 2011). In our study, the direct impact of removing forbs on carnivores abundance and dominate species diversity of carnivores may be independent of trophic mechanisms mediated by the herbivore community. Instead, changes in abiotic conditions produced by removing forbs in the plant community could be more relevant to predator communities (van Schalkwyk et al., 2019; Tobisch et al., 2023). The removal of forbs, especially short forbs, could decrease structural complexity and increase activity space under the vegetation due to their high cover. This variation in vegetation structure or local habitat conditions may be more important for predators (Brose, 2003; Schaffers et al., 2008; Tobisch et al., 2023), such as enhancing activity and thus predation rate.

In contrast, the removal of tall grasses and sedges significantly increased omnivore abundance rather than carnivore abundance (Figures 5C, 8A). The higher omnivore density observed after removing grasses and sedges may also be a result of changes in microhabitats, in contrast to the treatment of removing short forbs where higher omnivore density was likely caused by the trophic impact of increased herbivores. The increased omnivore abundance in the treatment of removing tall grasses and sedges may be responsible for the control of herbivores, as there was a negative correlation between omnivore abundance and herbivore abundance. This top-down impact may be an important reason why herbivore abundance did not change after removing graminoids. The differential impacts of the three plants groups’ removal suggest that plant species composition, specifically the identity of plant species in the community, is a more important determinant of arthropods in grasslands than plant species richness per se or the number of plant functional groups (Koricheva et al., 2000; Symstad et al., 2000; Loranger et al., 2014).




5 Conclusion

This study demonstrated that the loss of plant functional groups increased arthropod richness and abundance and the diversity of rare arthropod species, which contrasts with the well-reported positive correlation between plant diversity and consumer diversity in manipulating biodiversity experiments, but consistent with agricultural experiments using multi-species mixtures (e.g., reviewed in Andow, 1991). There were differences in the impacts of plant functional group loss, leading to changes in the species composition of arthropod communities. Furthermore, the removal of different plant groups had differential impacts on arthropod trophic levels. More evident impacts of removing forbs rather than graminoids on herbivores did not show consistent cascading impacts on higher-trophic carnivores, possibly due to different underlying mechanisms. Our results highlight the importance of plant species identity as a determinant of arthropods in alpine grasslands, surpassing the significance of plant species richness or functional groups. This study emphasizes the role of high plant species diversity in controlling arthropods in natural grasslands, particularly in the face of plant diversity loss caused by global changes and human activities.
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Numerous studies have revealed that past geological events and climatic fluctuations had profoundly affected the genetic structure and demographic patterns of species. However, related species with overlapping ranges may have responded to such environmental changes in different ways. In this study, we compared the genetic structure and population dynamics of two typical desert shrubs with overlapping distributions in northern China, Nitraria tangutorum and Nitraria sphaerocarpa, based on chloroplast DNA (cpDNA) variations and species distribution models. We sequenced two cpDNA fragments (trnH-trnA and atpH-atpI) in 633 individuals sampled from 52 natural populations. Twenty-four chlorotypes, including eight rare chlorotypes, were identified, and a single dominant haplotype (H4) widely occurred in the entire geographical ranges of the two species. There were also a few distinctive chlorotypes fixed in different geographical regions. Population structure analyses suggested that the two species had significantly different levels of total genetic diversity and interpopulation differentiation, which was highly likely correlated with the special habitat preferences of the two species. A clear phylogeographic structure was identified to exist among populations of N. sphaerocarpa, but not exist for N. tangutorum. The neutral tests, together with the distribution of pairwise differences revealed that N. tangutorum experienced a sudden demographic expansion, and its expansion approximately occurred between 21 and 7 Kya before present, while a rapid range expansion was not identified for N. sphaerocarpa. The ecological niche modeling (ENM) analysis indicated that the potential ranges of two species apparently fluctuated during the past and present periods, with obvious contraction in the Last Glacial Maximum (LGM) and recolonization in the present, respectively, comparing to the Last Interglacial (LIG). These findings suggest that the two species extensively occurred in the Northwest of China before the Quaternary, and the current populations of them originated from a few separated glacial refugia following their habitat fragmentation in the Quarternary. Our results provide new insights on the impact of past geological and climatic fluctuations on the population dynamics of desert plants in northwestern China, and further enforce the hypothesis that there were several independent glacial refugia for these species during the Quaternary glaciations.
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1 Introduction

It is believed that past geological events and climate oscillations have played important roles in promoting geographical distribution and population structure of species (Bennett, 1997; Abbott et al., 2000; Hewitt, 2000; 2004; Avise, 2004; Wu et al., 2010). The uplift of the Qinghai-Tibet Plateau (QTP) accelerated the aridification and desert expansion in the Northwest of China (Sun et al., 1998; Guo et al., 2002; Sun and Liu, 2006). Some studies showed that deserts in North China began to form in the Pliocene (Sun et al., 1998; Yang et al., 2006), and further expanded considerably in the Quaternary glacial periods (Bush et al., 2004). The formation and subsequent expansion/contraction fluctuations of these deserts corresponding to climate fluctuations seemed to have resulted in the range fragmentation, subdivision and diversification of some desert plants in North China (Li et al., 2012; Yu et al., 2013; Meng et al., 2015; Qian et al., 2016; Zhang et al., 2017; Hu et al., 2022). Furthermore, the glacial and interglacial cycles in the Quaternary also probably accelerated range fragmentation, vicariance, and regional-scale differentiation of the desert plants in this area (Meng et al., 2015; Zhang et al., 2017). Actually, how these desert plants in North China responded to past environmental changes remains still unclear.

Numerous studies revealed that past geological events usually caused concordant demographic patterns in sympatric species (e.g. Hewitt, 2000; 2004; Haring et al., 2007; Kirchman and Franklin, 2007). However, a few studies found that some species with overlapping distribution might respond differently to similar historical events, resulting in species-specific population structure and demographic patterns (e.g. Taberlet et al., 1998; Zink et al., 2001; Polihronakis and Caterino, 2010; Zhang et al., 2012). The different responses of sympatric plants to the similar historical events may be induced by different factors. First, the more recent range expansion usually results in shallow differentiation among populations, because the accumulation of genetic variations and lineage sorting in different ranges require a long historical process in nature (Zink, 1996; Conroy and Cook, 2000; Hewitt, 2000; 2004; Polihronakis and Caterino, 2010). Second, habitat preferences might affect gene flow between populations/species of plants with similar dispersal ability, and further contribute to genetic divergence (Michaux et al., 2005; Hamer and McDonnell, 2010; Lange et al., 2010; Morris-Pocock et al., 2010; Yu et al., 2013). Third, plants with high ecological plasticity and broad ranges have more opportunities to survive and disperse when in unfavorable conditions than other plants with limited niches and narrow ranges (Zhang et al., 2012). For the desert plants with high drought-tolerance and different habitat preferences in North China, it is desirable to know how their phylogeographical structures and population dynamics responded to climatic oscillations, and whether they had multiple ice age refugia in the Quaternary.

Nitraria L. (Zygophyllaceae), known as a ‘living fossil’ of historical flora, is a genus of Tertiary relic shrubs widely distributed in Central Asia, Southeast of Europe, Mongolia and China, North Africa, and Australia (Liu, 1999; Pan et al., 2003; Temirbayeva and Zhang, 2015). It consists of 13 species or so, including some primitive diploid species and a few evolved tetraploid taxa (Pan et al., 2003). Out of these related desert species, eight occurs in arid or semi-arid area of Northwest China, including Xinjiang, northern Qinhai, Hexi corridor in Gansu, Ningxia, northern Shanxi, central and western Inner Mongolia, and a narrow distribution in western Sichuan (Pan et al., 2003; Yang, 2006; Temirbayeva and Zhang, 2015). These species play important roles in maintaining the local ecosymtem balance and fixing flowing sand, and their fruits are edible for eating (Pan et al., 1999). A few studies revealed that the genus originated from eastern Central Asia, including northern China and Mongolia, and subsequently dispersed to Africa, western Central Asia, and Australia (Temirbayeva and Zhang, 2015; Zhang et al., 2015). Actually, the eastern Central Asia contains some endemic species and ancient diploid species (N. sphaerocarpa) as well as young evolved tetraploid species (Cain, 1994), indicating that the region is an indisputable hotspot and/or diversification center of this genus (Pan et al., 1999, 2003; Yang, 2006; Temirbayeva and Zhang, 2015). As ancient plants in this hotspot region, there are some attractive and unclear issues that how these species responded to the past geological and climatic changes, and the current populations of these species originated from several independent glacial refugia or the same refugium. Especially, we are interested to know that if these sympatric related species differently responded to the past climatic oscillations, particularly aridification and desert expansion/contraction.

Among the eight Nitraria species distributed in Northwestern China, three species, i.e. N. pamirica, N. sinesis, and N. schoberi, only occur in some independent or narrow geographical regions, for example, N. pamirica occurs independently in Pamirs in Xinjiang, N. schoberi is only limited to the Junggar Basin in northern Xinjiang, and N. sinesis only grows on the sands along the sea of the Liaodong Peninsula which is far from the core distribution area of other Nitraria species in China (Xu et al., 1998; Pan et al., 1999; Pan et al., 2003; Temirbayeva and Zhang, 2015). The other five species, i.e. N. praevisa, N. sphaerocarpa, N. sibirica, N. tangutorum, and N. roborowskii, share the overlapping distributions in Northern China. However, we have not observed any different habitat preferences among these species. Actually, N. praevisa is a disputable species in classification (Xu et al., 1998; Pan et al., 1999; Pan et al., 2003). In addition, these species differentiated lately and their interspecific delimitation based on morphological differentiation is relatively blurred. Therefore, the two species, N. tangutorum and N. sphaerocarpa, provide us with ideal materials for comparatively studying demographic history of sympatric desert species in response to past climate changes.

N. tangutorum and N. sphaerocarpa widely grow on gravel Gobi or sandy land in northern China (Pan et al., 2003), and have strong resistance to drought, soil salinization and flowing sand. The two species constantly play vital roles in maintaining local ecosystem stability in desert regions (Li et al., 2005; Shi et al., 2014). The fruits of N. tangutorum are rich in various vitamins and amino acids as well as essential mineral elements, and therefore have high nutritional and health benefits (Liu et al., 2016; Wang et al., 2018). The two species can reproduce through clonal ramets under natural conditions and form nebkhas like small islands in desert. N. sphaerocarpa is the most primitive diploid species of this genus, and probably differentiated from other Nitraria species in Paleocene (Zhang et al., 2015). It is characterized by vesicular drupes with dry and membranous exocarp, blade linear to oblanceolate-linear leaves (Xu et al., 1998), which is significantly different from other Nitraria species. However, N. tangutorum, endemic to northern China (eastern Central Asia), is a relatively evolved tetraploid taxon, and diverged from other Nitraria species in late Miocene approximately (Zhang et al., 2015). It has wide distributional ranges in northern China, including Xinjiang, northern Qinghai, Hexi corridor in Gansu, Ningxia, and the central and western regions of Inner Mongolia. This species is significantly different from N. sphaerocarpa due to having fleshy drupes and broader leaves (Xu et al., 1998). The two species mainly disperse through seeds which are probably carried by different animals (e.g. mice, birds). However, the berry-like fruits of N. tangutorum are more favored by animals for consumption than N. sphaerocarpa, which may have caused longer distance dispersal of N. tangutorum seeds than N. sphaerocarpa (Zhang et al., 2015). In addition, the breeding system of the two species is dominantly xenogamous, but depends on pollinators (Li et al., 2013), indicating that the pollen dispersal ability of them is extremely limited. Although the two species shared a few locations in their geographical ranges, we found that they have contrasting habitat preferences: N. sphaerocarpa prefer to grow on gravel sandy land or Gobi land in western Inner Mongolia, Hexi corridor of Gansu province, and Xinjiang, while N. tangutorum mainly grows on shifting sandy land or semi-fixed sandy land in North China.

Chloroplast DNA (cpDNA) is generally maternally inherited in angiosperms (Palmé et al., 2003) and has been widely used to revealing glacial refugia and postglacial recolonization patterns of plant species (e.g., Liu et al., 2009; Wu et al., 2010; Zhang et al., 2017). The ecological niche modeling (ENM) on the basis of maximum entropy modeling (Phillips et al., 2004, 2006) is also a good method for predicting species geographic distributions and historical dynamics with presence-only data (Yin et al., 2015; Qian et al., 2016; Zhang et al., 2017). In this study, we used two cpDNA fragments (trnH-psbA and atpH-atpI) and the ENM method to compare genetic structure and demographic patterns of the two sympatric desert shrubs. We aimed to address the following questions: (1) how did past geological and climatic fluctuations affect the genetic structure and lineage differentiation of the two species? (2) Did the two species experience apparent range expansion/contraction during the different historical periods (e.g. LIG, LGM), and were there several independent glacial refugia (multiple refugia hypothesis) for Nitraria species in northern China during the Quaternary glaciations? And (3) are there any differences of population structure and lineage differentiation between the two species? This study would further shed light on the geographical subdivision, demographic patterns of desert species in northern China in response to past geological and climatic changes, i.e. aridification, desert formation and expansion.




2 Materials and methods



2.1 Population sampling

A total of 633 individuals were sampled from 52 natural populations of N. sphaerocarpa and N. tangutorum in the study, including 119 individuals from 14 populations of N. sphaerocarpa, and 514 individuals from 38 populations of N. tangutorum. These populations almost cover the whole geographical ranges of the two species except a few populations of N. sphaerocarpa occurring in Mongolia (Table 1; Figure 1A). However, this will not bring a significant influence on the inference of the population structure of the two species, since these populations in Mongolia just occur on the fringe of the whole distribution of N. sphaerocarpa and represent only a small part of the gene pool in this study. In the sampled populations, five population sites are overlapped for the two species, for example populations 11 of N. sphaerocarpa and 12 of N. tangutorum share the same site, and 15 and 16 share another site (Table 1; Figure 1A). In each population, fresh leaves were collected from 5-30 individuals at least 100 meters apart and rapidly dried with silica gel in the field. The site information of each population, including latitude, longitude and altitude, were recorded using an Etrex GIS monitor (Table 1). In addition, we collected a voucher specimen for each population, and some seeds and flowers for further studies on morphology and germination.


Table 1 | Sampling sites, sample size, genetic diversity estimates, and haplotype distribution for 52 populations of Nitraria tangutorum and Nitraria sphaerocarpa.






Figure 1 | Sampling locations, geographic distribution of the chlorotypes, the phylogenetic network, and genetic barriers among populations of Nitraria tangutorum and Nitraria sphaerocarpa. (A) Sampling locations and chlorotype frequencies in surveyed populations. Populations with green circle belong to N. sphaerocarpa, while other populations without green circle belong to N. tangutorum. (B) Phylogenetic network of the twenty-four chlorotypes detected in the study. Circle size is proportional to the frequency of a chlorotype over all populations, with the largest circle representing the most abundant chlorotype. The small red dots represent median vectors (i.e. unsampled or extinct chlorotypes). (C, D) Genetic barriers to chlorotypes between different surveyed populations for N. tangutorum and N. sphaerocarpa, respectively.






2.2 DNA extraction, amplification and sequencing

Total genomic DNA was extracted using DNeasy Plant Mini Kits (Qiangen, Valencia, CA, USA). Ten samples from 10 geographically distant populations were selected for primer scanning with primer pairs of six cpDNA fragments, i.e. trnL-trnF, rpl32-trnL (Taberlet et al., 1991), rpS-trnK (Shaw et al., 2007), trnH-psbA, atpH-atpI, and ndhC-trnV (Dong et al., 2012; Qian et al., 2016). Two cpDNA fragments, trnH-psbA and atpH-atpI, were found to contain useful and appropriate polymorphic loci, and further used for surveying genetic variations of the two species in the present study. Polymerase chain reaction (PCR) amplification was performed in a Bio-Rad PCR system S1000 Thermal Cycler (USA). The reaction volume was 25 µL, containing 1.0 µL genomic DNA extract (about 20-40 ng DNA), 2.5 µL 10×PCR buffer, 0.2µL Taq DNA polymerase (5U/µL, TakaRa Biotech Co., Dalian, China), 0.5 mmol/L dNTPs, 1.5 mmol/L MgCl2, and 2µmol/L each primer. The thermal profile for trnH-psbA included the following phases: 94°C for 5 min, followed by 30 cycles at 94°C for 45 s, 56°C for 45 s, and 72°C for 105 s, then a final extension phase of 7 min at 72°C. The thermal profile for atpH-atpI was as follows: 94°C for 3 min, followed by 30 cycles at 94°C for 30 s, 58°C for 30 s, and 72°C for 60 s, then ended with an extension step of 5 min at 72°C. The PCR products were directly used for sequencing on an ABI 3130xl Genetic Analyzer platform (Applied Biosystems, USA), with forward and/or reverse primers. The obtained DNA sequences were aligned with Clustal_X (Thompson et al., 1997), and carefully revised manually. All the newly obtained sequences of N. sphaerocarpa and N. tangutorum were deposited in EMBL GenBank (https://www.ncbi.nlm.nih.gov/) under the accession numbers of OR801339-OR801365.




2.3 Haplotype diversity and population structure analysis

Nucleotide diversity parameters, including number of haplotypes, nucleotide diversity (Pi), number of polymorphic sites, were calculated using DnaSP 5.10 software (Librado and Rozas, 2009). We used NETWORK version 4.2.0.1 (Bandelt et al., 1999; available at http://www.fluxus-engineering.com) to construct Median-joining network of cpDNA haplotypes based on the data generated through DnaSP. We also reconstructed the phylogenetic tree among these haplotypes, using one individual of Zygophyllum xanthoxylum as outgroup. The neighbor-joining (NJ) tree, maximum-parsimony (MP) tree and maximum-likelihood (ML) tree, with bootstrap values of 1000 replicates (Felsenstein, 1985), were obtained respectively through MEGA 4 software (Tamura et al., 2007).

Unbiased genetic diversity (HE) was estimated for each population based on cpDNA haplotype composition (Nei, 1987). According to the methods described by Pons and Petit (1996), average gene diversity within populations (Hs), total gene diversity (HT) and population differentiation between populations (GST and NST) were calculated for the two species using the PERMUT program (available at http://www.pierroton.inra.fr/genetics/labo/Software/Permut/). GST depends only on the frequencies of the haplotypes while NST takes into account the similarity between haplotypes as well as haplotype frequencies (Pons and Petit, 1996). GST and NST were compared using the u-statistic to determine the presence of phylogeographic structure. A higher NST than GST denotes a significant phylogeographic structure, indicating that some closely related haplotypes usually occur in the same or nearby geographical regions (Pons and Petit, 1996). Analyses of AMOVA were carried out with Arlequin version 3.0 to estimate genetic differentiation within populations, between populations within groups and between groups, with significant tests of 1000 permutations (Excoffier et al., 2005). The correlation between geographic distance and genetic differentiation among populations was tested using the Mantel test through TFPGA version 1.3 (Mantel, 1967).

To further reveal spatial genetic structure of the two species, we performed a spatial analysis of molecular variance using SAMOVA version 1.0 (Dupanloup et al., 2002, http://web.unife.It/progetti/genetica/Isabelle/samova.html) based on the cpDNA haplotypes and geographical localities of all populations sampled in the study. In the analysis, the number of population groups (K) was defined using a simulated annealing approach, and K values were set between 2 and 12 with each simulation starting from 100 random initial conditions. A genetic differentiation index (FCT) among groups was calculated, and the optimal configuration of groups was determined using an iterative simulated annealing process (Wright, 1978). In addition, biogeographical boundaries or potential gene flow barriers among populations were examined with Monmonier’s maximum-difference algorithm in BARRIER v2.2 (Manni et al., 2004). The robustness of these barriers was evaluated through running BARRIER program on the basis of 100 replicates of population average pairwise difference matrices. The difference matrices in the test were obtained through bootstrapping of haplotype sequences in SEQBOOT (Felsenstein, 2005).




2.4 Population demographic analyses

Firstly, we carried out mismatch distribution analyses (Schneider and Excoffier, 1999) in DnaSP 5.10 version (Librado and Rozas, 2009) to test sudden demographic expansions of the two species. In general, populations with a sudden demographic expansion in the past should display a smooth and unimodal distribution (Slatkin and Hudson, 1991; Rogers and Harpending, 1992). Secondly, we performed Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) statistical tests using Arlequin version 3.0 (Excoffier et al., 2005) to infer historical demographic expansions of N. sphaerocarpa and N. tangutorum respectively. The validity of the expansion model was determined with the sum of squared deviation (SSD) between the observed and expected mismatches. The significance of expansion model (Harpending, 1994) was tested using Harpending’s raggedness index and associated P values. We used the formula τ = 2ut (Rogers and Harpending, 1992) to estimate the expansion time (t). In the formula, τ is the mode of mismatch distribution defined with units of evolutionary time, and u is the mutation rate per generation, which was estimated through the relationship u = 2 μkg. Here μ refers to the substitution rate per nucleotide site per year (s/s/y), k is the sequence length, and g represents the generation time in years. The average sequence mutation rates of chloroplast DNA in angiosperms (1.0-3.0×10-9s/s/y) were used to estimate the expansion time of the species (Wolfe et al., 1987), since there was no fossil to calibrate cpDNA mutation rates of Nitraria species. According to our field observations and some cultivation experiments, the generation time of the two species was about 3 years. Thirdly, we performed ecological niche modeling (ENM) on the basis of maximum entropy approach to infer the potential distribution ranges of the two species in the LIG (ca. ~140Kya), the LGM (ca. ~21 Kya), the present, and the future (2050), using the MAXENT version 3.3.3k (Phillips et al., 2004; 2006; Peterson and Soberón, 2012). In the simulating analysis, a “maximum training sensitivity plus specificity” threshold was used to determine suitable/unsuitable habitat (Liu et al., 2010). A jackknife test was carried out to estimate the contributions of different bioclimatic variables to the prediction of the distributional models. The goodness of models was evaluated with the area under the receiver operating characteristic (ROC) curve (AUC scores) (Fawcett, 2006). In order to reduce effects of spatial autocorrelation, we deleted duplicates of records. A total of 128 distribution sites, including 84 sites for N. tangutorum and 44 sites for N. sphaerocarpa, were used in the ENM analyses. These sites consist of 52 sampling sites in the study and 76 specimen records from the Chinese Virtual Herbarium (CVH, http://www.cvh.org.cn/). All bioclimatic layers with 19 bioclimatic variables at a resolution of 30 arc seconds were obtained from the WorldClim database (available at http://www.worldclim.org/; Hijmans et al., 2005). In order to avoid multivariate collinearity of environmental variables, which could lead to model over-fitting, we only retained distinct sets of variables that contributed most to models, and eliminated one variable per pair with correlations of r ≥ 0.8 according to Pearson correlation value (Wan et al., 2016). Seven bioclimatic variables, i.e. precipitation of warmest quarter (Bio18), temperature seasonality (Bio4), precipitation of driest quarter (Bio17), annual mean temperature (Bio1), mean temperature of coldest quarter (Bio11), annual precipitation (Bio12), and precipitation seasonality (Bio15), were selected for modeling the potential range of the two Nitraria species. We used 30 replicates with 80% of the geographical sites for training and 20% for testing. Graphics for distribution models in different periods of the two species were drawn using DIVA-GIS 7.5.





3 Results



3.1 Chloroplast DNA variation and geographic distribution

A total of 23 single nucleotide substitutions and 2 indels of 3 or 6 nucleotides within trnH-trnA sequence were detected in 633 individuals sampled from 52 populations and the length of the cpDNA fragment was 834 bp. However, only 8 nucleotide substitutions were detected in the atpH-atpI cpDNA fragment. The total length of combined the two chloroplast DNA sequences was 1794 bp, comprising 24 parsimony informative sites. Haplotype diversity (Hd) and nucleotide diversity (Pi) calculated with DnaSP 5.10 software were 0.7819 and 0.00094, respectively. A total of twenty-four different chlorotypes (H1-H24) were identified among all individuals sampled in the study (Supplementary Table S1). However, the relationships among these chlorotypes have not been resolved by phylogenic analysis (Supplementary Figure S1). Half of the populations sampled in this study were fixed for a single chlorotype, and the other half of the populations were polymorphic (Table 1, Figure 1A). The most common chlorotypes were H4, H6 and 19 (Figures 1A, B). H4 widely occurred in most populations of N. tangutorum at high frequency and a few populations of N. sphareocarpa (13 and 32). H6 only occurred in some populations of N. tangutorum as a single chlorotype (24, 26, 27, 29 and 31) or at different frequencies (4, 15, 22, 23, 30 and 41). However, H19 was only fixed for most populations of N. sphaerocarpa as a single chlorotype (8, 10, 11, 16, 17, and 19), and for one population (32) at lower frequency. The other haplotypes occurred in a few populations at different frequencies. Especially, there were eight rare haplotypes (H2, H7, H9, H11, H12, H21, H22 and H24) which occurred only in one or two individuals of the two species, and the other two rare haplotypes, H13 and H18, were present only in two populations of N. tangutorum at low frequencies, respectively (H13: 39, 42; H18: 50, 51). In addition, H4 and H14 were shared by two species while all the other haplotypes identified in this study were fixed by only one of the two species (Figure 1B). The haplotype diversity (HE) calculated for each population ranged from 0 to 0.758, with a mean value of 0.208 (Table 1). Population 4, which had the greatest haplotype diversity (HE = 0.758), was polymorphic for chlorotypes H1, H4, H5, and H6. Furthermore, the other four populations (21, 34, 42 and 50) had high haplotype diversities (HE = 0.714, 0.600, 0.692 and 0.724, respectively) for three or four haplotypes. Although the two populations (5 and 6) contained high haplotype numbers, their values of HE were low (HE = 0.490, and 0.466, respectively) because of low frequencies of some chlorotypes occurring in these populations (e.g., H1, H3). Notably, population pairs of N. tangutorum and N. sphareocarpa at the same sampling site contained completely different chlorotype composition (Figure 1A; population pairs 11/12, 15/16, 18/19, 24/25, and 27/28), implying that a complete reproductive isolation has been established between the two related species.




3.2 Population structure and phylogeographical differentiation

The SAMOVA analysis revealed that the differentiation among groups (FCT) of N. tangutorum reached a plateau when the value of K was 6 (Supplementary Tables S2, Supplementary S3; Supplementary Figure S2), and all populations sampled for this plant clustered into six groups. The group 6 included most of these populations (25 populations) which occurred everywhere in the whole distribution area of this species, while the group 5 consisted of 7 populations (22, 24, 26, 27, and 29-31) which occupied almost the same geographical region (Figure 1A). However, all the other groups (group 1-4) only included one or two populations. For the species N. sphaerocarpa, the SAMOVA divided all sampled populations into five groups (K = 5) (Supplementary Tables S2, Supplementary S3; Supplementary Figure S2). Except for groups 4 and 5 which contained most populations of the species (10 populations), the other groups only consisted of one or two populations. The populations of group 4 or 5 also occupied approximately the same geographical region (Figure 1A). The group structures based on the SAMOVA analysis were not congruent with geographical distributions of all populations of the two species. However, most populations in each close geographical region obviously contained homologous or unique chlorotype, for example, populations 33-38 in the eastern region of sampled area (Inner Mongolia) fixed unique H10, and populations 42-44 in North Xinjiang region fixed unique H15 (Figure 1A). Especially, almost all the populations of N. sphaerocarpa in the western range of Gansu province fixed the same chlorotype (H19).

To further reveal genetic structure of these populations both in the whole range and in different geographical regions, therefore, all the populations of N. tangutorum in this study were divided into six geographical groups (Gg1-Gg6) according to different geographical regions and climatic habitats (Table 2). Gg1 consisted of populations 1-7 which mainly occurred in the Qinhai-Tibet Plateau (QTP) with an average altitude of more than 4000m. Gg2 included populations 9, 12, 15, 18, and 20, which were distributed in the west of Gansu province where belongs to extreme arid area with little rainfall of less than 100 mm. The range of Gg3 (22-24, 26, 27, and 29-31) lied in arid area where the rainfall is more than 100mm but less than 200mm. Gg4 populations (33-38) are largely distributed near the Yellow River where belongs to semi-arid regions. Gg5 and Gg6 populations mainly occurred in the northern and western regions of Xinjiang, respectively, which are geographically far from the populations of other geographical groups. However, the populations of N. sphaerocarpa were not divided according to geographical regions, because most populations of the species in a close geographical rang (in the west of Gansu province) fixed a single chlorotype and other geographical regions contained only a few sampled populations.


Table 2 | Estimates of average gene diversity within populations (HS), total gene diversity (HT), interpopulation differentiation (GST), and the number of substitution types (NST) (mean ± SE in parentheses) for chlorotypes calculated with PERMUT, using a permutation test with 1000 permutations.



The PERMUT analysis indicated that the two species, N. tangutorum and N. sphaerocarpa, have low average gene diversities within populations (HS = 0.249 and 0.099, respectively), while the total gene diversities across all populations were high (HT = 0.654 and 0.758, respectively) (Table 2). The two species also showed high level of differentiation among all the populations (GST = 0.620 and 0.870, NST = 0.624 and 0.932, respectively). The total gene diversity (HT) and interpopulation differentiation (GST and NST) of N. sphaerocarpa were obviously higher than that of N. tangutorum. A permutation test detected a significant phylogeographic structure (NST > GST; P < 0.01) among populations of N. sphaerocarpa (Table 2), while no clear phylogeographic structure was detected among populations of N. tangutorum. For the six geographical groups of N. tangutorum (Table 2: Gg1-Gg6), the total gene diversity of Gg1 in QTP (HT = 0.818) was apparently higher than that of the other geographical groups, and only this geographical group showed a clear phylogeographic structure. The Mantel test also identified an obvious correlation between genetic distance and geographical distance for N. tangutorum (R = - 0.103, P = 0.063), while the correlation between the two distance matrixes was not clear for N. sphaerocarpa (R = 0.406, P = 0.019) (Figure 2).




Figure 2 | Analysis of isolation by distance for chloroplast DNA of Nitraria tangutorum and Nitraria sphaerocarpa based on Mantel test. The pairwise FST value is plotted against the geographical distance between populations.



AMOVA analyses showed that approximately 58% of the total chloroplast DNA variations occurred among populations of N. tangutorum whereas about 87% of variation occurred among populations of N. sphaerocarpa, also indicating that the level of genetic differentiation among populations of N. sphaerocarpa was higher than that of N. tangutorum (Table 3). For N. tangutorum and its six geographical groups, about 33% of variation occurred among groups (FCT = 0.3287), revealing that there was a significant differentiation among these geographical groups. Actually, the BARRIER analysis also detected a few potential biogeographical boundaries among the populations of the two species. Two robust boundaries with high bootstrap values (> 95%) were identified among populations of N. tangutorum and N. sphaerocarpa, respectively (Figures 1C, D). AMOVA analysis also revealed that the molecular variation within populations of the four geographical groups (Gg2, 93.98%; Gg4, 85.76%; Gg5, 64.90%; and Gg6, 76.61%) were notably higher than that of among population within groups of N. tangutorum (Table 3).


Table 3 | Analyses of molecular variance (AMOVA) for populations and population groups of Nitraria tangutorum and Nitraria sphaerocarpa.






3.3 Demographic history of N. tangutorum and N. sphaerocarpa

The mismatch distribution analysis using DnaSP 5.10 revealed that the distribution of pairwise differences for N. tangutorum populations displayed a smooth and unimodal curve (Figure 3A), implying this species experienced a sudden demographic expansion in the past. However, the distribution of pairwise differences of N. sphaerocarpa was a bimodal curve (Figure 3B). The higher P-values of Harpending’s raggedness index (RAG) and the sum of squared deviation (SSD) for N. tangutorum (Table 4) further revealed that the species experienced a rapid range expansion in its whole geographical distribution. Furthermore, the obviously negative values of Tajima’s D and Fu’s Fs in the whole populations of N. tangutorum also supported the sudden demographic expansion of the species (Table 4). The demographic expansion of N. tangutorum approximately happened between 7 and 21 Kya, according to the average mutation rates of cpDNA sequences in angiosperms (Wolfe et al., 1987), the two chloroplast DNA sequences length of 1794bp, and the generation time of 3 years. However, a rapid demographic expansion was not identified in the whole geographical distribution of the species N. sphaerocarpa according to statistics for neutrality tests and mismatch distribution analysis (Table 4).




Figure 3 | Mismatch distribution analyses for the whole distribution of Nitraria tangutorum (A) and Nitraria sphaerocarpa (B).




Table 4 | Statistics for neutrality tests and mismatch distribution analysis for the two species Nitraria sphaerocarpa and Nitraria tangutorum.



The distribution models of the two species in ENM obtained the high average AUC scores (0.875 and 0.953 for N. tangutorum and N. sphaerocarpa, respectively), based on the 30 replicates of the MAXENT runs (Supplementary Figure S3). Estimates of relative contributions of the environmental variables according to the jackknife tests showed that seven environmental variables, including Bio1, Bio4, Bio11, Bio12, Bio15, Bio17, and Bio18, principally influenced the geographical ranges of N. tangutorum and N. sphaerocarpa (Supplementary Table S4). However, contribution rates of these seven environmental factors to the distribution ranges were slightly different between the two species. Among these environmental variables used in the study, four variables, i.e. Bio1, Bio4, Bio17, and Bio18, played a primary role in determining the potential ranges of the two species, and their total contribution rate accounted for over 85% (Supplementary Table S4). Based on the 128 sites dataset and the seven environmental factors above, the potential distribution ranges of the two species were modeled for the LIG, the LGM, the present day, and the future, respectively (Figures 4A–F). The results showed that the potential ranges of the two species on the basis of a high habitat suitability index (>0.50) obviously fluctuated during the LIG and LGM (Figures 4A–D; Supplementary Table S5), comparing to the present and future ranges (Figures 4E, F). Especially, their potential ranges contracted significantly during the LGM period (Figures 4C, D; Supplementary Table S5), and subsequently, expanded or recolonized during the present day (Figures 4E, F; Supplementary Table S5). Furthermore, the two species will experience different degrees of range contraction under the future climate scenario, and the range contraction of N. sphaerocarpa is significantly greater than that of N. tangutorum based on a higher habitat suitability index (>0.74) (Figures 4G, H; Supplementary Table S5). Notably, the potential niche maps based on the ENM showed that the two species occupied distinct fragmented habitats in different periods, implying that the two species had multiple geographically isolated refugia in northern China. In addition, N. tangutorum occupied a significantly broader potential distribution range than N. sphaerocarpa, indicating that N. tangutorum had a higher ecological plasticity or adaptability to different habitats than N. sphaerocarpa.




Figure 4 | Predicted ranges of Nitraria tangutorum and Nitraria sphaerocarpa during the LIG, the LGM, the present day, and the future based on ecological niche modeling. (A, C, E, G) Predicted ranges of N. tangutorum during the LIG, the LGM, the present day, and the future, respectively. (B, D, F, H) Predicted ranges of N. sphaerocarpa during the LIG, the LGM, the present day and the future, respectively. The black plots represent the 128 sites (84 for N. tangutorum and 44 for N. sphaerocarpa), including 52 our own sampling sites and 76 specimen records from the Chinese Virtual Herbarium.







4 Discussion



4.1 Genetic diversity of chloroplast DNA

In the present study, we examined high total haplotype diversity (Hd = 0.7819) and nucleotide diversity (Pi=0.00094) of the two cpDNA sequences (trnH-psbA and atpH-atpI). A total of twenty four chlorotypes were identified from 52 populations of N. tangutorum and N. sphaerocarpa. Out of these haplotypes, there was a single dominant haplotype (H4) which widely occurred in the entire geographical distribution of the two species (Figures 1A, B), and a lot of rare haplotypes which were fixed by only one or two individuals of them (Table 1; Figure 1A). However, the bootstrap values of most clads in the phylogenetic tree were very low (<50%, Supplementary Figure S1), indicating that the relationships among these chlorotypes were not clear. The PERMUT analysis indicated that the two species had high levels of total genetic diversity (Table 2: N. tangutorum: HT = 0.654; N. sphaerocarpa: HT = 0.758). In addition, we also found that four N. tangutorum populations (4, 34, 42, and 50) and one N. sphaerocarpa population (21) had obviously higher haplotype diversities than other populations (Table 1; Figure 1A), and these populations scattered different geographical regions. For example, population 4 occurs on the QTP with a series of mountains and valleys, population 42 lies in northern Xinjiang, while population 34 is distributed in central Inner Mongolia. Notably, these populations with higher haplotype diversities are geographically far from each other, and occupy different geographical regions. These results together imply that the ancestor populations of the two species were widely distributed in northwestern China before the Quaternary (Hewitt, 2000). These ancient populations have been gradually isolated into different geographical or ecological groups owing to the habitat fragmentation and formation of geographical barriers caused by past geological events and/or climate oscillations (Abbott et al., 2000; Hewitt, 2004), and subsequently formed the current genetic diversity pattern (Li et al., 2018; Jia and Zhang, 2019; Hu et al., 2022). The aridification and desert expansion in northwestern China induced by uplifting of the QTP (Sun et al., 1998; Guo et al., 2002; Sun and Liu, 2006) probably accelerated the range fragmentation, geographical subdivision and diversification of these desert species in this region (Li et al., 2012; Meng et al., 2015; Zhang et al., 2017; Hu et al., 2022). The rare haplotypes identified in this study were highly likely to be randomly retained in fragmented populations due to genetic drift during the population contraction/expansion process of the two species (e.g. Avise, 2004; Chen et al., 2008).

Although the total gene diversity of N. sphaerocarpa was significantly higher than that of N. tangutorum, most populations of N. sphaerocarpa were only fixed for a single haplotype (e.g. populations 8, 10, 11, 16, 17, 19, 25; Figure 1A). The higher GST value of P. sphaerocarpa than N. tangutorum indicated that the genetic differentiation among populations of N. sphaerocarpa was more severe than that of N. tangutorum (Table 2). AMOVA analysis also showed that approximately 87% of the total genetic variations occurred among populations of N. sphaerocarpa, while only about 57% variations occurred among populations of N. tangutorum (Table 3). This different genetic structure between the two related species with co-distributed ranges was probably triggered by gene flow between populations (e.g. Zink et al., 2001; Polihronakis and Caterino, 2010; Zhang et al., 2012). Habitat dependence/preference of species with similar dispersal ability probably affects the gene flow among their populations. Species with high ecological plasticity and wide ranges have more opportunities to survive and spread in adverse conditions than other species with narrow niches and small ranges (Michaux et al., 2005; Hamer and McDonnell, 2010; Lange et al., 2010; Morris-Pocock et al., 2010). N. tangutorum is widely distributed across large parts of northern China, covering almost all desert areas in northwestern China. Its habitats include shifting or semi-fixed sandy land, and gravel or salinized sandy land. However, N. sphaerocarpa is scattered in desert areas discontinuously, and only occupies some narrow desert regions in northwestern China, including Midwest of Inner Mongolia, Hexi corridor of Gansu province, and a few areas of Xinjiang. This specie prefers to grow on fixed or gravel sandy land. This habitat preferences and habitat fragmentation probably affected the gene flow between populations of N. sphaerocarpa, and subsequently further contribute to the genetic divergence of the species.

Notably, among the twenty-four chlorotypes detected in this study, only two chlorotypes (H4 and H14) were shared by N. tangutorum and N. sphaerocarpa (Figure 1B). According to species-specific chlorotype composition of two populations in the same site (e.g. population pairs: 11 and 12, 18 and 19), we inferred that the two related plants were reproductively isolated by some biological mechanisms. Therefore, these shared chlorotypes between the two species were probably derived from retention of ancestor polymorphisms, but not from hybridization or introgression. These retained ancestor haplotypes had probably experienced an incomplete lineage sorting before a complete reproductive barrier was established between the two species (Wendel and Doyle, 1998).




4.2 Population structure and regional differentiation

The climate change induced by uplift of the QTP since the Pliocene accelerated the desert formation and expansion in northwestern China (Guo et al., 2002), and further caused range fragmentation and subsequent diversification of plants in this region (Sun and Li, 2003; Al-Shehbaz et al., 2006). Nitraria is an ancient Tertiray relic taxon, and its ancestor populations were highly likely to widely occur in northern China before these geological events (Temirbayeva and Zhang, 2015; Zhang et al., 2015). Our results revealed that the two species, N. tangutorum and N. sphaerocarpa, probably experienced habitat fragmentation caused by geological and climatic changes (aridification, desert formation and expansion/contraction) (Li et al., 2012; Meng et al., 2015). The hypothesis was supported by no clear phylogenic relationship among haplotypes and geographical distributions of populations with high haplotype diversity (e.g. populations 4, 21, 34, 42, 50). These populations with high diversity were likely to be the putative glacial refugia for the species (Abbott et al., 2000). We also did not detect any significant phylogeographical structure in the entire range of N. tangutorum (Table 2), implying that all these populations of the species probably originated from different ancestor populations. The Mantel test also showed that there is no significant correlation between population genetic differentiation (Fst) and geographical distance of N. tangutorum in its whole distributional ranges (Figure 1A; 2). Therefore, it is highly likely that the climatic oscillations and associated environmental changes (e.g. desert formation and expansion/contraction) in the Quaternary accelerated the range fragmentation and population isolation, and subsequently providing chances for allopatric differentiation within species induced by selection and/or genetic drift (Meng et al., 2015). This inference has been further confirmed by a large number of rare haplotypes identified in the study. Actually, we also found some distinctive chlorotypes in different geographical regions, e.g. H15 in northern Xinjiang region, H16, H17 and H18 in western Xinjiang region, and H3 in Qinghai (QTP region) (Figure 1A; Table 1). These unique chlorotypes were also likely to result from genetic drift and randomly retained in fragmented geographical distributions.

The population groups divided by SAMOVA were not congruent with geographical subareas of the two species, for example, the group 6 of N. tangutorum included 25 populations which occurred everywhere in the entire ranges of this species (Figure 1A; Supplementary Table S3). However, we did find some geographically close populations which obviously contained some homologous or unique chlorotypes, such as populations 33-38 and 22-31, indicating that phylogeographical structure existed among populations in a few subareas of N. tangutorum (Table 2). In the whole ranges of N. sphaerocarpa, we examined the significant phylogeographical structure (NST > GST, P < 0.01) and high interpopulation differentiation (GST = 0.870), which may be caused by limited gene flow among populations affected by habitat preference to narrow gravel sandy land. Actually, in the subarea of Hexi corridor both in Gansu and central Inner Mongolia, we discovered obvious lineage genetic differentiation among geographical populations of N. tangutorum and N. sphaerocarpa (21-38). A few genetic barriers based on Monmonier’s maximum-difference algorithm have also been detected among these populations in the subarea of the two species (Figures 1C, D). This genetic pattern of the two Nitraria species is partly congruent with the other two typical desert taxa we surveyed using cpDNA variations (Yu et al., 2013; Zhang et al., 2017). In addition, the geographical region Gg7 (populations 1-7) of N. tangutorum distributed in the fringe of QTP contained three distinctive chlorotypes (H1, H3, and H5) and one rare chlorotype (H2), and had the highest total gene diversity (HT = 0.818) and interpopulation differentiation (GST = 0.570), compared to other geograpihical groups (Table 2). A significant phylogeographical structure was also identified in this subarea group. All these results implied that a series of high mountains and deep valleys in this region played an important role in accelerating the formation of regional genetic differentiation and phylogeographical structure of the species (Dutech et al., 2004; Meng et al., 2015).




4.3 Population contraction/expansion and multiple refugia

A few studies have revealed that recent population expansion probably results in shallow genetic divergence (Conroy and Cook, 2000; Hewitt, 2000; 2004; Polihronakis and Caterino, 2010). The results obtained by PERMUT revealed that genetic differentiation among populations in some subareas of N. tangutorum (e.g. Gg2, Gg4, Gg6; Table 2) were very low, and most of variations occurred within populations (Table 3), implying that these populations in the subareas probably experienced recent regional expansion in their limited geographical regions. This scenario was further supported by mismatch analysis results (Table 4; Figure 3A). For N. sphaerocarpa species, we did not find a rapid demographic expansion in its whole geographical distribution (Table 4; Figure 3B), which was probably related to its habitat preference to narrow gravel sandy land. However, the ENM results revealed that the two species experienced apparent expansion and contraction during the LIG and LGM, respectively (Figures 4A–D; Supplementary Table S5), and their ranges have obviously expanded again in the present (Figures 4E, F; Supplementary Table S5). The mismatch analysis based on a range of possible cpDNA mutation rates indicated that the demographic expansion of N. tangutorum occurred approximately between 21 and 7 Kya before present, which was partly congruent with the ages of LGM (ca. 21 - 18 Kya before present). Numerous studies revealed that the deserts in central Asia, involving northwestern China, obviously enlarged during the Quaternary glacial ages (e.g. Bush et al., 2004; Sun and Liu, 2006; Qian et al., 2016). The range expansion of N. tangutorum probably followed the enlargement of the deserts during the ice ages, especially the LGM. Therefore, the recolonization of the species may have occurred after the LGM (ca. 18 - 7 Kya). This inference is basically consistent with the results of ENM and mismatch analysis. In addition, the jackknife tests in ENM revealed that two environmental variables, i.e. Bio18 and Bio4, played vital roles in modeling the potential ranges of the two species (Supplementary Table S4), indicating that precipitation and temperature are the two key factors for the population survival and expansion of the two species. Some studies showed that anthropogenically induced climate change within the last decade is causing shifts in the distribution ranges of many species (Walther et al., 2002; Parmesan and Yohe, 2003; Parmesan, 2006), and these range shifts are likely to continue because of carbon emissions and global climate warming. Therefore, the global warming and aridification induced by human activities will also probably produce significant effects on potential distributions of N. tangutorum and N. sphaerocarpa. The ENM results in this study indicated that the suitable ranges of the two species will contract substantially in the future climate scenario (Figures 4G, H; Supplementary Table S5), when comparing to the present (Figures 4E, F). Moreover, the contraction degrees of distribution ranges are obviously different between the two species.

These different demographic patterns of the two species in responses to past climate changes are probably correlated with their contrasting habitat preferences and ecological plasticity (Michaux et al., 2005; Hamer and McDonnell, 2010; Lange et al., 2010; Morris-Pocock et al., 2010). In general, phenotypic plasticity can produce morphologies adapted to local conditions, and is very beneficial for the survival of plants in heterogeneous environments (Puijalon et al., 2008). Morphogenetic differences ensure resilience of species to new and changing ecological conditions (Schoelynck et al., 2015). N. tangutorum and N. sphaerocarpa had contrasting habitat preferences and different phenotypic plasticity (Pan et al., 1999). Furthermore, N. tangutorum had higher average gene diversity within populations (Hs) than N. sphaerocarpa (Table 2), implying that the former had higher adaptability to heterogeneous environments than the latter.

Providing that the two species extensively occurred in the Northwest of China before the Quaternary, their current populations might have originated from a few separated glacial refugia following their habitat fragmentation induced by climate oscillations in the Quaternary (Chen et al., 2008; Li et al., 2012). Firstly, the range fluctuation of one species generally remains two evident genetic imprints: a wide distribution of a dominant haplotype, and multiple rare haplotypes (Hewitt, 1996, 2000; Comes and Kadereit, 1998). In the present study, we identified a single dominant haplotype (H4) which widely occurred in the entire geographical ranges of the two species (Figures 1A, B), and a lot of rare haplotypes which were fixed by only one or two individuals of them (Table 1; Figure 1A). Furthermore, we also found that some different geographical regions fixed a few distinctive chlorotypes, e. g. Gg1 fixed H3, Gg3 fixed H6, Gg5 fixed H15, and Gg6 fixed H16, H17 and H18, indicating that the species have experienced regional-scale range expansion/contraction in these geographical regions. Secondly, glacial refugium areas generally contained most of haplotypes and have high levels of genetic diversity (Abbott et al., 2000), while new recolonized areas usually have low haplotype diversities owing to founder effects (e.g., Petit et al., 2003; Stewart et al., 2010), and haplotypes should be decreased gradually from refugium (Hewitt, 2000; Heuertz et al., 2004). In the present study, we found four N. tangutorum core populations (4, 34, 42, and 50) and one N. sphaerocarpa core population (21) which had obviously high levels of genetic diversity (Table 1; Figure 1A), and these core populations are scattered across different geographical regions (Figure 1A). Moreover, we also found that other populations near these core populations had lower levels of genetic diversity and a few chlorotypes originated from their core populations. This genetic structure implies that the two species are highly likely to have independent refugia in these separated geographical regions, and they have experienced regional demographical expansion within different geographical regions.

Topographically heterogeneous areas are likely to act as refugia for species because they facilitate survival during regional climatic stress due to availability of a range of microenvironments (Byrne et al., 2022). Generally, mountainous regions can provide a few microhabitats for species survival when they facing adverse conditions or environments, while flat regions with few major geomorphologic features usually have a poorer refugial capacity (Trew and Maclean, 2021). Therefore, topographically complex regions usually retained higher levels of genetic diversity (Garrick, 2011; Byrne et al., 2017). In the present study, the four putative refugia (populations 4, 34, 42, 50) for N. tangutorum had high haplotype diversities, and HE ranged from 0.600 to 0.758 (Table 1). Apart from population 34 with a relatively lower level of haplotype diversity (0.600), the other three populations harbored diversity values with no significant difference among them, implying that these putative refugia had similar ecological capacities for preserving genetic diversity of the species. Furthermore, these populations with high haplotype diversities (putative refugia) are all located near some mountains (Figure 1A), for example, populations 34, 42 and 50, are located near the Helan Mountain, Altai Mountains, and Kunlun Mountains, respectively, although the species prefers to grow on flat sandy land in deserts.

Our results together suggest that these current populations of N. tangutorum and N. sphaerocarpa originated from a few separated glacial refugia following their habitat fragmentation in the Quarternary, and these populations have experienced regional range expansion after the LGM. Interestingly, we also found that these putative refugia in the study are mostly located near some rivers. For example, population 21 is located near the Shiyang river originating from the Qilian Mountain, 34 is located near the Yellow River, 42 is located near the Ertiz river originating from the Altai Mountains, and 50 is located near the Yarkant river originating from Kunlun Mountain. The jackknife test of the ENM revealed that Precipitation of Warmest Quarter (Bio18) is the most important factor which influenced the geographical ranges of the two species (Supplementary Table S4). Therefore, these seasonal or permanent rivers probably provided the possibility for the survival of the two species in different refugia when the glacial climate became dry and cold (Xu et al., 2010; Ge et al., 2011; Meng and Zhang, 2013; Meng et al., 2015).

In the present study, we only used two maternally inherited chloroplast DNA fragments to highlight the demographic history and genetic structure of closely related species with overlapping ranges in response to past geological events and climatic oscillations. Our results together suggest that the two typical desert species, N. tanguotorum and N. sphaerocarpa, responded to the past climate fluctuations in different ways due to special habitat preferences. However, phylogenetic relationships among populations in the whole geographical distribution have not been well resolved. Intraspecific gene flow among and within sub-geographical regions are not clear. Further studies using more plastid DNA fragments and nuclear genes (e. g. unlinked low-copy nuclear genes) are needed to reveal the demographic history of these desert plants with overlapping ranges.
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The various vegetation types in the karst landscape have been considered the results of heterogeneous habitats. However, the lack of a comprehensive understanding of regional biodiversity patterns and the underlying ecological processes limits further research on ecological management. This study established forest dynamic plots (FDPs) of the dominant vegetation types (shrubland, SL; mixed tree and shrub forest, MTSF; coniferous forest, CF; coniferous broadleaf mixed forest, CBMF; and broadleaf forest, BF) in the karst landscape and quantified the species diversity patterns and potential ecological processes. The results showed that in terms of diversity patterns, the evenness and species richness of the CF community were significantly lower than other vegetation types, while the BF community had the highest species richness. The other three vegetation types showed no significant variation in species richness and evenness. However, when controlling the number of individuals of FDPs, the rarefied species richness showed significant differences and ranked as BF > SL > MTSF > CBMF > CF, highlighting the importance of considering the impacts of abundance. Additionally, the community assembly of climax communities (CF or BF) was dominated by stochastic processes such as species dispersal or species formation, whereas deterministic processes (habitat filtering) dominated the secondary forests (SL, MTSF, and CBMF). These findings proved that community assembly differs mainly between the climax community and other communities. Hence, it is crucial to consider the biodiversity and of the potential underlying ecological processes together when studying regional ecology and management, particularly in heterogeneous ecosystems.
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1 Introduction

As the global species extinction rate increases with habitat degradation, maintaining biodiversity has become a severe ecological issue, especially in extreme ecosystems (Butchart et al., 2010; Johnson et al., 2017). Previous studies suggested that biodiversity reflects the extent of the history of life on Earth and serves as an essential foundation for ecosystem sustainability (GE, 2017; Mi et al., 2021). The four levels of biodiversity include gene, species, ecosystem, and landscape, and species diversity is crucial for biodiversity conservation as it directly reflects the community structure, stability, and development stage (Wang et al., 2022). Numerous studies have explored large-scale species richness variations along elevation or latitude (Chen et al., 2015; Fontana et al., 2020). However, the regional diversity patterns and driving mechanisms among vegetation types are unclear, thus requiring academic attention.

A growing body of studies showed that species richness depends heavily on abundance (Xue et al., 2021; Feng et al., 2022), emphasizing the importance of considering the confusing impacts of abundance accumulation. However, researchers prefer to correct rather than quantifying confusing impacts of sample sizes. Consequently, the current challenges under confusing impacts of sample sizes leads to a misunderstanding of species diversity patterns in ecological researches (Feng et al., 2022). Despite its intuitiveness and universality, species richness is oversimplifying as it is determined by combining the total numbers of species (Chao et al., 2014), and it increases nonlinearly with the increasing sampling size (Chase et al., 2018). Therefore, in addition to the traditional richness index, more convictive indices such as the rarefied species richness should be employed to address the impact of varying sample sizes when exploring species diversity pattern differences (Roswell et al., 2021). Although species richness and species evenness are both important components of species diversity, previous studies focused mainly on species richness while seldom considering species evenness (Huang et al., 2015; Villa et al., 2018). Since the mono diversity index can not account for various community components and almost all ecological factors or processes in a community can potentially affect species abundance or regulate species relative abundances (Feng et al., 2021), the species diversity patterns must be explored based on comprehensive, multi-index measurements rather than a single component.

Species abundance distribution (SAD) effectively reflects the species richness and evenness as it directly quantifies the species and its dominance in the community (McGill et al., 2007; Baldridge et al., 2016). However, the multiple dimensions and components of biodiversity render it difficult to identify the model fitting the SADs best and, in turn, reveal species diversity patterns (Feng et al., 2022). In addition to revealing the biodiversity patterns, determining the ecological process driving the observed biodiversity patterns is another crucial unsolved issue. Traditional niche theory holds that species coexist and maintain diversity over time only if specific factors, such as niche differentiation, prevail during community construction (Haegeman and Loreau, 2011). However, this theory faces a vital challenge in explaining why so many species with similar niche spaces coexist at the local scale. Neutral theory proposed by Hubbell (2001) suggests that species exhibit similar population dynamics due to shared characteristics. Stochastic processes control community construction, including birth, death, colonization, and speciation (Zhou and Ning, 2017). Numerous studies indicated that both deterministic and stochastic processes contributed to community construction (Vilmi et al., 2021). Various deterministic and stochastic processes acting across scales form the actual community (Yuan et al., 2011; Su et al., 2023). Normally, species diversity pattern variations are primarily affected by dispersal limitations, local species pools, habitat filtering, and species interactions at local scales (Sabatini et al., 2022). However, the processes maintaining the species diversity patterns and the extent are still under debate. Previous research indicated that species dispersal limitations and habitat filtering played distinct roles in the plant community across the environmental gradients (Flinn et al., 2010). Sperry et al. (2019) found that species migrated from high-diversity areas to low-diversity areas, and species with greater dispersal abilities were more likely to spread from high-diversity areas to low-diversity areas. A study by Parra-Tabla et al. (2018) concluded that habitat filtering constitute a major driver of plant diversity and species composition.

Constructing suitable models to fit SAD curves can well reflect various community structures and the underlying ecological processes (Tan et al., 2020). For example, the most common lognormal and logseries methods depict different scenarios of the relative abundance of species relative to the size and structure of an assemblage (Magurran, 2021). The logseries distribution derives from Poisson sampling of a gamma distribution, while the lognormal distribution represents a situation in which the logarithms of the different species’ abundances follow a Gaussian distribution (Matthews and Whittaker, 2014b). Previous studies suggested three steps for fitting and evaluating SAD models: 1) fitting the model and estimating the parameters; 2) determining the goodness of fit of the model; and 3) comparing the goodness of fit of the model with that of other models (Matthews and Whittaker, 2014a). In recent years, many studies have attempted to describe the shape of the SAD distribution, and quantifying the shape of SAD facilitates the detection of SAD differences and the identification of their drivers (Baldridge et al., 2016; Feng et al., 2021). For example, Yin et al. (2018) found that the SADs of the log Cauchy model could better reveal the inherent features of community structure and dynamics. Qiao et al. (2015) fitted a non-neutral model of community assembly to these SADs, calculated the fitted deviation from neutrality, and observed the correlations between the fitted deviation from neutrality and geographical and environmental variations. The neutral community model (NCM) has been considered a convictive local-scale model to predict the SADs and reveal the ecological processes (Matthews and Whittaker, 2014a). By comparing the actual SAD with the zero-sum multinomial distribution, a most important hypothesis of neutral theory, the dominant ecological process can be determined. However, NCM allows species to have a competitive advantage or disadvantage, and the nearly neutral model transforms the model into a continuous form (Sloan et al., 2006; Chen et al., 2019).

Karst landform is an exceptionally distinctive geological phenomenon, rising to vegetation types that are entirely distinct from subtropical evergreen broadleaf forests at the same latitudes, normally characterized by subtropical mixed evergreen and deciduous broad-leaved forests (Dai et al., 2023). Due to shallow soil layers and poor water retention and fertility capabilities, the karst forest is vulnerable to various anthropogenic disturbances such as logging, commercial exploitation and shifting cultivation (Wang et al., 2023). During the last century, it facing various degradation to shrubland or other vegetation types, even degradation of rocky desertification, with biodiversity lost and ecosystem functioning disordered (Yao et al., 2023). Balancing environmental quality and societal development has been a fundamental issue for regional environmental management. Previous studies have focused on soil properties and microbial community structure under various vegetation types (Yan et al., 2020; Guan et al., 2022; Lu et al., 2022). However, as the basis for understanding regional environment management, the plant biodiversity pattern and its underlying ecological processes among various vegetation types have received less consideration, which should be the scientific basis of regional environmental management. Thus, by establishing FDPs in dominant vegetation types and quantifying the species biodiversity patterns, this study aimed to solve the following questions: (1) How do species diversity patterns vary among vegetation types in karst landscape? (2) What process determines the variations in diversity patterns?




2 Materials and methods



2.1 Study area and data collection

This study was conducted at Maolan National Nature Reserve (107°52’E to 108°05’E and 25°09’N to 25°20’N) (Figure 1), with a total area of 21,285 hectares. It is the only remaining, original, stable karst forest system at the same latitude worldwide, with a mean elevation of 800 m. The rocks in the region consist predominantly of pure carbonate limestone and dolomite, while the soil is primarily weakly alkaline black lime soil. The region has an average annual temperature of 15.3°C, averaging 5.2°C in January and 23.5°C in July. The growing period spans 237 days, while the frost-free period totals 10 days. The annual precipitation is 1752 mm, typically from May to October. Additionally, the annual average relative humidity is 83% (Zhang et al., 2012). The most widely distributed vegetation types in the nature reserve include SL, MTSF, CF, CBMF, and BF. The SL communities are mainly dominated by Cornus parviflora and Celtis sinensis, while Liquidambar formosana and Castanopsis fargesii were the dominant species in CF. Pinus kwangtungensis was the constructive species in the CF, and Pinus massoniana was the dominant species in CBMF. In addition, Acer wangchii and Boniodendron minus were the dominant species in BF.




Figure 1 | Geographic location and sampling site of the study areas. SL, shrubland; MTSF, mixed tree and shrub forest; CF, coniferous forest; CBMF, coniferous broadleaf mixed forest; BF, broadleaf forest.



According to the standard raised by Condit (1998) for the standard handbook of forest dynamic plots (FDPs) establishment, we established 9 to 10 FDPs for each of five dominant vegetation types: shrubland (SL), mixed tree and shrub forest (MTSF), coniferous forest (CF), coniferous broadleaf mixed forest (CBMF), and broadleaf forest (BF) (Table 1). The distance between every two plots is greater than 50 m to avoid the confusing impacts of spatial autocorrelation and ecotone and all the woody individuals with DBH > 1 cm in the FDPs were tagged, measured, and identified to species (Condit, 1998).


Table 1 | Basic information of the established plots: shrubland (SL), mixed tree and shrub forest (MTSF), coniferous forest (CF), coniferous broadleaf mixed forest (CBMF), and broadleaf forest (BF).






2.2 Statistical approaches



2.2.1 Variations in species α-diversity patterns among vegetation types

In this study, α-diversity was quantified based on Margalef’s index (Equation 1) and Pielou’s index (Equation 2) (Margalef, 1957; Levins, 1970). To eliminate the influence of sample size on the diversity index, the Rarefied species richness index (Equation 3) (Rarefied SR) was used as an auxiliary parameter for diversity comparison (Hurlbert, 1971). One-way ANOVA was adopted to reveal the significance of the differences among vegetation types. The specific formula is as follows:

 

 

 

where S is the number of species, N is the total number of individuals of all species, and n is the size of samples taken during the sparsity process. In this study, n = 10, xi is the abundance of species i,  , and Pi is the relative abundance of species i.

The plant importance value (IV) index (Equation 4) is calculated with the following formulas (Skeen, 1973):

 

In the formula  , Rf is the relative frequency, Fs is the frequency of species occurrence, and Tf is the total frequency of all species. In  , Rd is the relative density, Ds is the species density, and Ts is the total species density. In the formula  , Rdo is the relative significance, Dos is the species significance, and Td is the total significance of all species.

Community composition was evaluated by applying a Bray-Curtis dissimilarity index to an untransformed abundance matrix for each vegetation types, and then a nonmetric multidimensional scaling method (NMDS) using the ‘metaMDS’ function of the ‘vegan’ package in R statistical software was adopted to illustrated results (Murray-Stoker and Murray-Stoker, 2020). The function has a stable solution with several random starts and standardizes the scaling in the results through principal component rotation. In this way, the variance of the points along the first axis is maximized so that the configurations are easier to interpret. Whether the graph accurately reflects the actual data ordering distribution can be determined based on the stress values. A stress value closer to 0 indicates a better dimensionality reduction effect. The number of dimensions was set to 2 to minimize the stress (Norden et al., 2009).




2.2.2 Variation in first-order community assembly among vegetation types

The SAD curves usually represent the species richness and evenness. The horizontal axis is ranking of species number, while the vertical axis is the actual abundance value. Species richness denotes the number of varied species in the diagram, whereas species evenness is represented by the slope of the curve (Baldridge et al., 2016). The species accumulation curve reflects the cumulative changes in the number of recorded species as the sample size increases within a specific environment. It helps to assess the total number of species in a given area and compare species diversity among different communities.

To estimate the effects of stochastic processes on the plant community assembly among vegetation types, Sloan et al. (2006) constructed an NCM, applying non-linear least-squares to generate the best fit between the frequency of species occurrence and their relative abundance. The R2 value indicates the goodness of fit of the model and is calculated with the “Östman’s method” (Östman et al., 2010). When R2 is close to 1, the community assembly is fully consistent with stochastic processes. When not describing the community composition, R2 can be ≤ 0. Here, Nm represented the relationship between the probability of occurrence and the relative abundance in the region (Chen et al., 2019; Mo et al., 2021).

All data were analyzed using “Hmisc”, “stats4”, “minpack.lm”, “vegan”, and other packages in R 4.2.2 (R Core Team, 2022).






3 Result



3.1 Species composition among vegetation types

The NMDS show the stress is less than 2, the result is meaningful, furthermore significant differences between CF and other vegetation types on one axis, and its most concentrated on two-axis. Therefore, significant species composition differences between CF and other vegetation types, and the species composition of CBMF was similar to that of MTSF and significantly different from that of BF and CF. (Figure 2). The dominant species varies among vegetation types. SL is dominated by C. parviflora, with an IV of 6.92, while MTSF is dominated by L. formosana, with an IV of 10.27. As for CF, P. kwangtungensis is the dominant species, with an IV of 43.03, and P. massoniana dominates CBMF, with an IV of 23.73. A. wangchii, B. minus (6.03), and Platycarya strobilacea (4.69) are the dominant species in BF (Supplementary Table S1).




Figure 2 | Non-metric multidimensional scaling (NMDS) ordination based on Bray-Curtis dissimilarity showing the community composition variations of the five vegetation types. SL, shrubland; MTSF, mixed tree and shrub forest; CF, coniferous forest; CBMF, coniferous broadleaf mixed forest; BF, broadleaf forest.






3.2 Species α-diversity index variations among vegetation types

BF had the highest Margalef’s index of species richness among the five vegetation types, indicating the most species in plots. No significant variation was found among the other four vegetation types in Margalef’s index (Figure 3A). The Pielou’s index of species evenness of CF was significantly lower than those of the other four vegetation types, indicating a significant species dominance trend compared with other vegetation types (Figure 3B). The rarefied species richness results showed significant observed variations among all five vegetation types after controlling the confusing impacts of abundance. Besides, the BF still had the highest richness and significantly different from other vegetation types, and the CF is the lowest and significantly different from SL and MTSF (Figure 3C).




Figure 3 | Variations in Margalef’s index of species richness (A), Pielou’s index of species evenness (B), and Rarefied species richness (C) among vegetation types. Multiple comparison tests were performed to determine the statistical significance, with p < 0.05 indicating significance. Scales labeled with identical letters have insignificant differences in their community feature values, and scales labeled with different letters have significant differences in their community feature values.






3.3 SADs and first-order assembly processes among vegetation types in karst landscape

CF has the highest decline rate and similar trends were observed on the species rank-abundance curves of MTSF and CBMF. BF and SL has slow decline rate on the species rank-abundance curves, which had lower species evenness than CF, MTSF and CBMF (Figure 4A). On the species accumulation curve, MTSF showed a similar trend to that of CBMF, and the species accumulation rate of CF was lower than other vegetation types and BF was largest (Figure 4B).




Figure 4 | Species abundance distribution among vegetation types: (A) Species rank-abundance distribution curves. (B) Species-abundance accumulation curves.



The NCM results showed that the R2 of CF (0.679) and BF (0.533) were significantly higher than the other three vegetation types, suggesting that the neutral process dominated the community assembly in BF and CF, while the niche process dominated the community assembly of the other three vegetation types (Figure 5). In addition, the highest Nm value in BF suggested a greater degree of species diffusion than other communities.




Figure 5 | Fit of neutral community models(NCM) of community assembly among vegetation types. (A) NCM of shrubland. (B) NCM  of mixed tree and shrub forest. (C) NCM  of coniferous forest . (D) NCM  of coniferous broadleaf mixed forest. (E) NCM  of broadleaf forest. The predicted occurrence frequencies for the variations among vegetation types, plants, and communities, representing the differences in community ecological processes. The solid blue line is the best fit for the neutral community model (NCM) by Sloan et al. (2006), and the dashed blue line indicates 95% confidence intervals around the NCM prediction. Plants occurring more or less frequently than the NCM predictions are shown in green and red, respectively. R2 represents the fit of this model. Nm indicates the community size times immigration.







4 Discussion

This study compared the patterns of species diversity and potential community assembly of five vegetation types within the Maolan National Nature Reserve. The findings indicated that the CF community within the reserve exhibited strong uniqueness, with significant differences in species α-diversity and species composition. In terms of community assembly, significant differences were observed between the climax communities of CF and BF and the secondary SL, MTSF, and CBMF in the karst landscape.



4.1 Biodiversity patterns among vegetation types

As the comprehensive component of biodiversity, species composition can reflect the ecosystem structure and function (Rahman et al., 2022). Since the species diversity pattern involves the number of species and the species evenness, any changes in both components can lead to species composition variations (Chao et al., 2014). Our results showed significant variations among vegetation types in the karst landscape (Figure 2). Among all the five vegetation types, BF had the highest species richness, and CF had the lowest Pielou’s index of species evenness (Figure 3).

As a single dominant species in CF communities, P. kwangtungensis significantly controls the vegetation type structure and the community environment formation, with no obvious subdominant species and numerous rare species with low species evenness (Figure 4A; Supplementary Table S1). CF is normally distributed in habitats with higher altitudes or deeper slopes, where fewer species could colonize (Wang and Cui, 2023). Additionally, the aggregation strength of P. kwangtungensis increases with increasing elevation, thus occupying the niche space of other species. This could explain the lower species richness and evenness in CF than other vegetation types. On the other hand, the higher migration rate of rare species in CF inhibits the increase of species richness, leading to a pattern with a lower species richness and slower species accumulation rate (Stanley Harpole and Tilman, 2006; Xu et al., 2019). Thorn et al. (2020) found that rare species were the main factor of species composition differences. A higher rare species proportion in CF might be the main reason for its species composition variation compared with others (Figure 2). Consistent with the results of Zhang et al. (2012), our results showed that BF had the highest species richness and fastest species accumulation rate, with no obvious dominant species. BF in this study was established in subtropical evergreen deciduous broadleaf mixed forest, considered the climax in the karst landscape. Such a community normally features a complex community structure and a higher species richness (Qi et al., 2021). BF is used to considered in a relatively favorable environment. The relatively higher soil quality results in more individuals or abundance, possibly leading to a pattern with higher species richness (Zhang et al., 2022b). In addition, the stronger habitat heterogeneity at local scales supports various micro-habitats, which helps feed more species (Bátori et al., 2023). Thus, the relatively higher quality of habitat conditions and the stronger habitat heterogeneity might be the main reason for high species richness and evenness.

However, the species richness differed greatly among the five vegetation types after controlling the confusing impacts of abundance. A significant trend of BF > SL > MTSF > CBMF > CF was found in terms of rarefied species richness, which emphasized the importance of considering the impacts of sample size. In other words, individual variations among vegetation types could lead to a misunderstanding of species richness in the karst landscape. The species richness of SL was significantly higher than MTSF and CBMF after removing the influence of abundance on species richness (Figure 3C). In addition, the species richness of MTSF was significantly higher than that of CBMF, SL and MTSF are common secondary forests in karst areas, dominated by species such as C. parviflora, L. formosana, and C. sinensis (Supplementary Table S1). The lack of human disturbance allows shrubs to persist, with small-diameter tree species being the mainstay, leading to a scattered community advantage. Therefore, their species accumulation rates are second only to that of BF (Figure 4B), with high species evenness and no significant differences in species composition from other vegetation types except CF. Xiao et al. (2023) also suggested that high habitat heterogeneity of rocks increased shrub richness. In the MTSF community, tall deciduous trees gradually closed the canopy, limiting the understory light conditions (Li et al., 2016; Lu et al., 2016). Those heliophilous shrub species can not adapt to such poor light conditions and are excluded, thus exhibiting decreased species richness. However, the occurrence of tall deciduous trees facilitates the decomposition of fallen leaves and litter and promotes soil function recovery (Zeng et al., 2020). As a result, the immigration of shade-tolerant tree species, such as Machilus nanmu, Quercus glauca, and Cornus kousa, is promoted, leading to a higher species richness relative to CBMF. Like CF, CBMF was strongly dominated by extremely few species, such as P. massoniana and L. formosana. Such a monodominant community often leads to higher dominance and lower evenness. Consistent with the results of Zhang et al. (2022a) that P. massoniana – L. formosana mixed forest has higher species richness than CF, this study also showed a similar trend after controlling the sample size. The main reason is that adding broadleaf trees can increase the number of plant species and provide different types of litter for forest soil, thereby improving the physical and chemical properties of the soil (Zhang et al., 2022a). Moreover, adding broadleaf tree species also changes the resource acquisition strategies of the plants. Qin and Shangguan (2019) reported that compared with P. massoniana plantations, P. massoniana – L. formosana mixed forests show the most significant increase in leaf nutrient content and the best resource acquisition strategy to adapt to different environmental conditions.




4.2 Community assembly among vegetation types

The stochastic spread of species mainly depends on the difference between local species richness and diversity and the degree of diffusion restrictions. As a neutral-based process model, NCM is a valid approach for inferring stochastic processes acting on community assembly (Chen et al., 2019). This study used neutral models to simulate different vegetation types and found that both CF and BF communities were primarily governed by neutral processes, with CF being more strongly influenced by neutrality (R2 = 0.68, explained by NCM), indicating that stochastic processes dominate the community assembly of CF (Figure 5C). The main reason is that in the CF community, P. kwangtungensis occupies an absolutely dominant position, with no obvious co-occurring species and relatively high rarity of other species (Figure 4A; Supplementary Table S1). In contrast, the species are more susceptible to stochastic processes due to their small population size, high migration rate, and limited geographical range (Xu et al., 2019; Zhang et al., 2022c). Additionally, the P. kwangtungensis population is large as it is adapted to high altitudes with low survival pressure. Coniferous trees often have allelopathic effects that inhibit the occurrence of other species and compress the ecological niche of other species within the community (Ehlers et al., 2014; Wang and Cui, 2023), resulting in strong randomness in species occurrence and stochastic processes dominating the community.

As the typical climax community in this landscape, BF communities have higher species richness and diversity than CF (Figure 3). Rare species are fewer within the communities, and the species distribution is relatively uniform. Therefore, the R2 value of the NCM is slightly lower than that of CF (Figures 5C, E). However, according to the calculated Nm values, species dispersal between plots in BF is higher than that in CF, indicating species dispersal as one of the important mechanisms of species coexistence in BF communities. Contradicting the findings of this research, however, Su et al. (2023) found that humidity and soil significantly impact species composition in karst BFs, indicating the effects of environmental filtering on ecological processes in the community. The reason may be that in the current study, dominant species in the karst BF community have adapted to the moisture stress and regulated their water use strategies by root plasticity and leaf shedding, adapting to the severe karstic habitat (Ding et al., 2023).

Previous studies suggested that secondary forests driven by deterministic processes could recover their community structure to the state before disturbance (Finegan, 1996; Letcher and Chazdon, 2009; Norden et al., 2009). In this study, the dominant ecological process in SL, MTSF, and CBMF tends to be the niche process, indicating that deterministic processes dominate the community assembly of these forests, which was consistent with the studies of tropical secondary forests by Norden et al. (2009), Cequinel et al. (2018) and others, where deterministic processes drove the composition of forest species. Previous studies have also reported that the colonization and extinction processes in forest communities are primarily determined by environmental heterogeneity and species competition (He et al., 2022). SL, MTSF, and CBMF are karstic secondary forest communities. The biological and non-biological filtering frameworks may be important in its ecological process (Münkemüller et al., 2020).

Despite the abundant rainfall in the karst landscape with a subtropical monsoon climate, the aboveground and underground dual-structure hydrological system often causes severe precipitation leakage, resulting in severe surface drought and frequent temporary droughts (Ding et al., 2023). Moreover, the karst surface is steep and irregular, with low and discontinuous soil coverage (Qi et al., 2021). Chase (2007) found that the community species composition similarities increased after drought treatment, possibly due to the strong drought-induced environmental filtering that filters out species with weak competitiveness and increases species similarity between communities. Therefore, environmental filtering may affect the construction of secondary forest communities. Among the three secondary forest communities, SL has the lowest R2 (Figure 5A), mainly because environmental filtering often has a smaller impact on larger species (Kristiansen et al., 2012). The SL communities are mostly dominated by small shrubs with a higher resource utilization efficiency than large trees and, therefore, a tendency to receive the most effects of ecological niche processes. As the typical dominant community in the karst landscapes, BF has high species diversities. Although CF communities’ species diversity is lower than BF communities, they are both dominant communities with stable community structures in karst areas. Thus, it can be indirectly inferred that the different developmental stages of karst communities may be governed by different community assembly mechanisms.





5 Conclusion

By quantifying the species diversity patterns and community assembly mechanisms among five vegetation types in the Maolan karst area, we found that the CF community had lower species evenness and richness, while the BF community had higher species richness. However, after controlling the sample size, a significant rarefied species richness trend of BF > SL > MTSF > CBMF > CF was found, which emphasized the importance of considering the confusing impacts of abundance. In addition, stochastic processes drove the community assembly of CF and BF, particularly species dispersal or formation, the climax communities in the karst landscape, while deterministic processes determined the community assembly of secondary communities such as SL, MTSF, or CBMF. At local scales, the difference among vegetation types was manifested in the potential community assembly rules in addition to the diversity patterns and community structure. Besides aboveground biomass and diversity, attention should also be directed to sorting ecological processes in regional forest ecology and management.

Our study provided clear evidence that the seeming different BF and CF were dominated by stochastic process, which emphasized the totally difference between climax communities and other communities. These findings improve understanding of species diversity patterns and community assembly rules in the karst landscape. However, we only examined the biodiversity patterns and community assembly rules at a given plot scale. Further study might benefit from performing relative study across spatial scales. In addition, further research also should consider more important explanatory deterministic factors and their relative importance such as unmeasured environmental conditions and species interactions. Furthermore, a focus should be placed on comparing the contributions of subterranean microorganisms in climax communities and other communities to the species diversity pattern and community assembly of above-ground vegetations communities.
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Livestock presence impacts plant biodiversity (species richness) in grassland ecosystems, yet extent and direction of grazing impacts on biodiversity vary greatly across inter-annual periods. In this study, an 8-year (2014-2021) grazing gradient experiment with sheep was conducted in a semi-arid grassland to investigate the impact of grazing under different precipitation variability on biodiversity. The results suggest no direct impact of grazing on species richness in semi-arid Stipa grassland. However, increased grazing indirectly enhanced species richness by elevating community dominance (increasing the sheltering effect of Stipa grass). Importantly, intensified grazing also regulates excessive community biomass resulting from increased inter-annual wetness (SPEI), amplifying the positive influence of annual humidity index on species richness. Lastly, we emphasize that, in water-constrained grassland ecosystems, intra-annual precipitation variability (PCI) was the most crucial factor driving species richness. Therefore, the water-heat synchrony during the growing season may alleviate physiological constraints on plants, significantly enhancing species richness as a result of multifactorial interactions. Our study provides strong evidence for how to regulate grazing intensity to increase biodiversity under future variable climate patterns. We suggest adapting grazing intensity according to local climate variability to achieve grassland biodiversity conservation.
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1 Introduction

Grasslands provide a variety of habitats for organisms and harbor a large proportion of the world’s plant and animal life forms (Cleland et al., 2013; Petermann and Buzhdygan, 2021; Yan et al., 2023). However, these ecosystems were facing unprecedented threats from climate change and human activities. Herbivorous vertebrates can alter plant biodiversity (species richness) in grassland ecosystems, but the degree and direction of their impact varied greatly depending on grazing intensity and inter-annual variations (Korell et al., 2021). Predicting the impact of herbivores on biodiversity is expected to generate unpredictable effects on ecosystem services and functions (Reich et al., 2012). In an era of rapid species loss caused by global changes and human activities, it is of paramount importance to understand the mechanisms that affect biodiversity (Allan, 2022).

Herbivorous vertebrates play a key role in determining the structure and diversity of grassland plant communities (McNaughton et al., 1989; Olff and Ritchie, 1998; Herrero-Jauregui and Oesterheld, 2018). One theory proposes that ecosystem productivity influences the direction of herbivore effects on plant diversity. For instance, in highly productive systems, herbivores may increase biodiversity by reducing competition for light and promoting seedling establishment (Olff and Ritchie, 1998; Borer et al., 2014; Allan, 2022). In contrast, in low productivity systems, herbivores may decrease species richness by impeding colonization or increasing species extinction (Koerner et al., 2018). Recent studies suggest that changes in community dominance driven by herbivore preference, rather than site productivity, drive grassland biodiversity (Koerner et al., 2018). This theory posits that changes in community dominance alter the competitive abilities among species for above- and below-ground resources in the ecosystem (Olff and Ritchie, 1998). It is noteworthy that grazing intensity has varied direct or indirect effects on diversity. Changes in grazing intensity can also induce shifts in interspecific relationships within the community, thereby influencing biodiversity. Therefore, investigating the role of the stress gradient hypothesis (SGH) in the impact of grazing intensity on biodiversity is essential. The stress gradient hypothesis posits that the net outcome of plant community interactions shifts from negative (competition) to positive (facilitation) as stress increases (Bossuyt et al., 2005; Smith et al., 2009; Adams et al., 2022). Previous studies on the impacts of herbivores on grassland biodiversity have yielded mixed results, with some reporting positive effects, while others report neutral or negative effects (Stohlgren et al., 1999; Koerner et al., 2014; Eldridge et al., 2016; Gao and Carmel, 2020). Therefore, the impact of herbivores on grassland plant diversity is not determined by a single theory but is instead the result of multiple mechanisms acting in concert. The identification of multiple mechanisms driving the impact of herbivores on biodiversity is of significant importance.

A central question in ecology is which biotic and abiotic factors regulate species diversity in plant communities over space and time (Tilman, 2000; Ulrich Sommer and Worm, 2002; Worm et al., 2002). In semi-arid ecosystems, water, especially effective precipitation, is recognized as the primary limiting factor and key driving force for plant biodiversity and productivity (Fu et al., 2017; Shi et al., 2018; Li et al., 2021). These communities face challenging physiological limitations due to water scarcity, making plant productivity more sensitive to precipitation (Korell et al., 2021). The positive correlation between species richness and precipitation has also been confirmed globally, as increased resource/energy availability allows for greater species coexistence (Currie et al., 2004). With rising greenhouse gas levels in the atmosphere causing a warming trend, significant changes in precipitation amount and distribution patterns were expected in arid regions over the coming decades (Cleland et al., 2013; Miao et al., 2020). Interannual precipitation variability and frequency of drought events are widely believed to had increased and are projected to continue increasing in many regions (Durack et al., 2012). Therefore, we need to determine whether the plant diversity across regional precipitation gradients also applies to the temporal changes in biodiversity of a grassland ecosystem driven by interannual variation in precipitation. Additionally, we should pay more attention to the magnitude of changes in the distribution of precipitation within a year (i.e., precipitation concentration index or PCI), as plant available water is not only influenced by precipitation amount but also by the concentration of precipitation events (Knapp et al., 2002; Huxman et al., 2004). Intra-annual precipitation variability (or PCI) may cause a mismatch between water availability and the developmental needs of plants in different growth stages (Voigt et al., 2003; Suttle et al., 2007). For instance, a lack of rainfall during the growing season when plants require more water can result in an inadequate water supply (Wang et al., 2020). Non-concentrated precipitation can prevent species from establishing in a community under high evapotranspiration conditions, thereby affecting species diversity. Additionally, biodiversity often exhibits a certain lag in response to disturbance (grazing intensity) (Trindade et al., 2020). Investigating long-term changes in community structure in response to disturbance will contribute to a better understanding of how grazing influences plant diversity. Therefore, it is necessary to conduct multi-year grazing gradient control experiments to determine how the impact of grazing intensity on biodiversity varies with changes in intra- and inter-annual climate variability.

In this study, we had conducted a long-term multi-gradient grazing experiment to quantify the effects of grazing intensity and climate variability on species richness and to evaluate whether these effects had been mediated by changes in plant community productivity and dominance. Through the time scale of “meta-community”, we had considered all species that appeared in communities under different ecological niches at different times of the year. We expect grazing to influence species richness by altering community productivity and dominance, while interannual climate variability and associated changes in effective moisture supply will enhance or dampen the effects of grazing. We had aimed to address the following two specific scientific questions: (1) How does grazing affect plant diversity? (2) Is the alteration in species richness the combined outcome of grazing intensity, climatic variability, and community structure?




2 Methods and data



2.1 Study sites

The grazing manipulation experiment had been conducted in Xilinhot City (44°08′N, 116°19′E, 1118m a.s.l), Inner Mongolia, China (Figure 1A). From 1960 to 2021, the mean annual temperature (MAT) of this area had increased at a rate of 0.04°C per year, accumulating a total increase of 2.4°C during this period (Figure 1B). The mean annual precipitation (MAP) over the past 60 years was approximately 279.54 mm, with nearly 85% occurring during the growth season from May to September (Figure 1C; Figure 2E). During the study period from 2014 to 2021, this area had experienced a transition from a humid year to a severe drought year and then back to a humid year (Figure S1). The biotic community of this area is characterized by a typical grassland dominated by Stipa grandis P. Smirn (a perennial bunchgrass) and Leymus chinensis Trin. Tzvel (a perennial rhizomatous grass). The grazing history of this grassland area had involved low-intensity sheep grazing (approximately 0.5 sheep-day per hectare).




Figure 1 | The geographic and historical climatic distributions of grazing manipulation experiments. (A) illustrates the distribution of the sample sites on a map. The mean annual temperature in the study area from 1960-2021 is represented in (B), while (C) shows the mean annual precipitation during the same period in the study area. '***' represents extremely significant.






Figure 2 | The experimental design for grazing manipulation, long-term plant community survey, and landscape map. (A) presents an aerial view of the grazing experiment site, while (B) illustrates the long-term monitoring plan for plant community. (C) shows the randomized block grazing experiment designed with four treatments, namely low grazing (LG: 2 sheep·ha-1·day-1), medium grazing (MG: 4 sheep·ha-1·day-1), high grazing (HG: 8 sheep·ha-1·day-1), and no grazing (NG: 0 sheep·ha-1·day-1). Each plot covered an area of 1.44 ha and the experiment was conducted over a period of eight years with three replicates per treatment. (D) displays an aggregate community at the growing season scale, demonstrating aggregation of four quadrats from the same site in different months. (E) shows the landscape map of the four different grazing treatments.






2.2 Grazing experiment design

In 2013, we had fenced 12 paddocks of equal-size (120×120 m) and had implemented four grazing intensity treatments from 2014 to 2021: no grazing (NG: 0 sheep·ha−1·day−1), low grazing (LG: 2 sheep·ha−1·day−1), medium grazing (MG: 4 sheep·ha−1·day−1), and high grazing (HG: 8 sheep·ha−1·day−1) (Figure 2A). Each grazing treatment had three replicates. Four bouts of grazing were conducted each year during the growing season from June to September using Inner Mongolian Ujimqin sheep (Wu et al., 2022). Each bout lasted for 21 days and followed a particular treatment. Grazing started at 7:00 am and ended at 6:00 pm every day, during which time the sheep had free access to water and minerals (Figure 2C).




2.3 Data sampling and calculation



2.3.1 Plant sampling

We had virtually divided each paddock (120×120 m) into five subplots (24×120 m). In each subplot, we had randomly placed a 1-m2 quadrat 30 meters from the fence (Figure 2B). For each subplot, we had used scissors to clip aboveground living portions of each species from each quadrat and collected them as plant community samples. We had oven-dried these samples at 65°C for 48 hours and weighed them with a 0.01g precision electronic balance to determine the shoot biomass for each species. We collected plant sample data using this method during June, July, August, and September from 2014 to 2021. The focus of this study was the seasonal-scale meta-community, which represented the collection of all species that had appeared within a unit area during the four-month growing season (Figure 2D). We had extracted the highest value of shoot biomass recorded for each species during the four months as the biomass of each species in the assemblage community.




2.3.2 Plant diversity

At the local scale (i.e., subplot), we had calculated plant community species richness (q=0), exponentiated Shannon diversity (q=1), and Simpson diversity (q=2) for the seasonal-scale meta-community using three Hill numbers. The number of species in the meta-community for each subplot was calculated as the plant community species richness. The Shannon-Wiener diversity for the community was calculated as  , where S represents the number of species in the meta-community and pi represents the relative biomass of species i in the meta-community. The effective species (i.e., common species) of the community was calculated as the exponentiated Shannon-Wiener of the meta-community. The effective species (referred to as the Shannon diversity hereafter) was calculated as H’ = eH, where H is the Shannon-Wiener diversity of the meta-community. Due to the tendency of dominant species in a community to influence species diversity through resource monopolization, we had quantified community dominance through two methods. The Berger-Parker dominance diversity is the relative biomass of the most abundant species in each subplot’s meta-community (Koerner et al., 2018). Simpson’s dominance index is calculated as  , where S represents the number of species in the meta-community and pi represents the relative biomass of species i in the meta-community.




2.3.3 Climate variables

In our experiment, standardized precipitation evapotranspiration index (SPEI) and precipitation concentration index (PCI) standardized the wetness and precipitation distribution patterns within the year, respectively. We calculated the precipitation concentration index (PCI) to measure the distribution pattern of rainfall during the year (Sloat et al., 2018). The larger the PCI value, the more concentrated the distribution of rainfall during the year, and vice versa. The PCI was calculated as  , where Pi represents the precipitation in month i of the year and m = 12. The peak temperature in the region occurs in July, and whether rainfall is concentrated in July largely determines the growth status of the plant community. Additionally, we calculated the standardized precipitation evapotranspiration index (SPEI) to measure each year’s degree of wetness using the SPEI package in R.




2.3.4 Statistical analyses

To assess the effects of grazing and year on plant diversity and branch biomass, we conducted a repeated-measurements analysis of variance (ANOVA) using the ez package in R. In this model, grazing intensity was treated as the between-subjects factor and year as the within-subjects factor. Tukey’s range method was used to test differences in grazing intensity across each year. Additionally, to evaluate the response of species richness to climate and plant community attributes under different grazing intensities, we established ordinary least squares linear regression models (OLS-LM) between climate and community variables (i.e., independent variables) and species richness (i.e., dependent variable).

We also constructed a structural equation model (SEM) to explore how grazing and climate drive species richness through their mediation of plant community dominance and productivity. Shipley’s d-separation test was used to ensure that no significant paths were omitted (p>0.05), and the final SEM model was selected based on the lowest Akaike information criterion (AIC). The SEM was constructed using the piecewiseSEM package in R (Lefcheck, 2016). Finally, we used a multiple regression model to evaluate the most important driving factors influencing species richness. To assess the relative importance of each explanatory variable (GI, SPEI, PCI, Berger-Parker, and Shoot biomass) in the best model on species richness, we used the averaged ranking method by running the relaimpo package in R to decompose R2. Additionally, we conducted partial correlation analysis to further identify the primary driving factors of species richness and the interdependency among the explanatory variables.






3 Results



3.1 The impacts of grazing on plant community attributes

Over the years of grazing, there was a significant increase in species richness in the plant community (Table 1; Figure 3A). However, increased grazing intensity did not have a significant impact on species richness (Figure 3E). Furthermore, the interactive effect of the year and the grazing intensity on species richness was also significant (Table 1), primarily manifested as follows: the impact of increased grazing intensity on species richness diminished during dry years (e.g., 2017), while it intensified during wet years (2020-2021) (Table S1). Additionally, our study indicated that Shannon-Wiener diversity was not only significantly influenced by grazing intensity and year but also by their interaction (Table 1). Specifically, compared to no grazing, increased grazing intensity significantly decreased Shannon-Wiener diversity, with this effect becoming more pronounced over the years (Figures 3B, F). Our analysis also revealed that plant community dominance, as indicated by Simpson diversity and the Berger-Parker index, was primarily influenced by grazing intensity and its interaction with year (Table 1). We found that grazing increased dominance while the no grazing decreased it, with this difference becoming more pronounced over time (Figures 3C, D, G, H). Shoot biomass of the plant community was significantly affected only by grazing intensity (Table 1), with medium and high grazing being significantly lower than no grazing and low grazing (Figure S2).


Table 1 | Repeated-measures ANOVA results for plant diversity and shoot biomass with grazing intensity (GI) as a between-subjects factor and year (Y) as a within-subjects factor.






Figure 3 | Variations in plant diversity and its response to different grazing intensities over multiple years (mean ± SE, n=3). Shown are the dynamics of species richness (A, E), Shannon diversity (B, F), Simpson diversity (C, G), Berger-parker (D, H) with statistics (i.e. Tukey’s range test) indicating the results from the ANOVA models of grazing intensity, year and their interactions (see Table 1). Tukey’s range test was used to examine differences between grazing intensities, with unfilled dots indicating significant grazing effects compared to the no-grazing treatment (p< 0.05). Key; NG, no grazing (green); LG, low grazing intensity (blue); MG, medium grazing intensity (yellow); HG, high grazing intensity (red). Different lowercase letters indicate significant differences in plant diversity between pairwise grazing intensities.






3.2 The combination of grazing and climate factors impels plant diversity

The continuous increase in mean annual temperature (MAT) was not conducive to an increase in species richness, with this effect being non-significant across various grazing intensities (Figure S3B). We did not observe a significant promoting effect of mean annual precipitation (MAP) on species richness (Figure S3C). However, when considering the intra-annual distribution pattern of precipitation, we found that the precipitation concentration index (PCI) had a significant positive effect on species richness, with this effect being more pronounced at higher grazing intensities (Figure 4C; Figure 5). Additionally, the standardized precipitation evapotranspiration index (SPEI) positively influenced species richness (Figure 4B). However, the promoting effect of SPEI on species richness was attenuated by an increase in shoot biomass (Figure 5; Figure S4).




Figure 4 | Plant species richness response to biotic and abiotic variables under different grazing intensities. (A), Relationship between shoot biomass and the plant species richness. (B), Relationship between standardized precipitation evapotranspiration index (SPEI) and the plant species richness. (C), Relationship between precipitation concentration index (PCI) and the plant species richness. (D), Relationship between dominance (Berger-Parker dominance index) and the plant species richness. The black line represents the overall relationship from linear models, and the colored line represents the relationship for each grazing intensity (shaded areas indicate 95% confidence intervals). Solid and dashed lines denote significant and insignificant, respectively. Key; NG, no grazing (green); LG, low grazing intensity (blue); MG, medium grazing intensity (yellow); HG, high grazing intensity (red).






Figure 5 | The piecewise structural equation model (pSEM) presents a comprehensive understanding of the impacts of grazing intensity (GI), climate (PCI and SPEI), and community attributes (Berger-parker and Shoot biomass) on species richness, both directly and indirectly. Negative and positive relationships are indicated by the red and black arrows, respectively, with significant associations at p< 0.05. The statistical metrics report Fisher’s C as 10.26, p-value as 0.74, df as 14, and AIC as 38.26. The precipitation concentration index is denoted by PCI, while the standardized precipitation evapotranspiration index is known as SPEI. Grazing intensity is referred to as GI in the model.



The increasing grazing intensity had no direct effect on species richness, but indirectly increased it by reducing shoot biomass (Figure 5; Figure S3A). Shoot biomass had no significant effect on species richness, but the relationship shifted to a significant negative correlation when SPEI was not considered (Figure 4A; Figure 5; Figure S4). The dominance of the community had no clear relationship with species richness, but it should be noted that this relationship was significantly negatively correlated with no grazing, while it turned into a significant positive correlation at high grazing intensities (Figure 4D). Conversely, in the absence of grazing, the effective species (Shannon diversity) of the community had a positive promoting effect on species richness (Figure S3D).

Plant community species richness was primarily driven by PCI, accounting for 70% of the observed variation. SPEI was the second most influential factor, explaining 14% of the total variance. Branch biomass also plays a significant role in affecting species richness, contributing to 10% of the total variation (Figure S5).





4 Discussion

Compared to the well-defined spatial distribution pattern of plant diversity (species richness), it is important to determine whether the same driving mechanisms apply on a temporal scale. Our research had shown that in ecosystems with distinct seasonal patterns, precipitation patterns (particularly precipitation concentration index: PCI) within a year have a stronger impact on plant species richness than grazing intensity. Increased grazing intensity did not exert a direct driving effect on species richness. Instead, the regulation of species richness was primarily influenced by changes in aboveground biomass, which were modulated by variations in both grazing intensity and precipitation. Therefore, species richness cannot be determined by a single driving mechanism alone; rather, it is the result of multiple interacting factors (Figure 5).



4.1 Grazing affect plant diversity

The primary reason for the absence of a decrease in plant species richness due to grazing intensity is the shelter effect generated by the increased dominance of S. grandis. S. grandis is a tall, dense grass species in our ecosystem, which is unpalatable and has defense traits such as long needle-shaped seeds (Liang et al., 2021). Sheep preferentially forage palatable and nutritious species, which indirectly increases the dominance of the community by reducing competition from other species (increasing the dominance of S. grandis) (Liang et al., 2019). Some studies suggest that unpalatable species act as biological refuges by protecting neighboring plants from being eaten (Smith et al., 2009; Kelemen et al., 2019). Our research confirmed this, as high grazing intensity significantly promoted an increase in species richness by increasing the dominance of the community. Under conditions of high grazing intensity, the sheltering effect provided by S. grandis prevents vulnerable species from local extinction due to foraging pressures. Additionally, the relaxation of niche constraints resulting from reduced interspecific competition creates favorable conditions for colonization by new species (Knapp et al., 1999; Bossuyt et al., 2005; van Wieren et al., 2008). However, we found that after grazing was excluded, the community dominance decreased and species richness increased. This inconsistent relationship is due to the shift from mutualistic relationships between species under grazing to competitive relationships when grazing is excluded (Bossuyt et al., 2005; Smit et al., 2009). The stress gradient hypothesis suggests that as environmental stress increases, the importance of positive interactions between species also increases (Gibson, 2009; Smit et al., 2009). Therefore, the theory that livestock, by altering community dominance, influences species richness is not universally applicable across all ecosystems (Koerner et al., 2018). Species interactions are also an important factor that needs to be considered.




4.2 Synergistic effects: grazing intensity, climate change, and community structure on biodiversity

The magnitude of community productivity is equally an important factor driving species richness, with productivity primarily regulated by grazing intensity and inter-annual variations in wetness. In arid ecosystems, increased moisture availability, as indicated by higher SPEI (standardized precipitation evapotranspiration index) values, typically leads to greater species richness (Currie et al., 2004). Our research confirms this, as an increase in SPEI may directly provide more ecological niche opportunities for species coexistence (Smith et al., 2022). However, an increase in SPEI also increases the shoot biomass of the community. Generally, under high productivity conditions, taller and fast-growing plants reduce diversity by monopolizing light and shading smaller plants (Borer et al., 2014; Allan, 2022). In our low productivity ecosystem, an increase in shoot biomass is disadvantageous for species richness when not considering the positive effect of SPEI (Figure S4). This is because competition among species increases with annual climate moisture (Smith et al., 2022). The presence of livestock mitigated the indirect negative impact of SPEI on species richness caused by an increase in the biomass of branches. (Figure 5). One explanation for the importance of productivity is that when herbivores alleviate plant competition, exclusion, and limitations on species establishment, they may increase plant diversity in grasslands (Grubb, 1977; Eskelinen and Virtanen, 2005; Bakker et al., 2006). Therefore, adapting grazing intensity based on climate moisture may be an effective strategy for increasing biodiversity in semiarid grassland ecosystems.

The positive effect of Precipitation Concentration Index (PCI) on plant community species richness is enhanced by an increase in grazing intensity and is the strongest driving factor. Our ecosystem exhibits pronounced seasonality, with over 90% of annual rainfall occurring during the growing season and high evapotranspiration (Liang et al., 2021). Consequently, PCI may be crucial for grassland biodiversity since water availability is influenced not only by precipitation amount but also by precipitation event concentration (Knapp et al., 2002; Sloat et al., 2018). Our study demonstrates that a higher concentration of precipitation events promotes an increase in species richness. This is primarily due to rain and heat coinciding, such as the highest monthly precipitation during 2020-2021 occurring in July, the hottest month (peak growing season). However, we did not find a significant effect of mean annual precipitation on species richness. This is because monthly precipitation during the growing season does not correspond to actual temperature (or evapotranspiration); for instance, in 2015, a large amount of precipitation occurred in June (early growing season) when temperatures were not high. Different water-heat periods throughout the year may result in a mismatch between water availability and plant development requirements at different growth stages (Voigt et al., 2003; Suttle et al., 2007; Wang et al., 2020). Additionally, grazing intensity increases ecological niche space by reducing community coverage. When climate conditions (water-heat coinciding) in a year provide an “opportunity window”, more species (annual plants or perennial seedlings) may establish and grow in the community (Balke et al., 2014; Mortensen et al., 2018). These results provide the first evidence that the distribution pattern of precipitation throughout the year determines the effect of livestock grazing on species richness.

We conclude our discussion with two caveats. Firstly, we failed to conduct in situ surveys of community species richness and identity information for each month, which may have led to an overestimation of the temporal-scale meta-community responses to grazing and climate. Secondly, our focus was solely on the impact of sheep grazing on species diversity. However, the impact of different livestock with varying preferences on species diversity can vary greatly (Albon et al., 2007; Tóth et al., 2018). Therefore, we suggest studying a broader range of livestock to investigate how they regulate species diversity at different time scales. Lastly, considering the pronounced seasonality of our ecosystem, the driving effect of precipitation concentration (PCI) on species richness may be limited. In the context of increasingly frequent future extreme weather events (Zhou et al., 2023), it is imperative to investigate the relative driving roles of intra-annual and inter-annual precipitation variability on species richness across various ecosystems.





5 Conclusion

The global driving mechanisms of plant diversity in grazing lands are well understood. However, to determine if these spatial patterns apply at the temporal (annual) scale, a thorough understanding of annual variation and its influence by grazing intensity and climate change is necessary. In this study, we focused on the intra-annual precipitation variation patterns, revealing the importance of water-thermal synchronization on plant diversity and elucidating the synergistic effect of grazing intensity on such impacts. Specifically, species richness increases with rising effective precipitation (PCI) and is further enhanced with increasing grazing intensity. Additionally, intra-annual wetness levels (SPEI) improved species richness but also increased community shoot biomass, indirectly weakening this promotional effect. The grazing activity of livestock, however, can alleviate the indirect negative impact of increased humidity on species richness. Thus, we emphasize that the absence of herbivores in semiarid areas can also be detrimental to biodiversity enhancement. In ecosystems with pronounced seasonality, the impact of intra-annual precipitation variation on plant diversity is much greater than that of annual mean precipitation. Future research should focus more on the impact of precipitation variation on grassland ecosystems to better understand driving mechanisms under different climate scenarios.
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Pre-adaptation to anthropogenic disturbance is broadly considered key for plant invasion success. Nevertheless, empirical evidence remains scarce and fragmentary, given the multifaceted nature of anthropogenic disturbance itself and the complexity of other evolutionary forces shaping the (epi)-genomes of recent native and invasive plant populations. Here, we review and critically revisit the existing theory and empirical evidence in the field of evolutionary ecology and highlight novel integrative research avenues that work at the interface with archaeology to solve open questions. The approaches suggested so far focus on contemporary plant populations, although their genomes have rapidly changed since their initial introduction in response to numerous selective and stochastic forces. We elaborate that a role of pre-adaptation to anthropogenic disturbance in plant invasion success should thus additionally be validated based on the analyses of archaeobotanical remains. Such materials, in the light of detailed knowledge on past human societies could highlight fine-scale differences in the type and timing of past disturbances. We propose a combination of archaeobotanical, ancient DNA and morphometric analyses of plant macro- and microremains to assess past community composition, and species’ functional traits to unravel the timing of adaptation processes, their drivers and their long-term consequences for invasive species. Although such methodologies have proven to be feasible for numerous crop plants, they have not been yet applied to wild invasive species, which opens a wide array of insights into their evolution.
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1 Introduction

Since ancient times, human migration involved the intentional or unintentional transport of plant propagules, thereby significantly re-shaping the spatial distribution of the global flora (Hofman and Rick, 2018; Stephens et al., 2019). This process was initiated millennia ago with the introduction of species that with time became naturalised and thereby considered as part of the local floras in which they were introduced (Preston et al., 2004). These species were often associated with agriculture (Knörzer, 1971; Willerding, 1986; Whitehouse and Kirleis, 2014; Filipović et al., 2020; Dal Corso et al., 2022; Kirleis et al., 2022). During the last centuries, an ever-increasing global connectivity dramatically boosted the rate of plant species’ introductions (Seebens et al., 2017). Some of these rather recently introduced species have managed to successfully establish and reproduce in their non-native ranges, and spread rapidly within the landscape causing significant ecological and/or socioeconomic damage (Knapp et al., 2017). The underlying factors driving such species invasions have conventionally been explored through empirical studies primarily centered on contemporary populations and timeframes, with a few exceptions (Sheppard and Schurr, 2019; Brendel et al., 2021; Sheppard and Brendel, 2021). However, the conditions leading up to invasiveness often took place centuries, if not millennia earlier, and subsequently their traces have been attenuated by more recent shifts in the environment. In this review, we elaborate on integrative avenues of investigation at the crossroads of ecology and archaeology, which can draw us nearer to answering central queries regarding the origins of invasion success.

Since the 1960s, ecologists have been intrigued with understanding which factors contribute to plant invasion success, including species-specific traits and the environmental conditions shaping them (Baker, 1965). Researchers reported heritable divergence in germination characteristics (Donohue et al., 2010; Xia et al., 2011; Hock et al., 2015; Kreiner et al., 2022), growth and defense phenotypes (Schrieber et al., 2017; van Boheemen et al., 2019; Hock et al., 2019; Ollivier et al., 2020), reproductive capacities (Lachmuth et al., 2011; Turner et al., 2014; Helsen et al., 2020), and phenology (Wolfe et al., 2004; McGoey et al., 2020; Eckert et al., 2021) among invasive and native populations in numerous species, and provided evidence for corresponding shifts in their genomes (Lee, 2002; Lavergne and Molofsky, 2007; Wani et al., 2020; Sherpa and Després, 2021) or epi-genomes (Ainouche et al., 2004; Parisod et al., 2009; Mounger et al., 2021; Campoy et al., 2022). This variation arises from both stochastic and adaptive evolutionary processes, with research focusing more frequently on the latter (comprehensively reviewed in Kawecki, 2008; Verhoeven et al., 2010; Oduor et al., 2016; Bertelsmeier and Keller, 2018; Clements and Jones, 2021). Two mutually non-exclusive adaptive processes are considered to foster plant invasion success and are differentiated according to their spatio-temporal integration. Pre-adaptation refers to a process in which species traits that have evolved already in the native habitat also promote fitness in the invaded range, due to the similarity in environmental regimes, i.e., selective forces. In addition, plant species may undergo rapid post-introduction adaptation to evolve new traits in response to changes in selective regimes once they are exposed to the conditions of a novel habitat. Adaptations supporting plant invasions arise from various selective forces, particularly herbivory, competition, microbiota, climate and resource availability (discussed in depth in Erfmeier, 2013; van Kleunen et al., 2018; Sherpa and Després, 2021). Anthropogenic disturbance has the potential to alter all these environmental factors, and is thus considered as a key selective force in the evolution of invasive species, while pre-adaptation to anthropogenic disturbance has been proposed to generally foster invasion success (Hufbauer et al., 2011; Seastedt and Pyšek, 2011; MacDougall et al., 2018). However, the availability of empirical proof remains limited and fragmented, owing to the intricate character of anthropogenic disturbance in itself and the influence of additional evolutionary forces that shape the (epi)-genomes of contemporary native and invasive plant populations (see Chapter 4).

This review elaborates on the process of adaptation to anthropogenic disturbance (and in particular to agropastoral practices) that took place in the species’ native range with the establishment of agriculture several millennia ago, and later favoured their invasiveness upon co-introduction with such practices in novel habitats. Several frameworks have been proposed to explain how pre-adaptation can provide an advantage, once the species is brought to a new area (Hufbauer et al., 2011; MacDougall et al., 2018). We discuss in detail their assumptions, hypotheses, and proposed tests, and review the available empirical literature. We highlight that as the proposed favourable adaptations have partly taken place millennia ago with the onset of agropastoralism in the Neolithic, there is a need for expanding the temporal horizon of research beyond contemporary populations and the effects of recent environments on their genomes. Integrating theoretical frameworks with tangible archaeobotanical evidence may considerably deepen our understanding of past evolutionary transformations and their relationship with environmental drivers. Unearthing plant remains from ancient agropastoral contexts can help unveil past interactions between plant species and human activities, elucidating the past evolutionary processes that facilitated invasions, which are so far often unknown. This novel interdisciplinary approach may contribute to a more comprehensive understanding of the historical processes that shaped modern ecosystems, and simultaneously help developing strategies for managing present-day invasive species.




2 Anthropogenic disturbance, a central selective force in the adaptive evolution of plant invaders



2.1 The multiple facets of anthropogenic disturbance

Early studies in plant population ecology addressing effects of disturbance on plant performance focused exclusively on the individual scale and referred to disturbance as an event leading to the rapid and comprehensive destruction of biomass (Grime, 1979; Shea et al., 2004). As such, disturbance distinguishes clearly from the concept of a stressor, which is an environmental condition that has the potential to cause a reversible disruption of plant homeostasis (i.e., stress, Rout and Das, 2013). However, from an ecosystem-based perspective, disturbance comprises events that rapidly alter an ecosystem’s abiotic (e.g., resource availability, nutrient cycles) and biotic characteristics (e.g., species abundances and interactions) (Crisafulli et al., 2015). The impact of disturbance depends on the type (e.g., fire, storm, flood), intensity, spatial magnitude, timing, duration and frequency of the event (Shea et al., 2004; Miller et al., 2021). Natural disturbance events occur cyclically or seasonally as part of an environmental regime (Newman, 2019) while anthropogenic disturbance arises as a consequence of human activities such as subsistence activities, resource extraction or infrastructural development. In its effects, it often resembles natural disturbance, although amplified or modified: for example, livestock grazing could be seen as an intensified version of wild animal grazing (Walker, 2011). One significant difference between natural and anthropogenic disturbances is that while the former has, in most cases, a limited duration and a cyclical pattern, the latter can have long duration, very high and irregular frequency and wide spatial spread in/with cultural landscapes. Human alterations to landscapes impact biotic communities and biodiversity on a global scale. In Europe, the widespread deforestation that followed the introduction of agricultural practices during the Neolithic actually promoted an increase in species diversity, also thanks to the introduction of plants accidentally or deliberately associated with farming (Giesecke et al., 2019). However, nowadays land-use change is recognized as one of the major contributors to biodiversity decline (Millennium Ecosystem Assessment, 2005). Anthropogenic disturbances have the potential to alter ecosystem functioning and resilience in the long term, with legacy effects persisting even after centuries (Briggs et al., 2006; Battisti et al., 2016). Investigating past and recent adaptive responses of plant species and communities to disturbance is thus an actual and significant aim in evolutionary ecology research where invasive species serve as valuable model systems.




2.2 Direct effects of contemporary anthropogenic disturbance on plant invaders

Numerous empirical studies have shown that even moderate contemporary anthropogenic disturbance can favor the establishment, spread and competitive performance of invasive plant species. Much evidence has been gathered in the field with experimental (Hierro et al., 2006; Maron et al., 2013; Korell et al., 2017; Otfinowski and Coffey, 2022) and observational (Lake and Leishman, 2004; Oshima and Takahashi, 2020) approaches which targeted different types, intensities and frequencies of moderate disturbance, while focusing either on the plant community or single species level, and ranging in scale from 1 m2 up to > 1600 m2. Similar results have been obtained from mesocosm experiments (Kercher and Zedler, 2004; Corli et al., 2021), meta-analyses (Jauni et al., 2015) and studies considering both human development indices and invasive species abundance. For example, research showed that a region’s proportion of agricultural land, population density and per-capita Gross Domestic Product – all proxies for anthropogenic disturbance – positively correlate with its relative richness of naturalized and invasive plants (Essl et al., 2019). Disturbance is globally one of the key drivers of plant invasions. The often-observed positive relationship between anthropogenic disturbance and species invasion has been thoroughly investigated in the past decades and has led to the development of theories targeting the co-evolutionary history of plants with humans as cause for their invasion success.




2.3 Pre-adaptation to anthropogenic disturbance could favor plant invasions

There is consensus that past human activities such as mobility alongside the transport of goods and modification of the landscape can explain many of today’s species distribution patterns worldwide. By integrating large biogeographical datasets of introduced species (e.g., GloNAF - van Kleunen et al., 2019) with past and present socioeconomic indicators, researchers have recently begun to empirically uncover this complex interplay. A number of excellent studies demonstrated that species have a higher chance to naturalize somewhere if their native range has a long history of human occupation, and that the presence of anthropogenic disturbance in the past increases a region’s probability of successfully exporting these species (Monnet et al., 2020; Yang et al., 2021a). For example, numerous species have been brought from South-West Asia to the Mediterranean with the onset of agropastoralism (i.e., archaeophytes) (Zohary et al., 2012), as probably in the case of the invasive grass Arundo donax L., considered as one of the oldest invasive species (Hardion et al., 2014). Regarding more recent timeframes, a worldwide assessment of naturalized species revealed that areas occupied by the same European colonial power between the 16th and 20th centuries have floras more similar to one another than expected by chance, while regions geographically close but with a different colonization history can have quite distinct floras (Lenzner et al., 2022). This is due to the frequent trade between colonies and occupying country, but also due to the pronounced climatic, floristic and cultural differences among the interested European countries. In addition, species with a long cultivation history are much more likely to successfully naturalize and invade a new range (Kinlock et al., 2022). Although more recent human development (i.e., past 1900 CE) also re-shapes species distribution patterns (Pouteau et al., 2021), socioeconomic indicators from earlier time periods are better predictors in comparative studies (Essl et al., 2011). In summary, recent research evinced that the legacy of ancient human activities is still impactful on today’s ecological processes of species distribution, particularly invasions.

The mechanistic underpinnings for the association of plant invasion success with human (pre-)history involve i) the intentional or unintentional introduction of a sufficient number of propagules (Simberloff, 2009; Cassey et al., 2018; Faulkner et al., 2020), ii) the intentional cultivation of plant species (e.g., crops, forestry trees, ornamental plants – Guo et al., 2019; van Kleunen et al., 2020), and iii) intensive anthropogenic disturbance manifested in landscape transformations (e.g., through the establishment of pastures or crop fields, the re-direction of rivers, construction of barrages) and targeted eradication of native species (e.g., through weeding, deforestation or selective hunting) (Blumenthal et al., 2009; Ibáñez et al., 2021). The ability to tolerate specific anthropogenic disturbance is another fundamental prerequisite for an invasive species to thrive in its new range and it can emerge from post-introduction adaptation and/or pre-adaptation. Previous exposure and adaptation to anthropogenic disturbance during centuries of shared co-evolution between humans and introduced plant species is considered to be particularly important in this context (Hufbauer et al., 2011; Seastedt and Pyšek, 2011; MacDougall et al., 2018).

Plant species are generally adapted to the natural disturbance regime occurring in their native habitats. For example, tree species from the tropical savannah of the Brazilian Cerrado have developed thick barks and root sprouting as adaptation to the frequent fires characterizing the region (Simon and Pennington, 2012). Manmade disturbance, such as cultivation, can also lead to adaptation: during the process of domestication, for example, in ameliorated soils mycorrhizal symbiosis has become less essential for crop species than for their wild progenitors, as the former became adapted to the use of fertilizers (Martín-Robles et al., 2018). Likewise, populations of the wild plant Solanum elaeagnifolium Cav. which are periodically mown have evolved larger and faster germinating seeds than their unmown counterparts (Chavana et al., 2021). Species can experience nearly identical anthropogenic disturbance regimes in their native and invaded range, as many ecosystems and agropastoral habitats worldwide are altered by diverse but similar human actions (railroad building, application of cropping systems, forest management, grazing and mowing). Therefore plant species that are (epi)-genetically pre-adapted to human disturbance should be able to establish and thrive more successfully in novel anthropogenically-influenced habitats as compared to species that lack such pre-adaptations, a concept that has been summarized by Hufbauer et al. (2011) as “Anthropogenically Induced Adaptation to Invade” (AIAI). Other authors proposed that pre-adaptation to agricultural practices may explain the success of aggressive weeds like Amaranthus tuberculatus (Moq.) J.D. Sauer (Kreiner et al., 2022) and could be a driver for species invasions in crop fields on a global level (Ikegami et al., 2019). Finally, it has been suggested more specifically that invasive European species from agropastoral ecosystems succeed at invading other continents thanks to their introduction alongside anthropogenic “European style” disturbance regimes, to which they are pre-adapted (di Castri, 1989; La Sorte and Pyšek, 2009; MacDougall et al., 2018). The adaptation to this practice in Europe would have started in the Neolithic (~ 6000 BCE), when humans created semi-natural open habitats in previously forested areas (French et al., 2010). This “Neolithic Plant Invasion Hypothesis” (NPIH) could explain why many European species are problematic in agropastoral ecosystems all over the world. Some examples are Cynoglossum officinale L., and Linaria vulgaris Mill., which are invasive in the United States (Duncan and Williams, 2020; Blatt et al., 2022; Gaskin et al., 2022) and can be found in the archaeobotanical record, e.g., from well features in central Europe dating back to the Early Neolithic (Herbig et al., 2013). Independent of the exact native origin of invaders, gathering empirical evidence for a role of pre-adaptation to agropastoral practices in invasions has become an important goal in invasion ecology.





3 Existing approaches to test for the role of pre-adaptation to anthropogenic disturbance in invasions

Two complex methodological frameworks were proposed to empirically verify a role of pre-adaptation to anthropogenic disturbance in invasion success. Both present a comprehensive set of predictions and methods to test them based on native and invasive populations/plant communities. The methodological framework of Hufbauer et al (Hufbauer et al., 2011, AIAI) is the first to illustrate how previous exposure – and consequent adaptation – to anthropogenic disturbance might favor invasions of both animal and plant species without referring to a specific timeframe, while MacDougall et al (MacDougall et al., 2018, NPIH) selected a particular case of this scenario by focusing on adaptations that herbaceous plants might have developed in Europe with the onset of agropastoralism around 8000 years ago. Table 1 summarizes the proposed predictions and tests while compiling empirical studies that have applied them.


Table 1 | Overview of studies testing for pre-adaptation to agropastoral disturbance in European herbaceous species.





3.1 Are native populations with local pre-adaptations to anthropogenic disturbance the sources for invasion?

To test whether pre-adaptation to anthropogenic disturbance contributes to invasion success, Hufbauer et al. (2011) suggest a multi-step approach taking into account intra-specific differentiation in disturbance responses of a species in both its native and invaded range. It consists of a) gathering evidence that populations of a given species are locally adapted to a specific regime of anthropogenic disturbance within their native range, b) identifying a native population with a proper (pre-)adaptation to a certain anthropogenic disturbance regime as the genetic source for invasion and c) showing that the corresponding invasive populations are subject to the same anthropogenic disturbance regime in the invaded range and thus maintained or even increased their adaptation to a given practice. Given the complexity of the required experiments and the depth of phenotypic and genetic analyses required to test these predictions, empirical evidence for plants is mostly limited to one or two of these predictions – on which we will elaborate in the next section – while to our best knowledge compiling support has been gathered for no species.

The species that provide some evidence for two or more predictions of the AIAI hypothesis belong to different families and life forms. For example, the herbaceous plant Euphorbia peplus L. can be found in its native range both within habitats where the vegetation is harvested once a year and in undisturbed habitats. An empirical test showed that the populations originating from the former habitats have higher compensatory growth capacity than populations from the latter (Malíková et al., 2016). In Australia, where the species is invasive, it is mostly found in gardens and other disturbed habitats (Orchard, 1994). Likewise, Amaranthus tuberculatus can inhabit either agricultural or semi-natural ecosystems in its native range North America, with individuals from the former habitats outperforming those from the latter in multiple traits linked to reproduction. More recently, the species started expanding aggressively within its native range exclusively as an agricultural weed (i.e., Waselkov and Olsen, 2014), which indicates that populations pre-adapted to agricultural disturbance are capable of rapidly proliferating in novel habitats with matching disturbance regimes (Waselkov et al., 2020; Kreiner et al., 2022). For the Asteraceae Centaurea stoebe L., there is detailed information available regarding population differentiation across native habitat types, genetic sources of invasion and the response of invasive populations to disturbance. The native range of Eurasia harbors both diploid, preferably inhabiting semi-natural habitats, and tetraploid populations, which are more commonly found in human-altered habitats (Otisková et al., 2014). In the invaded range of North America, the plant is present only with tetraploid populations (Mráz et al., 2011; Rosche et al., 2016), probably originating from Romania, Bulgaria and Slovenia (Marrs et al., 2008). In an experiment investigating the effects of disturbance on populations from both ranges and ploidy levels (American tetraploid vs. European tetraploid vs. European diploids), tetraploids from both ranges showed a higher resprouting success after clipping than diploids, indicating that pre-adaptation to disturbance may be one component that contributed to invasion success of the species (Rosche et al., 2018).




3.2 Are invaders originating from Europe pre-adapted to agropastoral disturbance?

In the specific case of European herbaceous plants, MacDougall et al. (2018) propose six predictions to be tested in combination for verifying that pre-adaptation to agropastoral disturbance is indeed central for invasion success (Table 1). Their global approach aims at demonstrating that:

	a) European invaders from native and invasive populations perform similarly under disturbance, i.e., a major contribution of post-introduction adaptation can be excluded.

	b) European invaders reach higher abundances in their invaded rather than native range under agro-pastoral management.

	c) European invaders respond more positively to agropastoral management than native species.

	d) European invaders require agropastoral management for invasion.

	e) European invaders are better colonizers of disturbed agropastoral habitats than natives, regardless of propagule pressure.

	f) agropastoral habitats outside of Europe are more invaded by European species than vice versa.



Until today, most of the evidence gathered from empirical studies provides little support or even contrasts predictions of the NPIH, although never explicitly aiming at testing it, and to our best knowledge no compiling evidence is available.

Since the scientific community nowadays agrees that post-introduction adaptation is ubiquitous (Reznick et al., 2019), it is nearly impossible to empirically rule out that this force plays a significant role in an invasion process, i.e., it is unfeasible to find evidence for prediction a). Prediction b) has been addressed with both experimental and observational studies, specifically in the genus Centaurea, yielding varying results. For Centaurea solstitialis L., a germination experiment reported no difference in density between native and invaded ranges under disturbance (Hierro et al., 2013). A later study with mature plants found a difference in disturbance-promoted density between ranges, but the higher density was observed in the native range (Hierro et al., 2017). For Centaurea stoebe, a field experiment with small-scale disturbance found no higher density in disturbed plots in either the native or invaded range (Maron et al., 2013). Finally, Centaurea melitensis L. occurs in higher density in some regions of its invaded range, but its abundance correlated negatively with the disturbance score of each site (Moroney and Rundel, 2013). Prediction c) has been tested with several large-scale multi-species experiments, which provided mixed support. Researchers studied the response of European invaders to different disturbance regimes such as biomass removal, nutrient addition and soil disruption, and they found no (Connolly et al., 2017; Broadbent et al., 2020; Bellini et al., 2022) or only partial (Maron et al., 2014) support for this prediction. With regard to prediction d), two multispecies experiments that focused on plant responses to soil disruption indeed found that some European species were unable to establish in undisturbed soil (Jesson et al., 2000; Pearson et al., 2022). In contrast, a single-species experiment in New Zealand found evidence against this prediction, with higher abundances of the invasive European plant Anthriscus caucalis M. Bieb. in undisturbed than in disturbed plots (Wallace and Prather, 2016). This result is similar to the seed-addition experiment of Connolly et al. (2017), who showed that two European invasive species were able to establish in plots without disturbance and did not benefit more from disturbance than native species, even with a standardized amount of added seeds (predictions d) and e)). There are some studies that complement field experiments with other approaches, such as empirical and individual-based modelling. Combining results from three experiments, Xiao et al. (2016) found that the establishment of Centaurea solstitialis under competition depended on the interaction between disturbance and origin of the competitors, therefore providing mixed support for prediction d). The species failed at establishing in absence of disturbance but was able to establish under strong disturbance only when competing with American grasses. For prediction f), we still lack biogeographical studies that analyze global invasion patterns by habitat type with a particular focus on European species and agroecosystems. Gathering further empirical evidence to support these predictions and the associated assumptions is fundamental to uncover the role of past anthropogenic disturbance on invasive species traits and genomes.





4 Conceptual and practical challenges in evaluating whether successful invaders were pre-adapted to anthropogenic disturbance

While there is support for a role of pre-adaptation to anthropogenic disturbance in invasion success in the recent past (i.e., for the AIAI hypothesis), evidence for the more ancient time frames postulated by the NPIH is lacking. Europe is the native range of a vast number of species that naturalized elsewhere, ranking second after Asia in terms of absolute numbers of species, but with a much higher observed number of naturalizations than expected (288% higher for Europe, 52% higher for Asia) (van Kleunen et al., 2015). Given that the importance of historical association with humans for the invasion success of these species is evident (Monnet et al., 2020; Yang et al., 2021a) and likely causes feedback on recent species traits and invasion processes (Crosby, 1986; di Castri, 1989; MacDougall et al., 2018), further research into the AIAI and NPIH using methods and perspectives derived from interdisciplinary approaches is urgently required. In the following sections, we will outline i) why empirical research might benefit from focusing on ancient plant populations in addition to contemporary ones, and ii) how refining the underlying theory based on progress in archaeological research may help to develop more differentiated predictions to be tested. We finally highlight that integrating archaeology with ecology offers excellent opportunities to study past genetic and morphologic changes over large timeframes and possibly test for their association with anthropogenic environmental transformations.



4.1 Scratching the surface: on the complexity of evolutionary processes shaping species traits in contemporary populations

Although the events that lead to the pre-adaptation of plant species to anthropogenic disturbance in sense of the AIAI and NPIH mainly happened thousands of years ago, the suggested and implemented experimental approaches towards this issue focus exclusively on trait comparisons in contemporary plant populations (see Section 3.1). However, the phenotypic traits of these populations result from a plethora of mutually non-exclusive adaptive and stochastic (e.g., random sampling of genetic lineages, founder effects, allele surfing, population admixture) evolutionary processes, the relative importance of which varies across both a temporal and spatial scale (Keller and Taylor, 2008; Schrieber and Lachmuth, 2017; Liao et al., 2020; Sherpa and Després, 2021; Wilde et al., 2021; Kreiner et al., 2022). All these selective and neutral processes shape species traits and the underlying (epi)-genetics from the moment of introduction right until the present. As such, post-introduction evolutionary processes will blur pre-adaptation effects and substantially contribute to the divergence in traits we observe in recent populations. Post-introduction evolution cannot be ruled out in any experiment dealing with recent populations, specifically not for rather short-lived grassland species originating from Europe that established in their invaded ranges starting from 1500 CE. This does also apply to the resident native communities, which are in the focus of predictions of the NPIH as well. Given that adaptive change can happen within only a few years, also native plant communities should have continuously adapted to agropastoral disturbances or any other selective agent. Finally, evolutionary processes foster divergence in species traits not only between, but also within their native and invasive distribution range. Such divergence was observed among populations separated only by a few kilometers (Adhikari et al., 2021), across latitudinal clines (Liu et al., 2020; Yang et al., 2021b) or for invasive populations among leading edges and origins of initial introduction (Chuang and Peterson, 2016), and this variation is often not accounted for in the studies addressing the NPIH. In summary, purely ecological experiments cannot explicitly test the NPIH, since they cannot attribute trait divergence to a specific evolutionary force (adaptive or neural), selective agent or – most importantly – to a concrete timeframe.




4.2 Revisiting the Eurocentric view on agropastoral development

An important assumption underlying specifically the NPIH is that non-European plant communities were naïve to the “European style” agropastoral disturbance co-introduced by the European settlers alongside some of today’s most problematic plant invaders. This assumption is questionable, since natural disturbances partially resemble the selection pressures exerted by agropastoral disturbance (see Chapter 3) and may thus lead to similar adaptations of native plant communities in invaded continents (Mercuri et al., 2018).

Second, it is reasonable to ask whether these native communities indeed never experienced agropastoral disturbance. Although European agriculture and pastoralism have a millennia long history characterized by technological innovations, species domestication and landscape change, they are definitely not an unicum in global history (Purugganan and Fuller, 2009). In fact, agriculture and pastoralism surged independently during pre-history (period of time before written records) in many different areas worldwide (Stephens et al., 2019) and nowadays there are twelve areas (subdivided in smaller sections) which are recognized as crop domestication regions and thus strictly associated with agronomical management (Smith, 2006; Purugganan and Fuller, 2009; Neves and Heckenberger, 2019; Maxted and Vincent, 2021) (Figure 1). Convergent evolution in plant adaptations has been proven in several contexts (Keeley and Pausas, 2018; Artur and Kajala, 2021) and it is thereby reasonable to assume that many of the species exposed to agropastoral disturbance worldwide eventually adapted to crop plant cultivation and livestock rearing as well (Bellini et al., 2022). There is indeed broad evidence that European colonizers found already human-altered open ecosystems characterized by species that likewise had adapted to agropastoral disturbance. This circumstance is often ignored when considering global plant invasions from a European perspective. In the South American Andes, for example, the first traces of domesticated plants and agricultural practices date back to 8000 BCE (Piperno and Pearsall, 1998; Nascimento et al., 2020), with some cultures implementing comprehensive landscape modifications such as terracing (Denevan, 2001) and forest clearing (Sarmiento, 2002). Many crop species with nowadays global relevance were domesticated in the region, such as potato (Solanum tuberosum L.), manioc (Manihot esculenta Crantz), and sweet potato (Ipomoea batatas (L.) Lam.) around 8000-6000 BCE, followed by quinoa (Chenopodium quinoa Willd.) and some varieties of squashes (Cucurbita spp.) around 5800-4400 BCE (Pearsall, 2008). In addition, native mammal herbivores such as camelids were domesticated since 4000-3500 BCE and used as source of sustenance and textile fibers (Flores Ochoa et al., 1994; Yacobaccio and Vilá, 2016). The presence of agriculture and pastoralism impacted the local ecosystems’ characteristics through biomass removal, soil disruption and manuring, in a similar manner to other agroecosystems worldwide. As a logical consequence, South America is also the native range of numerous aggressive plant invaders, such as Galinsoga parviflora Cav., Parthenium hysterophorus L., and Axonopus fissifolius (Raddi) Kuhlm which are present in agropastoral ecosystems around the world (Warwick and Sweet, 1983; Parker, 2012; Tsiamis et al., 2017). In North America, the modification of the landscape by native human populations began already around 6000 BCE (Nelson et al., 2006; Smith and Yarnell, 2009) with the creation of large open environments to provide grazing ground for the large herbivores they hunted, such as bison (Bison spp.), elk (Cervus spp.) and deer (Odocoileus spp.). In the eastern United States, we find evidence of cultivation already 5000 years ago (Mueller, 2017), with the domestication of sumpweed (Iva annua L.) (McLauchlan, 2003), maygrass (Phalaris caroliniana Walter) and erect knotweed (Polygonum erectum L.) (Mueller, 2017). With the spread in agricultural practices, indigenous people started managing cultivation areas with soil tilling, mulching, removal of rocks, and creation of field boundaries (Deur, 2005). Over time, this frequent environmental management promoted the evolution of tolerance traits in some species, such as Chenopodium spp., Helianthus annuus L. and Carya spp (McLauchlan, 2003; Black et al., 2006; Johnson and Abrams, 2017), many of which are successful invaders in Eurasia. Furthermore, it should be noticed that some practices applied in Europe were common to other regions worldwide and changed over time (Huisman and Raemaekers, 2014; Filatova et al., 2021; Kirleis, 2022). One prime example is the creation of agricultural terraces, which allow the exploitation of hillsides and can be found in the Mediterranean (e.g., North-Western Italy, Southern Greece, starting ~2000 years ago), the Peruvian Andes (starting ~4000 years ago), and Hawai’i (starting ~1500 years ago), among others (Sereni, 1961; Allen, 1991; Denevan, 2001; Brandolini and Cremaschi, 2018; Brown et al., 2020). There are of course some important differences as well, such as the usage of planting sticks instead of ploughs by Native North Americans (Morrison et al., 1996), a technique that suited well the crops they planted (e.g., tubers and maize) and aimed at maintaining soil fertility while still causing soil disruption (Mt. Pleasant, 2015).




Figure 1 | Development of extensive agriculture through time, and regions of crop domestication. The onset of extensive agriculture is represented by the color of the region, with darker shades indicating earlier onsets (Stephens et al., 2019). Authors defined onset as the earliest time point in which the practice was common in 1-20% of the region. Regions of crop domestication are outlined in green (Maxted and Vincent, 2021).



Finally, (pre-)historical European agropastoral practices cannot be considered as uniform, since distinct practices of the early European settlers from different geographic regions had a profound influence on the type of agropastoral practices and domesticated crops and animals in the colonized areas (Saloutos, 1976; Cannon, 1991). For example, in North America during the 1800s immigrants from Norway grew rye, barley, turnips and potatoes, while settlers from Germany focused on wheat, orchards, vineyards, and those from Switzerland invested in cattle rearing and cheese making (Saloutos, 1976). These cultural differences eventually translated into distinct types, intensities and timings of disturbance in the colonized areas, which produced profoundly different effects on local vegetation, as experiments on contemporary effect of disturbance of plant performance have shown (see Section 2.2). Both these factors taken together hamper a standard definition for the “European-style” agropastoralism highlighted in MacDougall et al. (2018). In summary, despite some differences between macro-regions, the global variability of practices at a regional scale does not allow us to classify a species as pre-adapted to agropastoralism just based on its continent of provenance.




4.3 Addressing open questions from an historical perspective

Future studies addressing the AIAI and NPIH should aim at disentangling ancient adaptations to anthropogenic disturbance from more recent adaptive or stochastic evolutionary change, while accounting for the cultural diversity of agropastoral practices that created such adaptations. To this end, we need to gather evidence on whether adaptations did indeed happen in a specific historical period, in response to which particular disturbance regimes and at which spatial scale (e.g., local, regional, continental). These issues cannot be comprehensively tackled with experiments on contemporary plant populations and thus require additional research on remains of populations dating back to centuries or even millennia before present. In combination, experiments on recent populations and research on ancient material will provide a more holistic view on the role of pre-adaptation in plant invasion success.

In this sense, a promising yet so far hardly employed resource in the contexts of the AIAI and NPIH frameworks is represented by the plant material that is recovered in archaeological excavations, although its potential was identified some time ago (Willerding, 1978; van Zeist et al., 1991). We believe that archaeobotany, the study of ancient plant remains, can make a valuable contribution to the field of invasion ecology, particularly in relation to hypotheses that focus on plant mobility in the past. Next to the movement of crops (e.g., Kirleis and Fischer, 2014; Filipović et al., 2020; Dal Corso et al., 2022; Kirleis et al., 2022), the accompanying weed species are of core interest in archaeobotanical research since their presence can provide supplementary information on ancient connectivity, past agropastoral practices and disturbance of natural vegetation (Knörzer, 1971; Willerding, 1983; Kreuz, 1994; Knörzer, 1998; Rösch, 1998; Bogaard et al., 1999; van der Veen, 2005). The integration of ancient DNA analyses for reconstructing past genomes currently focuses on crop domestication (Brown et al., 2009; Czajkowska et al., 2020; Filatova et al., 2021), but could be efficiently applied to wild species as well. The incorporation of ecological and archaeobotanical knowledge in a multidisciplinary approach would allow us to answer many emergent questions about adaptation processes in invasive species and the limits and conditions under which they have developed.





5 Future research routes: combining materials, methods and knowledge from archaeobotany and plant ecology

In the following sections, we will compile research avenues at the interface of archaeobotany and plant ecology by illustrating sample materials, analytical methods, and concrete applications to investigate how local development of agropastoral practices affected species genomes and traits (Figure 2).




Figure 2 | Overview of possible (A) materials, (B) methods and (C) applications of archaeobotanical knowledge to the study of invasive plants’ past evolution.





5.1 Archaeobotanical remains

Archaeobotanical remains can be divided into two categories: macroremains such as seeds, fruits, wood pieces, storage tissues (roots, bulbs), and microremains such as pollen, starches, and phytoliths (Weiss and Kislev, 2007; Fuller and Lucas, 2014) (Figure 2A). A series of processes contributes to their preservation from decomposition, namely: i) waterlogging; ii) freezing; iii) desiccation; iv) charring; v) mineralization (Fuller and Lucas, 2014) (Figure 2A). Remains can be found within excavated sediment or other media such as fossilized dung (Linseele et al., 2013; Jakobitsch et al., 2023) (Figure 2A). Most archaeobotanical investigations are performed on past human settlements, which can lead to a bias in the species that are found, favoring high proportions of crops or useful species and rather small amounts of wild species without service to human beings (Jones, 1985; Fuller and Lucas, 2014). Analyzing sediment layers from archaeological and geological trenches at different depths rather allows the reconstruction of plant usage and vegetation changes over time (e.g., Kroll, 1983; Mercuri, 2008). Sediment sequences extracted from more natural environments, such as lake sediments, can provide samples with high temporal resolution that represent the taxonomic composition of the past local vegetation and its change over time (Wieckowska et al., 2012; Sadori, 2013; Feeser et al., 2016; Parducci et al., 2017; Wagner et al., 2023).




5.2 Analytical methods and ecological applications

Once retrieved, remains such as seeds must be first taxonomically identified and quantified by comparing them with a reference collection, i.e., an assortment of modern plant parts collected from known species with the help of instruments such as microscopes and stereoscopes (Figure 2B). Depending on the type of remain, identification to the species level is not always possible. In the case of phytoliths, for example, many studies have been carried out on cultivated species (Ball et al., 2016) although more work recently has focused on wild species (Le Moyne et al., 2023). The taxonomic identification of archaeobotanical samples could provide comprehensive information about species presence/absence, relative abundance, and even the introduction date in the case of non-native species. Several archeological studies have already provided valuable records of introduced and invasive plants in past contexts. For example, the arrival of non-native herbal species happened alongside the introduction of agriculture in Europe by the first Neolithic farmers (Kreuz, 1994, 2012). The analysis of a comprehensive assemblage of plant macroremains from Czech Republic revealed several introduction waves from the Neolithic until the early Middle Ages, with some of the introduced species being considered nowadays invasive (e.g., Atriplex sagittata, Digitaria ischaemum and Echinochloa crus-galli) (Pokorná et al., 2018). Another study on macro-remains, pollen and historical records from eastern France identified two periods of frequent introductions of non-native and invasive species: from the end of the Neolithic until the late Bronze Age, with arable weeds brought from the Mediterranean area, and a second after 1500 CE with ruderal species coming from outside the continent (Brun, 2011). Identification of plant remains can provide information on past human presence and management practices as well. For this purpose, the study of pollen in sediment is particularly suitable (Mercuri, 2014). Pollen analyses of two 2000-year-old sediment records from an archaeological site in the United States, show a high presence of ancient crops and indicate that the area was largely deforested (McLauchlan, 2003). A similar conclusion was reached by the analysis of Bronze-age pollen remains from northern Italy, which highlighted a thinning of forested areas due to the establishment of human settlements (Mercuri et al., 2015). Studies on pollen cores can also correlate human population demographics and activities with variation in plant species composition, identifying periods characterized by e.g., cultivation expansion, abandonment of terrains or livestock herding (Pini et al., 2021; Kolář et al., 2022). Botanical remains can provide information on agropastoral practices even without a precise taxonomical information. The analysis of density and shape of phytoliths found in coprolites allowed researchers to determine whether livestock was fed with wild or cultivated grasses, and even to identify to which grass subfamily the remains could belong (Dunseth et al., 2019). Information on introduction date and population trends could be highly relevant when working within the NPIH and AIAI frameworks, as native and invaded locations with a similar anthropogenic disturbance could be compared to verify whether the invasive species became more abundant in the latter region shortly after introduction, which would indicate pre-adaptation (e.g., European species increasing outside their native range - NPIH prediction b). Instead, by comparing samples in the same location but belonging to different periods, one could check whether there were alterations in community composition and relative species abundances after a target species introduction. Such information must be interpreted in light of the development of agropastoral practices in the region. For example, if an intensification of anthropogenic disturbance went alongside an increase in abundance of an invasive species, this could also provide an indication for pre-adaptation (AIAI assumption c, and NPIH prediction c in the case of agropastoralism as disturbance). Similarly, the community composition in neighboring sites with different intensities of disturbance could be compared to test whether European invasive species were able to spread even in the absence of disturbance (NPIH prediction d).

Depending on the research question of interest, after taxonomical identification, a variety of methods can be applied to extract further information from the remains. An avenue that holds a lot of promise for the study of invasive species’ evolution is the analysis of ancient DNA (aDNA). A single species’ genome can be characterized from micro- and macroremains using Next Generation Sequencing (Figure 2B) (Metzker, 2010). Some types of samples, such as sediment or coprolites, can contain several species’ microremains or fragments of macroremains that are too small to be identified and are therefore analyzed through metabarcoding or metagenomics, which can provide an overview of the past community’s taxonomic composition (Figure 2B) (Taberlet et al., 2012; Pedersen et al., 2016; Parducci et al., 2017). Excellent reviews have summarized the most recent aDNA analysis techniques, such as Hofreiter et al. (2015); Orlando et al. (2015), and Danielewski et al. (2023). Information on ancient species’ evolution can be gathered also from morphometric analyses of archaeobotanical macroremains, which, if applied to charred materials needs careful consideration due to the possible deformations as consequence of the charring process (Charles et al., 2015). The traditional approach is called “linear”, and consists of measurements of dimensions such as width, length, and thickness (Figure 2B). In the last decade, researchers developed geometric morphometrics, which converts shapes into quantitative variables using mathematical frameworks and provides a much more wide-ranging overview of a sample’s shape (Bonhomme et al., 2017), allowing for detailed comparisons with other samples (Figure 2B). For a comprehensive review on the topic see Noshita et al. (2022).

The implementation of aDNA analysis and morphometrics improve the level of identification and can further help to identify genes or traits that might have surged as adaptations to anthropogenic disturbance (Figure 2C). Many researchers support the idea that disturbed populations present traits such as short life spans, small and numerous seeds, and fast growth rates (Grime, 1977; Pierce et al., 2013; Salguero-Gómez et al., 2016). Due to the co-habitation with grazers, for example, plants might have evolved tolerance to trampling or strong resprouting abilities or resistance traits including mechanical defenses such as spikes or thorns. For some species, researchers have identified DNA regions that correlated to trampling tolerance (invasive wild rice Oryza rufipogon Griff. - Onishi et al., 2007) or compensatory growth after defoliation (invasive Italian ryegrass Lolium perenne L. - Lee et al., 2011). Grazing or mowing can also promote a decrease in seed size (Völler et al., 2013; Herben et al., 2018), and temporal variation in size could be easily verified through morphometrics. Through both aDNA and morphometric analysis it would be possible to verify whether past native populations did adapt to a newly introduced anthropogenic disturbance over time (AIAI assumption a), such as in the case of European plants exposed to agropastoralism after its introduction in the continent during the Neolithic (background assumption of NPIH). The application of such methods, for example, allowed researchers to establish in which historical period maize acquired and fixed some key domestication traits (unbranched plant architecture, storage protein synthesis, and starch production) in its native range of Mexico (Jaenicke-Després et al., 2003) and how it then regionally adapted to the environmental conditions while being transported northwards from Central America by early farmers (da Fonseca et al., 2015). Another study highlighted instead a decrease in length and a change in shape of lentil seeds (Lens culinaris Medik.) when comparing samples from the Early Iron Age (625–575 BCE) to those from the Middle Iberian period (400–200 BCE), possibly due to a change in irrigation practices (Tarongi et al., 2021). These methodologies would also allow for a comparison of traits and genes between pre-adapted invasive species and closely related species found in their invaded range (e.g., European species vs. North American species - NPIH prediction c) and for verifying whether this distinction was preserved over time or if it was lost due to adaptation of the local community or confounded by post-introduction evolution (Figure 2C).

Finally, some of the previous research on invasive species is based on materials from herbaria and focus on intercontinental human-mediated translocation, which can help identify introduction dates and genetic sources of invasive populations – a key step to test the hypotheses related to pre-adaptation and invasions (e.g., AIAI assumption b). For example, by comparing DNA from contemporary populations and 19th-century herbaria samples, researchers were able to determine that the European invasive species Arabidopsis thaliana (L.) Heynh. was introduced in the United States around 400 years ago (Exposito-Alonso et al., 2018). DNA from herbaria samples also shed light on the past evolution of two genetic clusters of Ambrosia artemisiifolia in its native range, one of which was strongly associated with agricultural disturbances and is the source for some invasive populations in France and Hungary (Martin et al., 2014). Nonetheless, the collection of dry plant material in herbaria dates back no further than the 16th century (Baldini et al., 2022), which limits the temporal range of material that can be used to the last 500 years. However, the techniques implemented in these studies should be applicable also to older plant remains, which opens a world of exciting possibilities for ecologists working on wild plants’ evolution.





6 Concluding remarks

Pre-adaptation to anthropogenic disturbance is assumed to favor the aggressive spread of plant invaders, especially in agropastoral ecosystems. The proposed strategies to test the complex related hypotheses focus on contemporary populations, which does not allow us to fully extrapolate the past effect of anthropogenic disturbance as a selective force acting millennia ago. A collaboration between ecology and archaeobotany has the potential to uncover even more information about past adaptation processes and that is what we strongly promote here. Remains of wild species have been used in recent decades to extrapolate information on management practices but are rarely used in the context of evolutionary ecology. They often reach back several millennia and can thus provide valuable information far beyond the common scope of ecological experiments (~20 years in the past at most) by helping reconstruct past environmental conditions, species introductions, extinctions, and changes in the relative abundance of native and invasive species in relation to ecosystem changes. By applying methodologies from genomics and morphometrics to the same archaeobotanical samples, we can identify genes and traits that surged during the process of adaptation to anthropogenic disturbances such as agropastoralism and identify precisely at what point in time they appeared. The application of such approaches requires collaboration networks combining the skills of archaeobotanists, ecologists, geneticists and archaeologists (e.g., Filatova et al., 2021; Jesus et al., 2021; Salavert et al., 2022). Such projects should be designed for particular invasive species, following their evolution through the different environmental changes both in their native range and subsequently while establishing and expanding in the invaded range.





Author contributions

GB: Conceptualization, Visualization, Writing – original draft, Investigation. KS: Writing – original draft, Conceptualization, Investigation, Methodology, Supervision, Validation. WK: Writing – review & editing, Funding acquisition. AE: Supervision, Writing – review & editing, Conceptualization, Funding acquisition, Resources, Validation, Methodology.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Both the research and the OA publication were funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) through the Cluster of Excellence ROOTS, under Germany’s Excellence Strategy – EXC 2150 – 390870439. The funding agency had no role in the design, execution of the experiment nor in the data analysis and manuscript writing. We also acknowledge financial support by Land Schleswig-Holstein within the funding programme Open Access Publikationsfonds.




Acknowledgments

We are grateful to Benjamin Claassen, who helped us clarify some concepts on aDNA analysis. We are also thankful for the thought-provoking discussions held at the 19th Conference of the International Work Group for Palaeoethnobotany in June 2022.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Adhikari, S., Burke, I. C., Piaskowski, J., and Eigenbrode, S. D. (2021). Phenotypic trait variation in populations of a global invader mayweed chamomile (Anthemis cotula): implications for weed management. Front. Agron. 3. doi: 10.3389/fagro.2021.662375

 Ainouche, M. L., Baumel, A., Salmon, A., and Yannic, G. (2004). Hybridization, polyploidy and speciation in Spartina (Poaceae). New Phytol. 161, 165–172. doi: 10.1046/j.1469-8137.2003.00926.x

 Allen, J. (1991). The role of agriculture in the evolution of the pre-contact Hawaiian state. Asian Perspect. 30, 117–132.

 Artur, M. A. S., and Kajala, K. (2021). Convergent evolution of gene regulatory networks underlying plant adaptations to dry environments. Plant Cell Environ. 44, 3211–3222. doi: 10.1111/pce.14143

 Baker, H. G. (1965). “Characteristics and modes of origin of weeds,” in The Genetics of Colonizing Species. Eds.  H. G. Baker, and G. L. Stebbins (Academic Press Inc., NY), 147–172.

 Baldini, R. M., Cristofolini, G., and Aedo, C. (2022). The extant herbaria from the Sixteenth Century: a synopsis. Webbia 77, 23–33. doi: 10.36253/jopt-13038

 Ball, T., Chandler-Ezell, K., Dickau, R., Duncan, N., Hart, T. C., Iriarte, J., et al. (2016). Phytoliths as a tool for investigations of agricultural origins and dispersals around the world. J. Archaeol. Sci. 68, 32–45. doi: 10.1016/j.jas.2015.08.010

 Battisti, C., Poeta, G., and Fanelli, G. (2016). “Anthropogenic Threats,” in An Introduction to Disturbance Ecology. Eds.  C. Battisti, G. Poeta, and G. Fanelli (Springer International Publishing, Cham), 73–84. doi: 10.1007/978-3-319-32476-0_8

 Bellini, G., Erfmeier, A., and Schrieber, K. (2022). No support for the neolithic plant invasion hypothesis: invasive species from eurasia do not perform better under agropastoral disturbance in early life stages than invaders from other continents. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.801750

 Bertelsmeier, C., and Keller, L. (2018). Bridgehead effects and role of adaptive evolution in invasive populations. Trends Ecol. Evol. 33, 527–534. doi: 10.1016/j.tree.2018.04.014

 Black, B. A., Ruffner, C. M., and Abrams, M. D. (2006). Native American influences on the forest composition of the Allegheny Plateau, northwest Pennsylvania. Can. J. For. Res. 36, 1266–1275. doi: 10.1139/x06-027

 Blatt, S., De Clerck-Floate, R., and White, S. N. (2022). Development of a growing degree-day model to estimate Linaria vulgaris shoot emergence and prospects for improving biological control efforts. Invasive Plant Sci. Manage. 15, 9–15. doi: 10.1017/inp.2022.6

 Blumenthal, D., Mitchell, C. E., Pyšek, P., and Jarošík, V. (2009). Synergy between pathogen release and resource availability in plant invasion. Proc. Natl. Acad. Sci. U. S. A. 106, 7899–7904. doi: 10.1073/pnas.0812607106

 Bogaard, A., Palmer, C., Jones, G., Charles, M., and Hodgson, J. G. (1999). A FIBS approach to the use of weed ecology for the archaeobotanical recognition of crop rotation regimes. J. Archaeol. Sci. 26, 1211–1224. doi: 10.1006/jasc.1998.0364

 Bonhomme, V., Forster, E., Wallace, M., Stillman, E., Charles, M., and Jones, G. (2017). Identification of inter- and intra-species variation in cereal grains through geometric morphometric analysis, and its resilience under experimental charring. J. Archaeol. Sci. 86, 60–67. doi: 10.1016/j.jas.2017.09.010

 Brandolini, F., and Cremaschi, M. (2018). The impact of late holocene flood management on the central po plain (Northern Italy). Sustainability 10 (11), 3968. doi: 10.3390/su10113968

 Brendel, M. R., Schurr, F. M., and Sheppard, C. S. (2021). Inter- and intraspecific selection in alien plants: How population growth, functional traits and climate responses change with residence time. Glob. Ecol. Biogeogr. 30, 429–442. doi: 10.1111/geb.13228

 Briggs, J. M., Spielmann, K. A., Schaafsma, H., Kintigh, K. W., Kruse, M., Morehouse, K., et al. (2006). Why ecology needs archaeologists and archaeology needs ecologists. Front. Ecol. Environ. 4, 180–188. doi: 10.1890/1540-9295(2006)004[0180:WENAAA]2.0.CO;2

 Broadbent, A. A. D., Firn, J., McGree, J. M., Borer, E. T., Buckley, Y. M., Harpole, W. S., et al. (2020). Dominant native and non-native graminoids differ in key leaf traits irrespective of nutrient availability. Glob. Ecol. Biogeogr. 29, 1126–1138. doi: 10.1111/geb.13092

 Brown, A., Walsh, K., Fallu, D., Cucchiaro, S., and Tarolli, P. (2020). European agricultural terraces and lynchets: from archaeological theory to heritage management. World Archaeol. 52, 566–588. doi: 10.1080/00438243.2021.1891963

 Brown, T. A., Jones, M. K., Powell, W., and Allaby, R. G. (2009). The complex origins of domesticated crops in the Fertile Crescent. Trends Ecol. Evol. 24, 103–109. doi: 10.1016/j.tree.2008.09.008

 Brun, C. (2011). Anthropogenic indicators in pollen diagrams in eastern France: a critical review. Veg. Hist. Archaeobot. 20, 135–142. doi: 10.1007/s00334-010-0277-8

 Campoy, J. G., Sobral, M., Carro, B., Lema, M., Barreiro, R., and Retuerto, R. (2022). Epigenetic and phenotypic responses to experimental climate change of native and invasive carpobrotus edulis. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.888391

 Cannon, B. Q. (1991). Immigrants in american agriculture. Agric. Hist. 65, 17–35.

 Cassey, P., Delean, S., Lockwood, J. L., Sadowski, J. S., and Blackburn, T. M. (2018). Dissecting the null model for biological invasions: A meta-analysis of the propagule pressure effect. PloS Biol. 16, e2005987. doi: 10.1371/journal.pbio.2005987

 Charles, M., Forster, E., Wallace, M., and Jones, G. (2015). Nor ever lightning char thy grain”1: establishing archaeologically relevant charring conditions and their effect on glume wheat grain morphology. STAR Sci. Technol. Archaeol. Res. 1, 1–6. doi: 10.1179/2054892315Y.0000000008

 Chavana, J., Singh, S., Vazquez, A., Christoffersen, B., Racelis, A., and Kariyat, R. R. (2021). Local adaptation to continuous mowing makes the noxious weed Solanum elaeagnifolium a superweed candidate by improving fitness and defense traits. Sci. Rep. 11, 6634. doi: 10.1038/s41598-021-85789-z

 Chuang, A., and Peterson, C. R. (2016). Expanding population edges: theories, traits, and trade-offs. Glob. Change Biol. 22, 494–512. doi: 10.1111/gcb.13107

 Clements, D. R., and Jones, V. L. (2021). Rapid evolution of invasive weeds under climate change: present evidence and future research needs. Front. Agron. 3. doi: 10.3389/fagro.2021.664034

 Connolly, B. M., Powers, J., and Mack, R. N. (2017). Biotic constraints on the establishment and performance of native, naturalized, and invasive plants in Pacific Northwest (USA) steppe and forest. NeoBiota 34, 21–40. doi: 10.3897/neobiota.34.10820

 Corli, A., Walter, J., and Sheppard, C. S. (2021). Invasion success of bunias orientalis (Warty cabbage) in grasslands: A mesocosm experiment on the role of hydrological stress and disturbance. Front. Ecol. Evol. 9. doi: 10.3389/fevo.2021.625587

 Crisafulli, C. M., Swanson, F. J., Halvorson, J. J., and Clarkson, B. D. (2015). “Chapter 73 - Volcano Ecology: Disturbance Characteristics and Assembly of Biological Communities,” in The Encyclopedia of Volcanoes. Ed.  B. Houghton (Academic Press, Amsterdam), 1265–1284. doi: 10.1016/B978-0-12-385938-9.00073-0

 Crosby, A. W. (1986). Ecological Imperialism (Cambridge, MA: Cambridge University Press).

 Czajkowska, B. I., Bogaard, A., Charles, M., Jones, G., Kohler-Schneider, M., Mueller-Bieniek, A., et al. (2020). Ancient DNA typing indicates that the “new” glume wheat of early Eurasian agriculture is a cultivated member of the Triticum timopheevii group. J. Archaeol. Sci. 123, 105258. doi: 10.1016/j.jas.2020.105258

 da Fonseca, R. R., Smith, B. D., Wales, N., Cappellini, E., Skoglund, P., Fumagalli, M., et al. (2015). The origin and evolution of maize in the Southwestern United States. Nat. Plants 1, 14003. doi: 10.1038/nplants.2014.3

 Dal Corso, M., Pashkevych, G., Filipović, D., Liu, X., Motuzaite Matuzeviciute, G., Stobbe, A., et al. (2022). Between cereal agriculture and animal husbandry: millet in the early economy of the north pontic region. J. World Prehistory 35, 321–374. doi: 10.1007/s10963-022-09171-1

 Danielewski, M., Żuraszek, J., Zielińska, A., Herzig, K.-H., Słomski, R., Walkowiak, J., et al. (2023). Methodological changes in the field of paleogenetics. Genes (Basel). 14 (1), 234. doi: 10.3390/genes14010234

 Denevan, W. M. (2001). Cultivated landscapes of native Amazonia and the Andes (USA: Oxford University press). doi: 10.1093/oso/9780198234074.001.0001

 Deur, D. E. (2005). “Tending the garden, making the soil: northwest coast estuarine gardens as engineered environments,” in Keeping it living: traditions of plant use and cultivation on the northwest coast. Eds.  D. E. Deur, and N. J. Turner (University of Washington Press, Seattle), 296–330.

 di Castri, F. (1989). “History of biological invasions with special emphasis on the old world,” in Biological invasion: a global perspective. Eds.  J. A. Drake, H. A. Mooney, F. di Castri, R. H. Groves, F. J. Kruger, M. Rejmanek, et al. (New York: John Wiley & Sons), 1–26.

 Donohue, K., Rubio De Casas, R., Burghardt, L., Kovach, K., and Willis, C. G. (2010). Germination, postgermination adaptation, and species ecological ranges. Annu. Rev. Ecol. Evol. Syst. 41, 293–319. doi: 10.1146/annurev-ecolsys-102209-144715

 Duncan, S. S., and Williams, J. L. (2020). Life history variation in an invasive plant is associated with climate and recent colonization of a specialist herbivore. Am. J. Bot. 107, 1366–1374. doi: 10.1002/ajb2.1531

 Dunseth, Z. C., Fuks, D., Langgut, D., Weiss, E., Melamed, Y., Butler, D. H., et al. (2019). Archaeobotanical proxies and archaeological interpretation: A comparative study of phytoliths, pollen and seeds in dung pellets and refuse deposits at Early Islamic Shivta, Negev, Israel. Quat. Sci. Rev. 211, 166–185. doi: 10.1016/j.quascirev.2019.03.010

 Eckert, S., Herden, J., Stift, M., Joshi, J., and van Kleunen, M. (2021). Manipulation of cytosine methylation does not remove latitudinal clines in two invasive goldenrod species in Central Europe. Mol. Ecol. 30, 222–236. doi: 10.1111/mec.15722

 Erfmeier, A. (2013). Constraints and release at different scales – The role of adaptation in biological invasions. Basic Appl. Ecol. 14, 281–288. doi: 10.1016/j.baae.2013.04.004

 Essl, F., Dawson, W., Kreft, H., Pergl, J., Pyšek, P., Van Kleunen, M., et al. (2019). Drivers of the relative richness of naturalized and invasive plant species on Earth. AoB Plants 11, plz051. doi: 10.1093/aobpla/plz051

 Essl, F., Dullinger, S., Rabitsch, W., Hulme, P. E., Hülber, K., Jarošík, V., et al. (2011). Socioeconomic legacy yields an invasion debt. Proc. Natl. Acad. Sci. U. S. A. 108, 203–207. doi: 10.1073/pnas.1011728108

 Exposito-Alonso, M., Becker, C., Schuenemann, V. J., Reiter, E., Setzer, C., Slovak, R., et al. (2018). The rate and potential relevance of new mutations in a colonizing plant lineage. PloS Genet. 14, e1007155. doi: 10.1371/journal.pgen.1007155

 Faulkner, K. T., Hulme, P. E., Pagad, S., Wilson, J. R. U., and Robertson, M. P. (2020). Classifying the introduction pathways of alien species: are we moving in the right direction? NeoBiota 62, 143–159. doi: 10.3897/neobiota.62.53543

 Feeser, I., Dörfler, W., Czymzik, M., and Dreibrodt, S. (2016). A mid-Holocene annually laminated sediment sequence from Lake Woserin: The role of climate and environmental change for cultural development during the Neolithic in Northern Germany. Holocene 26, 947–963. doi: 10.1177/0959683615622550

 Filatova, S., Claassen, B., Torres, G., Krause-Kyora, B., Holtgrewe Stukenbrock, E., and Kirleis, W. (2021). Toward an Investigation of Diversity and Cultivation of Rye (Secale cereale ssp. cereale L.) in Germany: Methodological Insights and First Results from Early Modern Plant Material. Agronomy 11. doi: 10.3390/agronomy11122451

 Filipović, D., Meadows, J., Corso, M. D., Kirleis, W., Alsleben, A., Akeret, Ö., et al. (2020). New AMS 14C dates track the arrival and spread of broomcorn millet cultivation and agricultural change in prehistoric Europe. Sci. Rep. 10, 13698. doi: 10.1038/s41598-020-70495-z

 Flores Ochoa, J. A., MacQuarrie, K., and Portús, J. (1994). Gold of the andes: the llamas, alpacas, vicuñas and guanacos of South America. Barcelona: Francis O. Patthey & Sons.

 French, C., Heinzel, C., Sumegi, P., Ling, J., Ayala, G., Guylas, S., et al. (2010). “The Palaeo-Environments of Bronze Age Europe,” in Organizing Bronze Age Societies: The Mediterranean, Central Europe, and Scandanavia Compared. Eds.  K. Kristiansen, and T. Earle (Cambridge University Press, Cambridge), 34–56. doi: 10.1017/CBO9780511779282.003

 Fuller, D. Q., and Lucas, L. (2014). “Archaeobotany,” in Encyclopedia of Global Archaeology. Ed.  C. Smith (Springer New York, New York, NY), 305–310. doi: 10.1007/978-1-4419-0465-2_2273

 Gaskin, J. F., Littlefield, J. L., Rand, T. A., and West, N. M. (2022). Variation in reproductive mode across the latitudinal range of invasive Russian knapweed. AoB Plants 14, plac032. doi: 10.1093/aobpla/plac032

 Giesecke, T., Wolters, S., van Leeuwen, J. F. N., van der Knaap, P. W. O., Leydet, M., and Brewer, S. (2019). Postglacial change of the floristic diversity gradient in Europe. Nat. Commun. 10, 5422. doi: 10.1038/s41467-019-13233-y

 Grime, J. P. (1977). Evidence for the existence of three primary strategies in plants and its relevance to ecological and evolutionary theory. Am. Nat. 111, 1169–1194. doi: 10.1086/283244

 Grime, J. P. (1979). Plant strategies and vegetation processes (Chichester, UK: John Wiley & Sons).

 Guo, W.-Y., van Kleunen, M., Pierce, S., Dawson, W., Essl, F., Kreft, H., et al. (2019). Domestic gardens play a dominant role in selecting alien species with adaptive strategies that facilitate naturalization. Glob. Ecol. Biogeogr. 28, 628–639. doi: 10.1111/geb.12882

 Hardion, L., Verlaque, R., Saltonstall, K., Leriche, A., and Vila, B. (2014). Origin of the invasive Arundo donax (Poaceae): a trans-Asian expedition in herbaria. Ann. Bot. 114, 455–462. doi: 10.1093/aob/mcu143

 Helsen, K., Acharya, K. P., Graae, B. J., De Kort, H., Brunet, J., Chabrerie, O., et al. (2020). Earlier onset of flowering and increased reproductive allocation of an annual invasive plant in the north of its novel range. Ann. Bot. 126, 1005–1016. doi: 10.1093/aob/mcaa110

 Herben, T., Klimešová, J., and Chytrý, M. (2018). Effects of disturbance frequency and severity on plant traits: An assessment across a temperate flora. Funct. Ecol. 32, 799–808. doi: 10.1111/1365-2435.13011

 Herbig, V. C., Maier, U., Stäuble, H., and Elburg, R. (2013). “Neolithische Füllhörner’ Archäobotanische Untersuchungen in fünf linienbandkeramischen Brunnen in Westsachsen,” in Von Sylt bis Kastanas, Wachholtz, Neumünster. Eds.  C. Carnap-Bornheim, W. Doerfler, W. Kirleis, J. Müller, and U. Müller (Neumünster: Wachholtz Verlag), 265–293.

 Hierro, J. L., Eren, Ö., Villarreal, D., and Chiuffo, M. C. (2013). Non-native conditions favor non-native populations of invasive plant: Demographic consequences of seed size variation? Oikos 122, 583–590. doi: 10.1111/j.1600-0706.2012.00022.x

 Hierro, J. L., Khetsuriani, L., Andonian, K., Eren, Ö., Villarreal, D., Janoian, G., et al. (2017). The importance of factors controlling species abundance and distribution varies in native and non-native ranges. Ecogr. (Cop.). 40, 991–1002. doi: 10.1111/ecog.02633

 Hierro, J. L., Villarreal, D., Eren, Ö., Graham, J. M., and Callaway, R. M. (2006). Disturbance facilitates invasion: The effects are stronger abroad than at home. Am. Nat. 168, 144–156. doi: 10.1086/505767

 Hock, M., Beckmann, M., Hofmann, R. R. W. R., Bruelheide, H., and Erfmeier, A. (2015). Effects of UV-B radiation on germination characteristics in invasive plants in New Zealand. NeoBiota 26, 21–37. doi: 10.3897/neobiota.26.4405

 Hock, M., Hofmann, R. W., Müller, C., and Erfmeier, A. (2019). Exotic plant species are locally adapted but not to high ultraviolet-B radiation: a reciprocal multispecies  experiment. Ecology 100, e02665. doi: 10.1002/ecy.2665

 Hofman, C. A., and Rick, T. C. (2018). Ancient biological invasions and island ecosystems: tracking translocations of wild plants and animals. J. Archaeol. Res. 26, 65–115. doi: 10.1007/s10814-017-9105-3

 Hofreiter, M., Paijmans, J. L. A., Goodchild, H., Speller, C. F., Barlow, A., Fortes, G. G., et al. (2015). The future of ancient DNA: Technical advances and conceptual shifts. BioEssays 37, 284–293. doi: 10.1002/bies.201400160

 Hufbauer, R. A., Facon, B., Ravigné, V., Turgeon, J., Foucaud, J., Lee, C. E., et al. (2011). Anthropogenically induced adaptation to invade (AIAI): Contemporary adaptation to human-altered habitats within the native range can promote invasions. Evol. Appl. 5, 89–101. doi: 10.1111/j.1752-4571.2011.00211.x

 Huisman, D. J., and Raemaekers, D. C. M. (2014). Systematic cultivation of the Swifterbant wetlands (The Netherlands). Evidence from Neolithic tillage marks (c. 4300–4000 cal. BC). J. Archaeol. Sci. 49, 572–584. doi: 10.1016/j.jas.2014.05.018

 Ibáñez, I., Liu, G., Petri, L., Schaffer-Morrison, S., and Schueller, S. (2021). Assessing vulnerability and resistance to plant invasions: a native community perspective. Invasive Plant Sci. Manage. 14, 64–74. doi: 10.1017/inp.2021.15

 Ikegami, M., Wandrag, E., Duncan, R. P., and Hulme, P. E. (2019). Length of cultivation determines native and non-native weed richness in crop fields worldwide. Biol. Invasions 21, 363–375. doi: 10.1007/s10530-018-1828-7

 Jaenicke-Després, V., Buckler, E. S., Smith, B. D., Gilbert, M. T. P., Cooper, A., Doebley, J., et al. (2003). Early allelic selection in maize as revealed by ancient DNA. Science 302, 1206–1208. doi: 10.1126/science.1089056

 Jakobitsch, T., Dworsky, C., Heiss, A. G., Kühn, M., Rosner, S., and Leskovar, J. (2023). How animal dung can help to reconstruct past forest use: a late Neolithic case study from the Mooswinkel pile dwelling (Austria). Archaeol. Anthropol. Sci. 15, 20. doi: 10.1007/s12520-023-01724-5

 Jauni, M., Gripenberg, S., and Ramula, S. (2015). Non-native plant species benefit from disturbance: A meta-analysis. Oikos 124, 122–129. doi: 10.1111/oik.01416

 Jesson, L., Kelly, D., and Sparrow, A. (2000). The importance of dispersal, disturbance, and competition for exotic plant invasions in Arthur’s Pass National Park, New Zealand. New Zeal. J. Bot. 38, 451–468. doi: 10.1080/0028825X.2000.9512696

 Jesus, A., Bonhomme, V., Evin, A., Ivorra, S., Soteras, R., Salavert, A., et al. (2021). A morphometric approach to track opium poppy domestication. Sci. Rep. 11, 9778. doi: 10.1038/s41598-021-88964-4

 Johnson, S. E., and Abrams, M. D. (2017). The impact of native American activity on vegetation and soil charcoal in the eastern US. Glob. J. Archaeol. Anthropol. 1, 555554. doi: 10.19080/gjaa.2017.01.555554

 Jones, M. K. (1985). “Archaeobotany beyond subsistence reconstruction,” in Beyond domestication in prehistoric Europe. Eds.  G. W. Barker, and C. Gamble (Academic Press, New York), 107–128.

 Kawecki, T. J. (2008). Adaptation to marginal habitats. Annu. Rev. Ecol. Evol. Syst. 39, 321–342. doi: 10.1146/annurev.ecolsys.38.091206.095622

 Keeley, J. E., and Pausas, J. G. (2018). Evolution of ‘smoke’ induced seed germination in pyroendemic plants. South Afr. J. Bot. 115, 251–255. doi: 10.1016/j.sajb.2016.07.012

 Keller, S. R., and Taylor, D. R. (2008). History, chance and adaptation during biological invasion: separating stochastic phenotypic evolution from response to selection. Ecol. Lett. 11, 852–866. doi: 10.1111/j.1461-0248.2008.01188.x

 Kercher, S. M., and Zedler, J. B. (2004). Multiple disturbances accelerate invasion of reed canary grass (Phalaris arundinacea L.) in a mesocosm study. Oecologia 138, 455–464. doi: 10.1007/s00442-003-1453-7

 Kinlock, N. L., Dehnen-Schmutz, K., Essl, F., Pergl, J., Pyšek, P., Kreft, H., et al. (2022). Introduction history mediates naturalization and invasiveness of cultivated plants. Glob. Ecol. Biogeogr. 31, 1104–1119. doi: 10.1111/geb.13486

 Kirleis, W. (2022). “Subsistence change? Diversification of plant economy during the Neolithic in northern Germany,” in Stone Age borderland experience: Neolithic and Late Mesolithic parallel societies in the North European plain. Eds.  F. Klimscha, M. Heumüller, D. Ramaekers, H. Peeters, and T. Terberger (Rahden/Westfalen: Verlag Marie Leidorf GmbH), 435–453. doi: 10.11588/diglit.66745.31

 Kirleis, W., Dal Corso, M., and Filipović, D. (2022). Millet and what else?: The wider context of the adoption of millet cultivation in europe (Leiden: Sidestone Press). doi: 10.59641/o7235ra

 Kirleis, W., and Fischer, E. (2014). Neolithic cultivation of tetraploid free threshing wheat in Denmark and Northern Germany: implications for crop diversity and societal dynamics of the Funnel Beaker Culture. Veg. Hist. Archaeobot. 23, 81–96. doi: 10.1007/s00334-014-0440-8

 Knapp, S., Schweiger, O., Kraberg, A., Asmus, H., Asmus, R., Brey, T., et al. (2017). Do drivers of biodiversity change differ in importance across marine and terrestrial systems — Or is it just different research communities’ perspectives? Sci. Total Environ. 574, 191–203. doi: 10.1016/j.scitotenv.2016.09.002

 Knörzer, K. H. (1971). Urgeschichtliche Unkräuter im Rheinland Ein Beitrag zur Entstehungsgeschichte der Segetalgesellschaften. Vegetatio 23, 89–111. doi: 10.1007/BF02350615

 Knörzer, K.-H. (1998). “Botanische Untersuchungen am bandkeramischen Brunnen von Erkelenz-Kückhoven,” in Brunnen der Jungsteinzeit. Internationales Symposium in Erkelenz (Rheinland-Verlag, Cologne), 229–246.

 Kolář, J., Macek, M., Tkáč, P., Novák, D., and Abraham, V. (2022). Long-term demographic trends and spatio-temporal distribution of past human activity in Central Europe: Comparison of archaeological and palaeoecological proxies. Quat. Sci. Rev. 297, 107834. doi: 10.1016/j.quascirev.2022.107834

 Korell, L., Lang, B. R., Hensen, I., Auge, H., and Bruelheide, H. (2017). Interactions count: plant origin, herbivory and disturbance jointly explain seedling recruitment and community structure. Sci. Rep. 7, 8288. doi: 10.1038/s41598-017-08401-3

 Kreiner, J. M., Caballero, A., Wright, S. I., and Stinchcombe, J. R. (2022). Selective ancestral sorting and de novo evolution in the agricultural invasion of Amaranthus tuberculatus. Evol. (N. Y). 76, 70–85. doi: 10.1111/evo.14404

 Kreuz, A. (1994). “Einheimische oder fremde Pflanzen? Überlegungen zur Herkunft ‘potentieller Unkräuter’ und ihrer Verbreitung zur Zeit der Bandkeramik,” in 7000 Jahre bäuerliche Landschaft: Entstehung, Erforschung, Erhaltung. Eds.  A. J. Kalis, and J. Meurers-Balke (Rheinland-Verlag, Cologne), 23–33.

 Kreuz, A. (2012). “Die Vertreibung aus dem Paradies? Archäologische Ergebnisse zum Frühneolithikum im westlichen Mitteleuropa,” in Bericht der Römisch-Germanischen Kommission, 91 (2010) (Philipp von Zabern, Mainz), 23–196. doi: 10.11588/berrgk.2010.1.86303

 Kroll, H. J. (1983). Kastanas. Prähistorische Archäologie in Südosteuropa; Bd. 2 Die Pflanzenfunde. Berlin: Vlg. Volker Spiess.

 Lachmuth, S., Durka, W., and Schurr, F. M. (2011). Differentiation of reproductive and competitive ability in the invaded range of Senecio inaequidens: the role of genetic Allee effects, adaptive and nonadaptive evolution. New Phytol. 192, 529–541. doi: 10.1111/nph.2011.192.issue-2

 Lake, J. C., and Leishman, M. R. (2004). Invasion success of exotic plants in natural ecosystems: the role of disturbance, plant attributes and freedom from herbivores. Biol. Conserv. 117, 215–226. doi: 10.1016/S0006-3207(03)00294-5

 La Sorte, F. A., and Pyšek, P. (2009). Extra-regional residence time as a correlate of plant invasiveness: European archaeophytes in North America. Ecology 90, 2589–2597. doi: 10.1890/08-1528.1

 Lavergne, S., and Molofsky, J. (2007). Increased genetic variation and evolutionary potential drive the success of an invasive grass. Proc. Natl. Acad. Sci. 104, 3883–3888. doi: 10.1073/pnas.0607324104

 Lee, C. E. (2002). Evolutionary genetics of invasive species. Trends Ecol. Evol. 17, 386–391. doi: 10.1016/S0169-5347(02)02554-5

 Lee, J. M., Sathish, P., Donaghy, D. J., and Roche, J. R. (2011). Impact of defoliation severity on photosynthesis, carbon metabolism and transport gene expression in perennial ryegrass. Funct. Plant Biol. 38, 808–817. doi: 10.1071/FP11048

 Le Moyne, C., Fuller, D. Q., and Crowther, A. (2023). Microbotanical signatures of kreb: differentiating inflorescence phytoliths from northern African wild grasses. Veg. Hist. Archaeobot. 32, 49–63. doi: 10.1007/s00334-022-00880-3

 Lenzner, B., Latombe, G., Schertler, A., Seebens, H., Yang, Q., Winter, M., et al. (2022). Naturalized alien floras still carry the legacy of European colonialism. Nat. Ecol. Evol. 6, 1723–1732. doi: 10.1038/s41559-022-01865-1

 Liao, Z.-Y., Scheepens, J. F., Li, Q.-M., Wang, W.-B., Feng, Y.-L., and Zheng, Y.-L. (2020). Founder effects, post-introduction evolution and phenotypic plasticity contribute to invasion success of a genetically impoverished invader. Oecologia 192, 105–118. doi: 10.1007/s00442-019-04566-y

 Linseele, V., Riemer, H., Baeten, J., De Vos, D., Marinova, E., and Ottoni, C. (2013). Species identification of archaeological dung remains: A critical review of potential methods. Environ. Archaeol. 18, 5–17. doi: 10.1179/1461410313Z.00000000019

 Liu, W., Zhang, Y., Chen, X., Maung-Douglass, K., Strong, D. R., and Pennings, S. C. (2020). Contrasting plant adaptation strategies to latitude in the native and invasive range of Spartina alterniflora. New Phytol. 226, 623–634. doi: 10.1111/nph.16371

 MacDougall, A. S., McCune, J. L., Eriksson, O., Cousins, S. A. O., Pärtel, M., Firn, J., et al. (2018). The Neolithic Plant Invasion Hypothesis: the role of preadaptation and disturbance in grassland invasion. New Phytol. 220, 94–103. doi: 10.1111/nph.15285

 Malíková, L., Latzel, V., Šmilauer, P., and Klimešová, J. (2016). Local adaptation of annual weed populations to habitats differing in disturbance regime. Evol. Ecol. 30, 861–876. doi: 10.1007/s10682-016-9845-4

 Maron, J. L., Auge, H., Pearson, D. E., Korell, L., Hensen, I., Suding, K. N., et al. (2014). Staged invasions across disparate grasslands: effects of seed provenance, consumers and disturbance on productivity and species richness. Ecol. Lett. 17, 499–507. doi: 10.1111/ele.12250

 Maron, J. L., Waller, L. P., Hahn, M. A., Diaconu, A., Pal, R. W., Müller-Schärer, H., et al. (2013). Effects of soil fungi, disturbance and propagule pressure on exotic plant recruitment and establishment at home and abroad. J. Ecol. 101, 924–932. doi: 10.1111/1365-2745.12108

 Marrs, R. A., Sforza, R., and Hufbauer, R. A. (2008). Evidence for multiple introductions of Centaurea stoebe micranthos (spotted knapweed, Asteraceae) to North America. Mol. Ecol. 17, 4197–4208. doi: 10.1111/j.1365-294X.2008.03903.x

 Martin, M. D., Zimmer, E. A., Olsen, M. T., Foote, A. D., Gilbert, M. T. P., and Brush, G. S. (2014). Herbarium specimens reveal a historical shift in phylogeographic structure of common ragweed during native range disturbance. Mol. Ecol. 23, 1701–1716. doi: 10.1111/mec.12675

 Martín-Robles, N., Lehmann, A., Seco, E., Aroca, R., Rillig, M. C., and Milla, R. (2018). Impacts of domestication on the arbuscular mycorrhizal symbiosis of 27 crop species. New Phytol. 218, 322–334. doi: 10.1111/nph.14962

 Maxted, N., and Vincent, H. (2021). Review of congruence between global crop wild relative hotspots and centres of crop origin/diversity. Genet. Resour. Crop Evol. 68, 1283–1297. doi: 10.1007/s10722-021-01114-7

 McGoey, B. V., Hodgins, K. A., and Stinchcombe, J. R. (2020). Parallel flowering time clines in native and introduced ragweed populations are likely due to adaptation. Ecol. Evol. 10, 4595–4608. doi: 10.1002/ece3.6163

 McLauchlan, K. (2003). Plant cultivation and forest clearance by prehistoric North Americans: Pollen evidence from Fort Ancient, Ohio, USA. Holocene 13, 557–566. doi: 10.1191/0959683603hl646rp

 Mercuri, A. M. (2008). Plant exploitation and ethnopalynological evidence from the Wadi Teshuinat area (Tadrart Acacus, Libyan Sahara). J. Archaeol. Sci. 35, 1619–1642. doi: 10.1016/j.jas.2007.11.003

 Mercuri, A. M. (2014). Genesis and evolution of the cultural landscape in central Mediterranean: the ‘where, when and how’ through the palynological approach. Landsc. Ecol. 29, 1799–1810. doi: 10.1007/s10980-014-0093-0

 Mercuri, A. M., Montecchi, M. C., Pellacani, G., Florenzano, A., Rattighieri, E., and Cardarelli, A. (2015). Environment, human impact and the role of trees on the Po plain during the Middle and Recent Bronze Age: Pollen evidence from the local influence of the terramare of Baggiovara and Casinalbo. Rev. Palaeobot. Palynol. 218, 231–249. doi: 10.1016/j.revpalbo.2014.08.009

 Mercuri, A. M., Fornaciari, R., Gallinaro Vanin, M. S., and di Lernia, S. (2018). Plant behaviour from human imprints and the cultivation of wild cereals in Holocene Sahara. Nature Plants 4, 71–81. doi: 10.1038/s41477-017-0098-1

 Metzker, M. L. (2010). Sequencing technologies — the next generation. Nat. Rev. Genet. 11, 31–46. doi: 10.1038/nrg2626

 Millennium Ecosystem Assessment (2005). Ecosystems and human well being (Washington, DC: Island Press). Available at: www.millenniumassessment.org/en/Synth.

 Miller, A. D., Inamine, H., Buckling, A., Roxburgh, S. H., and Shea, K. (2021). How disturbance history alters invasion success: biotic legacies and regime change. Ecol. Lett. 24, 687–697. doi: 10.1111/ele.13685

 Monnet, A. C., Vorontsova, M. S., Govaerts, R. H. A., Svenning, J. C., and Sandel, B. (2020). Historical legacies and ecological determinants of grass naturalizations worldwide. Ecogr. (Cop.). 43, 1373–1385. doi: 10.1111/ecog.04609

 Moroney, J. R., and Rundel, P. W. (2013). Abundance and dispersion of the invasive Mediterranean annual, Centaurea melitensis in its native and non-native ranges. Biol. Invasions 15, 495–507. doi: 10.1007/s10530-012-0302-1

 Morrison, K. D., Feinman, G. M., Nicholas, L. M., Ladefoged, T. N., Myrdal-Runebjer, E., Stone, G. D., et al. (1996). Typological schemes and agricultural change: Beyond Boserup in precolonial South India. Curr. Anthropol. 37, 583–608. doi: 10.1086/204530

 Mounger, J., Ainouche, M. L., Bossdorf, O., Cavé-Radet, A., Li, B., Parepa, M., et al. (2021). Epigenetics and the success of invasive plants. Philos. Trans. R. Soc B 376, 20200117. doi: 10.1098/rstb.2020.0117

 Mráz, P., Bourchier, R. S., Treier, U. A., Schaffner, U., and Müller-Schärer, H. (2011). Polyploidy in Phenotypic Space and Invasion Context: A Morphometric Study of Centaurea stoebe s.l. Int. J. Plant Sci. 172, 386–402. doi: 10.1086/658151

 Mt. Pleasant, J. (2015). A new paradigm for Pre-Columbian agriculture in North America. Early Am. Stud. 13, 374–412. doi: 10.1353/eam.2015.0016

 Mueller, N. G. (2017). An Extinct Domesticated Subspecies of Erect Knotweed in Eastern North America: Polygonum erectum subsp. watsoniae (Polygonaceae). Novon 25, 166–179. doi: 10.3417/2016005

 Nascimento, M. N., Mosblech, N. A. S., Raczka, M. F., Baskin, S., Manrique, K. E., Wilger, J., et al. (2020). The adoption of agropastoralism and increased ENSO frequency in the Andes. Quat. Sci. Rev. 243, 106471. doi: 10.1016/j.quascirev.2020.106471

 Nelson, D. M., Hu, F. S., Grimm, E. C., Curry, B. B., and Slate, J. E. (2006). The influence of aridity and fire on Holocene prairie communities in the eastern Prairie Peninsula. Ecology 87, 2523–2536. doi: 10.1890/0012-9658(2006)87[2523:TIOAAF]2.0.CO;2

 Neves, E. G., and Heckenberger, M. J. (2019). The call of the wild: rethinking food production in Ancient Amazonia. Annu. Rev. Anthropol. 48, 371–388. doi: 10.1146/annurev-anthro-102218-011057

 Newman, E. A. (2019). Disturbance ecology in the anthropocene. Front. Ecol. Evol. 7. doi: 10.3389/fevo.2019.00147

 Noshita, K., Murata, H., and Kirie, S. (2022). Model-based plant phenomics on morphological traits using morphometric descriptors. Breed. Sci. 72, 19–30. doi: 10.1270/jsbbs.21078

 Oduor, A. M. O., Leimu, R., and van Kleunen, M. (2016). Invasive plant species are locally adapted just as frequently and at least as strongly as native plant species. J. Ecol. 104, 957–968. doi: 10.1111/1365-2745.12578

 Ollivier, M., Kazakou, E., Corbin, M., Sartori, K., Gooden, B., Lesieur, V., et al. (2020). Trait differentiation between native and introduced populations of the invasive plant Sonchus oleraceus L.(Asteraceae). NeoBiota 55, 85. doi: 10.3897/neobiota.55.49158

 Onishi, K., Horiuchi, Y., Ishigoh-Oka, N., Takagi, K., Ichikawa, N., Maruoka, M., et al. (2007). A QTL cluster for plant architecture and its ecological significance in asian wild rice. Breed. Sci. 57, 7–16. doi: 10.1270/jsbbs.57.7

 Orchard, A. E. (1994). Flora of Australia Volume 49 — Oceanic Islands 1 (Canberra: Australian Government Printing Service).

 Orlando, L., Gilbert, M. T. P., and Willerslev, E. (2015). Reconstructing ancient genomes and epigenomes. Nat. Rev. Genet. 16, 395–408. doi: 10.1038/nrg3935

 Oshima, K., and Takahashi, K. (2020). Forest disturbances promote invasion of alien herbaceous plants: a comparison of abundance and plant traits between alien and native species in thinned and unthinned stands. Biol. Invasions 22, 2749–2762. doi: 10.1007/s10530-020-02283-9

 Otfinowski, R., and Coffey, V. (2022). Grazing effects on the composition, diversity, and function of wet meadow grasslands in Manitoba, Canada. Rangel. Ecol. Manage. 80, 78–86. doi: 10.1016/j.rama.2021.10.002

 Otisková, V., Koutecký, T., Kolář, F., and Koutecký, P. (2014). Occurrence and habitat preferences of diploid and tetraploid cytotypes of Centaurea stoebe in the Czech Republic. Preslia 86, 67–80.

 Parducci, L., Bennett, K. D., Ficetola, G. F., Alsos, I. G., Suyama, Y., Wood, J. R., et al. (2017). Ancient plant DNA in lake sediments. New Phytol. 214, 924–942. doi: 10.1111/nph.14470

 Parisod, C., Salmon, A., Zerjal, T., Tenaillon, M., Grandbastien, M.-A., and Ainouche, M. (2009). Rapid structural and epigenetic reorganization near transposable elements in hybrid and allopolyploid genomes in Spartina. New Phytol. 184, 1003–1015. doi: 10.1111/j.1469-8137.2009.03029.x

 Parker, C. (2012). Axonopus fissifolius (CABI Compend). doi: 10.1079/cabicompendium.112632

 Pearsall, D. M. (2008). “Plant Domestication and the Shift to Agriculture in the Andes,” in The Handbook of South American Archaeology. Eds.  H. Silverman, and W. H. Isbell (Springer New York, New York, NY), 105–120. doi: 10.1007/978-0-387-74907-5_7

 Pearson, D. E., Eren, Ö., Ortega, Y. K., Hierro, J. L., Karakuş, B., Kala, S., et al. (2022). Combining biogeographical approaches to advance invasion ecology and methodology. J. Ecol. 110, 2033–2045. doi: 10.1111/1365-2745.13945

 Pedersen, M. W., Ruter, A., Schweger, C., Friebe, H., Staff, R. A., Kjeldsen, K. K., et al. (2016). Postglacial viability and colonization in North America’s ice-free corridor. Nature 537, 45–49. doi: 10.1038/nature19085

 Pierce, S., Brusa, G., Vagge, I., and Cerabolini, B. E. L. (2013). Allocating CSR plant functional types: the use of leaf economics and size traits to classify woody and herbaceous vascular plants. Funct. Ecol. 27, 1002–1010. doi: 10.1111/1365-2435.12095

 Pini, R., Ravazzi, C., Comolli, R., Perego, R., Castellano, L., Croci, C., et al. (2021). Life on a hilltop: vegetation history, plant husbandry and pastoralism at the dawn of Bergamo-Bergomum (northern Italy, 15th to 7th century bc). Veg. Hist. Archaeobot. 30, 525–553. doi: 10.1007/s00334-020-00802-1

 Piperno, D. R., and Pearsall, D. M. (1998). The origins of agriculture in the lowland Neotropics (San Diego: Academic Press).

 Pokorná, A., Kočár, P., Novák, J., Šálková, T., Žáčková, P., Komárková, V., et al. (2018). Ancient and Early Medieval man-made habitats in the Czech Republic: colonization history and vegetation changes. Preslia 90, 171–193. doi: 10.23855/preslia.2018.171

 Pouteau, R., Thuiller, W., Hobohm, C., Brunel, C., Conn, B. J., Dawson, W., et al. (2021). Climate and socio-economic factors explain differences between observed and expected naturalization patterns of European plants around the world. Glob. Ecol. Biogeogr. 30, 1514–1531. doi: 10.1111/geb.13316

 Preston, C. D., Pearman, D. A., and Hall, A. R. (2004). Archaeophytes in Britain. Bot. J. Linn. Soc 145, 257–294. doi: 10.1111/j.1095-8339.2004.00284.x

 Purugganan, M. D., and Fuller, D. Q. (2009). The nature of selection during plant domestication. Nature 457, 843–848. doi: 10.1038/nature07895

 Reznick, D. N., Losos, J., and Travis, J. (2019). From low to high gear: there has been a paradigm shift in our understanding of evolution. Ecol. Lett. 22, 233–244. doi: 10.1111/ele.13189

 Rösch, M. (1998). The history of crops and crop weeds in south-western Germany from the Neolithic period to modern times, as shown by archaeobotanical evidence. Veg. Hist. Archaeobot. 7, 109–125. doi: 10.1007/BF01373928

 Rosche, C., Durka, W., Hensen, I., Mráz, P., Hartmann, M., Müller-Schärer, H., et al. (2016). The population genetics of the fundamental cytotype-shift in invasive Centaurea stoebe s.l.: genetic diversity, genetic differentiation and small-scale genetic structure differ between cytotypes but not between ranges. Biol. Invasions 18, 1895–1910. doi: 10.1007/s10530-016-1133-2

 Rosche, C., Hensen, I., and Lachmuth, S. (2018). Local pre-adaptation to disturbance and inbreeding–environment interactions affect colonisation abilities of diploid and tetraploid Centaurea stoebe. Plant Biol. 20, 75–84. doi: 10.1111/plb.12628

 Rout, G. R., and Das, A. B. (2013). Molecular stress physiology of plants (New Delhi: Springer). doi: 10.1007/978-81-322-0807-5

 Sadori, L. (2013). “Pollen records, postglacial | Southern Europe,” in Encyclopedia of quaternary science. Eds.  S. A. Elias, and C. J. Mock (Oxford: Elsevier), 179–188. doi: 10.1016/B978-0-12-409548-9.09389-1

 Salavert, A., Rafael, H., and Antolin, F. (2022). “A new interdisciplinary project to investigate the origin, domestication and early diffusion of opium poppy,” in 19th Conference of the IWGP in České Budějovice 2022, České Budějovice, Czech Republic, Czech Republic.

 Salguero-Gómez, R., Jones, O. R., Jongejans, E., Blomberg, S. P., Hodgson, D. J., Mbeau-Ache, C., et al. (2016). Fast–slow continuum and reproductive strategies structure plant life-history variation worldwide. Proc. Natl. Acad. Sci. 113, 230–235. doi: 10.1073/pnas.1506215112

 Saloutos, T. (1976). The immigrant contribution to American agriculture. Agric. Hist. 50, 45–67.

 Sarmiento, F. O. (2002). Anthropogenic change in the landscapes of highland Ecuador. Geogr. Rev. 92, 213–234. doi: 10.1111/j.1931-0846.2002.tb00005.x

 Schrieber, K., and Lachmuth, S. (2017). The genetic paradox of invasions revisited: the potential role of inbreeding × environment interactions in invasion success. Biol. Rev. 92, 939–952. doi: 10.1111/brv.12263

 Schrieber, K., Wolf, S., Wypior, C., Höhlig, D., Hensen, I., and Lachmuth, S. (2017). Adaptive and non-adaptive evolution of trait means and genetic trait correlations for herbivory resistance and performance in an invasive plant. Oikos 126, 572–582. doi: 10.1111/oik.03781

 Seastedt, T. R., and Pyšek, P. (2011). Mechanisms of plant invasions of north American and European grasslands. Annu. Rev. Ecol. Evol. Syst. 42, 133–153. doi: 10.1146/annurev-ecolsys-102710-145057

 Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., Jeschke, J. M., et al. (2017). No saturation in the accumulation of alien species worldwide. Nat. Commun. 8, 1–9. doi: 10.1038/ncomms14435

 Sereni, E. (1961). Storia del paesaggio agrario italiano [History of Italian countryside landscape] (Laterza: Bari).

 Shea, K., Roxburgh, S. H., and Rauschert, E. S. J. (2004). Moving from pattern to process: Coexistence mechanisms under intermediate disturbance regimes. Ecol. Lett. 7, 491–508. doi: 10.1111/j.1461-0248.2004.00600.x

 Sheppard, C. S., and Brendel, M. R. (2021). Competitive ability of native and alien plants: effects of residence time and invasion status. NeoBiota 65, 47–69. doi: 10.3897/neobiota.65.63179

 Sheppard, C. S., and Schurr, F. M. (2019). Biotic resistance or introduction bias? Immigrant plant performance decreases with residence times over millennia. Glob. Ecol. Biogeogr. 28, 222–237. doi: 10.1111/geb.12844

 Sherpa, S., and Després, L. (2021). The evolutionary dynamics of biological invasions: A multi-approach perspective. Evol. Appl. 14, 1463–1484. doi: 10.1111/eva.13215

 Simberloff, D. (2009). The role of propagule pressure in biological invasions. Annu. Rev. Ecol. Evol. Syst. 40, 81–102. doi: 10.1146/annurev.ecolsys.110308.120304

 Simon, M. F., and Pennington, T. (2012). Evidence for adaptation to fire regimes in the tropical savannas of the Brazilian Cerrado. Int. J. Plant Sci. 173, 711–723. doi: 10.1086/665973

 Smith, B. D. (2006). Eastern North America as an independent center of plant domestication. Proc. Natl. Acad. Sci. 103, 12223–12228. doi: 10.1073/pnas.0604335103

 Smith, B. D., and Yarnell, R. A. (2009). Initial formation of an indigenous crop complex in eastern North America at 3800 B.P. Proc. Natl. Acad. Sci. 106, 6561–6566. doi: 10.1073/pnas.0901846106

 Stephens, L., Fuller, D., Boivin, N., Rick, T., Gauthier, N., Kay, A., et al. (2019). Archaeological assessment reveals Earth’s early transformation through land use. Science 365, 897–902. doi: 10.1126/science.aax1192

 Taberlet, P., Coissac, E., Pompanon, F., Brochmann, C., and Willerslev, E. (2012). Towards next-generation biodiversity assessment using DNA metabarcoding. Mol. Ecol. 21, 2045–2050. doi: 10.1111/j.1365-294X.2012.05470.x

 Tarongi, M., Bonhomme, V., Evin, A., Ivorra, S., López, D., Alonso, N., et al. (2021). A new way of seeing pulses: preliminary results of geometric morphometric analyses of Iron Age seeds from the site of La Font de la Canya (Barcelona, Spain). Veg. Hist. Archaeobot. 30, 77–87. doi: 10.1007/s00334-020-00801-2

 Tsiamis, K., Gervasini, E., Deriu, I., D’amico, F., Nunes, A., Addamo, A., et al. (2017). Baseline distribution of invasive alien species of Union concern. EUR 28596 EN. Ispra (Italy): Publications Office of the European Union; 2017, JRC104969. doi: 10.2760/772692

 Turner, K. G., Hufbauer, R. A., and Rieseberg, L. H. (2014). Rapid evolution of an invasive weed. New Phytol. 202, 309–321. doi: 10.1111/nph.12634

 van Boheemen, L. A., Atwater, D. Z., and Hodgins, K. A. (2019). Rapid and repeated local adaptation to climate in an invasive plant. New Phytol. 222, 614–627. doi: 10.1111/nph.15564

 van der Veen, M. (2005). Gardens and fields: the intensity and scale of food production. World Archaeol. 37, 157–163. doi: 10.1080/004382405000130731

 van Kleunen, M., Bossdorf, O., and Dawson, W. (2018). The ecology and evolution of alien plants. Annu. Rev. Ecol. Evol. Syst. 49, 25–47. doi: 10.1146/annurev-ecolsys-110617-062654

 van Kleunen, M., Dawson, W., Essl, F., Pergl, J., Winter, M., Weber, E., et al. (2015). Global exchange and accumulation of non-native plants. Nature 525, 100–103. doi: 10.1038/nature14910

 van Kleunen, M., Pyšek, P., Dawson, W., Essl, F., Kreft, H., Pergl, J., et al. (2019). The global naturalized alien flora (GloNAF) database. Ecology 100, e02542. doi: 10.1002/ecy.2542

 van Kleunen, M., Xu, X., Yang, Q., Maurel, N., Zhang, Z., Dawson, W., et al. (2020). Economic use of plants is key to their naturalization success. Nat. Commun. 11, 3201. doi: 10.1038/s41467-020-16982-3

 van Zeist, W., Wasylikowa, K., and Behre, K.-E. (1991). Progress in Old World Palaeoethnobotany : a retrospective view on the occasion of 20 years of the International Work Group for Palaeoethnobotany. Ed.  A. A. Balkema (Balkema Rotterdam: Brookfield). Available at: https://worldcat.org/title/862279747.

 Verhoeven, K. J. F., Macel, M., Wolfe, L. M., and Biere, A. (2010). Population admixture, biological invasions and the balance between local adaptation and inbreeding depression. Proc. R. Soc B Biol. Sci. 278, 2–8. doi: 10.1098/rspb.2010.1272

 Völler, E., Auge, H., Bossdorf, O., and Prati, D. (2013). Land use causes genetic differentiation of life-history traits in Bromus hordeaceus. Glob. Change Biol. 19, 892–899. doi: 10.1111/gcb.12087

 Wagner, B., Tauber, P., Francke, A., Leicher, N., Binnie, S. A., Cvetkoska, A., et al. (2023). The geodynamic and limnological evolution of Balkan Lake Ohrid, possibly the oldest extant lake in Europe. Boreas 52, 1–26. doi: 10.1111/bor.12601

 Walker, L. R. (2011). Integration of the study of natural and anthropogenic disturbances using severity gradients. Austral Ecol. 36, 916–922. doi: 10.1111/aec.2011.36.issue-8

 Wallace, J. M., and Prather, T. S. (2016). Invasive spread dynamics of Anthriscus caucalis at an ecosystem scale: propagule pressure, grazing disturbance and plant community susceptibility in canyon grasslands. Biol. Invasions 18, 145–157. doi: 10.1007/s10530-015-0997-x

 Wani, G. A., Shah, M. A., Tekeu, H., Reshi, Z. A., Atangana, A. R., and Khasa, D. P. (2020). Phenotypic variability and genetic diversity of Phragmites australis in Quebec and Kashmir reveal contrasting population structure. Plants 9, 1–29. doi: 10.3390/plants9101392

 Warwick, S. I., and Sweet, R. D. (1983). The Biology Of Canadian Weeds: 58. Galinsoga parviflora and G. quadriradiata (= G. ciliata). Can. J. Plant Sci. 63, 695–709. doi: 10.4141/cjps83-087

 Waselkov, K. E., and Olsen, K. M. (2014). Population genetics and origin of the native North American agricultural weed waterhemp (Amaranthus tuberculatus; Amaranthaceae). Am. J. Bot. 101, 1726–1736. doi: 10.3732/ajb.1400064

 Waselkov, K. E., Regenold, N. D., Lum, R. C., and Olsen, K. M. (2020). Agricultural adaptation in the native North American weed waterhemp, Amaranthus tuberculatus (Amaranthaceae). PloS One 15, e0238861. doi: 10.1371/journal.pone.0238861

 Weiss, E., and Kislev, M. E. (2007). Plant remains as a tool for reconstruction of the past environment, economy, and society: Archaeobotany in Israel. Isr. J. Earth Sci. 56, 163–173. doi: 10.1560/IJES.56.2-4.163

 Whitehouse, N. J., and Kirleis, W. (2014). The world reshaped: practices and impacts of early agrarian societies. J. Archaeol. Sci. 51, 1–11. doi: 10.1016/j.jas.2014.08.007

 Wieckowska, M., Dörfler, W., and Kirleis, W. (2012). Vegetation and settlement history of the past 9000 years as recorded by lake deposits from Großer Eutiner See (Northern Germany). Rev. Palaeobot. Palynol. 174, 79–90. doi: 10.1016/j.revpalbo.2012.01.003

 Wilde, B. C., Rutherford, S., Yap, J.-Y. S., and Rossetto, M. (2021). Allele surfing and holocene expansion of an Australian fig (Ficus—Moraceae). Diversity 13 (6), 250. doi: 10.3390/d13060250

 Willerding, U. (1978). “Die Paläo-Ethnobotanik und ihre Stellung im System der Wissenschaften,” in Beiträge zur Paläo-Ethnobotanik von Europa/Contributions to the Palaeo-Ethnobotany of Europe - Berichte der Deutschen Botanischen Gesellschaft. Eds.  K.-E. Behre, H. Lorenzen, and U. Willerding (Gustav Fischer Verlag, Stuttgart), 3–30. Available at: https://api.semanticscholar.org/CorpusID:161494194.

 Willerding, U. (1983). “Zum ältesten Ackerbau in Niedersachsen,” in Frühe Bauernkulturen in Niedersachsen, ed.  G. Wegener (Oldenburg), 179–219.

 Willerding, U. (1986). Zur Geschichte der Unkräuter Mitteleuropas (Neumünster: ﻿Wachholtz Verlag).

 Wolfe, L. M., Elzinga, J. A., and Biere, A. (2004). Increased susceptibility to enemies following introduction in the invasive plant Silene latifolia. Ecol. Lett. 7, 813–820. doi: 10.1111/j.1461-0248.2004.00649.x

 Xia, H.-B., Xia, H., Ellstrand, N. C., Yang, C., and Lu, B.-R. (2011). Rapid evolutionary divergence and ecotypic diversification of germination behavior in weedy rice populations. New Phytol. 191, 1119–1127. doi: 10.1111/j.1469-8137.2011.03766.x

 Xiao, S., Callaway, R. M., Graebner, R., Hierro, J. L., and Montesinos, D. (2016). Modeling the relative importance of ecological factors in exotic invasion: The origin of competitors matters, but disturbance in the non-native range tips the balance. Ecol. Modell. 335, 39–47. doi: 10.1016/j.ecolmodel.2016.05.005

 Yacobaccio, H. D., and Vilá, B. L. (2016). A model for llama (Lama glama Linnaeus 1758) domestication in the southern Andes. Anthropozoologica 51, 5–13. doi: 10.5252/az2016n1a1

 Yang, Y., Liu, M., Pan, Y., Huang, H., Pan, X., Sosa, A., et al. (2021b). Rapid evolution of latitudinal clines in growth and defence of an invasive weed. New Phytol. 230, 845–856. doi: 10.1111/nph.17193

 Yang, Q., Weigelt, P., Fristoe, T. S., Zhang, Z., Kreft, H., Stein, A., et al. (2021a). The global loss of floristic uniqueness. Nat. Commun. 12, 7290. doi: 10.1038/s41467-021-27603-y

 Zohary, D., Hopf, M., and Weiss, E. (2012). Domestication of plants in the old world: The origin and spread of domesticated plants in Southwest Asia, Europe, and the Mediterranean Basin (Oxford: Oxford University Press). doi: 10.1093/acprof:osobl/9780199549061.001.0001




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Bellini, Schrieber, Kirleis and Erfmeier. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 27 March 2024

doi: 10.3389/fpls.2024.1340566

[image: image2]


Monitoring and influencing factors of grassland livestock overload in Xinjiang from 1982 to 2020


Lisha Ma 1, Jianghua Zheng 1,2*, Jian Pen 3, Xianghua Xiao 3, Yujia Liu 1, Liang Liu 1, Wanqiang Han 1, Gangyong Li 3 and Jianli Zhang 3


1 College of Geography and Remote Sensing Science, Xinjiang University, Urumqi, China, 2 Key Laboratory of Oasis Ecology, Xinjiang University, Urumqi, China, 3 Xinjiang Uygur Autonomous Region Grassland Station, Urumqi, China




Edited by: 

Qing Zhang, Inner Mongolia University, China

Reviewed by: 

Xiangjin Shen, Chinese Academy of Sciences (CAS), China

Huakun Zhou, Chinese Academy of Sciences (CAS), China

*Correspondence:
 
Jianghua Zheng
zheng.jianghua@xju.edu.cn


Received: 18 November 2023

Accepted: 14 March 2024

Published: 27 March 2024

Citation:
Ma L, Zheng J, Pen J, Xiao X, Liu Y, Liu L, Han W, Li G and Zhang J (2024) Monitoring and influencing factors of grassland livestock overload in Xinjiang from 1982 to 2020. Front. Plant Sci. 15:1340566. doi: 10.3389/fpls.2024.1340566



It is crucial to estimate the theoretical carrying capacity of grasslands in Xinjiang to attain a harmonious balance between grassland and livestock, thereby fostering sustainable development in the livestock industry. However, there has been a lack of quantitative assessments that consider long-term, multi-scale grass-livestock balance and its impacts in the region. This study utilized remote sensing and empirical models to assess the theoretical livestock carrying capacity of grasslands. The multi-scale spatiotemporal variations of the theoretical carrying capacity in Xinjiang from 1982 to 2020 were analyzed using the Sen and Mann-Kendall tests, as well as the Hurst index. The study also examined the county-level grass-livestock balance and inter-annual trends. Additionally, the study employed the geographic detector method to explore the influencing factors. The results showed that: (1) The overall theoretical livestock carrying capacity showed an upward trend from 1982 to 2020; The spatial distribution gradually decreased from north to south and from east to west. In seasonal scale from large to small is: growing season > summer > spring > autumn > winter; at the monthly scale, the strongest livestock carrying capacity is in July. The different grassland types from largest to smallest are: meadow > alpine subalpine meadow > plain steppe > desert steppe > alpine subalpine steppe. In the future, the theoretical livestock carrying capacity of grassland will decrease. (2) From 1988 to 2020, the average grass-livestock balance index in Xinjiang was 2.61%, showing an overall increase. At the county level, the number of overloaded counties showed an overall increasing trend, rising from 46 in 1988 to 58 in 2020. (3) Both single and interaction factors of geographic detectors showed that annual precipitation, altitude and soil organic matter were the main drivers of spatiotemporal dynamics of grassland load in Xinjiang. The results of this study can provide scientific guidance and decision-making basis for achieving coordinated and sustainable development of grassland resources and animal husbandry in the region.
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1 Introduction

Grasslands play a crucial role as an essential component of the grassland ecosystem, serving as a primary source for livestock production and sustaining ecological balance. It not only provides food and habitat for animals but also serves important functions such as retaining soil moisture and preventing soil erosion (Yan et al., 2023). Ensuring the balance of grassland ecosystems and fostering sustainable development in the livestock industry are of paramount importance. Overgrazing and climate change, along with their combined effects, have been identified as the primary causes of approximately 49% of global grassland degradation and biodiversity decline (Wu et al., 2023b). Therefore, Performing precise evaluations on how livestock production and grassland productivity are interrelated, and understanding the spatiotemporal distribution of the balance between grassland and livestock, and exploring the factors influencing it can offer significant scientific groundwork for establishing sustainable livestock production and development (Song et al., 2022).

The concept of carrying capacity was introduced as a means to regulate grazing intensity and address the issue of overgrazing on grasslands. It refers to the “ecologically sustainable stocking rate that considers vegetation production, site ecology, and animal needs” (Qin et al., 2021). The carrying capacity of grassland ecosystems can be assessed by measuring indicators such as vegetation coverage, aboveground biomass, species diversity, soil quality, and water resource utilization (Zhang and Zhang, 2014). If the carrying capacity of a grassland ecosystem exceeds its load capacity, it can lead to issues such as grassland degradation, land desertification, and loss of biodiversity (Wei et al., 2022). Xinjiang, located in the heart of Central Asia, enjoys ample sunlight and abundant heat, which creates favorable conditions for the growth of grasslands and provides excellent opportunities for the development of livestock production (Xiuping et al., 2019). Certainly, there are challenges like sparse vegetation, poor soil quality, and the high sensitivity of grassland ecosystems to climate change and human activities in Xinjiang (Chen et al., 2019). Furthermore, due to escalating human demands and the impact of climate change, the extent of overgrazing has intensified, leading to substantial harm to grassland ecosystems. This has led to severe degradation of grasslands, loss of carbon, and environmental pollution (Wang et al., 2022b). Historically, studies on aboveground biomass and stocking capacity in grasslands were constrained by early data limitations, primarily focusing on short-term research and emphasizing vegetation growth conditions (Godde et al., 2020; Wolf et al., 2021; Wei et al., 2023); However, the evaluation of long-term series and multiple time scales can better reflect the past and future development trends of livestock carrying capacity.

Remote sensing technology is commonly used for the monitoring of vegetation, particularly in grassland ecosystems. By integrating field surveys in typical regions, it facilitates enduring and dynamic investigations on the vegetation biomass of grassland ecosystems spanning large to medium spatial scales (Wang et al., 2019). Ground biomass data for grasslands can be obtained through on-site measurements, but it becomes challenging to collect data at a regional scale, leading to significant limitations (Zhou et al, 2023). Existing regional-scale studies often rely on biomass and grassland productivity data to estimate theoretical carrying capacity using remote sensing methods (Zhou et al., 2023). Currently, the use of remote sensing models is a common method for estimating large-scale grassland productivity, which is then used to further estimate the maximum sustainable population size supported by the grassland. The estimation of regional aboveground biomass is primarily based on NDVI (Hunt and Miyake, 2006; Yu et al., 2010; Wang et al., 2022a) and NPP (Net Primary Productivity) data (Qian et al., 2012; de Leeuw et al., 2019; Piipponen et al., 2022). Prior research has demonstrated that NPP is a more direct productivity indicator, taking into account plant growth, respiration and nutrient utilization; For calculating theoretical carrying capacity, NPP can be utilized to assess the potential food availability for animals (aboveground biomass), thereby assisting in determining the number of livestock that grasslands can support. The aboveground biomass in grasslands serves as the primary food source for grazing livestock. It is a material foundation for the development of grazing livestock and an important measure of evaluation of carrying capacity. It facilitates the calculation of the ideal livestock population that can be grazed within a given timeframe (Xianzhou et al., 2022). However, in a long time series and across multiple scales, the quantitative assessment of the grass-livestock balance situation and its influencing factors in Xinjiang has not yet been conducted. Additionally, Given the substantial spatial and temporal variations in regional grasslands, models simulating grassland carrying capacity at the regional level inherently encounter limitations and uncertainties (Jia et al., 2016).

The carrying capacity of grassland ecosystems is impacted by a range of factors, including climate conditions, soil quality, water resources, vegetation types, and human activities. Currently, there is insufficient analysis of the spatiotemporal driving factors for grassland carrying capacity, and there is a lack of qualitative or quantitative research on the single or interactive effects of spatiotemporal dynamics on carrying capacity. Furthermore, most existing studies predominantly analyze the impact of climate factors on grassland carrying capacity while overlooking the socio-economic and human activity factors such as topography, livestock density, population GDP, and more (Zeng et al., 2021; Ding et al., 2022; Wang, 2022). Therefore, quantitatively investigating the single or interactive effects of factors on the carrying capacity of the grassland ecosystem in Xinjiang is a crucial task for protecting the region’s ecological environment and achieving sustainable development.

Sustainable Development Goal 15 (SDG 15) aims at the protection, restoration and sustainable management of land ecosystems, the promotion of sustainable forestry practices, the fight against desertification, the cessation and reversal of soil degradation, and the cessation of biodiversity loss. It is crucial to attain these objectives to ensure the sustainability of the environment and the health of our planet (Zhang et al., 2023b). The challenges posed by deforestation and desertification, resulting from human activities and climate change, are indeed substantial obstacles to achieving the Sustainable Development Goals. These challenges have consequences not only for the environment but also for the well-being of millions of individuals and initiatives aimed at reducing poverty. In order to respond to and support the achievement of this goal in a timely manner and meet the needs of sustainable development, this study focuses on revealing the increasing trend and causes of overgrazing in grasslands in Xinjiang. It aims to explore the estimation of the theoretical carrying capacity of grasslands in Xinjiang, which is crucial for understanding the grass-livestock balance in arid and semi-arid regions.

Based on the above, this study focuses on investigating the current situation of overgrazing in Xinjiang grasslands from 1982 to 2020, as well as the influencing factors. The aim is to explore the following three aspects: (1) Evaluate the spatial distribution and future trends of monthly, seasonal, annual, and different grassland types’ theoretical carrying capacity in Xinjiang from 1982 to 2020. (2) Investigate the current grass-livestock balance in Xinjiang from a county-level perspective and examine the interannual variations by incorporating data from statistical yearbooks. (3) Quantitatively explore the impact of climate change and human activities, as well as socio-economic factors, on the spatiotemporal dynamics of the theoretical carrying capacity of Xinjiang grasslands.




2 Materials and methods



2.1 Study area

Xinjiang is located in the northwest region of China, with geographical coordinates ranging from 73°40′ to 96°18′E and 34°25′ to 48°10′N. It covers a total area of approximately 1.6649 million square kilometers. The region is characterized by alternating mountain ranges and basins, forming a unique “three mountains, two basins” topography (Figure 1A). Xinjiang is located in an inland region and is surrounded by high mountains, which are far away from the ocean. In Xinjiang, the northern part is dominated by the Altai Mountains, the southern part is characterized by the Kunlun Mountain range, and the central part is the Tianshan Mountains. These mountain ranges divide Xinjiang into the Tarim Basin in the south and the Junggar Basin in the north (Han et al., 2023). The geographical environment in Xinjiang gives rise to a typical temperate continental climate, where maritime air masses have limited reach. As a result, Xinjiang experiences large temperature variations, with hot and dry summers and cold and dry winters. The region also has long hours of sunshine annually, relatively low precipitation, and high evaporation rates (Duan et al., 2017). The annual average temperature in Xinjiang ranges from 9 to 12°C, with an average annual precipitation of approximately 100-200 millimeters (Liu et al., 2023b). Due to its diverse and complex topography, Xinjiang is rich in grassland resources. The grassland types in Xinjiang mainly include alpine meadows, alpine grasslands, desert grasslands, steppe grasslands, and meadows (Zhang et al., 2023a) (Figure 1B). Overall, Xinjiang is considered a typical arid and semi-arid region with low vegetation coverage in its ecosystems. This makes it highly sensitive to climate change and human activities. Changes in climate patterns and human interventions can have significant impacts on the fragile ecological balance in Xinjiang (He et al., 2021).




Figure 1 | Study area. (A) DEM. (B) Vegetation types in Xinjiang from 1982 to 2020.






2.2 Data collection and preprocessing



2.2.1 NDVI datasets

For this study, the selected NDVI dataset is the NASA MOD13A3 dataset (https://ladsweb.modaps.eosdis.nasa.gov/search/) covering the period from 2000 to 2020. The data has a monthly temporal resolution and a spatial resolution of 1 km. Additionally, the study also utilizes the GIMMS NDVI 3g dataset (https://ecocast.arc.nasa.gov/data/pub/gimms/) released by the NASA Global Inventory Monitoring and Modeling System Group. The data has a temporal resolution of 15 days and a spatial resolution of 1/12°, spanning from 1982 to 2015.




2.2.2 Climate datasets

The primary source of climate data utilized in this research is the National Science & Technology Infrastructure Platform of China’s National Earth System Science Data Center (http://www.geodata.cn). The dataset comprises data for monthly average temperature and precipitation for China at 0.01°, covering the period 1901-2021 with a resolution of 1 km.

The solar radiation data for the period from 1982 to 2020 was obtained using the Famine Land Data Assimilation System (FLDAS) dataset (https://ldas.gsfc.nasa.gov/index.php/fldas/). The Palmer Drought Severity Index (scPDSI), which is derived from the University of East Anglia drought data set in the United Kingdom, has been developed(https://crudata.uea.ac.uk/cru/data/drought/). It has a spatial resolution of 0.5° and a temporal resolution of one month. The data has been re-sampled to a 1 km spatial resolution using the resampling technique. The scPDSI is a widely used index for assessing drought severity and monitoring drought conditions based on a balance between moisture supply and demand.




2.2.3 Vegetation type and topographic data

The land cover data used in this study is sourced from the Global Land Cover 2000 (GLC2000) product developed by the Joint Research Centre (JRC) of the European Union(https://forobs.jrc.ec.europa.eu/). The dataset providing detailed information on land cover characteristics. In this study, the land use types in Xinjiang have been reclassified, resulting in a grassland type map that encompasses five main categories: alpine and subalpine meadows, steppe grassland, desert grassland, meadow, and alpine and subalpine grassland. The Digital Elevation Model (DEM) is a component of the National Science & Technology Infrastructure of China, which is the National Earth System Science Data Center. The dataset can be accessed at (http://www.geodata.cn) and is a valuable resource for obtaining elevation information for the study area. Specifically, the data utilized is the Chinese 30-meter DEM (ASTER DEMv3). The DEM data is used to calculate the slope and aspect of the study area, with a spatial resolution of 30 meters. The soil organic matter data (http://globalchange.bnu.edu.cn/research/soil2) is derived from the Chinese Soil Characteristics Dataset, which was released by the Research Group on Land-Atmosphere Interactions at Sun Yat-sen University.




2.2.4 Others datasets

The population density data is obtained from two sources: the Resource and Environmental Science and Data Center of the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences (1990-2010), and WorldPop (2000-2020) (https://hub.worldpop.org/project/categories?id=18). The GDP data is selected from the China GDP Spatial Distribution Kilometer Grid Dataset (1995-2019) (https://www.resdc.cn/data.aspx?DATAID=252). The actual carrying capacity data is sourced from the “Statistical Yearbook of Xinjiang” and the “Livestock Inventory at the end of each year in various regions, cities, counties (cities), and troops” in the statistical yearbooks of various cities and counties. Since the data in the statistical yearbooks only starts from 1988 and is reported at the county level, the assessment of the grass-livestock balance in this study can only be conducted for the period of 1988-2020.

Based on the inconsistent spatial resolutions of all the datasets, the bilinear interpolation method, which is a resampling technique, was used in this study to standardize all the datasets to a spatial resolution of 1km. This was done to ensure consistency in spatial resolution for subsequent processing and computation.





2.3 Methods



3.3.1 CASA model

The paper utilizes the Carnegie-Ames-Stanford Approach (CASA) to estimate NPP. The CASA model, which is a light use efficiency model, integrates multiple factors such as NDVI, solar radiation, temperature, precipitation, and vegetation type. This comprehensive approach enables a more accurate assessment of NPP. The formula is as follows (Liu et al., 2023b):

 

In the Equation (1), NPP(x, t) indicates the Net Primary Productivity at position x in month t. APAR(x, t) denotes the absorbed photosynthetically active radiation (MJ/m2), and (x, t) represents the actual light use efficiency (gC/MJ).




2.3.2 Time series interpolation

To ensure the continuity of NDVI data, the overlapping period data from the GIMMS NDVI and MOD13A3 time series, specifically the 2000-2015 NDVI data, can be used. By constructing a linear regression model between the two datasets, the NDVI data can be effectively interpolated, maintaining its seamless nature (Guan et al., 2021). The interpolation of time series is performed using the following Equation (2):

 

The random error εi, model parameters a and b are utilized in the time series interpolation. The variables are computed using the least squares method, obtaining the optimal regression equation through the following expression (Liu et al., 2023a):

 

 

In the provided Equations (3, 4),   represents the resampled GIMMS NDVI for the i-th month,   represents the MOD13A3 NDVI for the i-th month, and G and V are the mean values of GIMMS and MODIS NDVI, respectively, for all months from 2000 to 2015, at a pixel scale.




2.3.3 The calculation of theoretical carrying capacity for livestock

In order to convert biomass into carbon, the coefficient of 0.47 is used to convert NPP values into grassland yield. The following formula is used to derive the allocation of NPP to AGB (fANPP) (Hui and Jackson, 2006) as shown in Equation (5):

 

	

Where Fi represents the grassland yield in grams per square meter (g/m2), and MAT represents the monthly average temperature in degrees Celsius (°C).

Before calculating the theoretical carrying capacity, it is necessary to convert the unit of AGB to kg/hm2 (Piipponen et al., 2022), 1g/m2 = 10kg/hm2 as in Equation (6).

 

CC represents the theoretical carrying capacity, AU/hm2; AGB refers to the yield of dry forage per unit area, kg/hm2; Gi represents the utilization rate of the i-th type of grassland; L represents the standard daily forage intake per sheep, 1.8 kg/d; D represents the number of days the grazing is done.




2.3.4 Forage-livestock balance index

The actual carrying capacity is determined based on the livestock population at the end of the year in each county or city of the region, as recorded in the statistical yearbook. The livestock population is then converted to sheep units, using the following conversion factors: 1 head of cattle equals 5 sheep units, 1 horse equals 5 sheep units, 1 donkey equals 2.5 sheep units, 1 goat equals 0.8 sheep units, 1 sheep equals 1.2 sheep units, 1 camel equals 8 sheep units, and 1 mule equals 5 sheep units (Pandey and Upadhyay, 2022).

 

In the Equation 7, IP represents the Forage-Livestock Balance Index, A represents the actual carrying capacity, and CA represents the theoretical carrying capacity.

The classification standards for the state of forage-livestock balance are formulated based on the national standard GB51 T1480-2012, combined with the grazing characteristics of grasslands in Xinjiang (Table 1).


Table 1 | Classification standards for forage-livestock balance status.






2.3.5 Sen’s trend and Mann-Kendall test

The Theil-Sen Median method, also called Sen’s Slope Nonparametric Method, is a highly efficient method with low error and outliers. Therefore, it is commonly employed for trend analysis in long time series data (Agarwal et al., 2021). The Mann-Kendall method is a powerful non-parametric statistical test that does not rely on normal distribution or linear trend assumptions (Li et al., 2023b).




2.3.6 Geographical detector

The geographical detector is a statistical instrument used for evaluating spatial variations and determining the factors that influence them. These detectors enable the measurement and exploration of spatial variations and their underlying determinants in a comprehensive manner (Ge et al., 2022). The factor detector is mainly utilized for assessing the influence of a factor (X) on the explained factor (Y). Conversely, the interaction detector is employed to identify the combined impact of two factors (X) on the outcome (Y) (Li et al., 2023c). This article employs factor and interaction detectors to assess the impacts of natural and human activities on the carrying capacity of grassland for livestock. Additionally, they help identify whether the interaction between any two factors amplifies or diminishes their effects on the carrying capacity. Due to limitations in socio-economic data, the analysis of the driving factors determining the annual variations in theoretical carrying capacity of grassland will be conducted using data from specific time points. The selected time points for analysis will be 1990, 2000, 2010, and 2019. In the analysis of driving factors, seven natural factors will be considered: average annual temperature (X1), annual precipitation (X2), Standardized Precipitation Evapotranspiration Index (scpdsi) (X3), altitude (X4), slope (X5), aspect (X6), and soil type (X9). Additionally, two socio-economic factors, population density (X7) and Gross Domestic Product (GDP) (X8), will also be included in the analysis.






3 Results



3.1 Simulation NPP accuracy verification

The measured biomass data for the entire Xinjiang region were provided by the Xinjiang Grassland Station from 2018 to 2020. The collection of aboveground biomass field measurements was conducted by setting up 1m×1m quadrats in various locations across Xinjiang during the months of June and July each year from 2018 to 2020. A sum of 617 valid sample points was acquired. The spatial distribution of these sample points is shown in Figure 1B, with 200 sample points in 2018, 222 sample points in 2019, and 195 sample points in 2020. After comparing the simulated Net Primary Productivity (NPP) from the CASA model with the measured NPP data from 2018 to 2020, it was found that there is a significant correlation (R2 = 0.746, P<0.01) between the simulated NPP results and the measured data, as indicated by the fitting results shown in Figure 2. The findings indicate that the NPP simulated using the CASA model can effectively reflect the grassland conditions in the study area. The estimation results demonstrate a high level of accuracy.




Figure 2 | NPP model accuracy validation.






3.2 The spatial distribution of theoretical carrying capacity



3.2.1 Month-scale spatial distribution

Figure 3 displays the spatial distribution of the average theoretical carrying capacity for each month from 1982 to 2020. According to the temporal analysis, the theoretical carrying capacity exhibits low values (<5SU/hm2) during the months of January to March, November, and December, primarily due to the onset of the cold season and limited grassland growth. The carrying capacity notably increases from April, reaching its peak in July with an average of 25.59SU/hm2. Subsequently, there is a gradual decrease in the carrying capacity. Spatially, the theoretical carrying capacity demonstrates a gradually increasing trend from south to north, with the northern regions such as Yili and Altay in Xinjiang being the main high-value areas. This indicates that the grassland exhibits good growth status and quality in the mentioned areas. The favorable water and thermal conditions contribute to a stronger carrying capacity for livestock; The low-value areas are mainly distributed in most parts of southern Xinjiang, indicating a weaker carrying capacity for livestock in these regions.




Figure 3 | Spatial distribution of the mean monthly theoretical livestock carrying capacity from 1982 to 2020.






3.2.2 Seasonal-scale spatial distribution

According to Figure 4, it can be observed that the theoretical carrying capacity follows the order from highest to lowest: growing season>summer>spring>autumn>winter. The carrying capacity decreases during winter, while it increases during the other seasons. Throughout the period of plant growth, the theoretical carrying capacity ranges from 0 to 191 SU/hm2, with an average of 30 SU/hm2. The highest values are predominantly dispersed in the northern part of the Tianshan Mountains and high mountainous regions, where there is abundant rainfall. This provides optimal conditions for vegetation growth and development (Figure 4E), resulting in a higher carrying capacity for livestock. The lowest values are situated in the adjacent regions of the Taklamakan Desert. In spring, the theoretical carrying capacity ranges from 0 to 37 SU/hm2, with an average of 5 SU/hm2 (Figure 4A). As temperatures rise and precipitation increases, vegetation gradually begins to grow, leading to an improvement in the condition of grasslands. Consequently, the carrying capacity of grasslands for livestock tends to increase. Summer temperatures rise and ample sunlight is conducive to photosynthesis and growth of grassland plants, providing abundant forage supply for livestock and herbivores. Therefore, the theoretical carrying capacity for livestock in summer is typically higher than in other seasons, with an average of 21AU/hm2 (Figure 4B). In autumn, vegetation leaves begin to wither or wilt, resulting in a decrease in forage availability. As a result, the average carrying capacity for livestock in autumn is reduced to around 4AU/hm2 (Figure 4D). During winter, low temperatures and shorter daylight hours cause most vegetation to enter a dormant state and cease growth. As a result, the theoretical carrying capacity for livestock reaches its lowest point or may even be nonexistent during this season (Figure 4D).




Figure 4 | Spatial distribution of growing season (E) and seasonal (A–D) theoretical livestock carrying capacity means, Sen’trend and MK tests (F–J). SD, significant decreased; NSD, non significant decreased; NSI, non significant increased; SI, significant increased.



The utilization of Sen’s trend analysis in conjunction with the MK test can offer a more precise evaluation of the change trend in Carrying Capacity (CC). The results indicate that the theoretical carrying capacity (CC) in all seasons of Xinjiang has predominantly increased from 1982 to 2020, with an increase percentage of over 70% in each season. This suggests that the grassland quality in various regions of Xinjiang has been improving year by year, consequently enhancing the livestock carrying capacity. The percentage increase in theoretical carrying capacity (CC) during spring and the growing season from 1982 to 2020 was 82.69% and 79.45% respectively (Figures 4F, J). All regions in Xinjiang exhibited a significant increasing trend in theoretical carrying capacity (CC), except for a few areas such as Hami, the southeast part of Altay, and Manas County, which experienced a slight significant decrease (17.31%). The percentage of the increasing trend in theoretical carrying capacity (CC) during the summer season is the lowest compared to other seasons (70.58%). The areas with a decreasing trend are mainly distributed in Hetian County, Weili County, and near the Altai Mountains (Figure 4G). The theoretical carrying capacity (CC) during the autumn season showed an increasing trend of 75.08%. The areas with a decreasing trend are mainly in the eastern periphery of the Tianshan Mountains, Hami, and near the Kunlun Mountains (Figure 4H). During the winter season, the theoretical carrying capacity (CC) showed a concentrated decrease in certain areas, primarily in the vicinity of the Yili River Valley and the Tachen region (Figure 4I).




3.2.3 Year-scale spatial distribution of theoretical carrying capacity

The theoretical carrying capacity (CC) depicted in Figure 5 exhibits a gradual decline in both the north-south and east-west directions. The distribution range is from 0 to 47.70 SU/hm2, with an average value of 7.48 SU/hm2. The regions with higher carrying capacity are predominantly situated in proximity to mountainous areas of Yili, Tacheng, and Altay in Northern Xinjiang. The low-value areas are mostly found in the southern regions of Xinjiang (Figure 5A). The overall interannual trend is primarily characterized by an increase, accounting for 80.12% of the total distribution across the entire Xinjiang region. However, there is a decreasing trend representing 19.88% of the distribution, mainly observed in areas such as Yuli County, Qiemo County, Hami, and Qinghe County (Figure 5B). The spatial statistical analysis indicates that the coefficient of variation for the theoretical carrying capacity of grasslands in Xinjiang ranges from 0 to 5.11, with an average value of 0.18. This suggests that the theoretical carrying capacity of grasslands in Xinjiang is generally tending towards stability (Figure 5C). The proportion of areas with different levels of variation in descending order is as follows: stable (40.50%) > relatively stable (34.43%) > highly unstable (14.37%) > unstable (10.70%). This indicates that the theoretical carrying capacity of grasslands in Xinjiang exhibits spatial heterogeneity, with some regions experiencing higher levels of variation. These regions are primarily located near the mountainous areas in southern Xinjiang.




Figure 5 | Spatial distribution of mean livestock carrying capacity (A), Sen trend (B) and CV (C) during 1982 to 2020.






3.2.4 Statistics of different grassland types

Based on the mathematical statistical analysis of the simulated results for forage production and theoretical carrying capacity (Figure 6), it has been determined that the average dry hay yield in Xinjiang is 901.88 t/km², and the average theoretical carrying capacity per unit area is 7.48 SU/hm². The five main types of grassland that contribute significantly to forage production are alpine and subalpine meadows, alpine and subalpine steppe, desert steppe, plain grassland, and meadow grassland. The annual dry hay yield per unit area, from highest to lowest, is as follows: meadow grassland > alpine and subalpine meadows > plain grassland > desert grassland > alpine and subalpine grassland. The annual theoretical carrying capacity per unit area, from highest to lowest, is as follows: meadow grassland > alpine and subalpine meadows > plain grassland > desert grassland > alpine and subalpine grassland. The grassland with the highest forage production and strongest carrying capacity is meadow grassland, with a production of 1443.07 t/km² and a theoretical carrying capacity of 127.4 SU/hm². Following that, alpine and subalpine meadows and plain grassland have similar forage production, with values of 1231.83 t/km² and 1259.23 t/km², respectively. The combined forage production of the top three grassland types, including meadow grassland, alpine and subalpine meadows, and plain grassland, accounts for 78.48% of the total forage production in Xinjiang. Similarly, these grassland types also have the highest carrying capacity, accounting for 81.57% of the total carrying capacity of all grasslands in the region.




Figure 6 | Total theoretical carrying capacity and hay yields of different grassland types during 1982-2020.







3.3 Grass-livestock balance analysis



3.3.1 Interannual trends

From the temporal distribution (Figure 7A), it can be observed that the theoretical livestock load has fluctuated significantly over the past 33 years. It remained relatively stable during the period of 2017-2020 and saw the highest increase during 1995-1998 (11.02 million sheep units). On the other hand, the actual livestock load showed a continuous increasing trend from 1988 to 2016 and experienced a significant decrease from 2016 to 2017 (13.10 million sheep units). Over the past 33 years, the average grass-livestock balance index in Xinjiang has been 2.61%. There has been significant interannual variability, but overall, it has shown an upward trend, indicating a mild overloading state. This suggests that the grassland resources are gradually unable to meet the demands of livestock. In other words, the production capacity of the grassland is lower than the consumption capacity of the livestock. This indicates a shortage of forage production and an insufficient supply of feed for the livestock. The grass-livestock balance index can be broadly categorized into three stages: from 1988 to 2001, it was in an underloading state; from 2001 to 2016, it remained in a mild overloading state; and from 2016 onwards, there has been an improving trend. In 1988, the grass-livestock balance index reached its lowest point with a value of -20.70% (not overloaded). In 2020, the index value was 4.87% (mildly overloaded). During this period, the highest point was reached in 2011 with a balance index of 18.03% (mildly overloaded). From 1988 to 2016, the grass-livestock balance index showed a gradual upward trend with fluctuations. The theoretical livestock load also exhibited a fluctuating upward trend during this period. This indicates that the grassland condition was relatively stable. However, the actual livestock load exceeded the threshold of the theoretical livestock load. From 2016 to 2020, the grass-livestock balance index exhibited a downward trend, and the theoretical livestock load also decreased. This indicates a reduction in the actual livestock load on the grassland compared to the previous period. However, overall, the grassland still remained in a state of mild overloading.




Figure 7 | Liner trend of IP in Xinjiang from 1988 to 2020 (A) and country summary (B).






3.3.2 Spatial changes at the county level

According to the analysis of the grass-livestock balance index at the spatial county level (Figures 7B, 8), it was found that during the period from 1988 to 2020, there were 17 counties that consistently remained in a state of severe overloading. These counties include Xinhe County, Moyu, Luopu, Shule, Shufu, Yingjisha, and Zepu County (Figure 8). In 1988, there were 46 counties (52.87%) that were in a state of overloading, while 41 counties were not overloaded. The counties that were primarily not overloaded were mainly distributed in Qiemo, Ruoqiang, and Tacheng areas (Figure 8A). Compared to 1988, the number of overloaded counties increased from 46 to 59 and 65 in 2000 and 2010 respectively, showing a gradual upward trend. The overloaded areas are mainly distributed in the Ili and Tacheng regions. For example, Wusu County changed from mild overload to moderate overload and then to severe overload. Yizhou District, Fuhai County, and other areas also transitioned from mild overload to moderate and severe overload (Figures 8B, C). In contrast, the number of overloaded counties in 2020 showed a slight decrease, dropping from 65 in the previous two years to 58 (Figure 7B). The areas that showed significant improvement were Aksu and Tacheng regions. However, regions such as Hotan experienced varying degrees of worsening overload conditions (Figure 8D).




Figure 8 | The spatial distribution and change of IP from 1988 to 2020, (A–D) correspond to the years 1988, 2000, 2010, and 2020 respectively.







3.4 Driving factors



3.4.1 Factor detector

Geographical Detector Single-factor measures the driving impact of various indicators on grassland carrying capacity changes by calculating the influence q-values representing their influence. The detection results show that the nine driving factors, ranked in descending order of q-values in 1988, 2000, 2010, and 2019, are as follows: annual precipitation > elevation > soil organic matter > annual average temperature > ScPDSI > population density > GDP > slope > aspect (Figure 9). Among them, annual precipitation and elevation have relatively large q-values, reaching 0.49 and 0.34 respectively in the four-year average. This indicates that they have a significant impact on grass production and indirectly affect grassland carrying capacity. Soil organic matter has a relatively lesser impact on grassland, with a three-year average value of 0.33. The influence of annual average temperature and ScPDSI on theoretical grassland carrying capacity is relatively small, with four-year average q-values of 0.20 and 0.12 respectively. Indeed, population density, GDP, slope, and aspect have the least impact on the theoretical grassland carrying capacity, with four-year average q-values all below 0.10. Therefore, annual precipitation, elevation, and soil organic matter are the main determining factors that influence the dynamics of theoretical grassland carrying capacity.




Figure 9 | The q statistic values of driving factors in 1990,2000,2010 and 2020 in Xinjiang. All q statistic values met the conditions for P<0.01(X1-X9: Theoretical livestock carrying compacity, Average temperature, Precipitation, sc_pdsi, Elevation, Slope, Aspect, Population density, GDP, SOM).






3.4.2 Interaction detector

The interaction detector is utilized to identify the interaction effect between two influencing factors, whether the combined effect of the influencing factors Xa and Xb increases or decreases the explanatory power for the Y value. As shown in Figure 10. Theoretical carrying capacity remains relatively stable during interannual variations when influenced by the interaction of different factors in four different years. Contrasting with the individual factor’s impact q-value, in any given year, the interaction effects between any two factors are more significant in influencing the theoretical grassland carrying capacity compared to the impact of a single driving factor. Among them, the interaction between annual precipitation, altitude, soil, and other driving factors mainly exhibits a bivariate enhancement, While the interaction between slope, aspect, and other driving factors exhibits a non-linear enhancement. In the interplay of theoretical carrying capacity, the strongest interactions are observed between annual precipitation and altitude, annual precipitation and soil organic matter, altitude and soil organic matter, and annual precipitation and annual average temperature. Once again, it is reaffirmed that annual precipitation, altitude, and soil organic matter are the primary driving factors of spatial-temporal dynamics of livestock carrying capacity in Xinjiang grassland. Furthermore, the individual impacts of scpdsi drought index, slope, aspect, and GDP are relatively weak, but soil organic matter significantly enhances their interactive effects on the theoretical carrying capacity of grassland. The interactions among these factors may have affected vegetation growth, soil fertility, and water retention capacity through precipitation. As the altitude increases, the decomposition rate of soil organic matter may be influenced, and high-altitude regions are more sensitive to changes in precipitation, further impacting the carrying capacity of grasslands. The individual impacts of the scpdsi drought index, slope, aspect, and GDP are relatively weak, but soil organic matter significantly enhances their interactive effects on the theoretical carrying capacity of grasslands. This suggests that soil organic matter may indirectly affect the influence of other socio-economic factors on grassland carrying capacity by improving soil moisture conditions and increasing vegetation cover, thereby enhancing their overall impact. Population growth leads to overgrazing of grasslands, and land use changes resulting from economic development can exacerbate land degradation, reduce soil water and nutrient retention capacity, and decrease vegetation cover. In conclusion, these findings further emphasize the complexity of the combined impacts of natural and socio-economic factors on grassland carrying capacity.




Figure 10 | The interactions any two driving factors of theoretical livestock carrying compacity dynamics in 1990,2000,2010 and 2020(X1-X9: Theoretical livestock carrying compacity, Average temperature, Precipitation, scpdsi, Elevation, Slope, Aspect, Population density, GDP, SOM). (A–D) correspond to the years 1990, 2000, 2010, and 2020 respectively.








4 Discussion



4.1 Model accuracy validation

In this study, the CASA model is used to simulate the aboveground net primary productivity (NPP) in Xinjiang from 1982 to 2020. This simulation is based on preliminary data such as solar radiation and NDVI (Normalized Difference Vegetation Index) data, which are required inputs for the CASA model. The resulting NPP data are then used as preliminary data for calculating the theoretical carrying capacity of livestock in Xinjiang in this study. After comparing and validating the actual measurements from 2018 to 2020, it was found that the accuracy of this study meets the research requirements, with an R2 value of 0.746 (P<0.01) (Figure 1). This indicates a satisfactory level of precision in the model and allows for further research calculations. Currently, there have been significant advancements made by numerous scholars in simulating and estimating NPP (Net Primary Productivity). In this study, the average NPP simulation from 1982 to 2020 was calculated as 118.9gCm-2. Zhang and Fang X used the CASA model and an improved model to simulate the average NPP in Xinjiang for the periods 2000-2014 and 1982-2013, respectively, resulting in average NPP values of 113.5gCm-2 (Zhang et al., 2021)and 155.9 ± 2.74gCm-2 (Fang et al., 2019). Comparisons with existing studies reveal that there are variations in the accuracy of NPP simulations to some extent due to factors such as the quality of input data, model parameters, and study periods (Liu et al., 2023b).

In order to accurately calculate the carrying capacity of grasslands in Xinjiang, this study strictly adhered to national standards and assigned specific parameters to the variables in the empirical model. Theoretical stocking rates for Xinjiang from 1982 to 2020 were simulated using the empirical model algorithm at monthly, seasonal, and yearly scales. In previous studies, a common approach was to use NDVI (Normalized Difference Vegetation Index) along with field measured data to employ empirical models or machine learning techniques for estimating aboveground biomass and subsequently inferring theoretical stocking rates (Li et al., 2014; Yu et al., 2021; Wu et al., 2023a). Indeed, This method is more suitable for small-scale studies. When dealing with complex grassland types and regions with significant spatial variations like Xinjiang, achieving high-precision simulation while ensuring accuracy would indeed require extensive collection of field measurements, with uniformly distributed sampling points. This can be a resource-intensive task, requiring significant human and financial resources. Therefore, in this study, based on the extension of the time series, we combine the calculation method used in previous research and utilize an empirical formula that incorporates monthly net primary productivity (NPP) and monthly average temperature to estimate aboveground biomass. This enables us to achieve a finer-scale inversion of theoretical livestock carrying capacity, specifically at monthly and seasonal levels. The theoretical livestock carrying capacity results are in line with the phenological characteristics of Xinjiang. The highest theoretical carrying capacity is observed during the months of June to August, indicating that the higher grass production during the summer season has an impact on the theoretical carrying capacity. The calculation of theoretical livestock carrying capacity typically involves considering the productivity of the grassland and the growth rate of plants. Climate, precipitation, and the rate of plant growth are closely related to the calculation of theoretical carrying capacity and the management of livestock feeding. These factors influence the available forage and the ability of the grassland to support livestock. The higher the productivity and growth rate of plants, coupled with favorable climatic conditions and sufficient precipitation, the higher the potential carrying capacity for livestock. It is important to consider these factors in order to effectively manage livestock and ensure sustainable grazing practices. When grassland productivity increases, theoretically it can support more livestock as there is a greater food supply available. However, it is still important to consider the sustainable utilization of grassland to prevent overgrazing and adverse impacts on the ecological environment. The climate conditions in autumn and winter can lead to a decreased growth rate in grassland vegetation, resulting in a lower forage yield. This, in turn, affects the carrying capacity of livestock, and they may require additional supplementary feed to meet their energy and nutritional needs, exacerbating the shortage of fodder (Sun et al., 2020). Fetzal also indicates that seasonal constraints play a more significant role in determining the intensity of livestock grazing on natural grasslands compared to the annual variation in carrying capacity (Fetzel et al., 2017). The findings of this study once again validate this conclusion and provide further evidence of its reliability within the Xinjiang region.




4.2 Temporal and spatial characteristics of grass-livestock balance

Our study analyzed the dynamic changes in the theoretical carrying capacity of livestock in Xinjiang over the past 39 years. We compared these data with the actual livestock numbers from the statistical yearbooks at the county level to assess the grass-livestock balance in each county and examine its interannual variations over the past 33 years. Our findings show that, overall, the grass-livestock balance has been deteriorating and experiencing overgrazing trends over the past 33 years. However, there has been a positive improvement from 2010 to 2016, mainly attributed to the implementation of various policies such as grassland conservation and grazing bans. Based on the analysis of the theoretical carrying capacity of livestock from 1982 to 2020, our predictions suggest a potential reversal of the increasing trend over the past 39 years. This indicates a decrease rather than an increase in the theoretical carrying capacity of grasslands in the future. It suggests that the aboveground biomass of grassland is undergoing degradation under the influence of multiple environmental factors, and the available biomass may not be sufficient to meet the forage needs of grazing livestock. Ren argues that the steady growth in the demand for beef and mutton has resulted in a rise in the population of livestock over the past few decades (Ren et al., 2021). This has resulted in overgrazing and a significant reduction in the availability of grassland resources in many grassland areas. Indeed, overgrazing has a significant impact on grasslands. It results in excessive consumption of grassland vegetation, hindering its ability to regenerate fully and leading to grassland degradation. Frequent overtrampling and overgrazing by livestock can damage the growth points of plants and the topsoil, thereby reducing grassland coverage and vegetation diversity (Zumo et al., 2021). Within sensitive areas, even minimal grazing can have a substantial impact on the abundance or diversity of species within a community (Filazzola et al., 2020). However, in low-pressure ecosystems, grazing can stimulate plant growth through compensatory responses, thereby reducing the impact of livestock on plant communities (Ramula et al., 2019). Properly managed grazing not only helps stimulate compensatory growth in plants and accelerate nutrient cycling but also influences the physical structure of the soil, promoting root development and thus indirectly impacting grassland productivity and plant diversity (Wei et al., 2022).

To effectively alleviate and possibly eliminate the current overgrazing situation in Xinjiang grasslands, it is necessary to rely on a combination of various measures and policies for effective management and control (WANG Lijing et al., 2022). From 46 counties in 1988 to 58 counties in 2020 (Figure 8B), the number of counties experiencing different levels of overgrazing has gradually increased. Moreover, the degree of overgrazing in severely affected counties far exceeds the carrying capacity of the local grassland resources. It is crucial to address this issue through effective measures and policies to restore the balance and sustainability of the grassland ecosystem in those regions. Therefore, it is necessary to implement graded management for counties and cities experiencing different levels of overgrazing, optimize the layout of the livestock industry, and prioritize the control of counties and cities with persistent moderate to severe overgrazing. This is to prevent the overgrazing situation from further deteriorating. In addition, counties experiencing mild levels of overgrazing should be subjected to policy-based management. This can include measures such as regular rotational grazing, reducing the grazing time, strictly controlling the grazing density, or implementing grassland improvement practices. On the other hand, counties with grassland ecosystems that are not overgrazed, i.e., below the threshold, should be maintained within the “safe ecological limits” to ensure their ecological stability and sustainability (Li et al., 2023a).




4.3 The driving factors of theoretical carrying capacity of livestock

Based on the above results, it was found that the impact of the nine driving factors on grassland carrying capacity was not consistent during different periods (1988, 2000, 2010, and 2019). This could be due to various reasons. Climate factors such as annual precipitation and average annual temperature may have changed over time, leading to different degrees of impact on grassland carrying capacity. Geographic factors like altitude, slope, and aspect may vary across regions, and different geographical conditions may be related to the structure and function of grassland ecosystems, thereby affecting carrying capacity. Human factors such as population density and Gross Domestic Product (GDP) may have experienced different disturbances and pressures in different periods. For example, population growth results in overgrazing of grasslands, and land use changes due to economic development can also impact carrying capacity. In conclusion, grassland carrying capacity is influenced by multiple driving factors, including climate factors, geographic conditions, and human activities. The variations and interactions of these factors may lead to inconsistent changes in grassland carrying capacity over time, and further highlight the combined impacts of natural and human activities on grassland carrying capacity.

Research suggests that human activities and climate change are causing desertification or degradation in grasslands located in arid and semi-arid regions (Zhou et al., 2023). Xinjiang is situated in the northwestern part of China, with low annual rainfall in the region. The effects of climate change, including shifts in yearly precipitation patterns and more frequent drought occurrences, poses a significant vulnerability to the vegetation found in alpine grasslands and desert grasslands. This study indicates that over the past 39 years, the livestock carrying capacity in Xinjiang has been fluctuating and closely correlated with factors such as annual rainfall, altitude, and soil conditions (Cheng et al., 2017). This corresponds with Umuhoza’s research findings (Umuhoza et al., 2021), which state that climate, soil types, topography plays a crucial role in shaping the composition and projected distribution of grassland carrying capacity. Luo also pointed out that the degradation of grassland could be caused by factors like small mammals, climate change, challenging environments, weak soil, and over-grazing (Luo et al., 2021). Indeed, factors such as reduced precipitation, increased interannual variability in precipitation, and climate warming can potentially lead to a significant decrease in grassland productivity and livestock carrying capacity (Li et al., 2018). Global climate warming has led to increased evapotranspiration, decreased precipitation, and reduced grassland coverage, posing a serious risk of degradation to grasslands in Xinjiang (Majid, 2023). Grassland degradation not only causes significant damage to the ecological environment but also has a great impact on animal husbandry. The decrease in grassland coverage and forage yield leads to a reduction in carrying capacity for livestock. This decrease in available grazing resources results in a decline in the carrying capacity of grasslands. Climate change has a substantial influence on the species composition, growth rate, and process of species accumulation in grassland ecosystems. Therefore, temperature and precipitation are essential key climate factors in the growth and accumulation processes of grassland biomass, and their accuracy is crucial for studying biomass accumulation in grasslands (Song et al., 2022). The organic carbon content in the soil of different grassland types generally follows a consistent trend with soil depth. As the soil depth increases, there is a decrease in soil porosity, an increase in soil bulk density, and a weakening of the decomposition capacity of soil microorganisms in the lower layers. In the long run, The increase in soil organic carbon storage can have a positive feedback on plant productivity (Zhou et al., 2023). The escalating contradiction between the limitless growth of population and the finite nature of resources has intensified the negative feedback of human activities such as overgrazing, grassland cultivation, and mineral exploitation on the sustainability of grassland ecosystems (Fang et al., 2021). China has made significant progress in enhancing grassland carrying capacity since 2000 through the implementation of various projects focused on grassland conservation and ecological restoration. This highlights the positive impact of human efforts in this area. Major conservation projects, including the Conversion of Cropland to Forest Program, the Grazing Ban and Grassland Restoration Project, along with grassland ecological conservation incentive policies, have made remarkable efforts towards the rehabilitation of grassland vegetation in China. These endeavors have been instrumental in enhancing the overall health and endurance of grassland ecosystems. These projects have greatly improved the carrying capacity of grasslands and enabled precise management and control (Ge et al., 2022).




4.4 Uncertainties and future research

We have explored the estimation of grassland aboveground biomass based on NPP, further calculating the theoretical carrying capacity, assessing the grass-livestock balance in Xinjiang grasslands, and quantitatively examining the influencing factors. However, there are still uncertainties that need to be addressed. First of all, the NDVI data used in this study may be affected by factors such as cloud cover, solar angle, and atmospheric conditions (Ma et al., 2022). Therefore, when estimating aboveground biomass and theoretical carrying capacity of grassland based on the input data, the relatively low spatial resolution of vegetation index data may not accurately reflect the actual condition of vegetation within the 1km x 1km area, and there may also be some inaccuracies in the grassland distribution data (Shen et al., 2021). Secondly, the calculation of aboveground biomass only considered the inclusion of average temperature to simulate theoretical carrying capacity. However, after conducting an analysis of influencing factors, it was found that factors such as precipitation, soil organic matter, and altitude had much higher correlations than average temperature. Moreover, factors such as grassland vegetation coverage and density also have significant relationships. In our next study, we plan to validate our research results by conducting multivariate modeling of closely related factors (such as altitude, precipitation, etc.) to better simulate aboveground biomass, optimize model parameters, and achieve more precise simulation models. Lastly, in calculating the theoretical carrying capacity, we only considered the utilization rate of different grassland types, overlooking factors such as rodent and insect damage, which can lead to grassland degradation. In future research, we plan to comprehensively consider factors such as disease and pest loss rates, distance from water sources, altitude, slope, etc., and incorporate them into the calculation model for livestock carrying capacity. Therefore, in future research, it is necessary to comprehensively integrate the above-mentioned factors and research methods for model indicator selection and model parameter optimization, in order to gain a more comprehensive understanding of the balancing effects between grassland and livestock development.





5 Conclusion

This study utilized long-term remote sensing data from 1982 to 2020 to estimate the Net Primary Productivity (NPP) and simulate aboveground biomass in grasslands in Xinjiang, China. The theoretical carrying capacity was then calculated, and a spatiotemporal analysis was conducted at monthly, seasonal, and annual scales, as well as for different grassland types. By integrating statistical yearbook data, the study explored the grass-livestock balance and its interannual variation trends at the county level in Xinjiang. The research findings offer scientific guidance and decision-making support for the region’s coordinated and sustainable development of grassland resources and the livestock industry. The conclusions are as follows:

	(1) The potential number of livestock that could be sustained showed an upward trend in Xinjiang from 1982 to 2020 and has since stabilized. The spatial distribution indicates a gradual decrease from north to south and from east to west. The average value is 7.48 SU/hm2. At the seasonal scale, the theoretical carrying capacity of livestock in Xinjiang follows the order from highest to lowest: growing season > summer > spring > autumn > winter. At the monthly scale, the month of July exhibits the highest carrying capacity for livestock. In terms of different grassland types, the annual theoretical carrying capacity of livestock per unit area in Xinjiang follows the order from highest to lowest: meadow > alpine subalpine meadow > plain grassland > desert grassland > alpine subalpine grassland. However, it is worth noting that in the future, the theoretical carrying capacity of grasslands for livestock may show a decreasing trend, which could be opposite to the past trend.

	(2) From 1988 to 2020, the average grass-livestock balance index in Xinjiang was 2.61%, indicating a mild state of overgrazing. Overall, there was an upward trend in the balance index during this period.At the county level, compared to the year 1988, the number of counties experiencing overgrazing increased from 46 to 59 and then to 65 in the years 2000 and 2010 respectively. However, by the year 2020, there was a slight decrease in the number of overgrazed counties, dropping from 65 to 58 compared to the previous two years.

	(3) According to single-factor analysis of the geographical detectors, the q-value ranking from highest to lowest impact on grassland carrying capacity in Xinjiang is: annual precipitation > elevation > soil organic matter > mean annual temperature > ScPDSI drought index > population density > GDP > slope > aspect. Furthermore, the factor interaction detector confirms that annual precipitation, elevation, and soil organic matter are the main driving factors for the spatiotemporal dynamics of grassland carrying capacity in Xinjiang. The individual influences of SCPDSI drought index, slope, aspect, and GDP are relatively weak. However, soil organic matter significantly enhances their interaction effects on the theoretical carrying capacity of grasslands.
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Introduction

The paper analyzes the results of 26 years (1996–2021) of phenological observations of the vegetative organs of European beech (Fagus sylvatica L.) in the Western Carpathians. It evaluates the influence of the heterogeneity of this territory, including relief and elevation, based on climatic-geographical types.





Methods

Phenological stages, including leaf unfolding, full leaves, leaf coloring, and leaf fall, were monitored at 40 phenological stations across eight elevation zones. The study assesses trends in the occurrence of phenological stages, the length of the growing season, and phenological elevation gradients.





Results

The results indicate a statistically significant earlier onset of spring phenological phases and delay in autumn phases, resulting in an average extension of the beech growing season by 12 days. Our findings confirm that the lengthening of the growing season due to warming, as an expression of climate change, is predominantly attributed to the warming in the spring months. The detected delayed onset of autumn phenophases was not due to warming in the autumn months, but other environmental factors influence it. The trend of elongation of the growing season (p<0.01) is observed in all elevation zones, with a less significant trend observed only in zones around 400 and 600 m a.s.l, signaling changes in environmental conditions across most of the elevation spectrum. Moreover, the heterogeneity of climatic-geographical types within each elevation zone increases the variability in the duration of the growing season for sites with similar elevations. By extending the growing season, it is assumed that the beech area will be changed to locations with optimal environmental conditions, especially in terms of adverse climatic events (late spring frosts, drought) during the growing season. The phenological elevation gradients reveal an earlier onset of 2.2 days per 100 m for spring phenophases and a delay of 1.1–2.9 days per 100 m for autumn phenophases.





Discussion

These findings highlight the specific environmental conditions of European beech in the Western Carpathians and their potential for anticipating changes in its original area. Additionally, these observations can aid in forecasting the further development of phenological manifestations related to climate change.





Keywords: phenology, European beech, climate change, Western Carpathians, trend, relief, elevation, heterogeneity




1 Introduction

European beech (Fagus sylvatica L.) growths in regions with favorable growth conditions characterized by oceanic and transitional oceanic-continental climates. This suboceanic species exhibits a wide distribution across Europe, predominantly in natural forest communities in cooler climates. Beech naturally avoids frost-prone areas with frequent temperature inversions (cold-air tailback) (Dittmar and Elling, 2006) and is sensitive to late spring frosts (Menzel et al., 2015). Beech trees have specific thermal requirements and, therefore, favor well-balanced temperature conditions, which are within the Carpathian massif, more commonly found in mid-mountain regions with a more oceanic climate. Conversely, low temperatures in certain higher mountainous areas limit the presence of beech in forest stands, and it is not typically found growing in the hottest and driest lowland regions because European beech is relatively sensitive to drought (Backes and Leuschner, 2000; Lukasova et al., 2014; Vido et al., 2016, Lukasová et al., 2021). In the mountainous regions of the Western Carpathians, beech trees thrive with an average annual temperature of 10°C and annual precipitation ranging from 800 to 1000 mm (Bialobok et al., 1990). In addition to temperature and precipitation, the distribution of European beech also depends on other geographical factors, including exposure and the ruggedness of the terrain. Vegetation zonality aligns with the climate zones, and in regions with varying elevations occurs vertical gradations in vegetation. Vegetation elevation gradation represents the vertical stratification of ecosystems in mountainous areas. Climate changes lead to natural (climax) variations in vegetation with increasing elevation and in response to specific exposures and slope positions (Arnič et al., 2021). Geographical elevation gradation corresponds to changes in the local climate and significantly influences vegetation gradation (Zlatník, 1974 referenced in  Škvarenina et al., 2004).

Numerous studies dating back to the early 21st century (Chmielewski and Rötzer, 2001; Walther et al., 2002; Menzel et al., 2006; Bertin, 2008; Malyshev et al., 2022) have evaluated the impact of gradual climate change by observing dynamic phenological changes in plants and trees. For example, meteorological droughts have been linked to an earlier onset of leaf senescence and a shortened growing season (Chuchma et al., 2016; Středová et al., 2021), underscoring the importance of phenology as a bioindicator in today’s changing ecosystems (Rafferty et al., 2020; Wenden et al., 2020. Phenology is crucial for assessing the impact of climate change on terrestrial ecosystems’ development. Trends of earlier spring leaf development and delayed autumn leaf coloring, as manifestations of this change, are likely to influence the competitive balance among tree species. They enable the prediction of seasonal shifts in the 21st century in response to climate warming (Vitasse et al., 2011).

Long-term phenological records of tree species provide valuable insights into their biological responses to climate change in temperate regions with distinct seasons. These records are crucial for identifying trends in phenological phase development and their relationship to climate change (Asse et al., 2018; Škvareninová and Mrekaj, 2022). Dependency of phenological variability in long-term time series of several plant species suggest significant changes in the growing season and the spatial distribution of species (Kariyeva et al., 2012).

Phenological phases, such as leaf unfolding and leaf coloring, serve as important indicators that can be utilized to assess the local adaptation of trees to regional climatic conditions and to monitor climate-related changes in nature. Annual phenological changes represent a strategy for adapting to weather fluctuations and coping with a wide range of environmental conditions in a changing climate (Capdevielle-Vargas et al., 2015).

Several phenological models (Melaas et al., 2013; Meng et al., 2021) incorporate temperature and photoperiod as limiting factors influencing spring and autumn phenophases. Sitko et al. (2022) compared such models and found that photoperiod is a critical factor for improving predictions of spring phenology. Delpierre et al. (2009) also noted that photoperiod is a triggering driver of senescence, with its progression being influenced by cold temperatures.

Leaf phenology is one of the most reliable bioindicators of ongoing global warming in temperate and boreal zones due to its high sensitivity to temperature fluctuations (Fu et al., 2019). Temperature plays a pivotal role in triggering tree activity in spring. For instance, Basler and Körner (2012) identified photoperiod as a constant and dependable indicator of the onset of the growing season, regardless of the weather fluctuations. They observed that early-succession species exhibited no significant photoperiod sensitivity, while late-successional tree species relied heavily on photoperiod as an environmental cue. As temperatures rise, phenology will shift towards species-specific photoperiod thresholds.

There is no clear dominant environmental driver in the cessation of tree activity in autumn and the onset of dormancy. However, temperature, photoperiod, and water stress emerge as prominent factors, as noted by Delpierre et al. (2016). Beyond air temperature, the autumn phenological phases of beech trees are significantly influenced by precipitation, particularly during summer. Water deficits, leading to early leaf coloring, can shorten the growing season, potentially altering competitive relationships between tree species and entire ecosystems in the years ahead (Bolliger et al., 2000; Gessler et al., 2007; Meier et al., 2011; Jantsch et al., 2013). The sensitivity of beech trees to meteorological changes is also underscored by Augustaitis et al. (2012). Increasingly, research focuses on the phenological manifestations of beech trees influenced by elevation (Vitasse et al., 2009; Schieber et al., 2013; Popescu and Sofletea, 2020). The extent to which meteorological elements change with increasing elevation can be elucidated through the phenological elevation gradient (Dittmar and Elling, 2006). Consequently, the phenological gradient is a suitable bioindicator of climate change when comparing various but equally long periods (Čufar et al., 2012; Škvareninová, 2013, 2016). Phenological observations of beech are crucial, particularly in areas where frost resistance is a determining factor. Středa et al. (2011) analyzed stand microclimates, emphasizing the role of microclimatic monitoring, especially in research related to late frosts.

This study aims to analyze the long-term (1996-2021) phenological patterns of common beech in response to climate change, employing phenological bioindicators across various environmental conditions in the Western Carpathians. The primary bioindicators selected for this analysis include trends in the onset of vegetative phenophases, the phenological elevation gradient, and the duration of the growing season. Given the substantial heterogeneity of the territory and its impact on beech phenological phases, a climatic-geographical classification was employed. This classification was used to explain certain phenological anomalies observed at different elevations. We addressed the following study questions: i) What are the trends in the timing of spring and autumn phenological phases of European beech in the Western Carpathians over the 26-year period from 1996 to 2021? ii) Has the length of the growing season for European beech in the Western Carpathians increased, and how significant are these changes across different elevation zones? iii) How does the heterogeneity of climatic-geographical types within each elevation zone affect the variability in the duration of the growing season for sites with similar elevations? iv) What is the relationship between elevation and the onset of spring and autumn phenophases for European beech in the Western Carpathians? v) Does warming in the spring and autumn months affect the lengthening of the growing season across all elevation zones?




2 Materials and methods



2.1 Study area

The study area is in Central Europe and covers most of the Western Carpathians (Figure 1). According to biogeography, the area falls within the transitional Atlantic-continental Central European climate (Alisov and Poktarus, 1974). Due to the substantial presence of the Carpathian range, the climate in this area is primarily shaped by orography. The differentiation of elevation across the territory and the influence of the relief represent significant factors in climate formation. The conventional Köppen classification (Beck et al., 2018) and the classification by Alisov and Poktarus (1974) divide the Western Carpathians relatively coarse. Therefore, the regional climate-geographical classification by Tarábek (1982) was utilized for purposes of phenological analyses. This classification is widely used in geographic, biological, and ecological studies of the region (e.g., Bublinec and Pichler, 2001; Hrivnák and Ujhazy, 2005; Mihál and Blanár, 2014; Kamenišťák et al., 2020). The classification is based on fundamental climate types (lowland, valley, mountain) determined by the relief’s configuration. Within climate types, 12 subtypes were assigned based on the temperature sum of the period with average daily temperatures above 10°C and average January and July temperatures, as well as on the annual amplitude of average monthly air temperatures in the territory of Slovakia. The rationale for this approach to zonation is that in the climate of Western Carpathians, which is sufficiently humid to very humid, temperatures are the determining limiting factor in landscape processes, whereas the quantitative differentiation of moisture, which is expressed in terms of average annual precipitation, determines only the intensity of landscape processes (Tarábek, 1982).




Figure 1 | Climatic-geographical types and subtypes of Slovakia (Tarábek, 1982) with position (yellow dots) and elevation of used phenological observational sites.



Climatic-geographical types (Figure 1) represent another factor characterizing the specificity of the mountainous climate in a given area and have an impact on the phenological activity of beech. The map on a scale of 1:1,000,000 was utilized to assign climatic-geographical subtypes to every of 40 sites. Such environmental conditions are often found in the rugged terrain of the Carpathians. Therefore, we have included them in our phenological assessment. The climate influenced by the terrain relief creates significantly distinct areas with unique climatic regions. Tarábek classification (Tarábek, 1982) has become a suitable methodological approach for describing such environmental conditions. It includes locations on mountain ridges (crests) where the influence of wind and frost is evident, slopes with varying exposures and shading, and valleys where temperature inversion is the primary factor (Plesník, 2004).

Most of the Western Carpathians’ territory falls within the zone of temperate deciduous forests, with mountain locations included in the European mountain temperate forests zone due to the unique montane climate (Walter, 1977). Beech forest communities in the middle and upper mountain regions of the Carpathians create extensive ecosystems comprising mixed deciduous forests and monocultures. Many of these areas have been preserved in the form of primeval forests and have earned recognition as UNESCO World Natural Heritage sites (Kadlečík, 2016). The Western Carpathians primarily cover mountainous regions, with the lower limit of beech occurrence beginning at an elevation of 150 m in areas prone to temperature inversions with northern exposure, often coexisting with sessile oak (Hrvoľ et al., 2009). European beech thrives at elevations of 600–800 m, primarily on moist soils at the base of slopes (National Forest Centre, 2015; Lukasová et al., 2019), forming large, homogeneous stands. At higher elevations, it shares its habitat with silver fir and Norway spruce, with species representation varying according to environmental conditions. The average upper limit for its occurrence reaches 1100 m.

Within the study area, 40 sites with phenological observations were selected for analysis. During site selection (Figure 1), vertical zonation was considered to include a diverse range of sites within different elevation zones that encompass the entire area of mass occurrence of beech. Sites with short time series of observations were excluded during data processing from analysis. From the total number of observations at 40 stations over 26 years (1040 observations), 98-99% of observations were available for analysis within individual phenophases. The number of observation sites and their distribution within individual elevation zones are described in Table 1.


Table 1 | Distribution of phenological observations sites and protected areas of beech within the elevation zones.






2.2 Leaf phenology and meteorological data

Long-term phenological observations of beech were conducted between 1996 and 2021 at elevations ranging from 248 to 1105 meters above sea level. The observations occurred within the station network established by the Slovak Hydrometeorological Institute. The stations represent the natural conditions in the Inner Western Carpathians and the part of the Outer Western Carpathians, which extends over the territory of Slovakia. The methodology for phenological observations followed the guidelines of the Slovak Hydrometeorological Institute (Braslavská and Kamenský, 1996), which aligns with the numerical codes of the international BBCH scale (Meier, 1997). This scale provides standardized phenological development stages across the European network of phenological stations. The onset of phenophases was recorded at 40 sites, each with a minimum of 10 mature trees (over 50 years old). The range of longitude within all sites is 5° (17.03°-22.22°) and in latitude slightly exceeds 1° (48.17°- 49.52°). The collected data were subsequently transformed into Julian calendar values, replacing each date of phenophase onset with the corresponding serial number representing the day of the year (DOY).

The observations of spring phenophases were ongoing from the beginning of April in lower locations to the half of May in mountainous areas. The assessment interval took place at individual sites every 5-7 days. Since the course of the autumn phases is slower than the spring phases, the observation interval is extended to 7-10 days, depending on the weather. Observations took place from the beginning of September to the end of October. The assessment focused on the following vegetative phenological phases:

	Leaf unfolding (BBCH 11 - LU): reached when the first undeveloped leaves of light green color appear on at least half of the observed group (Supplementary Figure 1A).

	Full leaves (BBCH 13 - FL): occurs when the first fully developed leaves appear on at least half of the observed group (Supplementary Figure 1B).

	Leaf coloring (BBCH 92 - LC): marked by the appearance of discolored leaves on at least half of the observed samples (Supplementary Figure 1C).

	Leaf fall (BBCH 93 - LF): reached when the first discolored leaves spontaneously fall to the ground.



The observations were carried out according to the methodological manual, where the phenophases were precisely defined. To eliminate the subjectivity of the observer and to correctly determine the phenophase, atlases with photographs of phenological phases were available. The initial records of the phenophases onsets underwent a professional review by a phenological expert of the Slovak Hydrometeorological Institute.

In addition to individual phenophases, the length of the growing season was also evaluated. The growing season begins with the onset of leaf unfolding and concludes with the onset of leaf coloring, indicating the cessation of physiological activity in trees. The elevational range was divided into eight zones to explore the phenological responses of beech across different elevations within the observed territory. The first (300) and last (1000) elevation zone had one assigned station that surpassed the 100 m interval used for the remaining zones (400, 500, 600, 700, 800, 900). Some of the stations are situated within protected areas (Table 1).

The climatic data employed in the analyses were sourced from publicly available climate databases. Monthly mean temperatures for three meteorological stations in Slovakia were acquired using the web application KNMI Climate Explorer (Climate Explorer: Starting point (knmi.nl)), and the Meteomant.com website was utilized for one station. All four meteorological stations encompass an altitude gradient ranging from 231 to 906 m above sea level. Data pertaining to average monthly temperatures for 40 sites with phenological observations were extracted from the E-OBS gridded database (Cornes et al., 2018), featuring a resolution of 0.25° of longitude and latitude. The use of this climate database type is substantiated by a previous study (Sitko et al., 2016).




2.3 Statistical analyses

To analyze the onsets of phenophases and the duration of the growing season, and a comparison was made between elevation zones. Phenological elevation gradients were calculated using regression analysis methods, expressing the dependence of phenophase onset or growing season duration on elevation, measured in days per 100 meters of elevation. A coefficient of determination was employed to assess the proportion of variance explained by the relation between phenological phase onset, growing season duration, and elevation. Fisher’s transformation of z statistic was used to test the significance of the Spearman correlation coefficient, and the non-parametric Mann-Kendall test was used to test the monotonical trends in the shift of phenological phase onset and growing season duration over the 26-year observation period. ANOVA with LSD post-hoc test was used to compare growing season duration within climatic-geographical types. The outliers identified by the Grubbs test were removed from the growing season duration dataset.

To confirm the influence of recent climate change on temperature patterns in Western Carpathian areas where European beech is present, two-month average temperatures preceding and during the onset of spring and autumn phenophases were computed from data collected at four meteorological stations covering the period 1996-2021. March and April were selected for spring phenophases, while September and October were chosen for autumn phenophases. Subsequently, means were calculated from these 2-month averages from all four stations, representing the entire elevation gradient with the occurrence of European beech in the Western Carpathians. Monotonic trends in the development of 2-month temperature mean for the period 1996-2021 were assessed using the Mann-Kendall test. Correlation analysis was employed to examine the influence of temperature on the day of the year (DOY) of the onset of spring and autumn phenophases, determining the duration of the growing season (LU and LC). From the monthly temperature means, 2-month means were recalculated, using March and April for spring phenophases and September and October for autumn phenophases. The analysis was conducted separately for individual elevation zones. Therefore, for each year from 1996-2021, the average DOY of the phenophase onset was computed from all sites in respective elevation zones, and these data were correlated with the mean of the 2-month temperature mean corresponding to these locations. The significance of the Spearman correlation coefficient was tested at p< 0.05. All analytical methods were implemented using Statistica 12 software (StatSoft, Inc, 2013).





3 Results



3.1 Spring phenology

The sites were categorized into different types and subtypes based on the climate and geographical classification (Supplementary Data 1). The distribution of climatic-geographical subtypes across the elevation zones is depicted in Figure 2, indicating the relative percentages. The climate of these areas impacts the phenological response of beech within each elevation zone, which was considered in the subsequent analysis.




Figure 2 | Representation of sites in elevation zones according to climatic-geographical subtypes (22 – Valley, moderately warm, 23 – Valley, moderately cool, 24 – Valley, cool, 31 – Mountain, warm, 32 – Mountain, moderately warm, 33 – Mountain, moderately cool, 34 – Mountain, cool, 35 – Mountain, cold).



Table 2 provides an overview of the average onset of observed spring (LU - Leaf Unfolding, FL - Full Leaves) and autumn (LC - Leaf Coloring, LF - Leaf Fall) phenological phases, mean earliest and latest onset events​​, and variability over 26 years.


Table 2 | Statistical characteristics of Day of Year (DOY) for onset of spring and autumn phenological phases from 40 sites, observed in 1996–2021 (LU, Leaf Unfolding; FL, Full Leaves; LC, Leaf Coloring; LF, Leaf Fall;  , Mean DOY of onset;  , Earliest interannual mean DOY of onset;  , Latest annual mean DOY of onset; year, year of the earliest/latest interannual mean DOY of onset; sx%, Coefficient of variation).



During the period under evaluation, the average day of year (DOY) of leaf unfolding (LU) onset for beech across the entire elevation profile was 115 (Table 2). The earliest average onset of LU in the entire area was observed on 106 DOY in 2014. The latest average onset was recorded on 125 DOY in 1997 and 2021. As the elevation increased, the onset of leaf unfolding was delayed by approximately -1 to 5 days between neighboring zones (Figure 3A). The delay in the onset of the LU phase between the lowest (300) and highest (1000) elevation zones averaged 15 days. A statistically significant (p<0.01) decreasing trend was observed in the development of leaf unfolding over the 26-year monitoring period, indicating an earlier phenophase onset. There was a shift of 7.6 days (equivalent to 2.9 days per 10 years) towards earlier dates within the observed period. That is supported by the negative coefficient of the trend line -0.2913 (Figure 4A). The figure shows a significant deviation from the trend of the earlier onset of the phase in 2021. That is caused by an atypical meteorological situation in April. The temperature in this month was under the long-term (1981-2010) average temperature (Bucha et al., 2022). The onset of the LU phase exhibited the highest variability among all the evaluated phenophases (Table 2).




Figure 3 | Average, latest (Max), earliest (Min) and all (Observed onset) days of year (DOY) of onset of (A) spring phenophases (LU, Leaf unfolding; FL, Full leaves) and (B) autumn phenophases (LC, Leaf coloring; LF, Leaf fall) observed in 1996–2021 on 40 sites in the Western Carpathians, grouped by elevation zones.






Figure 4 | Trend (*p<0.05, **p<0.01) of day of year (DOY) of average onset of (A) spring phenophases (LU, Leaf unfolding; FL, Full leaves) and (B) autumn phenophases (LC, Leaf coloring; LF, Leaf fall) of European beech observed at 40 sites in Western Carpathians.



The phenological phase of full leaves (FL) typically began on 120 DOY on average. The earliest average onset of FL was observed on 114 DOY in 2014, while the latest average onset occurred on 131 DOY in 2021 (Table 2). On average, there was a 14-day difference in the onset of the FL phase between the lowest and highest elevation zones. No significant differences existed between the elevation zones of 300-500 at the onset of the FL phase. However, starting from the elevation zone 600, there was an average delay of 0-6 days as the elevation zone increased (Figure 3A). The variability of the onset of FL is similar in both spring phenophases (see Coefficient of Variation in Table 2).

The FL phenological phase exhibited a statistically significant (p<0.05) shift towards earlier dates, with an average shift of 6.2 days (equivalent to 2.4 days per 10 years) over the 26 years (Figure 4A). This significant shift and the high variability influenced by greater air temperature amplitudes during the spring period make FL a suitable bioindicator of the gradual climate change in the Carpathian region.

The correlation analysis revealed a statistically significant strong dependence (p<0.01) of the onset of spring phenological phases on elevation, with the coefficient of determination values of 0.62 and 0.55 for LU and FL, respectively (Table 3). That indicates that 62% of the change in LU onset and 55% in FL onset can be attributed to variations in elevation. The estimated accuracy of the day of the year (DOY) for LU onset is ± 7.8 days (SE= ± 3.9 days) using the derived regression model with 95% confidence, while for FL onset, the accuracy is ± 9.0 days (SE= ± 4.5 days). A linear model was employed for both spring phenophases (Figure 5A), and the b parameter of the regression line yielded a value of 0.0221 or 0.0216. It means that for every 100 m increase in elevation, the onset of spring phenophases is delayed by 2.2 days.


Table 3 | Regression estimation of the day of the year (DOY) of onset of spring (LU, Leaf Unfolding; FL, Full Leaves) and autumn (LC, Leaf Coloring; LF, Leaf Fall) phenophases based on elevation (a, b, parameters of the model; R2, Coefficient of Determination; DF, Degrees of Freedom; SE, Standart Error).






Figure 5 | Dependence (*p<0.05, **p<0.01) between the day of year (DOY) of average onset (1996–2021) of (A) spring phenophases (LU - Leaf unfolding; FL, Full leaves) and (B) autumn phenophases (LC, Leaf coloring; LF, Leaf fall) and elevation of observations, analyzed at 40 sites in the Western Carpathians.






3.2 Autumn phenology

The autumn vegetative phase of leaf coloring (LC) marks the end of the growing season. In the selected region of the Western Carpathians, the average onset of LC was recorded on 264 (Table 2). The earliest average onset of the phenophase occurred on 255 DOY in 2003. The latest average onset in the entire area was recorded on 269 in 2020.

There was a lengthening (p<0.01) of the autumn phenophase by 4.9 days over 26 years (1.9 days per 10 years) (Figure 4B). The coloring of leaves started from the highest elevation zones in the entire elevation profile. The average onset differences between neighboring elevation zones ranged from -6 to 10 days (Figure 3B). The delay in LC between the lowest and highest elevation zones averaged 14 days. The phenological elevation gradient of the phase is estimated at a 1.1-day delay per 100 m, as indicated by the b parameter (Table 3). A consistent and gradual trend of a later phenophase onset with decreasing elevation was not observed in all neighboring elevation zones. This variation can be attributed to different climatic-geographical types of phenological stations in each elevation zone. The early average onset of the phase in elevation zone 400 is influenced by a higher representation of the mountain type, moderately cool climatic-geographical subtype (code 33), which is significantly more prevalent than in the neighboring zones 300 and 500 (Figure 2). We also observe a similar deviation between zones 500 and 600 and 800 and 900. However, there is no significant difference between the representation of climatic-geographical types between the mentioned, so they result from other drivers’ actions.

Leaf fall (LF) of European beech in the study area typically began on 280 DOY, on average (Table 2). The earliest average onset was observed on 275 DOY in 2003. The latest average onset occurred on 286 DOY in 2015 and 2020. Over the 26 years of phenophase records, a statistically significant (p<0.01) delay of 6.6 days was observed, indicating a delay in the onset of the LF phase by 2.5 days per 10 years (Figure 4B). The entire elevation profile exhibited a 25-day difference in average onset between the lowest and highest elevation zones (Figure 3B). The differences in onset between neighboring zones ranged from -6 to 19 days. The variability of LF onset in elevation zones during the 26-year observation period was similar to that of the previous autumn phase (see Coefficient of Variation in Table 2) and lower than observed in the spring phenophases.

The onset of the leaf coloring (LC) phase did not exhibit a statistically significant correlation with elevation (Table 3). However, in the leaf fall (LF) phase, the correlation coefficient with p<0.05 differed significantly from zero. Compared to the spring phenophases, the relationship’s strength was notably lower based on the coefficients of determination. The influence of elevation on the LF phase during autumn accounted for only 13% of the variation in the day-of-year (DOY) values for the onset of the phenophase. The accuracy of estimating the DOY of these phenophases from the regression models mentioned earlier was lower. For the LF phenophase, a more suitable regression model was found using a logarithmic function with negative values of the parameter a (Table 3). Its course is depicted in Figure 5B. The differences in the earlier onset of LF with increasing elevation were more pronounced at lower elevations and decreased at higher elevations. The investigated phenological elevation gradient indicated an earlier onset by 2.9 days per 100 m between 300 and 400 m a.s.l., 1.5 days per 100 m between 600 and 700 m a.s.l., and 1.1 days per 100 m between 900 and 1000 m a.s.l.




3.3 Trends in growing season duration

One reliable method for assessing climate change’s impact on beech phenology is through long-term monitoring of the growing season (GS) duration. In the assessed area, the average length of the growing season was 149 days. The shortest average growing season was recorded in 2003 (137 days), the longest occurred in 2014 (158 days), and was followed by another six-long GS (Figure 6). These years were classified as extremes in terms of air temperature and precipitation during the summer, with 2003 being exceptionally dry and warm compared to 2014, which experienced more typical climatic conditions (Lapin et al., 2016; Škvareninová et al., 2018). The lengthening trend of the growing season was statistically significant at p<0.01, with a correlation coefficient of 0.6. Over the entire monitoring period, the growing season was extended by an average of 12 days, equivalent to 4.8 days per 10 years.




Figure 6 | Average length of growing season (GS) of European beech observed on 40 sites in the Western Carpathians (2003 – year of the shortest GS, 2014 – year of the longest GS) and its trends (**p<0.01) for 1996–2021 and 1996–2020.



The average duration of the growing season varied by 28 days between the lowest (300) and highest (1000) elevation zones (Table 4). Generally, the average duration of the growing season increased with decreasing elevation. However, there was an exception in elevation zone 400, where the average growing season was shorter than neighboring zones. Zone 400 and zone 600 exhibited high climatic-geographical heterogeneity of the sites (Figure 2), leading to this bias. The observation further demonstrates the heterogeneity of phenological stations in zone 400, where the absolute longest growing season in 1999 (195 days) and the shortest one in 2021 (100 days) were recorded in this elevation zone.


Table 4 | Average length, the extremes in the growing season, and the lengthening trend in elevation zones (  - Mean, xmin - the Shortest Duration, xmax - the Longest Duration, R - Coefficient of Correlation).



A statistically highly significant trend (p<0.01) of lengthening the growing season was observed in five elevation zones, and it was significant (p<0.05) in one zone (Table 4). However, a statistically insignificant trend of lengthening the growing season was found in elevation zones 400 and 600. The most pronounced lengthening trend was observed in elevation zones 900 and 300 (Table 4). These results indicate a lengthening of the growing season in most elevation zones of the beech occurrence in the Western Carpathians as a response to warming, except for elevation zones 400 and 600.

The warming trends during the critical months impacting the initiation (March and April) and conclusion of the growing season (September and October) are illustrated in Figure 7. In the period spanning 1996-2021, a statistically significant increase in 2-monthly average temperatures during autumn was confirmed (p<0.05), with a rate of 0.06°C per year. Conversely, for the spring months, this trend was either inconclusive or only verified after the exclusion of the extreme value noted in the 2-month average of 2021. Within the timeframe of 1996-2020, the statistical test affirmed the significance (p<0.05) of rising temperatures during the spring months, showing an increase of 0.08°C per year.




Figure 7 | Trends (*p<0.05) in development of mean of two-month average temperature before and during the onset of spring phenophases (March, April) and autumn phenophases (September, October) for the periods 1996-2021 and 1996–2020; the mean determined from measurements at four meteorological stations in the elevation gradient of the Western Carpathians, ranging from 231–906 m a s.l.



To substantiate the impact of increasing temperatures on the prolongation of the growing season, we assessed the correlation between the day of year (DOY) for the onset of Leaf unfolding (LU) (Figure 8) and Leaf coloring (LC) (Figure 9) with the 2-month average temperatures of March and April, as well as September and October. The analysis was conducted separately for each elevation zone. Concerning the commencement of the growing season, the influence of average temperatures in March and April emerged as a significant driver (p<0.01) for the earlier onset of this spring phenophase across all zones from 300-1000. However, increasing temperatures in September and October did not exhibit an impact on the conclusion of the growing season. Except for the altitude zone 900, other zones did not demonstrate a significant influence of temperature on the shift of the growing season’s end (Figure 9).




Figure 8 | Dependence (**p<0.01) of day of year (DOY) of leaf unfolding (LU) average onset (1996-2021) on the 26-years mean (Tg) of two-month (March, April) average temperatures, derived for elevation zones 300-1000 at 40 sites in the Western Carpathians.






Figure 9 | Dependence (**p<0.01) of day of year (DOY) of leaf coloring (LC) average onset (1996-2021) on the 26-years mean (Tg) of two-month (September, October) average temperatures, derived for elevation zones 300-1000 at 40 sites in the Western Carpathians.



The elevation gradient of the growing season duration is illustrated in Figure 10. According to the quadratic function, elevation accounts for 53% of the variability in GS duration (R2 = 0.53). The decrease in GS duration with increasing elevation is more gradual in the lower elevations of 300–600 m, with a gradient of 1.7–2.7 days per 100 m. At 700–1000 m elevations, the gradient increases to 3.3–4.8 days per 100 m. There is a more significant variation in the mean duration of the growing season in the elevation range of 400-600 m (Figure 10), corresponding to a more significant variation in climatic and geographical conditions at these sites (Figure 2, elevation zones 400, 500, 600). The marked variation in growing season duration (GS) values, indicated by the climatic-geographical code 31 (mountain type, warm subtype) and 33 (mountain type, moderately cool), represents sites with slight differences in elevation (81 m). However, the average duration of the growing season over the 26 years significantly differs between these sites (  =132 days,   =169 days). ANOVA and post-hoc test confirmed a significant (p<0.05) difference in average growing season (GS) duration within some climatic-geographical types evaluated for 23 sites located within elevation zones from 400 to 600. The average GS duration in the mountain, moderately cool subtype (code 33) and mountain, cool (code 34) is shorter by 5.4 days and 4,6 days, respectively, compared to the mountain, moderately warm subtype (code 32) and 7.8 days and 7.0 days respectively compared to the mountain, warm subtype (code 31) (Figure 11). For other represented subtypes, the valley, moderately warm (code 22) and valley, moderately cool (code 23), were not confirmed significant differences in GS duration due to their big variance within the subtype.




Figure 10 | Dependence (**p<0.01) of long-term (1996–2021) mean of growing season (GS) duration on the elevation at 40 sites in the Western Carpathians (R2 – Coefficient of Determination, 31 – Mountain climatic-geographical type and warm subtype, 33 – Mountain climatic-geographical type and moderately cool subtype).






Figure 11 | Differences in long-term (1996-2021) mean of the growing season (GS) duration between climatic-geographical subtypes occurring within elevation zones 400-600 (22 – Valley, moderately warm, 23 – Valley, moderately cool, 31 – Mountain, warm, 32 – Mountain, moderately warm, 33 – Mountain, moderately cool, 34 – Mountain, cool).



Based on the findings, we have discovered that climatic-geographic types represent another factor influencing the duration of growing season, taking into account the conditions of relief anomalies. This factor explains the disruption of the elevation gradient sequence between certain elevation zones. This leads to a situation where the growing season lasts longer in elevation zone 500 than in lower one 400 (Table 4). We attribute this to the fact that in the elevation zone 400 the sites with phenological observations were represented up to 55% by subtype 33 mountain, moderately cool), and in elevation zone 500 the warmer subtypes 31 and 32 (mountain, warm and moderately warm) dominated with a representation of 66% (Figure 2).

The results indicate that phenological phases serve as important bioindicators of climate change, even when a sufficient amount of meteorological data is not available. Shifts in phenophase trends result in an extension of the growing season, which serves as evidence of climate change.





4 Discussion

Indicators for objectively assessing climate change in European beech habitats include trends in the onset of phenological phases and the length of the growing season.

Our findings for the spring phenological phases LU and FL, covering 1996-2021, reveal a trend of their earlier onset. These results are consistent with the work of Schieber (2006) in the central part of the Inner Western Carpathians, which also showed a shift towards an earlier onset of spring phenological phases. Similar trends of earlier onset have been observed in several European tree species, as Bigler and Vitasse (2019) documented in the European phyto-phenological database. Spring phenology of temperate trees has advanced worldwide in response to global warming. According to Wenden et al. (2020), the onset of spring phases is a response to higher spring temperatures, which is more pronounced in colder regions as an evident manifestation of ongoing climate warming.

Earlier onset of spring phenophases was observed in Western European regions before 2000. Our results suggest that changes are also occurring at present. Ahas et al. (2002) found a shift of 3-4 days per 10 years during the period 1951-1998, while Jablonska et al. (2015) confirmed an earlier onset of spring phases of nine tree species by 1.8-3 days per 10 years in Poland between 1951 and 1990. A study conducted in mountainous areas above 1000 m a.s.l. in Slovenia recorded an increasing trend of earlier onset by 1.52 days per 10 years, while no changes were observed in lower elevations (Čufar et al., 2012). Dewan et al. (2020) highlight the spatiotemporal fluctuations of spring air temperature due to ongoing climate change, resulting in a rapid phenological response in beech. We observed such a reaction in 2014. Our results correspond to the early onset of LU in the north-eastern part of Austria in the same year (Dolschak et al., 2019). This phenological extreme makes it possible, even without temperature data, to confirm the agreement of temperature conditions with other mountain regions of Europe. It is a manifestation of the dynamics of temperature changes as one of the accompanying phenomena of climate change.

We focused on mountain areas within this region Western Carpathians to ensure comparability for our study. Older research by Ermich (1960) indicated that leaf unfolding at an elevation of 1000 m a.s.l. occurred at the turn of the third and fourth week of May. Our results at this elevation demonstrate an average onset in the first week of May. These phenological differences highlight the changing temperature conditions, even at higher elevations.

The autumn phenophases LC and LF exhibited a trend of later onset and lower variability compared to the spring phases. A statistically significant delay of 6.6 and 4.9 days was observed for the autumn phases over 26 years (equivalent to 2.5 and 1.9 days per 10 years, respectively). Schieber et al. (2017) recorded a delay of the LC phase by 4.3 days per 10 years in the submontane European beech forest of the Inner Western Carpathians from 1995 to 2015. Our results demonstrate that the onset of autumn phenophases varied across individual elevation zones. Notably, a substantial early onset of LC was observed at the 400 m elevation zone, likely influenced by the moderately cold mountainous climate and the effect of cold air from the inverse valleys. Similar phenological responses in mountainous locations have also been reported by Schuster et al. (2014).

The dynamics and increased occurrence of extreme weather events are accompanying signs of climate change (Ziernicka-Wojtaszek, 2021). Lapin et al. (2016) reported more frequent extreme summer temperatures and heatwaves in the monitored area during 1995-2015 (specifically in 1995, 2003, 2013, and 2015). In specific years (2003, 2013), these extreme events led to an earlier onset of LC in our study area, particularly in lower locations. Early leaf coloring in beech trees was also observed in other Central European countries in 2003 (Seletkovič et al., 2009). Extreme weather events can impact the earlier onset of LC and consequently shorten the beech growing season in the study area. Conversely, in years with favorable weather (such as in 2014), the autumn phases occurred later, as confirmed by Lukasová et al. (2020). That aligns with our results showing the most extended growing season in 2014 for the entire monitoring period.

Climate change also affects the phenological elevation gradient. We found phenological elevation gradients of 2.2 days per 100 m for the spring phenological phases during 1996-2021. This gradient is slightly lower than the gradient reported by the beech phenological network in Slovenia (Čufar et al., 2012), which documented a shift in the gradient of 2.6 days. Schieber et al. (2013) reported higher gradients (2.8-3 days per 100 m) for the spring phenophases of beech in the Inner Western Carpathians, which can be attributed to a wider elevation range of 200-1400 m and a shorter period. A comparison of these results suggests a reduction in the elevation gradient for spring phenophases with ongoing climate change.

The elevation gradient of leaf coloring (LC) varied along the elevation profile, as noted by Bialobok et al. (1990). Up to 500 m elevation, a phase shift of 2 days per 100 m towards earlier onset. Above 500 m, the gradient increased to 3-4 days per 100 m elevation. Our results demonstrated a less pronounced and linear development of the LC gradient, with a shift of 1.1 days per 100 m across the entire elevation profile. Popescu and Sofletea (2020) also found a more significant elevation gradient of 1.8-2.4 days per 100 m in the Western Romanian Carpathians at 200-1200 m elevations. They observed a non-linear gradient development, similar to Bialobok et al. (1990), but with greater shortening at higher elevations. These differences in results may be influenced by the presence of a sub-Mediterranean climate in lower areas up to 500 m, which was not present in our study area. For the elevation interval of 200-1400 m in the central part of the Carpathians during the years 2007-2011, Schieber et al. (2013) reported a consistent gradient of 1-1.8 days per 100 m, which aligns with our findings. During the autumn period was lower variability in the onset of phenophases. This finding is also supported by the work of Čufar et al. (2012).

Our research investigated a non-linear course of the elevation gradient (1.1-2.9 days per 100 m) for the onset of the leaf fall (LF) phase. Schieber et al. (2013) reported a 1-1.78 days per 100 m gradient, consistent with our results for elevations above 500 m. However, we observed a higher gradient for the lower elevation of beech occurrence. The more significant difference in the LF gradient up to 500 m elevations could be influenced by the development caused by further environmental over the last decade, which was not considered in the evaluation by Schieber et al. (2013). Further research is needed to confirm these findings.

Analysis of tree data from the International Phenological Gardens network for 1969-1998 revealed that the average length of the growing season in similar geographical conditions ranged from 132 to 146 days, depending on the tree species. The start of the growing season shifted earlier by an average of eight days (2.7 days per 10 years) (Chmielewski and Rötzer, 2001, 2002). These trends toward a longer growing season are attributed to global warming (Ahas, 1999; Beaubien and Freeland, 2000). Our results indicate a more significant impact of warming in the past two decades. Similar findings of a growing season duration of 154 days have been reported for these areas by Schieber et al. (2013). Scientific projections suggest that further warming could extend the beech growing season by 20 days (3.3 days per 10 years) in the next 60 years (Prislan et al., 2019). These trends of earlier spring and later autumn phenophases onset are likely to influence the competitive balance among species (Vitasse et al., 2011). Beech populations at lower elevations may experience a shorter growing season due to drought conditions (Vitasse et al., 2010). Vitase and Basler (2013) assert that beech phenology follows a non-linear trend across biogeographical gradients, such as changes in elevation and photoperiod. We did not deal with the influence of photoperiodism in our work, as it is an area with minor differences in longitude (48°13’-49°31’N) of individual sites, where this influence is insignificant. Our analyses confirmed that the duration of the growing season shortens with increasing elevation and present similar results reported by Popescu and Sofletea (2020) regarding the shortening of the growing season by 4 days per 100 m in the region of the Western Romanian Carpathians. Extreme changes of weather can cause sudden changes in the length of the growing season (Schueler and Liesebach, 2015). For instance, in 2003 our phenological results indicate a shortening of the growing season by up to 12 days compared to the similar results (14 days) (Massonnet et al., 2021).

Monitoring climate change using phenological elevation gradients will provide valuable insights into the development and response of forest trees to climate change and trends in elevation and spatial distribution.




5 Conclusion

Phenological observations of tree species serve as a suitable bioindicator for objectively assessing climate development, utilizing the trends in the onset of phenological phases, phenological elevation gradients, and the length of the growing season. This study documented the changes in selected spring and autumn vegetative phases of European beech (Fagus sylvatica L.) based on long-term observations (1996-2021) across eight elevation zones characterized by diverse geographical and climatic conditions. The heterogeneity of climatic-geographical types between elevation zones helped to explain the atypical onsets of phenological phases concerning elevation.

The findings confirm a statistically significant trend of earlier onset for spring phenophases (LU, FL). The phases exhibit high variability, reflecting changes and dynamics in air temperature over the entire period and within individual years. In contrast, the trend of later onset for autumn phases proved less significant. The dependence of the onset of leaf coloring on the 2-month mean of temperatures before and during the months of the onset of this phenophase (September and October) was also not proven, and in general, the onsets of autumn phenophases are less variable.

The consequence of changes in the onset of spring and autumn phenophases is an elongation of the growing season throughout the entire elevation profile of European beech occurrence in the Western Carpathians. On average, the growing season of European beech in the study period lasted 149 days but shortened with increasing elevation. The intensity of shortening becomes more pronounced as elevation increases. Within the elevation range of 400-600 m, the significant heterogeneity of climatic and geographical conditions resulted in substantial variability in the duration of the growing season among locations with slight differences in elevation. The long-term trend indicates an average lengthening of 4.8 days per 10 years over the monitoring period. Our findings confirm that the lengthening of the growing season due to warming, as an expression of climate change, is predominantly attributed to the warming in the spring months.

By extending the growing season, it is assumed that the beech area will be changed to locations with optimal environmental conditions, especially in terms of adverse climatic events (late spring frosts, drought) during the growing season. However, years with climatic extremes, such as 2003, 2013, and 2021, led to significant growing season shortening. That has a significant impact on the future of beech forest management.

The phenological behavior of European beech provides valuable indicators of its response to current and long-term local climate changes. This study’s contribution lies in utilizing a climatic-geographical classification to evaluate phenological behavior, accounting for the influence of elevation and the specific climatic conditions resulting from the terrain relief. Doing so provides insights into the specific biological conditions of the European beech environment in the Western Carpathians.

The impact of climatic-geographical anomalies on the phenological processes of European beech may lead to changes in its distribution in the climatic-extreme areas within the Western Carpathians. The onset of phenophases influenced by specific climate conditions could find future applications in forestry when selecting sites where beech is less susceptible to late spring frosts. Valuable data obtained through ground-based observation methods can be utilized in modeling the further phenological development of beech under climate change conditions. Phenological data will also be useful in retrospectively assessing weather extremes in individual years by comparing phenological phases when meteorological data are unavailable.
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Introduction

Intra-speciic variation is the main source of functional trait diversity and has similar ecological effects as inter-speciic variation.





Methods

We studied 79 species and 3546 individuals from 50 ixed monitoring plots in subtropical evergreen broad - leaved secondary forests in Zhejiang Province, China. Using trait gradient analysis, we examined nine traits (speciic leaf area, leaf dry matter content, wood density, leaf area, chlorophyll content, leaf nitrogen content, leaf phosphorus content, leaf potassium content, and nitrogen-phosphorus ratio) by decomposing species functional traits into alpha (within-community) and beta (among-communities) measure the impact of environmental gradients and the presence of other species on the variation of traits.





Result

All nine functional traits showed some degree of differentiation in the forest communities, with a greater range of variation in alpha values than in beta values . Correlations were signiicantly different between the trait differences in the communities. The alpha values of each trait showed a higher correlation with other components than the beta values. The factors affecting intra-speciic trait variation were relatively complex. The alpha component had a more signiicant and stronger effect on intra-speciic trait variation compared to the beta component. Abiotic factors, such as soil nutrient content, soil nitrogen-phosphorus content, directly affected the beta component. In contrast, biotic factors, such as tree height variation, had a direct and stronger effect on the alpha component.





Discussion

Our results demonstrate that alpha and beta components, as independent differentiation axes among coexisting species, have different sensitivities to different environmental factors and traits in different ecological strategies and spatial scales. Trait gradient analysis can more clearly reveal the variation patterns of species traits in communities, which will help to understand the scale effects and potential mechanisms of trait relationships.
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1 Introduction

Forest communities rely on competition and allocation of resources such as space, time, and biotic factors, which are crucial in driving species coexistence and ecological niche differentiation (Lamprecht et al., 2018; Midolo et al., 2019; Staude et al., 2022). However, solely considering inter-specific trait variation may underestimate the overlap of species’ ecological niches and functional traits, potentially biasing our understanding of species coexistence, community function, and dynamics (Violle et al., 2007). Growing evidence suggests that variation in traits within the species is more likely to determine the competitive interactions of individual species and community-level responses to global environmental change (Bassar et al., 2017; Henn et al., 2018; Midolo et al., 2019; Thomas et al., 2020; Rixen et al., 2022; Staude et al., 2022).

Several studies have found that intra-specific trait variation explains a substantial proportion of the overall variation in traits within and between communities, having strong predictive power in predicting ecological processes, community-building mechanisms, and ecosystem function (Violle et al., 2012). Siefert et al. (Siefert et al., 2015) found that intra-specific trait variation explained 25% of the total trait variation within a community and 32% of the trait variation between communities. Albert et al. (Albert et al., 2010) found that nearly 30% of trait variation came from intra-specific variation, with the highest intra-specific variation in leaf nitrogen and carbon content. Intra-specific trait variation has been observed to facilitate the coexistence of species utilizing both biotic and abiotic filtering mechanisms. (Jung et al., 2010) and can help plants cope with environmental changes (Laforest-Lapointe et al., 2014). Studies of the communities of grassland found on the Qinghai-Tibet Plateau also found that intra-specific trait variation dominated the functional diversity changes in response to inter-annual climate fluctuations, buffering the impacts of climate on community stability. Intra-specific trait variation also influences the diversity of functional traits and the components of functional diversity, including alpha and beta diversity. (Bello et al., 2017; Thomas et al., 2020) The presence of intra-specific variation can also influence community building by affecting the distribution pattern of functional trait beta diversity which has implications for nutrient cycling, crop disease resistance, and community building (Cornwell et al., 2006; Lecerf and Chauvet, 2008; Garrett et al., 2011; Thomas et al., 2020).

Species that are screened in a local environment are theoretically able to adapt to the small habitat, which results in functional convergence among species within the community (de Bello et al., 2021). However, interactions among the biotic community lead to competition and exclusion of similar species, known as limiting similarity, which limits the similarity among coexisting species. Both individual environmental filtering and limiting similarity contribute to community structure and maintain biodiversity (Violle et al., 2012). Trait gradient analysis (TGA) provides a better understanding of interactions among communities at different levels (Cornwell et al., 2006). intra-specific trait variation can be divided into alpha and beta components. The alpha component represents the differences between the mean attributes of a species and the community’s mean attributes at its location, reflecting differences in the adaptive strategies of species that coexist within the same community environment (Swenson, 2013; Yao et al., 2020b). The beta component represents a species’ position on this trait gradient, reflecting the strength of the response signal of functional traits among species along environmental gradients. This helps to explain the respective contributions of dispersal limitation and environmental filtering in the process of community assembly (Yao et al., 2020a, Yao et al., 2020b). By studying the functional similarity between alpha and beta components within species (Swenson, 2013), it is possible to directly reveal whether species coexistence is due to strong environmental filtering or processes such as limiting similarity.

Subtropical evergreen broad-leaved forests are highly diverse and play critical roles in maintaining biodiversity and ecosystem functions. Although facing habitat loss and threats from human activities, the species composition, structure, and function of subtropical evergreen secondary forests are significant for biodiversity conservation, climate regulation, soil and water conservation, and prevention of land degradation (Zhang et al., 2022). To gain insights into species’ functional traits and community dynamics, we conducted a study of 50 fixed monitoring plots of subtropical evergreen secondary forests in Zhejiang Province, with 79 species and 3546 individuals. We collected data on nine functional traits and community data, and the trait gradient method to decompose species functional traits into alpha traits (within the community) and beta traits (between communities) to quantify the effects of environmental gradients and coexisting species on trait variation. We hypothesized that small habitat heterogeneity and few individuals of the same species at the local scale would result in high similarity among coexisting individuals and smaller alpha diversity within species, while large habitat heterogeneity among different plots would result in larger beta diversity within species due to significant differences between individuals of the identical species that are growing in separate plots.




2 Study area and methods



2.1 Overview of the study area

Wuchao Mountain National Forest Park is situated in Xianlin Town, Yuhang District, Hangzhou City, Zhejiang Province, China (33.410◦ N, 120.013◦ E), and is part of the veins of Tianmu Mountain. This park is a natural forest ecosystem situated in the suburban area of the city, covering a total area of 522 hectares. It has an average altitude of 264 meters, with the highest point reaching 495 meters. Positioned within the central subtropical zone, the park benefits from abundant water resources and favorable heat conditions. The average annual temperature is 16.1°C, with January being the coldest month (averaging 3.6°C) and August being the warmest (averaging 38.4°C). The park also experiences an annual average of 1970.6 sunshine hours and has a plant growth period of 311 days, and the forest coverage rate is approximately 93%, showcasing its rich plant species diversity. The area is mainly characterized by red and yellow soil types, and evergreen broad-leaved forests are the predominant vegetation, featuring trees such as Cyclobalanopsis glauca, Castanopsis chinensis, Schima superba, Castanopsis sclerophylla. The park has undergone significant restoration efforts, as it was previously subjected to human interference before the 1970s. For the last four decades, the forest has been entirely protected and designated for afforestation purposes.




2.2 Data collection and analysis

Between October 2020 and June 2021, we established fifty permanent forest dynamics plots, each covering 0.04 ha, in Wuchao Mountain National Nature Reserve. The plots were located at elevations ranging from 340.1 to 467.4 m, where the forest composition, structure, and habitat were all homogeneous, which the tree species composition within the studied plots is similar. In every plot, the diameter at breast height (DBH) and height (H) of all woody stems with a DBH of 1 cm or greater were measured and identified to the species level in collaboration with local botanists.

We evaluated key functional traits including specific leaf area (SLA, mm2/mg), leaf dry matter content (LDMC, mg/m2), relative chlorophyll content (SPAD), wood density (WD, g/cm³), leaf nitrogen content (LNC, mg/g), leaf phosphorus content (LPC, mg/g), leaf potassium content (LKC, mg/g) and leaf nitrogen to phosphorus ratio (N:P) separately To obtain these measurements, we collected 10-20 healthy and mature sun leaves for each species and analyzed their morphology, chlorophyll content, and nitrogen to phosphorus content. We used a leaf area meter, an electronic balance, and an oven to measure specific leaf area and leaf dry matter content while a handheld chlorophyll meter (Konica Minolta SPAD-502) was used to measure leaf chlorophyll content. Leaf elemental analysis was conducted in the laboratory on dried leaf samples. In each of the permanent forest dynamics plots, we gathered branches and leaves from all individuals with a DBH of 10 cm or greater. Concerning individuals with a DBH less than 10 cm, we selected the five largest individuals for each species. If in a plot, fewer than five individuals of a species were found, we sampled all individuals of that species present in the plot. The functional trait information we measured from the all the individual level in all the plots. In total, we measured and sampled 3546 individuals, representing 79 species across the 50 plots.




2.3 Trait gradient analysis

The community was organized based on the average trait values of the species, with the trait values weighted by species abundance. The functional traits were categorized into two values: alpha and beta traits. The beta trait indicates the species’ position on the trait gradient, representing its response to environmental changes within the community. On the other hand, the alpha trait refers to the disparity between the average species properties and the community averages at their respective positions. This reflects the diverse adaptation strategies of coexisting species to the shared community environment (Cornwell et al., 2006). These calculations were performed using the formulas proposed by Cornwell (Cornwell et al., 2006).

	

	

	

The process of Trait Gradient Analysis (TGA) involves breaking down traits into various components. Firstly, the abundance of each species in a given sample is denoted by aij. The average trait of a sample, pj, is then calculated by weighing the abundance of each species in that sample (Equation (1)). All samples are then arranged in order of their average trait (p>j), thus creating the trait gradient. The value of the beta trait within a given species (i) is determined by calculating the average trait of that species across all samples, with each value being weighted by the abundance of that species (Equation (2)). The average range of a given species (i) is referred to as the ti value. Finally, the discrepancy between the average range (ti) and the beta trait (as per Equation (3)) is known as the alpha trait value of species i.




2.4 Analysis method

In this study, we employed a range of statistical methods to analyze the functional traits of different species. First, to analyze the functional traits and examine the variation between alpha and beta values, we employed the TGA method (Yao et al., 2020b). Additionally, we utilized the skewness analysis method to investigate the distribution of alpha and beta values, determining if the distribution exhibited right-skewness, left-skewness, symmetry, or uniformity. To compare functional traits among species, we adopted chi-square tests (*p< 0.05; **p< 0.01; ***p< 0.001) and transformed the SLA, LA, LNC, LKC, and N:P values using a log10 transformation, as these traits did not follow a normal distribution. To identify the main influencing factors, we conducted separate principal component analyses on the alpha component, beta component, soil nutrients, and biotic factors. Subsequently, we employed structural equation modeling (SEM) to investigate the direct and indirect impacts of soil nutrients and biotic factors on intra-specific trait variation, taking into account the alpha and beta components. The SEM was fitted using the maximum likelihood method, and the goodness of fit was evaluated based on several metrics, including the comparative fit index (CFI), root mean square error of approximation (RMSEA), significance probability value (P), and Akaike’s information criterion (AIC). A good fit was indicated by CFI > 0.9, RMSEA< 0.08, P > 0.05, and a smaller AIC value. Statistical analysis and plotting were performed in R 4.2.1.





3 Result



3.1 Functional trait variation in evergreen broad-leaved secondary forest communities

The evergreen broad-leaved secondary forest community displays some degree of functional trait differentiation among its nine functional traits. Plant traits such as SLA, LA, and CHL have the highest mean values, whereas LDMC and LKC have the lowest mean values. LPC and LA exhibit the greatest range of variation in mean values, while CHL and WD exhibit the least. Additionally, the scope of alpha values is greater than the beta values, with LPC and LKC having the highest range of variation in alpha values, and CHL and WD having the lowest. LPC and LA exhibit the largest range of variation in beta values, while CHL and N:P exhibit the smallest range of variation. Ecologically, LA and LPC possess the broadest niche width, whereas CHL, WD, and N:P exhibit the narrowest niche width. The functional traits with the largest mean values in the plot are SLA, CHL, and LA, while LDMC and LPC have the smallest mean values. The functional traits with the largest range of variation in plot mean values are LPC and LA, while CHL and WD have the smallest range of variation (Table 1).


Table 1 | Mean and range of plant functional traits parameters.






3.2 Functional trait differentiation and correlation of evergreen broad-leaved secondary forest community

There are significant differences in the correlations among different functional traits in the evergreen broad-leaved secondary forest community. There is a strong correlation (p< 0.001, r > 0.84) between Ti (the mean value of functional traits for each species) and alpha for all traits except LKC and N: P. There is a weak significant correlation (p< 0.001, r > 0.84) between Ti and beta for all traits except LKC and N: P. It is hardly found that there is a significant correlation between Ti and Rs (species richness). Only LDMC, WD, LA, and LNC show weak significant correlations between alpha and beta (p< 0.05, r > 0.24), while there is no significant correlation between other functional traits. The significant correlation (p > 0.05) between Rs and the differentiation of functional traits (Ti, alpha and beta) for each trait cannot be found. We found that intra-specific trait variation dominates among species trait variations (Figures 1, 2).




Figure 1 | The histograms and distribution plot of alpha and beta components for functional traits of evergreen broad-leaved secondary forest communities. Solid blue lines indicate linear regression fits and the surrounding grey-shaded area denotes the 95% condifence interval. R2 refers to the goodness of fit of the model, the higher the fit.






Figure 2 | Association of functional traits in evergreen broad-leaved secondary forest communities. * p< 0.05; ** p< 0.01; *** p< 0.001. Significant correlation.






3.3 Factors affecting intra-specific trait variation in evergreen broad-leaved secondary forests

The factors influencing the variation of intra-specific traits in the evergreen broad-leaved secondary forests of Wuchao Mountain in Zhejiang are relatively complex. As shown in Figure 3, the variables explain 37% of the observed variation. The direct impact of the alpha and beta components on intra-specific trait variation was found to be statistically significant (P< 0.05), and the path coefficients were respectively 0.58 and 0.19. Abiotic factors, such as soil nutrients and nitrogen-phosphorus content, have a direct effect on the beta component (P< 0.001, path coefficient of 0.72). Biotic factors, such as variation in tree height, have a direct effect on the alpha component (P< 0.001, path coefficient of 0.46). Abiotic factors have a direct effect on biotic factors (P< 0.001, path coefficient of 0.28). Overall, these results demonstrate that multiple factors contribute to intra-specific trait variation in the evergreen broad-leaved secondary forests of Wuchao Mountain in Zhejiang, with both biotic and abiotic factors playing a crucial role.




Figure 3 | Effect of biotic and soil factors, alpha components, and beta components on intraspecific trait variation. Path coefficients negative χ2 = 5.62, df=7, p=0.78 positive RMSE=0.00, AIC=33.50.







4 Discussion



4.1 Functional trait components of evergreen broad-leaved secondary forest communities

The variation observed in plant functional traits indicates the capacity of species to adapt to changes in their environment and is closely linked to community composition and ecological processes, like productivity and litter decomposition (Orwin et al., 2010). Our study found varying degrees of differentiation in the alpha and beta components of nine functional traits in the evergreen broad-leaved secondary forest community. This implies that the differences in the extent of variation in each trait or differences in trait combinations reflect the response of each functional trait to environmental change and species coexistence, ultimately leading to the differentiation of species’ ecological niches and ecological strategies. However, the degree of response of different traits varies (Yao et al., 2021) and may be attributed to the allometric relationships between different traits, resulting in inconsistent trait stability. The highest degree of differentiation in alpha components was leaf area. This is likely because leaves are the link through which plants convert and utilize energy through photosynthesis, making them most sensitive to habitat changes (Markesteijn et al., 2011).

Further research confirms that some plant functional traits, including leaf traits and plant nutrient content, exhibit stronger plasticity in local environments and competition (Kunstler et al., 2016; Thomas et al., 2020). Leaf dry matter content and wood density are relatively stable and exhibit a delayed reaction to changes in the environment, as they are long-term tree growth results that are related to the plant’s support, resistance to pest and disease erosion, and resource acquisition abilities (Choat et al., 2012). However, the range of trait changes across species is larger, possibly because of differences in survival strategies formed by different species adapting to different environments. Both evergreen and deciduous tree species are major dominant species in the secondary forest community of Wuchao Mountain (Yao et al., 2022), and different survival strategies affect trait variation. Conservative species may show lower within-species trait variation while displaying absolute trait values (Rixen et al., 2022). For example, evergreen tree species increase their light resource utilization efficiency through high leaf dry matter content (positive alpha value) and low specific leaf area (negative alpha value), while deciduous tree species acquire light resources rapidly during the period of active growth by having a high specific leaf area (positive alpha value) and low dry matter content (negative alpha value). Our study also confirms the existence of obvious trait differentiation phenomena, such as leaf phosphorus content, leaf dry matter content, and specific leaf area in the subtropical evergreen broad-leaved secondary forest community.

Based on Yao et al (Yao et al., 2021), the alpha components of 9 functional traits in the secondary evergreen broad-leaved forest community on Wuchao Mountain exhibit a greater range of variation than the beta components. This suggests that the interactions among coexisting species within each sample community have a stronger influence than the effects of environmental differences between communities. The small geographic area of the study, which consisted of 30 randomly located fixed plots within mid-stage forest communities that had recovered from disturbance, may be the main reason for this observation. Larger trees are more likely to experience competitive exclusion due to their greater demand for habitat resources. Species dispersal limitations and interactions generally occur at small community scales, while environmental filtering is more prevalent at larger community scales. Additionally, the sample plots in the secondary evergreen broad-leaved forest community on Wuchao Mountain exhibit a larger ecological niche width compared to individual species. This may be attributed to the increased environmental heterogeneity within the community, which expands the ecological niche of the species and increases the niche width of the sample plots. These findings carry significant implications for comprehending the interactions and species distribution patterns of the ecosystem in this region.




4.2 Association of functional trait components in evergreen broad-leaved secondary forest communities

Plants’ ability to adapt to the heterogeneous biotic and abiotic environments within a community is enhanced by the interactions between their functional trait components. These interactions deepen the connections between species, communities, and ecosystems (Kraft and Ackerly, 2010; Kunstler et al., 2016). Plant functional trait values are determined by the combined effects of alpha and beta values, and species ecological strategies are determined by the multidimensional trait combinations. The interactions between multidimensional trait combinations demonstrate that species utilize similar ways to adapt to environmental filtering in a community. Each trait independently defines a functional axis in species strategy, and due to the interactions between coexisting species, independent trait axes may differentiate and couple showing high correlations at both global and regional scales but might be uncorrelated at local scales (Webb et al., 2002; Cornwell et al., 2006). It was shown in the studies that the correlations between alpha components are stronger than those between beta components, indicating that multiple plant functional traits exhibit high overall convergent adaptability to the same biotic factor as competition. This may be owing to the small sampling area, low quantity of individuals within the plot, small environmental heterogeneity, and higher genetic correlations among adjacent individuals at the local scale (Albert et al., 2010). This proves that biotic factors, like competition, led to the convergence of functional traits in species adaptation, and natural selection or environmental stress increases trait differentiation at the local scale (Kunstler et al., 2016). The mid-successional evergreen broad-leaved forest in Wuchao Mountain selectively filters out evergreen and deciduous tree species through inter-specific competition. Species adapt to intra-specific or inter-specific competition within the community by adopting similar ways, such as through the plasticity of one or more functional traits (Diaz et al., 2004).




4.3 Factors influencing intra-specific trait variation in evergreen broad-leaved secondary forests

The evolution of species traits is driven by two main factors: limiting similarity and environmental filtering. SEM found that Biotic competition significantly increases trait variation within species in the secondary broad-leaved evergreen forest of Wuchao Mountain. This finding confirms that species interactions and dispersal limitations mainly occur at the small community scale, while environmental filtering occurs at the larger community scale (Thomas et al., 2020). Our study focuses on a local region, and existing research suggests that at relatively small scales (<100m), species turnover determines the pattern of beta diversity in the formation of subtropical suburban secondary evergreen broad-leaved forest. At small scales, the main influence is diffusion limitation, with increasing environmental filtering effects as the scale expands, and a gradual decrease in the influence of diffusion limitation (Yao et al., 2023). Therefore, environmental filtering is the primary factor influencing community assembly in the studied area. As coexisting species interact more, the differences between the alpha traits of species and the community level increase, indicating stronger differentiation of species’ alpha traits and a stronger correlation between species’ alpha traits. In a community, species use different combinations of niche differentiation and trait variation to adapt to their environment and reduce competition for resources. The functional trait beta component is also influenced significantly by environmental and spatial variables. Because all plants use similar strategies to utilize resources such as nitrogen, phosphorus, potassium, water, light, and CO2 in the local environment, species niche differentiation is not very evident when there is limited availability of resources in the habitat. At the regional scale, habitat heterogeneity among different sample sites is large, and individuals belonging to different sample sites may have significantly different genetic structures (Albert et al., 2010). Thus, at the community level, environmental filtering reduces within-species variation, while niche differentiation increases it.

The functional traits influence the distribution of plants along environmental gradients, which also reflect their interactions with coexisting species. Studies have found that trait gradient analysis integrates two different perspectives. Firstly, it emphasizes the role of resource differentiation, interference, and trait variation among coexisting species (referred to as the alpha value) to understand the mechanisms of biodiversity maintenance (Weiher and Keddy, 1995). Secondly, the other highlights the impact of environmental heterogeneity on species coexistence by integrating changes along environmental gradients such as soil, climate, and topography (known as beta value) (Wright, 2002). Kooyman et al. (Kooyman et al., 2010) concluded that differences in species traits are essential in determining community stability in similar environmental conditions, indicating that the differences in species traits are an important factor in determining community stability in communities with similar environmental conditions. Intra-specific trait variation can also impact the outcome of species competition, as shown by Flöder et al. (Flöder et al., 2021) and Kunstler et al (Kunstler et al., 2016). Habitat filtering plays a crucial role in trait variation, particularly in conditions where environmental gradients differ significantly, such as along latitudinal gradients with marked climate differences. For example, a study on the functional trait differences of plants across North America found that trait differences were strongly correlated with environmental factors, but the impact of species competition intensity on trait variation was small (Šímová et al., 2015).





5 Conclusion

This study used the trait gradient method to analyze the functional traits of species into alpha (within-community) and beta (between-community) components, revealing trait variation patterns in communities. The basic driving forces behind species coexistence in local communities are the opposing forces of environmental filtering and similarity limitation. We discovered that biotic interactions within plots had a greater impact on trait variation in the evergreen broad-leaved secondary forest community of Wuchao Mountain, while abiotic factors had a relatively weaker influence. In small habitats with limited resources and relatively homogenous conditions, dominant competitive exclusion among species played a significant role in community assembly, with limiting similarity being a key factor. The findings of this research will contribute to the comprehension of the fundamental connections between species traits, thus enhancing the comprehension of species coexistence mechanisms and clarifying the instability of evergreen broad-leaved secondary forests during the succession process.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

LY and BJ designed this study and improved the English language and grammatical editing. LY wrote the first draft of the manuscript and performed the data analysis. ZW and CW did the fieldwork. BJ gave guidance and methodological advice. All the coauthors contributed to the discussion, revision, and improvement of the manuscript. All authors have read and agreed to the published version of the manuscript.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was financially supported by the Zhejiang Provincial Scientific Research Institute special project (2022F1068-2); the Zhejiang Provincial Natural Science Foundation project (LQ23C030001), “Pioneer” and “Leading Goose” R&D Program of Zhejiang (2022C02053); and the Major Collaborative Project between Zhejiang Province and the Chinese Academy of Forestry (2021SY08).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1223351/full#supplementary-material




References

 Albert, C. H., Thuiller, W., Yoccoz, N. G., Soudant, A., Boucher, F., Saccone, P., et al. (2010). Intraspecific functional variability: extent, structure and sources of variation. J. Ecol. 98, 604–613. doi: 10.1111/j.1365-2745.2010.01651.x

 Bassar, R. D., Travis, J., and Coulson, T. (2017). Predicting coexistence in species with continuous ontogenetic niche shifts and competitive asymmetry. Ecology 98, 2823–2836. doi: 10.1002/ecy.1969

 Bello, F., Šmilauer, P., Diniz-Filho, J. A. F., Carmona, C. P., Lososová, Z., Herben, T., et al. (2017). Decoupling phylogenetic and functional diversity to reveal hidden signals in community assembly. Methods Ecol. Evol. 8, 1200–1211. doi: 10.1111/2041-210X.12735

 Choat, B., Jansen, S., Brodribb, T. J., Cochard, H., Delzon, S., Bhaskar, R., et al. (2012). Global convergence in the vulnerability of forests to drought. Nature 491, 752–755. doi: 10.1038/nature11688

 Cornwell, W. K., Schwilk, D. W., and Ackerly, D. D. (2006). A trait-based test for habitat filtering: Convex hull volume. Ecology 87, 1465–1471. doi: 10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2

 de Bello, F., Lavorel, S., Hallett, L. M., Valencia, E., Garnier, E., Roscher, C., et al. (2021). Functional trait effects on ecosystem stability: assembling the jigsaw puzzle. Trends Ecol. Evol. 36, 822–836. doi: 10.1016/j.tree.2021.05.001

 Diaz, S., Hodgson, J. G., Thompson, K., Cabido, M., Cornelissen, J. H. C., Jalili, A., et al. (2004). The plant traits that drive ecosystems: Evidence from three continents. J. Vegetation Sci. 15, 295–304. doi: 10.1111/j.1654-1103.2004.tb02266.x

 Flöder, S., Yong, J., Klauschies, T., Gaedke, U., Poprick, T., Brinkhoff, T., et al. (2021). Intraspecific trait variation alters the outcome of competition in freshwater ciliates. Ecol. Evol. 11, 10225–10243. doi: 10.1002/ece3.7828

 Garrett, K. A., Forbes, G. A., Savary, S., Skelsey, P., Sparks, A. H., Valdivia, C., et al. (2011). Complexity in climate-change impacts: an analytical framework for effects mediated by plant disease. Plant Pathol. 60, 15–30. doi: 10.1111/j.1365-3059.2010.02409.x

 Henn, J. J., Buzzard, V., Enquist, B. J., Halbritter, A. H., Klanderud, K., Maitner, B. S., et al. (2018). Intraspecific trait variation and phenotypic plasticity mediate alpine plant species response to climate change. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01548

 Jung, V., Violle, C., Mondy, C., Hoffmann, L., and Muller, S. (2010). Intraspecific variability and trait-based community assembly. J. Ecol. 98, 1134–1140. doi: 10.1111/j.1365-2745.2010.01687.x

 Kooyman, R., Cornwell, W., and Westoby, M. (2010). Plant functional traits in Australian subtropical rain forest: partitioning within-community from cross-landscape variation. J. Ecol. 98, 517–525. doi: 10.1111/j.1365-2745.2010.01642.x

 Kraft, N. J. B., and Ackerly, D. D. (2010). Functional trait and phylogenetic tests of community assembly across spatial scales in an Amazonian forest. Ecol. Monogr. 80, 401–422. doi: 10.1890/09-1672.1

 Kunstler, G., Falster, D., Coomes, D. A., Hui, F., Kooyman, R. M., Laughlin, D. C., et al. (2016). Plant functional traits have globally consistent effects on competition. Nature 529, 204–207. doi: 10.1038/nature16476

 Laforest-Lapointe, I., Martínez-Vilalta, J., and Retana, J. (2014). Intraspecific variability in functional traits matters: case study of Scots pine. Oecologia 175, 1337–1348. doi: 10.1007/s00442-014-2967-x

 Lamprecht, A., Semenchuk, P. R., Steinbauer, K., Winkler, M., and Pauli, H. (2018). Climate change leads to accelerated transformation of high-elevation vegetation in the central Alps. New Phytol. 220, 447–459. doi: 10.1111/nph.15290

 Lecerf, A., and Chauvet, E. (2008). Intraspecific variability in leaf traits strongly affects alder leaf decomposition in a stream. Basic Appl. Ecol. 9, 598–605. doi: 10.1016/j.baae.2007.11.003

 Markesteijn, L., Poorter, L., Paz, H., Sack, L., and Bongers, F. (2011). Ecological differentiation in xylem cavitation resistance is associated with stem and leaf structural traits. Plant Cell Environ. 34, 137–148. doi: 10.1111/j.1365-3040.2010.02231.x

 Midolo, G., De Frenne, P., Hölzel, N., and Wellstein, C. (2019). Global patterns of intraspecific leaf trait responses to elevation. Glob Chang Biol. 25, 2485–2498. doi: 10.1111/gcb.14646

 Orwin, K. H., Buckland, S. M., Johnson, D., Turner, B. L., Smart, S., Oakley, S., et al. (2010). Linkages of plant traits to soil properties and the functioning of temperate grassland. J. Ecol. 98, 1074–1083. doi: 10.1111/j.1365-2745.2010.01679.x

 Rixen, C., Wipf, S., Rumpf, S. B., Giejsztowt, J., Millen, J., Morgan, J. W., et al. (2022). Intraspecific trait variation in alpine plants relates to their elevational distribution. J. Ecol. 110, 860–875. doi: 10.1111/1365-2745.13848

 Siefert, A., Violle, C., Chalmandrier, L., Albert, C. H., Taudiere, A., Fajardo, A., et al. (2015). A global meta-analysis of the relative extent of intraspecific trait variation in plant communities. Ecol. Lett. 18, 1406–1419. doi: 10.1111/ele.12508

 Šímová, I., Violle, C., Kraft, N. J. B., Storch, D., Svenning, J.-C., Boyle, B., et al. (2015). Shifts in trait means and variances in North American tree assemblages: species richness patterns are loosely related to the functional space. Ecography 38, 649–658. doi: 10.1111/ecog.00867

 Staude, I. R., Pereira, H. M., Daskalova, G. N., Bernhardt-Römermann, M., Diekmann, M., Pauli, H., et al. (2022). Directional turnover towards larger-ranged plants over time and across habitats. Ecol. Lett. 25, 466–482. doi: 10.1111/ele.13937

 Swenson, N. G. (2013). The assembly of tropical tree communities - the advances and shortcomings of phylogenetic and functional trait analyses. Ecography 36, 264–276. doi: 10.1111/j.1600-0587.2012.00121.x

 Thomas, H. J. D., Bjorkman, A. D., Myers-Smith, I. H., Elmendorf, S. C., Kattge, J., Diaz, S., et al. (2020). Global plant trait relationships extend to the climatic extremes of the tundra biome. Nat. Commun. 11, 1351. doi: 10.1038/s41467-020-15014-4

 Violle, C., Enquist, B. J., McGill, B. J., Jiang, L., Albert, C. H., Hulshof, C., et al. (2012). The return of the variance: intraspecific variability in community ecology. Trends Ecol. Evol. 27, 244–252. doi: 10.1016/j.tree.2011.11.014

 Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., et al. (2007). Let the concept of trait be functional! Oikos 116, 882–892. doi: 10.1111/j.0030-1299.2007.15559.x

 Webb, C. O., Ackerly, D. D., McPeek, M. A., and Donoghue, M. J. (2002). Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 33, 475–505. doi: 10.1146/annurev.ecolsys.33.010802.150448

 Weiher, E., and Keddy, P. A. (1995). Assembly rules, null models, and trait dispersion: New questions from old patterns. Oikos 74, 159. doi: 10.2307/3545686

 Wright, J. S. (2002). Plant diversity in tropical forests: a review of mechanisms of species coexistence. Oecologia 130, 1–14. doi: 10.1007/s004420100809

 Yao, L., Ding, Y., Xu, H., Deng, F., Yao, L., Ai, X., et al. (2020a). Patterns of diversity change for forest vegetation across different climatic regions - A compound habitat gradient analysis approach. Glob Ecol. Conserv. 23, e01106. doi: 10.1016/j.gecco.2020.e01106

 Yao, L., Ding, Y., Yao, L., Ai, X., and Zang, R. (2020b). Trait gradient analysis for evergreen and deciduous species in a subtropical forest. Forests 11, 364. doi: 10.3390/f11040364

 Yao, L., Jiang, B., Jiao, J., and Wu, C. (2023). Environmental filtering and dispersal limitations driving the beta diversity patterns at different scales of secondary evergreen broadleaved forests in the suburbs of Hangzhou. Plants 12, 3057. doi: 10.3390/plants12173057

 Yao, L., Wang, Z., Zhan, X., Wu, W., Jiang, B., Jiao, J., et al. (2022). Assessment of species composition and community structure of the suburban forest in Hangzhou, Eastern China. Sustainability 14, 4304. doi: 10.3390/su14074304

 Yao, L., Xu, Y., Jiang, B., Wu, C., Yuan, W., Zhu, J., et al. (2021). Competition restricts the growth, development, and propagation of carpinus tientaiensis: a rare and endangered species in China. Forests 12, 503. doi: 10.3390/f12040503

 Zhang, H., Chen, S., Zheng, X., Ge, X., Li, Y., Fang, Y., et al. (2022). Neighborhood diversity structure and neighborhood species richness effects differ across life stages in a subtropical natural secondary forest. For Ecosyst. 9, 100075. doi: 10.1016/j.fecs.2022.100075




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Yao, Wu, Wang and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 28 May 2024

doi: 10.3389/fpls.2024.1285787

[image: image2]


Plant beta-turnover rather than nestedness shapes overall taxonomic and phylogenetic beta-diversity triggered by favorable spatial–environmental conditions in large-scale Chinese grasslands


Zhenyu Yao 1,2,3, Yue Xin 3, Zhaoxia Ma 4, Liqing Zhao 3, Wenkui Mu 5, Jianying Guo 1,2* and Arshad Ali 6*†


1 Yinshanbeilu Grassland Eco-hydrology National Observation and Research Station, China Institute of Water Resources and Hydropower Research, Beijing, China, 2 Institute of Water Resources for Pastoral Areas Ministry of Water Resources, Hohhot, China, 3 Inner Mongolia Key Laboratory of Grassland Ecology and School of Ecology and Environment, Inner Mongolia University, Hohhot, China, 4 Beijiao Park, Hohhot, China, 5 Inner Mongolia Hohhot Meteorological Bureau, Hohhot, China, 6 Forest Ecology Research Group, College of Life Sciences, Hebei University, Baoding, Hebei, China




Edited by: 

Shengbin Chen, Chengdu University of Technology, China

Reviewed by: 

Wenjing Yang, Jiangxi Normal University, China

Qindi Zhang, Shanxi Normal University, China

*Correspondence: 

Arshad Ali
 arshadforester@gmail.com
 arshadforester@hbu.edu.cn 

Jianying Guo
 guojy@iwhr.com

†ORCID: 

Arshad Ali
 orcid.org/0000-0001-9966-2917


Received: 30 August 2023

Accepted: 13 May 2024

Published: 28 May 2024

Citation:
Yao Z, Xin Y, Ma Z, Zhao L, Mu W, Guo J and Ali A (2024) Plant beta-turnover rather than nestedness shapes overall taxonomic and phylogenetic beta-diversity triggered by favorable spatial–environmental conditions in large-scale Chinese grasslands. Front. Plant Sci. 15:1285787. doi: 10.3389/fpls.2024.1285787






Introduction

Although it is widely acknowledged that biodiversity maintains plant community assembly processes, exploring the patterns and drivers of beta-diversity (β-diversity; species variation among local plant communities) has received much less attention compared to alpha-diversity (α-diversity; species variation within a local plant community). Here, we aim to examine the patterns and spatial–environmental drivers of taxonomic and phylogenetic β-diversity, and their components such as species turnover and nestedness, in large-scale Leymus chinensis grassland communities.





Methods

We collected plant community data from 166 sites across widely distributed L. chinensis communities in northern China, and then calculated the taxonomic and phylogenetic β-diversity indices (overall, turnover and nestedness) using a pairwise dissimilarity approach. To assess the effects and to explain the variation in the patterns of β-diversity, we collected data on geospatial, climate and soil conditions. We applied descriptive statistics, Mental correlations, and multiple linear regression models to assess the patterns and spatial–environmental drivers of β-diversity.





Results

The β-turnover, as compared to β-nestedness, exhibited a predominant influence, constituting 92.6% of the taxonomic β-diversity and 80.4% of the phylogenetic β-diversity. Most of the spatial–environmental variables were significantly positively correlated with the overall taxonomic and phylogenetic β-diversity and β-turnover, but not with β-nestedness. Climatic factors such as MAP and MAT were the strongest predictors of both taxonomic and phylogenetic β-diversity and β-turnover. The variance partitioning analysis showed that the combined effects of spatial and environmental factors accounted for 19% and 16% of the variation in the taxonomic and phylogenetic β-diversity (overall), 17% and 12% of the variation in the β-turnover, and 7% and 1% of the variation in the β-nestedness, respectively, which were higher than independent effects of either spatial or environmental factors.





Discussion

At larger spatial scales, the turnover component of β-diversity may be associated with the species complementarity effect, but dominant or functionally important species can vary among communities due to the species selection effect. By incorporating β-diversity into grassland management strategies, we can enhance the provision of vital ecosystem services that bolster human welfare, serving as a resilient barrier against the adverse effects of climate change at regional and global scales.
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Introduction

A growing body of global evidence shows that biodiversity plays an important role in maintaining plant community assembly processes through species functional strategies which in turn regulate ecosystem functions such as biomass production, thereby providing numerous ecosystem services that underpin human well-being (van der Plas, 2019; Ali, 2023). Considering the multidimensional nature of biodiversity in maintaining the plant community assembly processes, biodiversity can be quantified as alpha-diversity (α-diversity; species variation within a local plant community) and beta-diversity (β-diversity; species variation among local plant communities) which can be further explained by changes in taxonomic, functional and phylogenetic diversity (Mori et al., 2018; Nakamura et al., 2020). Yet, exploring the patterns and drivers of β-diversity has received much less attention compared to α-diversity under diverse concepts, theories and analyses (Mori et al., 2018; van der Plas et al., 2023). Thus, further studies are needed to explore the patterns of plant β-diversity and its association with spatial–environmental (including climate and soil) factors which could enhance our understanding of plant community assembly processes, ecosystem functioning and biodiversity conservation.

In plant ecosystems, β-diversity considers variations in species identities and abundances among communities at a regional scale through species turnover (or substitution) and nestedness (differences in richness) (Baselga, 2010; Mori et al., 2018; Fu et al., 2019). In this context, species turnover refers to differences in species composition between communities caused by the phenomenon of species replacement, whereas species nestedness refers to changes due to an increase or decrease in species richness along an environmental gradient (Lennon et al., 2001; Staniczenko et al., 2013; Fu et al., 2019). Previous studies have revealed that potential mechanisms driving species turnover involve geospatial heterogeneity, environmental filtering and species competition (Cardoso et al., 2014; Boschilia et al., 2016; van der Plas et al., 2023). However, the mechanisms governing species richness differences encompass ecological niche diversity and the ecological processes of forming nested patterns (Legendre, 2014). In different communities, the overall composition of β-diversity components often varies, and their relative importance in community construction also depends on spatial scale (Boschilia et al., 2016; Bertuzzi et al., 2019). Consequently, decomposing β-diversity enables the discernment of spatial distribution patterns among different components, thereby elucidating the formation mechanisms and ecological significance of each component and facilitating an understanding of evolutionary processes (Baselga, 2010; Legendre, 2014).

Many previous studies have focused only on the level of taxonomic β-diversity in plant communities, which solely provides information regarding species differences among sites without considering the evolutionary aspects within a community (Graham and Fine, 2008; Qian et al., 2013). However, research indicates that incorporating phylogenetic information into β-diversity analysis provides significant assistance in exploring ecological processes such as plant community assembly processes and evolutionary patterns (Mori et al., 2018; Zheng et al., 2019; Ali, 2023). Therefore, conducting a concurrent analysis of both taxonomic and phylogenetic β-diversity holds paramount importance in obtaining a comprehensive understanding of the community assembly processes and dynamics within a plant ecosystem. Furthermore, numerous studies have indicated that patterns of β-diversity formation and maintenance are not exclusively driven by a single ecological process. Instead, their formation is influenced by the combined impacts of environmental filtering and dispersal limitation, exhibiting variations across different community types and spatial scales (Bellier et al., 2014; Soininen et al., 2018; Menegat et al., 2019). For instance, in studies of β-diversity within liana communities, it has been observed that community composition is jointly influenced by environmental filtering and dispersal limitation, with environmental filtering predominantly exerting control over the underlying ecological processes (Myers et al., 2013; Zhang et al., 2020). In contrast, several studies in grasslands have found dispersal limitation to be a major factor affecting taxonomic β-diversity (Pinto et al., 2014; Li et al., 2021). Hence, the driving mechanisms of β-diversity exhibit variations based on community type, climatic context, and scale (Mori et al., 2018; Gan et al., 2019; van der Plas et al., 2023).

Here, we broadly aim to highlight the crucial role of β-diversity in maintaining grassland biodiversity, community assembly processes and ecosystem functions. The specific objective of this study is to examine the patterns and spatial–environmental drivers of taxonomic and phylogenetic β-diversity in large-scale L. chinensis communities across Chinese grasslands. We anticipate that derived results from our study will offer valuable insights into the conservation and management of large-scale Chinese grasslands. The Leymus chinensis community is a unique vegetation type with a continuous distribution in the Eurasian steppe zone which is predominantly distributed in regions such as the Loess Plateau, Mongolian Plateau, and Daxinganling Mountains (Yao et al., 2022). This community is primarily observed in small and relatively moist habitats. Prior studies on β-diversity have predominantly concentrated on either local scales or diverse community types on a larger spatial scale (Chi et al., 2014; Qin et al., 2019; Hu et al., 2022), but fewer studies examining the same community type in a large-scale continuous distribution in a region. To this end, we address the following research questions: (1) What are the patterns and contributions of β-turnover and β-nestedness to each taxonomic and phylogenetic β-diversity (overall)? (2) How do spatial and environmental factors affect the patterns of taxonomic and phylogenetic β-diversity and their components, and what are their relative importance?





Materials and methods




Study area and field investigation

This study was conducted in northern China, with longitudes ranging from 101°14′–125°27′ and latitudes ranging from 38°42′–50°53′’(Figure 1). The terrain displays an altitudinal gradient spanning from 129 m to 2085 m, characterized by elevated terrain in the western regions and lower elevations in the eastern zones. The climatic conditions in the area are classified as temperate continental, featuring a mean annual temperature spanning from -3.2°C to 8.1°C. The mean annual precipitation varies from 204 to 501 mm/yr creating a notable rainfall gradient across the study area, with the majority of rainfall occurring during the growing season. The soil types in the study area mainly include chestnut, chernozem, and loess soil. The vegetation types mainly include meadow, meadow steppe, and typical steppe.




Figure 1 | Geographical maps showing the location of the study area in China on the global map, and the sampling sites of Leymus chinensis communities within China.



Grassland sites dominated by L. chinensis were selected as sampling sites. Our vegetation assessments were conducted annually from mid-July to late August between the years 2016 and 2020. This period was chosen to coincide with the peak productivity phase of the grassland ecosystem. Within each site, three randomly established plots, each measuring 1×1 m, were used for data collection; i.e., 498 plots across 166 sites. The following parameters were recorded within each plot: plant height, density, coverage, and composition of the species.





Data and statistical analyses




Computation of patterns in taxonomic and phylogenetic β-diversity

For the computation of taxonomic and phylogenetic β-diversity and their two components (i.e., β-turnover and β-nestedness), we used the pairwise dissimilarity approach between all possible pairs of sites (Baselga, 2013). Based on the presence or absence of species within each site, Jaccard β-diversity indices including turnover and nestedness for both taxonomic and phylogenetic aspects were calculated using the “betapart” package (Baselga and Orme, 2012). Species occurring in the sample site were classified into species, genera and families according to the APG IV system. The phylogenetic tree analysis was performed using V.PhyloMaker in R (Supplementary Figure S1) (Jin and Qian, 2019), and then, the phylogenetic β-diversity indices were calculated. Using the simple bar chart analysis, we showed the patterns of β-diversity components.





Spatial–environmental drivers of taxonomic and phylogenetic β-diversity

For each sampling site, the longitude, latitude, altitude and slope were determined using the Global Positioning System, compass and ArcGIS. Using the longitude and latitude information of each site, we derived the following environmental factors, i.e., mean annual precipitation (MAP), Mean annual temperature (MAT), precipitation of the coldest quarter (PCQ), minimum temperature of the coldest month (MTCM) and Aridity index (AI) from the WorldClim Database version 2.0 (Fick and Hijmans, 2017). For top-soil nutrients and other related factors such as soil total phosphorus (TP), total potassium (TK), total nitrogen (TN), pH value (H2O), available phosphorus (AP), soil exchangeable Mg2+ (MG), and exchangeable Ca2+ (CA), the data were extracted from the China Dataset of Soil Properties (Shangguan et al., 2013). After that, Mantel correlations were examined to assess the associations of taxonomic and phylogenetic β-diversity with spatial and environmental factors. More importantly, variations in each of the taxonomic and phylogenetic β-diversity were examined in association with each of the spatial and environmental factors, and their joint effects. The sole and joint effects of spatial and environmental variables on taxonomic and phylogenetic β-diversity were determined using the multiple regression model (MRM) (Lichstein, 2007). The residual variance represents the variance described by [1 – (separate and shared variance for environmental and spatial factors)]. The “vegan” package for the Mantel correlation test and the “ecodist” package for the MRM analysis were used (Goslee and Urban, 2007). All data and statistical analyses were done using R software (version 4.2.3). A summary of variables is presented in Supplementary Table S1.







Results




Patterns of taxonomic and phylogenetic β-diversity

The average taxonomic β-diversity for the studied L. chinensis communities was 0.87, with a β-turnover component of 0.81 and a β-nestedness component of 0.06. The average phylogenetic β-diversity was 0.68, comprising a β-turnover component of 0.55 and a β-nestedness component of 0.13 (Figure 2). The β-turnover component exhibited a predominant influence, constituting 92.6% of the taxonomic β-diversity and 80.4% of the phylogenetic β-diversity. Pearson’s correlation matrix between indices is presented in Supplementary Figure S2.




Figure 2 | Patterns in the components (turnover and nestedness) of taxonomic and phylogenetic β-diversity of Leymus chinensis communities in large-scale Chinese grasslands.







Associations of spatial and environmental factors with taxonomic and phylogenetic β-diversity

The results of the Mantel correlation test showed that all spatial–environmental variables were significantly positively correlated with the overall taxonomic and phylogenetic β-diversity (Figures 3–6). The taxonomic and phylogenetic β-turnover indices were significantly positively correlated with all spatial–environmental factors, except slope and soil AP, which had no significant correlation. In contrast, the taxonomic and phylogenetic β-nestedness indices were not significantly correlated with all spatial–environmental factors (Figures 3–6). It is worth noting that spatial–climatic factors such as longitude, MAP and MAT were the strongest predictors of both taxonomic and phylogenetic β-diversity and β-turnover, followed by other spatial–environmental factors (Figures 3–6). Pearson’s correlation matrix between spatial–and environmental factors is presented in Supplementary Figure S3.




Figure 3 | Mantel correlation between taxonomic β-diversity and spatial–climate environmental factors of large-scale Leymus chinensis grassland communities in China. TBD-jac is taxonomic β-diversity (overall); TBD-jtu is taxonomic β-turnover; TBD-jne is β-nestedness; MAP is mean annual precipitation; MAT is mean annual temperature; PCQ is the precipitation of the coldest quarter; MTCM is the minimum temperature of the coldest month.






Figure 4 | Mantel correlation between taxonomic β-diversity and soil factors of large-scale Leymus chinensis grassland communities in China. TBD-jac is taxonomic β-diversity (overall); TBD-jtu is taxonomic β-turnover; TBD-jne is β-nestedness; TP is soil total phosphorus; TK is soil total potassium; TN is soil total nitrogen; PH is soil pH value (H2O); AP is soil available phosphorus; MG is the soil exchangeable Mg2+; CA is soil exchangeable Ca2+.






Figure 5 | Mantel correlation between phylogenetic β-diversity and spatial–climate factors of large-scale Leymus chinensis grassland communities in China. TBD-jac is taxonomic β-diversity (overall); TBD-jtu is taxonomic β-turnover; TBD-jne is β-nestedness; MAP is mean annual precipitation; MAT is mean annual temperature; PCQ is the precipitation of the coldest quarter; MTCM is the minimum temperature of the coldest month.






Figure 6 | Mantel correlation between phylogenetic β-diversity and soil factors of large-scale Leymus chinensis grassland communities in China. TBD-jac is taxonomic β-diversity (overall); TBD-jtu is taxonomic β-turnover; TBD-jne is β-nestedness; TP is soil total phosphorus; TK is soil total potassium; TN is soil total nitrogen; PH is soil pH value (H2O); AP is soil available phosphorus; MG is the soil exchangeable Mg2+; CA is soil exchangeable Ca2+.







Relative importance of spatial and environmental factors with taxonomic and phylogenetic β-diversity

The variance partitioning analysis, based on the MRM, showed that the combined effects of spatial and environmental factors accounted for 19% and 16% of the variation in the taxonomic and phylogenetic β-diversity (overall), 17% and 12% of the variation in the β-turnover, and 7% and 1% of the variation in the β-nestedness, respectively (Figure 7). Specifically, the independent effects of environmental factors explained greater variation than the independent effects of spatial factors (i.e., < 2%), accounting for 5.4% and 6.2% of the variation in the taxonomic and phylogenetic β-diversity (overall), 4.5% and 4.4% of the variation in the β-turnover, and 1.2% and 0.2% of the variation in the β-nestedness component, respectively. These findings suggest that while both spatial and environmental somehow contribute to explaining β-diversity, their shared role has a greater effect than their single role (Figure 7; Supplementary Figure S4).




Figure 7 | Interpretation rates of variance partitioning of taxonomic and phylogenetic β-diversity in large-scale Leymus chinensis grassland communities in China. TBD-jac is taxonomic β-diversity (overall); TBD-jtu is taxonomic β-turnover; TBD-jne is β-nestedness.








Discussion

In this study, we comprehensively analyzed the patterns and spatial–environmental drivers of taxonomic and phylogenetic β-diversity and their two components (β-turnover and β-nestedness) within the widely distributed L. chinensis communities in northern China. The results indicate that β-turnover contributed substantially to the β-diversity (overall) than β-nestedness, regardless of taxonomic or phylogenetic identification of plant species. Interestingly, taxonomic and phylogenetic β-diversity (overall) and β-turnover, but not β-nestedness, were significantly positively affected by most of the spatial and environmental variables. Moreover, although environmental factors explained more variation in β-diversity than spatial factors, their joint effects were higher in explaining patterns in large-scale L. chinensis grassland communities in northern China.

Our results show that the composition patterns of taxonomic and phylogenetic β-diversity (overall) of L. chinensis communities in China exhibited uniformity, with both primarily driven by the β-turnover component. At larger spatial scales, the turnover component of β-diversity may be associated with the species complementarity effect, but dominant species, or functionally important species, can actually vary among communities due to the species selection effect (Mori et al., 2018). This aligns with the findings of numerous previous studies conducted in different ecosystems, such as grasslands and forests, indicating that alterations in species composition within communities are predominantly influenced by species substitution (Yakimov et al., 2020). The distribution of our study sites, primarily located on the Mongolian Plateau, likely contributed to the observed consistent patterns probably because the Mongolian Plateau experienced less impact from the Last Glacial Maximum, allowing for increased species survival. Furthermore, the region has exhibited significant warming and wetting trends since the Last Glacial Maximum, facilitating more species survival and leading to higher species turnover in the area (Zheng et al., 2019). As we investigated large-scale L. chinensis-dominated communities distributed in different habitats, the structural composition and origin of the communities tended to be similar due to their shared developmental history. This shared evolutionary history leads to the coexistence of closely related species within the same region, typically leading to lower phylogenetic β-diversity when compared to taxonomic β-diversity (Cavender-Bares et al., 2009; Mori et al., 2018). A comparable phenomenon has been observed in the assessment of β-diversity among angiosperms in studies conducted in other regions (Qin et al., 2019; Qian et al., 2020).

In comparison to spatial factors, we found that the role of environmental (including both climate and soil) factors was more pronounced in shaping taxonomic and phylogenetic β-diversity (and more importantly β-turnover) of L. chinensis grassland communities. This result can be attributed to the fact the impacts of environmental factors outweigh the effects of spatial factors, underscoring the pivotal role of environmental factors in driving changes in plant community species composition and ecosystem functioning (Page and Shanker, 2018; Yi et al., 2020; van der Plas et al., 2023). Specifically, mean annual precipitation and temperature were identified as the predominant factors exerting significant influences on both taxonomic and phylogenetic β-diversity of L. chinensis communities, indicating that climate change may largely influence the species diversity, structure and functioning of studied plant communities (Pugnaire et al., 2019; Berdugo et al., 2020; Yao et al., 2022). However, the topographic slope as compared to elevation exhibited no substantial effect on taxonomic and phylogenetic β-diversity, probably linked to the topographic-centric distribution of L. chinensis communities that predominantly occurs in the lower parts of the lower hills due to favourable climatic and soil conditions. In these areas, the community-building species L. chinensis occupies more ecological niches, resulting in a simpler composition of other species in the community, thereby allowing the survival of closely related species, which leads to its significant association with phylogenetic β-diversity (Satdichanh et al., 2019). We also found that most of the soil factors, except soil AP, were significantly correlated with taxonomic and phylogenetic β-diversity, indicating the role of soil fertility effect on plant growth through niche complementarity mechanisms (Quesada et al., 2012). Nonetheless, it is also debated that climatic factors outweigh soil factors in their contribution to β-diversity, with climate generally regulating community assembly at larger scales (Qian et al., 2013), whereas soil’s impact becomes more pronounced at smaller scales (Zhang et al., 2011).

The sexuality of L. chinensis grassland community is mainly influenced by environmental filtering that primarily comprises perennial rhizomatous grasses, thereby predominantly relying on asexual reproduction, resulting in minimal seed reproduction probability (Ott and Hartnett, 2011; Russell et al., 2017). As a result, the β-diversity of L. chinensis community is primarily governed by environmental factors, consistent with the findings of other studies conducted in grassland areas (Li et al., 2021). Notably, both taxonomic and phylogenetic β-diversity of L. chinensis communities were more explained by combined spatial and environmental factors than by environment or space alone, indicating the context-dependency effect (Catford et al., 2021). Through variance partitioning analysis, we show that a considerable portion of the β-diversity of L. chinensis community remains unexplained, which could be attributed, at least in part, to the absence of analysis on functional traits, such as seed characteristics that indicate dispersal abilities (Sreenivasulu and Wobus, 2013). Additionally, the limited scope of our spatial–environmental conditions, which only considered a small number of factors such as climate, topography, and soils, might have resulted in the overlooking of the influence of other variables, including various soil trace elements and water content (Myers et al., 2000; Zhang et al., 2020). Also, some studies have shown that factors such as paleoclimate and human activities are important factors influencing β-diversity (Dobrovolski et al., 2012; Qin et al., 2019). Therefore, to achieve a comprehensive understanding of the underlying mechanisms driving β-diversity formation within L. chinensis communities, future research efforts should encompass the integration of more environmental variables, functional characteristics, and human disturbances.





Conclusions

We show that β-turnover plays a significant role in the overall taxonomic and phylogenetic β-diversity, surpassing the contribution of β-nestedness. Intriguingly, both taxonomic and phylogenetic β-diversity, as well as β-turnover rather than β-nestedness, are strongly influenced by various spatial and environmental factors such as favorable climatic and soil fertility conditions. Furthermore, while environmental factors explain a greater proportion of the variation in β-diversity, the combined effects of spatial and environmental factors are particularly important in understanding the patterns observed in the large-scale L. chinensis grassland communities in northern China. We contend that the β-turnover component holds significant control in shaping the processes of plant community formation, thereby influencing the functioning and services provided by grasslands. By incorporating β-diversity into grassland management strategies, we can enhance the provision of vital ecosystem services that bolster human welfare, serving as a resilient barrier against the adverse effects of climate change at regional and global scales. Regrettably, prevailing management policies frequently overlook β-diversity as a viable metric for assessing biodiversity, owing to the limited connection between scientific findings, policy formulation, and implementation.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

ZY: Writing – review & editing, Writing – original draft, Investigation, Data curation, Conceptualization. YX: Writing – review & editing, Investigation. ZM: Writing – review & editing, Data curation. LZ: Writing – original draft, Investigation, Writing – review & editing, Data curation. WM: Writing – review & editing, Investigation. JG: Funding acquisition, Writing – review & editing. AA: Data curation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. We acknowledge the funding provided by the Research Fund of the IWHR Research & Development Support Program (Grant No. MK2023J05 and MK0145B022021), the National Science and Technology Fundamental Work Special Key Special Project Editing and Researching of “Chinese Vegetation” (Grant No. 2015FY210200-24), National Natural Science Foundation of China (Grant No. 42177347), Transformation of Scientific and Technological Achievements in Inner Mongolia Autonomous Region (Grant No. 2021CG0012) and Ordos City Science and Technology Cooperation Major Project (Grant No. 2021EEDSCXQDFZ2016) for this study. AA is thankful to Hebei University for the research support (Grant No. 521100221033).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1285787/full#supplementary-material




References

 Ali, A. (2023). Biodiversity–ecosystem functioning research: Brief history, major trends and perspectives. Biol. Conserv. 285, 110210. doi: 10.1016/j.biocon.2023.110210

 Baselga, A. (2010). Partitioning the turnover and nestedness components of beta diversity. Global Ecol. Biogeography 19, 134–143.

 Baselga, A. (2013). Separating the two components of abundance-based dissimilarity: balanced changes in abundance vs. abundance gradients. Methods Ecol. Evol. 4, 552–557. doi: 10.1111/2041-210x.12029

 Baselga, A., and Orme, C. D. L. (2012). betapart: an R package for the study of beta diversity. Methods Ecol. Evol. 3, 808–812. doi: 10.1111/j.2041-210X.2012.00224.x

 Bellier, E., Grøtan, V., Engen, S., Schartau, A. K., Herfindal, I., and Finstad, A. G. (2014). Distance decay of similarity, effects of environmental noise and ecological heterogeneity among species in the spatio-temporal dynamics of a dispersal-limited community. Ecography 37, 172–182.

 Berdugo, M., Delgado-Baquerizo, M., Soliveres, S., Hernández-Clemente, R., Zhao, Y. C., Gaitan, J. J., et al. (2020). Global ecosystem thresholds driven by aridity. Science 367, 787–78+. doi: 10.1126/science.aay5958

 Bertuzzi, T., Pires, M. M., and Maltchik, L. (2019). Drivers of the beta diversity of aquatic plant communities along a latitudinal gradient in southern Brazilian coastal ponds. J. Vegetation Sci. 30, 281–290. doi: 10.1111/jvs.12711

 Boschilia, S. M., de Oliveira, E. F., and Schwarzbold, A. (2016). Partitioning beta diversity of aquatic macrophyte assemblages in a large subtropical reservoir: prevalence of turnover or nestedness? Aquat. Sci. 78, 615–625.

 Cardoso, P., Rigal, F., Carvalho, J. C., Fortelius, M., Borges, P. A., Podani, J., et al. (2014). Partitioning taxon, phylogenetic and functional beta diversity into replacement and richness difference components. J. Biogeography 41, 749–761.

 Catford, J. A., Wilson, J. R. U., Pyšek, P., Hulme, P. E., and Duncan, R. P. (2021). Addressing context dependence in ecology. Trends Ecol. Evol. 37, 158–170. doi: 10.1016/j.tree.2021.09.007

 Cavender-Bares, J., Kozak, K. H., Fine, P. V., and Kembel, S. W. (2009). The merging of community ecology and phylogenetic biology. Ecol. Lett. 12, 693–715. doi: 10.1111/j.1461-0248.2009.01314.x

 Chi, X., Tang, Z., and Fang, J. (2014). Patterns of phylogenetic beta diversity in China's grasslands in relation to geographical and environmental distance. Basic Appl. Ecol. 15, 416–425.

 Dobrovolski, R., Melo, A. S., Cassemiro, F. A. S., and Diniz, J. A. F. (2012). Climatic history and dispersal ability explain the relative importance of turnover and nestedness components of beta diversity. Global Ecol. Biogeography 21, 191–197. doi: 10.1111/j.1466-8238.2011.00671.x

 Fick, S. E., and Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution climate surfaces for global land areas. Int. J. climatology 37, 4302–4315.

 Fu, H., Yuan, G., Jeppesen, E., Ge, D., Li, W., Zou, D., et al. (2019). Local and regional drivers of turnover and nestedness components of species and functional beta diversity in lake macrophyte communities in China. Sci. Total Environ. 687, 206–217.

 Gan, H., Zak, D. R., and Hunter, M. D. (2019). Scale dependency of dispersal limitation, environmental filtering and biotic interactions determine the diversity and composition of oribatid mite communities. Pedobiologia 74, 43–53.

 Goslee, S. C., and Urban, D. L. (2007). The ecodist package for dissimilarity-based analysis of ecological data. J. Stat. Software 22, 1–19.

 Graham, C. H., and Fine, P. V. (2008). Phylogenetic beta diversity: linking ecological and evolutionary processes across space in time. Ecol. Lett. 11, 1265–1277.

 Hu, D., Jiang, L., Hou, Z., Zhang, J., Wang, H., and Lv, G. (2022). Environmental filtration and dispersal limitation explain different aspects of beta diversity in desert plant communities. Global Ecol. Conserv. 33, e01956.

 Jin, Y., and Qian, H. (2019). V. PhyloMaker: an R package that can generate very large phylogenies for vascular plants. Ecography 42, 1353–1359.

 Legendre, P. (2014). Interpreting the replacement and richness difference components of beta diversity. Global Ecol. Biogeography 23, 1324–1334. doi: 10.1111/geb.12207

 Lennon, J. J., Koleff, P., Greenwood, J., and Gaston, K. J. (2001). The geographical structure of British bird distributions: diversity, spatial turnover and scale. J. Anim. Ecol. 70, 966–979.

 Li, F. S., Yan, Y. Z., Zhang, J. N., Zhang, Q., and Niu, J. M. (2021). Taxonomic, functional, and phylogenetic beta diversity in the Inner Mongolia grassland. Global Ecol. Conserv. 28, e01634. doi: 10.1016/j.gecco.2021.e01634

 Lichstein, J. W. (2007). Multiple regression on distance matrices: a multivariate spatial analysis tool. Plant Ecol. 188, 117–131.

 Menegat, H., Silvério, D. V., Mews, H. A., Colli, G. R., Abadia, A. C., Maracahipes-Santos, L., et al. (2019). Effects of environmental conditions and space on species turnover for three plant functional groups in Brazilian savannas. J. Plant Ecol. 12, 1047–1058.

 Mori, A. S., Isbell, F., and Seidl, R. (2018). β-diversity, community assembly, and ecosystem functioning. Trends Ecol. Evol. 33, 549–564. doi: 10.1016/j.tree.2018.04.012

 Myers, J. A., Chase, J. M., Jiménez, I., Jorgensen, P. M., Araujo-Murakami, A., Paniagua-Zambrana, N., et al. (2013). Beta-diversity in temperate and tropical forests reflects dissimilar mechanisms of community assembly. Ecol. Lett. 16, 151–157. doi: 10.1111/ele.12021

 Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., and Kent, J. (2000). Biodiversity hotspots for conservation priorities. Nature 403, 853–858.

 Nakamura, G., Vicentin, W., Suarez, Y. R., and Duarte, L. (2020). A multifaceted approach to analyzing taxonomic, functional, and phylogenetic beta diversity. Ecology 101 (10), e03122. doi: 10.1002/ecy.3122

 Ott, J. P., and Hartnett, D. C. (2011). Bud production and dynamics of flowering and vegetative tillers in andropogon gerardii (poaceae): the role of developmental constraints. Am. J. Bot. 98, 1293–1298. doi: 10.3732/ajb.1000264

 Page, N. V., and Shanker, K. (2018). Environment and dispersal influence changes in species composition at different scales in woody plants of the Western Ghats, India. J. Vegetation Sci. 29, 74–83.

 Pinto, S. M., Pearson, D. E., and Maron, J. L. (2014). Seed dispersal is more limiting to native grassland diversity than competition or seed predation. J. Ecol. 102, 1258–1265. doi: 10.1111/1365-2745.12282

 Pugnaire, F. I., Morillo, J. A., Peñuelas, J., Reich, P. B., Bardgett, R. D., Gaxiola, A., et al. (2019). Climate change effects on plant-soil feedbacks and consequences for biodiversity and functioning of terrestrial ecosystems. Sci. Adv. 5, eaaz1834. doi: 10.1126/sciadv.aaz1834

 Qian, H., Jin, Y., Leprieur, F., Wang, X., and Deng, T. (2020). Geographic patterns and environmental correlates of taxonomic and phylogenetic beta diversity for large-scale angiosperm assemblages in China. Ecography 43, 1706–1716.

 Qian, H., Swenson, N. G., and Zhang, J. (2013). Phylogenetic beta diversity of angiosperms in N orth A merica. Global Ecol. Biogeography 22, 1152–1161.

 Qin, H., Dong, G., and Zhang, F. (2019). Relative roles of the replacement and richness difference components of beta diversity following the ecological restoration of a mountain meadow, north China. Ecol. Inf. 52, 159–165.

 Quesada, C. A., Phillips, O. L., Schwarz, M., Czimczik, C. I., Baker, T. R., Patiño, S., et al. (2012). Basin-wide variations in Amazon forest structure and function are mediated by both soils and climate. Biogeosciences 9, 2203–2246. doi: 10.5194/bg-9-2203-2012

 Russell, M. L., Vermeire, L. T., Ganguli, A. C., and Hendrickson, J. R. (2017). Phenology of perennial, native grass, belowground axillary buds in the northern mixed-grass prairie. Am. J. Bot. 104, 915–923. doi: 10.3732/ajb.1700132

 Satdichanh, M., Ma, H., Yan, K., Dossa, G. G., Winowiecki, L., Vågen, T. G., et al. (2019). Phylogenetic diversity correlated with above-ground biomass production during forest succession: Evidence from tropical forests in Southeast Asia. J. Ecol. 107, 1419–1432.

 Soininen, J., Heino, J., and Wang, J. (2018). A meta-analysis of nestedness and turnover components of beta diversity across organisms and ecosystems. Global Ecol. Biogeography 27, 96–109.

 Sreenivasulu, N., and Wobus, U. (2013). Seed-development programs: a systems biology–based comparison between dicots and monocots. Annu. Rev. Plant Biol. 64, 189–217.

 Staniczenko, P., Kopp, J. C., and Allesina, S. (2013). The ghost of nestedness in ecological networks. Nat. Commun. 4, 1–6.

 van der Plas, F. (2019). Biodiversity and ecosystem functioning in naturally assembled communities. Biol. Rev. 94, 1220–1245. doi: 10.1111/brv.12499

 van der Plas, F., Hennecke, J., Chase, J. M., van Ruijven, J., and Barry, K. E. (2023). Universal beta-diversity–functioning relationships are neither observed nor expected. Trends Ecol. Evol. 38, 532–544. doi: 10.1016/j.tree.2023.01.008

 Shangguan, W., Dai, Y. J., Liu, B. Y., Zhu, A. X., Duan, Q. Y., Wu, L. Z., et al. (2013). A China data set of soil properties for land surface modeling. J. Adv. Model. Earth Syst. 5 (2), 212–224. doi: 10.1002/jame.20026

 Yakimov, B. N., Gerasimova, A. S., Zhang, S., Ma, K., and Zhang, Y. (2020). Phylogenetic α-and β-diversity elevational gradients reveal consistent patterns of temperate forest community structure. Acta Oecologica 109, 103657.

 Yao, Z. Y., Xin, Y., Yang, L., Zhao, L. Q., and Ali, A. (2022). Precipitation and temperature regulate species diversity, plant coverage and aboveground biomass through opposing mechanisms in large-scale grasslands. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.999636

 Yi, S., Wu, P., Bai, F., Zhou, D., Peng, X., Zhang, W., et al. (2020). Environmental filtering drives plant community assembly processes in the Riparian Marsh of Downstream Yellow River, China. Wetlands 40, 287–298.

 Zhang, L., Mi, X., Shao, H., and Ma, K. (2011). Strong plant-soil associations in a heterogeneous subtropical broad-leaved forest. Plant Soil 347, 211–220.

 Zhang, Y. B., Wu, H. D., Yang, J., Song, X. Y., Yang, D., He, F. L., et al. (2020). Environmental filtering and spatial processes shape the beta diversity of liana communities in a valley savanna in southwest China. Appl. Vegetation Sci. 23, 482–494. doi: 10.1111/avsc.12514

 Zheng, Y., Dong, L., Li, Z., Zhang, J., Li, Z., Miao, B., et al. (2019). Phylogenetic structure and formation mechanism of shrub communities in arid and semiarid areas of the Mongolian Plateau. Ecol. Evol. 9, 13320–13331.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Yao, Xin, Ma, Zhao, Mu, Guo and Ali. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fevo.2023.1218149/fevo-11-1218149-g005.jpg
80.0°E 90.0°E 100.0°E 110.0°E 120.0°E 130.0°E

j SN S U UMW (N (N L I |
0500 1000 2,000 km A

50.0°N

50.0°N:

[40.0°N

30.0°N

Legend

Unsuitable area

[ Low suitable area
[] Moderately suitable area
I Highly suitable arca

80.0°E  90.0°E  100.0°E  110.0°E  1200°E  130.0°E
80.0°E  90.0°E  100.0°E  110.0°E  1200°E  130.0°E
N
0 500 1,000 2,000 km A
50.0°N 50.0°N
40.0°N 40.0°N
30.0°N: 30.0°N
Legend
Unsuitable arca 20.0°N
20.0°N - Low suitable area
[ ] Moderately suitable area
I Highly suitable area
S0.0°E  90.0°E  1000°E  110.0°E  1200°E  1300°E
80.0°E  90.0°E  100.0°E  110.0°E  1200°E  130.0°E
L r " s i v
N
0 500 1,000 2,000 km A
50.0°N: 50.0°N
40.0°N 140.0°N
30.0°N: £30.0°N

Legend

Unsuitable area

20.0°NY 7] Low suitable area
- Moderately suitable area
I ighly suitable area

80.0°E 90.0°E 100.0°E 110.0°E 120.0°E

130.0°E





OPS/images/fevo.2023.1218149/fevo-11-1218149-g006.jpg
28°49'0"N

28°39'0"N

111°40'0"E 111°50'0"E  112°0'0"E 112°10'0"E
Al A Legend
[ [N}
0 5 10k ()8
-3 @ SSP1-2.6 2081-2100 ®#—— SSP3-7.0 2081-2100
S
2 ~ SSP1-2.6 2061-2080 A— SSP3-7.0 2061-2080
[ SSP1-2.6 2041-2060 M—— SSP3-7.0 2041-2060
2 @ SSP1-2.6 2021-2040 @—— SSP3-7.0 2021-2040
l\‘é @ SSP2-4.52081-2100 @— SSP5-8.5 2081-2100
)
2 *»— SSP2-4.52061-2080 A— SSP5-8.52061-2080
% B SSP2-4.52041-2060 M— SSP5-8.5 2041-2060
. . . ®— SSP2-4.52021-2040 @— SSP5-8.5 2021-2040
111°40'0"E  111°50°0"E  112°0’0"E 112°10'0"E
Bl A Cl A
20.06km 05 10m 28.61km 0 5 10w
25.97km
11.58km 20.13km
6.85km 12.13km
11.99km
D1 El A
33.07km e
12.98km
11.48km
12.24km

29°0'0"N  29°10'30"N  29°21'0"N

112°30'0"E

112°20'0"E

112°40'0"E 112°50'0"E

112°20'0"E  112°30'0"E

NL0€01o6C N.0/1To6T

N/)O/Ooéz

Legend

@ SSP1-2.6 2081-2100 @ SSP3-7.0 2081-2100
4 SSP1-2.6 2061-2080 A—— SSP3-7.0 2061-2080
" SSP1-2.6 2041-2060 M— SSP3-7.0 2041-2060
@ SSP1-2.6 2021-2040 ®— SSP3-7.0 2021-2040
®——SSP2-4.52081-2100 #—— SSP5-8.52081-2100
A SSP2-4.52061-2080 A—— SSP5-8.52061-2080
B SSP2-4.52041-2060 M— SSP5-8.5 2041-2060
© SSP2-4.52021-2040 @— SSP5-8.5 2021-2040

B2

C2

51.15km

44.30km S0uSallem
40.09km
D2 N E2 N
A A
0 5 10km 0 3 10km
21.99km
34.74km
34.53km
42 .63km
46.75km

28°7'30"N

27°57'0"N

112°50'0"E  113°0'0"E  113°10'0"E  113°20'0"E
A3 i Legend
0 5 10kn lo\é
3 @ SSP1-2.6 2081-2100 ®—— SSP3-7.0 2081-2100
(=)
o 2 4 SSP1-2.6 2061-2080 A—— SSP3-7.0 2061-2080
* . SSPI1-2.6 2041-2060 M— SSP3-7.0 2041-2060
3 ©  SSP1-2.6 2021-2040 ®— SSP3-7.0 2021-2040
S & SSP2-4.52081-2100 @ SSP5-8.5 2081-2100
% Z A SSP2-4.52061-2080 A— SSP5-8.5 2061-2080
4 B SSP2-4.52041-2060 BM— SSP5-8.5 2041-2060
: . . = ©  SSP2-4.52021-2040 @— SSP5-8.5 2021-2040
112°50'0"E  113°0'0"E  113°10°0"E  113°20'0"E
B3 19.39km A C3 Iy
b T
0 5 10 0 5 10km
= 16.38km
4.97km 14.53km 10.71km
6.84km
13.43km
D3 N E3 N
A A
[T |
0 5 10km 0 5 10km
11.07km
5.61km 10.84km o
28.53km
14.04km
19.10km 11.671(11’1 \6 8’%1(111






OPS/images/fevo.2023.1218149/M1.jpg
Dipx. py

-3 2l
=





OPS/images/fevo.2023.1218149/M2.jpg
l(px.py) = n—%( [Si- Jm)





OPS/images/fevo.2023.1218149/fevo-11-1218149-g001.jpg





OPS/images/fevo.2023.1218149/fevo-11-1218149-g002.jpg
—co o .
Eliminating mu
J'_DL'] —? @ Vet

Environmental variables’ Current and future Model evaluation
contribution predictions (AUC, TSS)

Current scenario Future scenarios

(Schoener’s D and (Schoener’s D and
Hellinger’s-based /) Hellinger’s-based /)

Migration of Projection of
core distribution suitable habitats






OPS/images/fevo.2023.1218149/fevo-11-1218149-g003.jpg
80.0°E 90.0°E 100.0°E 110.0°E 120.0°E 130.0°E

500 1,000 2,000 km

Heilongjiang

Qinghai

30.0°N

Legend IeT Guafigdony ’@
ngkong

20.0°N
A ZLelkova schneideriana
~ Celtis sinensis
A Phyllostachys edulis

80.0°E 90.0°E 100.0°E 110.0°E 120.0°E 130.0°E





OPS/images/fevo.2023.1218149/fevo-11-1218149-g004.jpg
055
% 050
04s
w058 -
5
5 040
Zo4 Zo3s
9 2030
Fo3 g
k| o2
kS Sox
ois
i 010
| 0.05
00 000
45 40 35 0 25 20 05 0 5 0 S 10 15 20 25 S T
Bio 6- Min Temperature of Coldest Month (°C) Bio 2- Mean Diurnal Range (Mean of monthly) (°C)
060
L 0.55
o6 050
04s
‘g‘“ B o040
Zos Eo3s
H i 3
2 20
o Fox
& &0020
S Hols
o1 010
005
00 000
2 4 o s 100 10 o 160 00 40 60 50 1000 1200 1400 1600 1500
Bio 15- Precipitation Seasonality (mm) Bio 4- Temperature Seasonality
060
% 055
07 050
045
506
] 5 o4
5
£os £ o3y
304 5 os0f
k] £ o2
803 “80) 020
&
oz 3 o
010
. 0.05]
00 000
0 S0 100 150 200 0 200 400 600 300 1000
Bio 14- Precipitation of Driest Month (mm) Bio 13- Precipitation of Wettest Month (mm)
05
07 050
i 045
040
B 5 o
£ o
go‘ g 025
o
Fos b
a bﬂo 020)
So2 3ot
- 010
005
00 000]
45 -40 35 30 25 20 415 -0 -5 0 5 10 15 20 25 15 20 23 30 35 40 45 50 55
Bio 6- Min Temperature of Coldest Month (°C) Bio 3- Isothermality (Bio 2/Bio 7) (x100)
06 06
05 05
o4 <04
2 2
= &
] ]
Bos 303
2 2
-'éwz .lé"“
ol L
00 00
20 0 20 40 60 80 100 120 140 160 180 200 220 2 a5 10 5 0 5 015 20 25 30
Bio 14- Precipitation of Driest Month (mm) Bio 1- Annual Mean Temperature (°C)
060
07 055
o 050)
04s
+ 03] 5 040]
2 04 om0
2 k7
T Zos
) S|
3 02 0.15f
010
0.1
005
00 0.00|

20 40 60

Ele-Elevation (m)

80

200 400 600 800 1000 1200 1400 1600 1800 2000
Bio4- Temperature Seasonality (standard deviation x100)





OPS/images/fpls.2023.1181184/table1.jpg
Physicochemical proper-  Seasons Liquidambar Cyclobalanopsis Pinus Cunninghamia

ties formosana glauca massoniana lanceolata
Moisture content (%) Winter | 19.60 +0.24° 24.11 £ 0.86* 18.38 + 0.80° 20.10 + 0.58"
Summer 32.81 + 051° 2501 £ 1.39° 22.64 + 0.28" 31.82 £ 1.00°
pH Winter 5.88 +0.13" 503 +0.01° 535 + 0.08 5.12 + 0.06b
Summer 6.43 £ 0.06* 529 +0.04° 5.58 = 0.13° 5.51 +0.04°
NH,"-N (mg kg) Winter 4.92 +0.26 9.09 + 0.12° 747 + 0.80° 463 + 087
Summer 8.13 +024° 12.30 £ 0.47° 8.47 £ 071° 675 + 0.87°
NO,; N (mg kg Winter 2.81 £ 0.18° 6.16 + 0.34° 289 + 0.37° 497 £ 0.15°
Summer 3.69 % 0.15° 9.06 + 0.18" 5.06 + 051° 845 +0.24"
AN (mg Kg'!) Winter 10120 + 2.70° 136.80 = 8.40° 36.30 + 1.90° 5140 = 1.20¢
Summer 147.90 + 14.70° 197.30 + 4.10° 7120 + 6.40° 10610 + 6.20°
TN (g Kg'') Winter 16.50 + 0.40° 19.40 + 0.30° 17.10 + 2.20° 1520 + 020
Summer 9.80 + 0.80° 23.70 + 250" 18.10 + 3.10™ 20.10 + 3.00°
AP (mg kg") Winter 4.94 % 0.08° 9.64 +0.13" 13.94 +0.03 9.24 +0.18"
Summer 274+ 0.13¢ 7.93 +0.11° 1440 £ 0.51* 625 + 0.50°
TP (g Kg™") Winter 1.20 + 0.00" 1.20 + 0.00° 2.20+ 0.20° 120 + 0.10°
Summer 1.60+ 0.10° 1.60 + 0.10° 1.80 + 0.10° 320 +0.20°
AK (mg Kg') Winter 13150 + 2.20° 109.10 + 0.40° 133.80 + 3.30° 117.90 + 3.00°
Summer 86.80 + 7.00° 147.20 + 8.90° 148.60 + 5.20° 154.10 + 6.50°
OM (g Kg") Winter 22.80 + 0.50° 37.00 + 0.80° 30.90 + 0.40° 19.60 + 1204
| Summer 22.60 + 0.30° 37.20 £ 0.70° 29.40 + 0.70" 20.30 + 0.60°

Values are means + standard error (SE), n = 3. Different letters within each line indicate significant differences among the four forest plantations (p < 0.05).
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ILM 0.085 0.844
ILA 0.091 0.842
LMA 0.246 0.520

For a detailed description of K statistics see Blombe:





OPS/images/fpls.2023.1187704/table2.jpg
pecies
Phegopteris decursive-pinnata 600
Dicranopteris pedata
Phegopteris decursive-pinnata 900
Dicranopteris pedata
Phegopteris decursive-pinnata 1200

Dicranopteris pedata

o is the scaling exponent and logP is the scaling (normalization) constant.

o (95% Cls)
0.82 (0.57,1.16)
160 (0.47,5.46)
0.60 (0.45,0.81)
0.90 (0.37,2.18)
0.78 (0.34,1.77)

0.88 (0.81,0.97)

og p

252

225

P
<0.05
>0.05
<0.05
> 0.05
> 0.05

<0.05






OPS/images/fpls.2023.1200520/M4.jpg
Po+ Py x Abun; + Py x Area; + Py X Ty & + Py X Poggat ik + PBs X Toctive & + @





OPS/images/fpls.2023.1200520/table1.jpg
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Deciduous 798 1089 831 404 387
Evergreen 465 594 459 269 246
Tolerant 739 955 766 402 349

Intolerant 524 728 524 271 284

Total 1263 1683 1290 673 633
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Source of variati Fixation index

Among groups 3 299.36 1.49 17.99 0.18*
Among populations within groups 23 585.00 2.07 25.00 0.30*
Within populations 243 1147.80 4.72 57.01 0.43*

Total 269 2032.16 8.29

df, degrees of freedom; *p < 0.01.
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Mantel test Partial Mantel test

p
IBD 0.633 100E-04* 0411 1.00E-04* 0127 1.00E-04*
IBE 0.625 1.00E-04* 0392 4.00E-04* 0.063 9.00E-04*

IBD, isolation by distance; IBE, isolation by environment; *p < 0.01.
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Cluster Populatio Elevation

Cluster 1 WN 119.2 42.6 576.1 5 0.0172 0.0955 0.0839 0.1860
BL 115.4 42.4 1287.7 5 0.0163 0.1713 0.1534 0.3523

BT 1149 42.5 1236.9 5 0.0131 0.1291 0.1156 0.2754

BN 112.1 423 1304.9 5 0.0826 0.1755 0.1564 0.2059

HG 111.6 42.1 1283.9 5 0.0473 0.1890 0.1686 0.3175

G 111.0 39.8 1160.2 5 ‘ 0.0268 0.1751 0.1556 0.3315

BY 108.9 41.5 13304 5 0.0575 0.1868 0.1664 0.2863

CJ 108.3 41.8 1378.2 E 0.0145 0.1983 0.1768 0.4188

HQ 108.6 39.8 13425 5 0.0149 0.1693 0.1571 0.3524

ET 107.4 39.5 1386.0 5 0.0253 0.1831 0.1635 0.3572

HX 106.9 37.1 1554.8 5 0.0192 0.2059 0.1827 0.4175

wzZ 106.2 37.3 1687.5 5 0.0230 0.1542 0.1359 0.2741

SH 105.1 39.8 1461.6 5i 0.0117 0.1725 0.1536 0.3569

GL 103.8 36.3 1784.1 5 0.0964 0.1951 0.1725 0.2135

ML 100.9 38.4 24409 5 . 0.0227 0.2068 0.1844 0.4133

HN 100.6 36.3 2956.3 5 0.1146 0.2180 0.1919 0.2299

DL 97.4 37.4 3049.5 5 0.0175 0.1872 0.1656 0.3706

Cluster 2 AK 943 39.4 2623.4 5 0.0218 0.1934 0.1725 0.3848
BK 93.5 43.5 1980.1 5 0.0126 0.0775 0.0694 0.1515

HJ 86.3 42.9 2141.2 5 0.0260 0.0676 0.0603 0.0775

TL 834 45.9 1208.4 5 0.0121 0.0778 0.0697 0.1445

Cluster 3 TK 82.0 43.2 11136 5 0.0146 0.0932 0.0831 0.1740
KS 754 40.1 2583.2 5 0.0146 0.0931 0.0825 0.1734

YC 77.0 37.1 2629.5 5 0.0150 0.1215 0.1076 0.2328

MF 83.2 36.7 2485.1 5 0.0167 0.0936 0.0828 0.1807

Cluster 4 Lz 923 28.5 3996.5 5 0.0223 0.0535 0.0472 0.0823
PL 81.2 30.3 3863.5 5 0.0131 0.0076 0.0068 -0.0099

mean 5 0.0292 0.1441 0.1284 0.2574

n, number of individuals sampled; 7, nucleotide diversity; Ho, observed heterozygosity; He, expected heterozygosity; Fis, inbreeding coefficient.
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Predictors % P (F)

GP 100-5300 2 26.235 51.21% P <0.001
100-2500 1 51.51 69.13% P <0.001

2500-5300 1 17523 87.08% P < 0.001

GDD; 100-5300 2 39.357 61.15% P < 0.001
100-2500 1 109.53 82.65% P < 0.001

2500-5300 1 644.25 96.12% P < 0.001

GDD, 100-5300 2 62.643 71.48% P <0.001
100-2500 1 112.09 82.98% P <0.001

2500-5300 1 809.08 96.89% P < 0.001

MI 100-5300 1 60.445 54.24% P < 0.001
100-2500 1 27.056 54.05% P < 0.001

2500-5300 1 85.552 76.69% P < 0.001

| DI I 100-5300 1 73.197 58.94% | P <0.001
100-2500 1 29.808 56.45% P < 0.001

2500-5300 1 47.673 64.71% P < 0.001

MAP 100-5300 1 16.757 24.73% P <0.001
100-2500 1 6.849 22.95% P < 0.001

2500-5300 1 283.16 91.59% P < 0.001

SSP 100-5300 I 1 11.461 18.35% P =0.001
100-2500 1 0.058351 0.25% P =0811

2500-5300 1 378.45 94.39% P < 0.001

MAT 100-5300 2 46.251 64.91% P < 0.001
100-2500 1 85.372 78.78% P < 0.001

2500-5300 1 437.5 94.39% | P <0.001

‘The numbers 1, 2, and 3 indicate first, second, and third order polynomials. Climatic variables that are used to evaluate the pattern of fern species richness along elevation gradients were GDDs
(growing degree days of daily temperature >5°C), GDD,, (growing degree days of daily temperature >0°C), MAT (mean annual temperature), GP (growing degree days), MAP (mean annual
precipitation), SSP (sunshine %), MI (moisture index), DI (drought index).
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150 Top Stage 6 16-20 1146-1240 Quercus mongolica, Carex lanceolata, Lespedeza bicolor
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9 T Subei,GS 3903423 | 94045 367 2079 19080302 10 H4(10) 0.000
10 s Akesai, GS 3903708 9401935 1700 19080301 5 HI19(5) 0.000
DunhuangB, G o
1 s - 10°1525 | 95° 16 41 1093 19080501 6 HI19(6) 0.000
DunhuangB,
12 T G‘S’" ang 10°1525” | 95° 16 41” 1093 19080502 10 HA4(10) 0.000
13 s Yumen, GS  40°46'45” | 96° 40’ 117 1549 19080503 10 HA4(10) 0.000
14 s Yinaoxia, GS  41°16'34” | 96° 56 53" 1948 19080504 10 H20(10) 0.000
15 T Majiadi, G5 40°00° 03" 97°30° 27" 1699 19080601 20 H4(16); H5(1); H6(3) 0353
16 s Majiadi, G5 40°00°03” | 97°30° 27" 1699 19080602 8 HI9(8) 0.000
17 s Jinta, GS 3905229 | 98°43 227 1363 19080603 10 HI9(10) 0.000
18 T Gaotai, GS 39°48°56” | 99° 01’ 53” 1336 19080701 10 HA4(10) 0.000
19 s Gaotai, GS 39°48°56” | 99° 01’ 537 1336 19080702 4 HI9(4) 0.000
20 T Zhangye, GS | 38°44'18” | 100°46'42” | 1705 19072701 10 HA(8); H7(2) 0356
21 s Jinchang, GS | 38°34°03” | 102°16' 04" | 1456 19080801 3 H20(4); H21(2); H22(2) | 0714
2 T Gulang, GS | 37°39'14” | 103°11'05” | 1741 19091601 10 H6(3); H8(7) 0.467
23 T Jingtai, GS 3727427 104226117 | 1730 19093001 10 HA(8); H6(2) 0356
2 T ]\GAS’"q‘"HSG’ 38750317 102°28'32° | 1438 19091801 12 H6(12) 0.000
MinginHSG, o 2
2 s p 38050317 | 102° 28 32 1438 19091802 3 H20(8) 0.000
MinginXSW,
2 T (;smqm S 38035 12” | 102° 58 317 1372 19091701 19 H6(19) 0.000
27 T YougisM, IM | 39°22°35” | 102°1333" | 1583 21062501 10 H6(10) 0.000
28 s YougiSM, IM | 39°22°35” | 102°13'33" | 1583 21062502 10 H20(10) 0.000
YougiYBL,
29 T n\‘:[uql 3°18° 117 102°43 367 | 1240 19091803 15 He(15) 0,000
|
‘ 30 T ZuoqiBY,IM | 40°04'50” | 103°56'05” | 1378 19091805 20 H6(19); HO(1) 0.100
‘ 31 T YougiAB,IM | 40°10°28” | 104°02°39” | 1415 21062503 10 H6(10) 0.000
32 s ZuoqiX)Z, IM | 3875444 | 105°4U01” | 1531 19091901 10 HA(7); H19(3) 0.467
33 T ZuogiLT,IM | 39°24'59” | 105°40°51” | 1133 19091902 10 H4(10) 0.000
H4(11); HO(1); H10(7);
34 T ZuoqiND, IM | 40°07°19” | 105°42°13” | 1078 19091903 20 m(l (1; W HIOD: | 600
35 T Balagong, IM | 39°5% 42” | 108°28' 01" | 1246 19092101 10 H4(10) 0.000
36 i Jidang IM  40°48'59”  108°0738” | 1038 19092002 10 HA(8); H10(2) 0356
Huhemudu,
37 T u\: e 40°30°357 | 107°16' 147 | 1039 19092001 10 H4(10) 0,000
38 T Dengkou, IM | 40°29°17” | 106°43 24" | 1034 19091904 10 HA(8); H10(2) 0356
39 T Balikun, X 43°37°08” | 93°0142” 1604 21072701 20 H4(16); HI2(1); HI3G) | 0353
0 T Qitai, X 4°2516” | 90° 06’ 057 73 21080101 10 H4(10) 0.000
4 T Changji, XJ  44° 118"  89° 34 13" 653 21073102 20 Ha(11); H6(9) 0521
) . . HA(2); H13(2); H14(2);
2 T Jiaosate, X] | 47° 15187 88> 11’ 11 564 21080203 13 0,692
HIS(7)
) T WoyimaK, X| | 47°44'34” | §7°32 117 513 21080301 10 HA(3); HI5(7) 0.467
44 T Jimunai, X 47°45'48”  86° 06’ 55" 541 21080401 10 HA(9); H15(1) 0.200
4 s Yangi, XJ 42700107 86°16'19” 1072 22071701 10 H23(10) 0.000
46 T Baicheng, XJ | 41°51'00" | 82° 46’ 58” 1312 22071601 10 H4(10) 0.000
AtushiHLJ,
4 s X;“S iHL 10°1503 | 77°09 447 1618 22071408 10 H14(9); H24(1) 0200
AtushiSTK,
18 T XI"S . 39°46 147 | 76° 17397 1254 22071407 10 HA(8); H16(2) 0356
19 T Wugia, XJ 3904929 | 75°29° 147 2299 22071402 10 HA(9); HI4(1) 0.200
H4(11); H16(8); H17(9);
50 T Yecheng X] | 37°18°43” | 77°08' 40” 2156 22071101 30 H1(8 (2; @ HIZO: | o724
51 T Hetian, X] 36038 447 | 79° 5205 1824 22071001 10 Ha(6); H18(4) 0533
52 h Ruogiang, X] 38729 14”  90° 06’ 51” 3123 22070601 10 HA4(10) 0.000
Total 633 0.208

T, N. tangutorum; S, N. sphaerocarpa; GS, Gansu; IM, Inner Mongolia, XJ, Xinjiang; QH, Qinghai; Hg, haplotype diversity. * Voucher specimens have been deposited in herbarium of Gansu
Desert Control Research Institute (Lanzhou, China).
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Group SSD (P-value) RAG (P-value) ima’'s D (P-value) Fu's Fs (P-value) t (Kya)
N. tangutorum 0.462 0.0010 (0.8300) 0.0244 (0.9500) -1.3026 (0.0876) -5.5773 (0.0680) 7.15-21.46
N. sphaerocarpa 1.688 0.0471 (0.0000) 0.1395 (0.0000) -0.2105 (0.4399) 0.8639 (0.7180) 26.14-78.41

Parameters were estimated under the sudden expansion model.
7, time in number of generations elapsed since the sudden expansion episode; SSD, sum of squared deviations; RAG, Harpending’s raggedness index; f, expansion time.
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Species/Geographical region Source of variati VE Variation (%)  Fixation index

N. tangutorum Among populations 37 107.077 0.2038 57.75 Fgr = 0.577%
Within populations 476 70.975 0.1491 4225
N. sphaerocarpa Among populations 13 38.794 0.3464 86.87 Fgr = 0.8687*
Within populations 105 5.500 0.0524 13.13
N. tangutorum (Whole distribution) Among groups 5 60.107 0.1220 3287 Fer = 0.3287*
I Among populations within groups 32 46.971 0.1000 26.95 Fsc = 0.4015*
Within populations 476 70.975 0.1491 40.18 Fgr = 0.5982*
Ggl (1-7) Among populations 6 21.353 0.2092 51.10 Fgr = 0.5110*
Within populations 108 21.621 0.2002 48.90
Gg2 (9,12,15,18,20) Among populations 4 0.633 0.0059 6.11 Fst = 0.0611
Within populations 55 4.950 0.090 93.89 |
Gg3 (22-24,26,27,29-31) ‘Among populations 7 9.605 0.1013 68.09 Fsr = 0.6809*
Within populations 98 4.650 0.0474 3191
Gg4 (33-38) Among populations 5 2.014 0.0231 1424 Fer = 0.1424
Within populations 64 8.900 0.1391 85.76
Gg5 (39-44) Among populations 5 8.353 0.1086 35.10 Fst = 0.3510*
Within populations 77 15.454 0.2007 64.90
Gg6 (46,48-52) Among populations 5 5.012 0.0636 2339 Fgr = 0.2339*
Within populations 74 15.400 0.2081 76.61

df, degrees of freedom; S, sum of squares; VC, variance components; Fsr, variance among populations; Fsc, variance among populations within groups; Fr, variance among groups relative to
total variance. *P < 0.001.
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Hs (€5 Nst
N. tangutorum 0.249 (0.040) 0.654 (0.059) 0.620 (0.059) 0.624 (0.076)"
Ggl (1-7) 0.352 (0.097) 0.818 (0.043) 0.570 (0.134) 0.662 (0.156)*
Gg2 (9,12,15,18,20) 0.142 (0.087) 0.156 (0.087) 0.092 (NC) 0.095 (NO)™
Gg3 (22-24,26,27,29-31) 0.115 (0.066) 0.365 (0.173) 0.684 (NC) 0.678 (NO™
Ggd (33-38) 0.219 (0.104) 0257 (0.111) 0.149 (NC) 0.136 (NO™
Gg5 (39-44) 0.372 (0.100) 0.603 (0.123) 0.383 (NC) 0.373 (0.035)™
Ggb (46,48-52) 0.302 (0.119) 0.400 (0.143) 0.245 (NC) 0.211 (NO™
N. sphaerocarpa I 0,099 (0.059) 0.758 (0.084) | 0.870 (0.073) 0932 (0.053)*

Gg, geographical group; *indicates that Ner is significantly different from G (P < 0.01); ns, not significantly different; NC, not computed due to small sample size.
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Vegetation types Number Area (m? Elevation(m) Slope Latitude Longitude
SL 10 100 762-866 10°-30° 25°09'55"-25°26'19" ‘ 107°46'56"-107°56'19"
MTSF 10 400 334-870 5°-45° 25°28/02"-25°32/06" ‘ 107°50'26"-108°16'30"
CF 9 400 851-950 20°-60° 25°35'35"-25°36/16" ‘ 107°42/217-107°42/31"
CBMF 9 400 400-799 10°-35° 25°25'57"-25°33'25" ‘ 107°42'10"-108°13'47"
BF 10 400 743-840 7°-32° 25°11'46"-25°14'03" ‘ 107°54'55"-107°56'02"
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Model 1 28.83 2593 42.37 0.81 528.42

Model 2 32.56 21.19 34.96 0.88 521.38
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Variable Category Coefficient
Model 1
Intercept Intercept Linear -103.59 153.90 0.51
Shannon Diversity Polynomial
Order 1 920.62 316.20 0.006
Order 2 -622.21 204.25 0.004
Order 3 130.66 41.56 0.003
Slope Landscape Linear 11.00 3.04 <0.001
MAT Climate Polynomial
Order 1 -8.36 11.69 0.479
Order 2 -16.24 541 0.005
Order 3 5.28 2.61 0.051
LUI Management Categorical
Forest understory grassland -56.26 41.84 0.188
Wetland grassland ‘ -23.17 43.40 0597
Mowing grassland -157.48 34.82 <0.001
Moderate grazing grassland 12815 38.11 0.002
Heavy grazing grassland 20126 3428 <0.001
Model 2
Intercept Intercept Linear 167.24 34.70 <0.001
Shannon Diversity Linear 50.88 2241 0.029
Slope Landscape Linear 12.00 349 0.001
MAT Climate Cubic spline 0.033
LUl Management Categorical
Forest understory grassland -18.98 5.67 0.043
Wetland grassland 14.41 535 0.058
Mowing grassland -53.97 17.59 0.004
Moderate grazing grassland -55.42 21.05 0012
Heavy grazing grassland -102.48 17.34 <0.001

Nonlinear responses in AGB to Shannon index and/or MAT are considered using polynomial functions in model 1 and cubic spline functions in model 2. Model performance evaluation results

are given in Table 3.
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LUI class

Samples

Shannon

Enclosed grassland

Forest understory grassland
Wetland grassland
Mowing grassland
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Average

Values are given as mean + standard error.
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Approach Prediction tested

AIAI a) Populations of a given species are locally adapted to a specific
regime of anthropogenic disturbance within their native range

b) A native population with (pre-) adaptation to a certain
anthropogenic disturbance regime is identified as the genetic source
for invasive populations

¢) The invasive populations are subject to the same anthropogenic
disturbance regime in the invaded range and thus maintained or
even increased their adaptation to a given practice

NPIH ) A major contribution of contemporary or post-introduction
adaptation is ruled out

b) European species reach higher abundances in their invaded than
native range under pastoral management

¢) European species respond more positively to agropastoral
management than native species

d) European invasive species require agropastoral management
for invasion

e) European invasive species are better colonizers of pastorally
disturbed habitats than natives, regardless of propagule pressure

f) Agropastoral habitats outside of Europe are more invaded by
European species than vice versa

Spe

S

Centaurea stoebe
Euphorbia peplus
Amaranthus tuberculatus

Centaurea stoebe

Centaurea stoebe

NA

Centaurea melitensis

Centaurea solstitialis

Bromus tectorum, Cirsium arvense

>10 species, see in original publication
>10 species, see in original publication
>10 species, see in original publication

Anthoxanthum odoratum, Cerastium
fontanum, Pilosella officinarum,
Holcus lanatus

Bromus tectorum, Carduus nutans,
Hypericum perforatum, Poa bulbosa,
Potentilla recta, Rumex acetosella

Anthriscus caucalis

Bromus tectorum, Cirsium arvense

Bromus tectorum, Cirsium arvense

NA

NA

NA

+/-

+-

+/-

NA

Reference

Rosche et al., 2018
Malikova et al,, 2016
Kreiner et al., 2022

Marrs et al., 2008

NA

NA

Moroney and
Rundel, 2013

Hierro et al., 2017
Hierro et al,, 2013
Xiao et al,, 2016
Connolly et al., 2017
Bellini et al., 2022
Broadbent et al,, 2020
Maron et al,, 2014

Jesson et al., 2000

Pearson et al., 2022

Wallace and
Prather, 2016

Connolly et al,, 2017

Connolly et al, 2017

NA

The category “approach” describes to which paper (either Hufbauer et al. (Hufbauer et al., 2011 - AIAI) or MacDougall et al. (MacDougall et al., 2018 - NPIH)) first describes the prediction that is
tested in the referenced paper. For each prediction we report the studies we could find, highlighting the studies species and whether the result supported (+) or contrasted (-) the prediction (NA=
data not available). This table includes all studies that are listed on the Web of Science platform given the following search criteria: plant* AND (invasi* OR alien OR non-native) AND (pre-

adaptation OR preadaptation OR adaptation) AND (disturb* OR pastoral* OR agro®).
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Species richness 1.53 0.28 11191 <0.001 6.66 <0.001

Shannon diversity 30.49 <0.001 6.28 <0.05 16.96 <0.001

Simpson diversity 15.01 <0.01 0.73 0.40 15.30 <0.001
Berger-Parker 16.72 <0.001 0.03 0.87 13.67 <0.001
Shoot biomass 17.82 <0.001 0.39 0.53 0.35 0.79

F- and P-values were used to represent ANOVA results and statistical significance, respectively. Significant differences (p< 0.05, 95% confidence level, n = 3) are indicated in bold, with GI*Y
representing grazing and year interactions.
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Name Explains (%) ributiol
Temp 113 39.1 93 0.002
TP 55 189 47 0.002
TK 24 83 21 0.042
Prec 23 i 20 0.046
pH 21 72 19 0.050
Aspe 17 59 1.6 0.094
™ 15 53 14 0.094
Posi 14 50 13 0.110
SOM 07 25 07 0.436

Prec, precipitation; Temp, temperature; Aspe, slope aspect; Posi, slope position; SOM, soil organic matter; TN, total N; TP, total P; TK, total K.
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Axis Axis 1 Axis 2

Eigenvalue 4.892 2395 2.358
Variance in species data ‘

% of variance explained 222 109 10.7

Cumulative % explained 222 331 438

Pearson Corr., Response-Pred.* 0.999 0.987 0.992

Kendall Corr., Response-Pred. 0.936 0.817 0.799
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Group

Factor
MF 1572+ 53¢ 42.08 +15.73 342" 40+22° 356 0.02
CF 1271+ 2070 ® 4333 £17.62° 17 £836°¢ 16 £3.94°¢ 7.61 0.0006
Gl 2143 £6.26 ¢ 68.75 £ 12.63 * 42+£258°¢ 545+19.5° 12.88 0.000014
OH 59.29 + 1426 25429159 44+219° 315+15°¢ 921 0.00019
S 6.71 +095 333+ 049 ¢ 7422 5.9 +0.87 253 0.0000021
H 1.04035° 116+024° 1+040° 0.97 020 095 003
] 0.69 +0.05° 0.65 +0.13 > 0.67 +0.08 *° 0.62+0.07 < 3.89 003

MEF, mining factor; CF, cultivation factor; GI, grazing intensity; OH, over-harvesting; S, species richness; H’, Shannon-Wiener diversity index; J, evenness index; different superscripts represent

significant differences of the mean values.
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Model

OLS energy model 0.14 0.14
GWR energy model 058 0.57
OLS water model 0.10 0.10
GWR water model 0.55 0.54

AICc
2830.05
236.03
3004.63

488.84






OPS/images/fpls.2024.1223351/fpls-15-1223351-g001.jpg





OPS/images/fpls.2023.1225030/table3.jpg
ctol MF CE Gl OH

Category A 47 (49.4%) 33 (34.7%) 45 (47.3%) 70 (73.6%) 21.14
Category B 75 (81.5%) 30 (31.5%) 72 (78.25) 85 (92.35%) 10.65
J-value 335 P-value 033 Non-significant

Category A, random selected respondents; Category B, non-random selected respondents; MF, mining factor; CF, cultivation factor; GI, grazing intensity; OH, over-harvesting; CV, cumulative
variance percentage.
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Variable Abbreviation Unit
Energy

Annual mean temperature BIO1 %E:
Mean diurnal range BIO2 °C

Isothermality (BIO2/BIO7)x100 BIO3 /
Temperature seasonality (SDx100) BIO4 o°c
Max temperature of warmest month BIO5 °C
Min temperature of coldest month BIO6 °C.
Temperature annual range BIO7 °C
Mean temperature of wettest quarter BIOS °C
Mean temperature of driest quarter BIOY °C
Mean temperature of warmest quarter BIO10 °C
Mean temperature of coldest quarter BIO11 °C
Potential Evapotranspiration PET mm

Water

Annual precipitation BIO12 mm
Precipitation of wettest month BIO13 mm
Precipitation of driest month BIO14 mm

Precipitation seasonality BIO15 /
Precipitation of wettest quarter BIO16 mm
Precipitation of driest quarter BIO17 mm
Precipitation of warmest quarter BIO18 mm
Precipitation of coldest quarter BIO19 mm
Actual Evapotranspiration AET mm

Aridity Index Al /
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Factors

F-value p-value
Alt 91528 + 139 763.5 + 50 629+ 19.7 919 +83.4 2178 011
Lat. 34.82 +0.099 347 £0.06 34501 34.8 +0.05 1.749 017
Long 72.15 +0.12 72.1 +0.04 719 + 0.1 72.2 £0.07 1.589 0.21
AD 1m2+321¢ 2396+10° 167.4 % 41% 192.6 +27 * 5279 0.004
Clay 714+ 0.5 146 £ 0.8 10 £2.28 822+05 11.66 3.1x10™
Silt 39.14+18 50.07 + 1.6 42 +394 515+ 4.0 4.229 0.013
Sand 39.14 £ 36 432+25 304 +27 50.6 + 2.8 6.122 0.002
pH 7.9 +0.037 7.9 +0.04 7.72 £ 0.09 79 + 004 3919 0017
EC 026 +0.02 025 +0.02 03 +0.05 026 + 0.02 0472 0703
TDS 0.06 + 0.003 0.09 + 0,005 0.09 £ 0.01 I 0.08 + 0.007 ) 3.008 0045
cC 6.71 £ 0.03 6.75 £ 0.0 6.75 £ 0.0 6.75 £ 0.00 1323 0.285
oM 0.92 £ 0.02 0.93 +0.02 0.926 + 0.07 0.97 £ 0.02 7.747 0.0005
N 0.046 + 0.001 0.04 + 0,002 0.04 + 0,004 0.04 + 0.003 0252 0858
P 22941 +2 350 +3.21 2803 + 4.0 349 +3.15 4440 0010
K 74 £ 46 1183 +17 126.8 + 21 1241 + 16 . 2.945 0048
I wp 0.096 + 0.005 0.09 + 0,003 0.09 + 0,008 0.08 + 0.001 1487 0237
FC 0.25 + 0.008 0.24 + 0.005 0.25 £ 0.01 0.23 + 0.006 0.951 0.428
BD 1.50 £ 0.03 » 1.49 £ 0.01 1.53 + 0.06 1.55 £ 0.01 0.978 0415
Sp 0.43 £0.01 0.43 + 0.006 0.42 +0.02 0.41 + 0.004 0.988 0.411
AW 0.15 + 0.005 0.14 + 0,004 0.15 £ 0.01 0.14 + 0.005 1202 0325
cd 171 £ 0.32 322£0.52 1.88 £ 0.5 3705 310 004
Pb 369263 70.88 + 6.7 39.18 £7.5 68.35 + 11 415 001
Cu 1.52 +0.17 5.04 + 1.14 216 +0.12 3.16 £ 0.2 3.19 0.04
Zn 8.02 £ 0.86 6.59 + 1.07 6.94 + 0.89 6.56 £ 0.6 043 0.74

Alt, altitude; Lat, latitude; AD, aspect degree; pH, power of hydrogen; EC, electrical conductivity; M, Mean; SE, Standard error; ANOVA, Analysis of variance. Note: Different superscript indicate significant
differenceat P < 0.05. TDS, total dissolved salts; CC, calcium carbonate; OM, organic matter; N, nitrogen; P, phosphorus; K, potassium; WP, wilting point; EC, field capacity; SP, saturation point; BD, bulk
density; AW, available water; Cd, cadmium; Pb, lead; Cu, copper; Zn, zinc.
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trend of gain

Elevation zone (days per
26 years)

300 160 144 170 17.6 0.70**

400 148 135 159 7.8 0.36

500 155 139 165 9.9 0.47*

600 152 133 172 8.8 033

700 144 132 162 172 0.64*

800 143 128 160 183 0.59"

900 138 120 151 187 0717

1000 132 124 ‘ 144 15.5 0.70%*

#*p<0.01; *p<0.05.
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Pheno-phase

a
parameter

b
parameter

LU
FL
LC

LF

#*p<0.01; *p<0.05.

DOY=a+b.elevation

DOY=a+b.elevation

DOY=a.In(elevat.)+b

102.28

109.06

270.13

-9.987

0.0221

0.0216

-0.0107

343.39

0.62*%

0:55%%

0.09

0.13*

38

38
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Group Il Group Il Group IV

Species Binomial Acronyms

M + SE M + SE M + SE
Nasturtium officinale W.T. Aiton Naof 429+ 1.0 534+ 0.4 425+ 14 450 +0.5
Cannabis sativa L. Casa * *= 34+34 3621
Cynodon dactylon (L.) Pers Cyda 134+05 318+25 L1+ 11 626+ 1.1
Cyperus rotundus L. Cyro * *, 3434 *
Digitaria sanguinalis (L.) scop. Disa 3417 1.03 £0.7 11.8+27 5709
Dryopteris filix-mas (L.) Schott Drfi * * 1515 *-
Equisetum arvense L. Eqar 0.80 + 0.8 *- 3.6+27 *-
Euphorbia helioscopia L. Euhe 0.99 +£0.9 *- 0.90 £0.9 0.5+0.5
Marsilea quadrifolia L. Maqu = * * 052+0.5
Medicago denticulata Willd. Mede ' 20+13 * 15+ 15 *
Mentha longfolia (L.) Huds. Melo 1.2 £0.81 *- 29+19 169 + 0.9
Parthenium hysterophorus L. Pahy I - *- 32+14 *
Polygonum glabrum Willd. Poba 194405 146 + 1.3 54+17 32414
Ranunculus muricatus L., Ramu 48+ 1.5 ¥e 27+19 103 £25
Rumex dentatus L. Rude 62+0.7 o 6.4 +39 1.03 £ 0.6
Sonchus asper (L.) Hill Soas 0.62 + 0.6 *- * *-
Stellaria media (L.) Vill. Stme 12+1.2 *- 0.95 £ 0.9 *-
Trifolium repens L. Trre - 051 +0.51 1 * ' *
Typha latifolia L., Tyla * 213+ 1.65 - L
Urtica dioica L. Utdi 0.67 £ 0.6 e Ao *
Vicia monantha Retz. Vimo 13+08 L 78 +3.6 =
Xanthium strumarium L. Xast - 051 +£0.51 - -
z 14 4 16 10

%, summation; M, mean; SE, standard error; *species absence in group.
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Name of protected Number of PA Elevation zone Elevation range of Number of

area observation sites observation sites
(PA) (m a.s.l)

*Cerova vrchovina, 2 300 248-344 5
“Malé Karpaty

*Vychodné Karpaty, 2 400 350-436 S
**Slovensky kras
*Biele Karpaty, *Malé Karpaty, 5 500 460-549 9

*Stiavnicke vrchy

*Vihorlat, **Muranska planina, 3 600 559-625 L
**Slovensky raj

0 700 658-734 2

'Poiana, **Nizke Tatry 3 800 770-812 3

*Horn4 Orava, **Velka Fatra, 3 900 864-940 3
**Vysoke Tatry

*Polana, **Murénska planina, 4 1000 962-1105 4

**Nizke Tatry

*Protected landscape area; **National park.
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Plant species/ Leaf Specific  Leaf Leaf dry Twig Twig dry Bark Bark Bark dry Stem Stem dry

functional thickness leaf area tissue matter tissue matter thickness tissue matter tissue matter
traits density content density content density content density content
Cryptomeria japonica | 0.315 | 0.001 0507 0.008 0.102 0199 0243 0610 0550 0.082 0341 0953
var. Sinensis

Cunninghamia 0777 | 0548 0085 0.026 0.007 0.001 0024 0088 0.039 0.998 0945 0314
lanceolata

Pinus massoniana 0351 | 0849 0.165 0123 0.106 0313 0559 0971 0240 0.393 0975 o7
Acer davidii 0544 0463 0114 0.024 0033 0.004 0.048 0132 0.130 0071 0079 0492
Acer elegantulum 0435 | 0179 0472 0919 0202 0.002 0.005 0.042 0.017 0.001 0069 0356
Alniphyllum fortunei | 0.276 | 0.001 0934 0.003 0135 0258 0.006 0.046 0.033 0083 0361 0602
Castanopsis eyrei 0747 | 0633 0936 0.363 0.001 0021 0087 0225 0087 0583 0260 0.446
Celts biondii 0550 0089 0.045 0,803 0097 0.018 0054 0149 0.003 0.003 0155 0249
Choeraspondias 0491 0.007 0239 0.062 0152 0972 0378 0247 0890 0499 0611 0409
asillaris

Cornus hongkongensis | 059 | 0.001 0.017 0.007 0.009 0465 0908 0073 0513 0.806 0.150 0275
subsp. elegans

Machilus thunbergii ~ 0.217 | 0.001 0.183 0.031 0025 0102 0.002 0.006 0059 0.001 0227 0208
‘Phocbe sheareri 0375 0.001 0274 0.010 0084 0526 0208 0272 0173 0.001 0.039 0012
Prunus schneideriana | 0.097 | 0.181 0218 0.091 0492 0.014 0396 o114 0.043 0.106 0.016 0015
Quercus glauca 0235 0.001 0.127 0.001 0.004 0303 0.001 0196 0.009 0.031 0343 0.038
Schima superba 0134 0001 0.001 0.001 0.008 0.001 0.001 0.027 0.001 0.001 0070 0085
Eurya muricata 0010 0.001 0220 0.030 0.004 0370 0.001 0.002 0234 0.006 0.001 0.002
Itea omeiensis 0063 0.001 0889 0.001 0444 0784 0.108 0100 0993 0.897 0841 0181
Lindera erythrocarpa | 0.671 | 0.001 0627 0.044 0.047 0.049 0.007 0765 0.032 0.001 0.021 0,005
Loropetalum chinense 0339 0.026 0399 0.048 0.008 0.010 0020 069 0.021 0.001 0076 0030

Significant differences (P < 0.05) are highlighted in bold
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Plant functional traits Conserved forests Disturbed forests

Leaf area, LA, cm® 22.37 £15.06 a 19.01 £1227 a
Leaf thickness, LT, mm 035+ 0.15b 0.46 £0.17 a
Specific leaf area, SLA, cm® g 127.12 + 5044 a 113.05 + 47.08 a
Leaf tissue density, LTD, g cm™ 0.28 £ 0.09 a 023 +0.06 b
Leaf dry matter content, LDMC, g g™ 0.38 £ 0.05 b 043 +0.05a
Twig tissue density, TTD, g cm™ 048 + 0.09 b 054 +0.09a
Twig dry matter content, TDMC, g g 0.48 £ 0.05b 0.53 £0.05a
Bark thickness, BT, mm 044 +030a 040 £0.30a
Bark tissue density, BTD, g cm™ 047 £0.11b 0.52+0.16a
Bark dry matter content, BDMC, g g 051007 b 055 +0.09 a
Stem tissue density, STD, g cm™ 051+0.11b 056+ 0.14a
Stem dry matter content, SDMC, g g 0.50 + 0.08 b 054 £0.11a

Different letters indicate significant differences between trait values (t-test, P < 0.05).
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Entire region

Strategy | Strategy |l (10 taxa, 36 (18 taxa, 36
(subregion) (LOO) SIE)] sites)

Artemisia 24.03 0.07 21.84 131 24.92 026 20.04 0.15
Pinus . 954 024 12.05 0.51 1576 ‘ 029 9.61 ooz
Humulus 26.75 1.00 12,08 124 9.12 112 7.21 0.90
Castanea 13.13 023 9.18 0.67 1050 048 6.07 0.34
Quercus 349 0.12 441 027 545 009 5.67 0.17
'g;‘:::z:; 160 0.23 "™ o6 228 0.15 253 0.1
Caryophyllaceae 0.68 031 0.97 0.14 2.69 0.17 1.74 0.16
Ulmus 1.85 051 1.06 027 073 027 1.55 o

Poaceae 1 0 1 0 1 0 1 0

Robinia 112 0.01 0.84 0.05 1.01 0.03 0.91 0.03
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Land cover type Caryo Cas

3 Pinus tabulaeformis forest' 4.82 1.69 0 0 1.74 0 745 20.1 22 6.25
5 Pinus densiflora forest' 4.82 1.69 0 0 1.74 0 74.5 20.1 22 6.25
6 Pinus thunbergii forest' 4.82 1.69 0 0 1.74 0 745 20.1 22 6.25
7 Platycladus orientalis forest' 0.89 0 0 1.78 0.63 2.08 0 115 0 0.76
8 Quercus acutissima forest ' 3 3.01 0 0.04 0.1 04 6.72 16 73.9 0
9 Robinia pseudoacacia forest" 174 0.8 0 248 13 0.3 1.82 26.3 0 0.08
10 Malus sieversii forest” 0 0 0 0 0 0 0 21 0 0
11 Salix matsudana forest* 0 0 0 0 0.1 0 0 103 0 0
14 Populus, Salix, Ulmus forest” 0 0 0 0 0.1 0 0 103 0 36
15 Cotinus .:oggygria2 2 0 0 0 0 0 0 4 0 0
16 Carex moorcroftii2 235 4.71 0 0 0 0 0 7.1 0 0
17 Vitex negundo var. heterophylla, Ziziphus jujuba var. 18 441 069 017 0.63 015 004 201 007 185
spinosa, Bothriochloa ischaemum scrub, and grass'
22 Phragmites communis swamp® 0 0 0 0 0 0 0 92 0 0
23 Cultivated field' 0.35 0.05 0.97 0.6 1.86 0.15 0 1.05 0 0.01
24 Cultivated tree' 0.83 0.43 9.70 1.90 249 0.63 0.00 9.64 0 0.01

Plant composition for vegetation categories is collected from a field survey (Li et al, 2017; marked with') and published literature (Wang and Zhou, 2000; denoted with?). Plant species
harmonized to pollen-type full names: Art, Artemisia; Caryo, Caryophyllaceae; Cas, Castanea; Che, Amaranth/Chenop; Cich, Asteraceae SF. Cichorioideae; Hum, Cannabis/Humulus; Pin, Pinus;
Poa, Poaceae: Que, Quercuts; Ulm, Ulrmus.
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Elevational

Zone

Foothills 1=0.288, A=0.217, A=0.170,
Pr=0) =0 Po=0) =0.232 Poi-0) =0.164

Submontane 2=0.168, A=0.214, 21=0.594,
Poo) =0.013* | poeg) =0.147 Po=0) =0

Montane A=0.754, A=0431, 2=0.956,
Po=0) =07 Pa=o) =0-005 | peieg) =0"*

Upper-montane A=0.231, A=0.166, A=1.012,
Po0) =0.045% | po=g) =0.267 Po=o) =07

Alpine =0, A=0, 21=0.508,
Pa=0) =1 Pa=o) =1 P=0) =0.123

We also tested whether each Pagel’s % is significantly deviated from 0 (no phylogenetic signal)
based on the likelihood ratio, and the asterisks indicate the significance level for each test:
*p<0.05, **p<0.01, ***p<0.001.
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Elevational Parameters Phylogenetic

zones signal
A (95% CI)
Foothills Log(cc) = -0.021 (0.010); t = 0.274
-2.04; P = 0.043* (0.103, 0.502)
B sz =621 x 10-4 (339 x 10 -4); t
=1.83, P = 0.068
Submontane Bec® = 0.260 (0.094); t = 2.76; P = 0.182
0.006** (0.048, 0.380)
Bec = - 0.254 (0.093); t = -2.73; P =
0.007**

Bsz = 1.61x10-4 (3.77x10-4); t =
-0.426; P = 0.670

Montane Bcc = - 2.90x10-2 (5.52x10-2); t = 0.838
-0.525; P = 0.601 (0.676, 0.925)
Bsz = 5.95x10-6- (5.60 x 10-4); t =
0.011; P = 0.992

Upper-montane Bee = 0.060 (0.074); t = 0.805; P = 0.239 (0.00, 0.629)
0.424
Bsz = -0.002 (0.001); t = -1.71; P
=0.091

Alpine Bec = -0.036 (0.127); t = 0.287; P = 0 (0.00, 0.996)
0.776
Bsz = 8.61x10-5 (1.91x10-3); t =
0.045; P = 0.964

In Submontane zone, Bcc2 is B2 and Bec is B1; there are two coefficients for the quadratic
model; Bec is not the coefficient for the linear model here.

The values in parentheses following the coefficients indicate its standard error, and the asterisk
indicates its significance at o = 0.05 (*) or o = 0.01 (**). The third column contains the
phylogenetic signal for each model and its associated 95% confidence intervals.
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Growth period
(P)

P

CO, flux 2.51
CH, flux 111
CO;5-eq flux 2.51

Values are in bold when P< 0.05.
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Location GC cC Size (mm)

Foothills 0.373 0.168 144
Submontane V 0.372 V 0.167 13.0
Montane 0.373 0214 11.8
Upper-montane 0.368 0.161 114

Alpine 0.359 0.277 109
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Parameter Species characteristics Plot characteristics

Traits i, . Range i Range ; j, Pj, Range

of beta of alpha of Pj
171 2.08 -0.45 0.00 208

SLA 221 079 0.19 0.84 0.07 2.13 0.19
2.50 227 039 0.19 227
0.14 0.34 -0.20 0.00 034

LDMC 0.43 098 0.13 0.85 0.06 0.41 0.15
L12 0.47 0.65 0.15 049
0.66 0.93 035 0.00 0.92

WD 0.97 048 0.13 046 0.05 1.02 0.14
114 1.06 0.11 0.13 1.06
1.01 1.39 -0.46 0.00 1.39

LA 1.76 119 0.58 0.85 025 1.66 0.58
220 1.97 039 0.58 197
149 172 027 0.00 171

CHL 1.74 038 0.09 036 0.04 1.76 0.11
187 1.81 0.09 0.10 1.82
0.81 L12 -0.36 0.00 L1l

LNC 123 086 0.24 0.75 0.08 1.16 025
1.67 1.36 039 025 1.36
0.14 0.62 028 0.00 0.61

LPC 0.96 137 0.58 097 0.20 0.75 0.59
151 1.20 0.69 0.58 120
029 0.86 -0.65 0.00 0.85

LKC 0.95 117 0.14 119 0.06 091 0.15
146 1.00 054 0.14 1.00
075 124 0.54 0.00 124

NP 128 07 0.11 0.7 0.05 131 0.15
145 1.35 0.16 0.14 1.39

Ty, the discrepancy between the average range of all samples. p, the average trait of a sample. Rs, the niche breadth.
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Variables Z value P vall Variable importance
Intercept 50.943 <0.001

AMT 10759 <0.001 1.00

pH 3.197 <0.01 1.00

N 3.685 <0.01 0.99

TP 2.902 <0.01 0.98

APRE 0.801 0423 0.55

SOM 0.540 0.589 041

AMT, Annual mean temperature; pH, Soil pH value; TN, Soil total nitrogen; TP, Soil total
phosphorus; APRE, Annual precipitation; SOM, Soil organic matter.
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NH APRE SOM TP AN AP
NH 1
AMT 0.591*** 1
APRE 0.323*** 0.605*** 1
pH -0.228** -0.656*** -0.826"** 1
SOM -0.283** -0.073 -0.228** 0.201** 1
TN -0.193** 0.171* 0.223** -0.217% 0.708*** 1
TP -0.226%* -0.433*%¢ 0.036 0.18* 0.188** 035+ 1
AN -0.038 0.364*** 0.171* -0.208** 0.72%%* 0.884%** 0.166* 1
AP -0.174* -0.622*** -0.263*** 0.438*** -0.367** -0.513** 0.366*** -0.617%* 1
AK -0.142* -0.458*** -0.374*** 0.559*** 0.01 -0.059 0.41%%* -0.091 0.538** 1

*#, % and * indicate P<0.001, P<0.01, and P<0.05, respectively. NH, Niche hypervolume; AMT, Annual mean temperature; APRE, Annual precipitation; pH, Soil pH values SOM, Soil organic
matter; TN, Soil total nitrogen; TP, Soil total phosphorus; AN, Soil available nitrogen; AP, Soil available phosphorus; AK, Soil available calcium.
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Species Longitude Latitude Elevation (m)
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Explained variance by Independent_ Independent_

soil and climate () climate effect () soil effect () Joint effect ()

Ridge regression Hierarchical Hierarchical Hierarchical

model partitioning partitioning partitioning
LTH Leaf 020 0 007 0.13
LDMC Leaf 015 0.02 0 0.13
SLA Leaf 0.09 0 0.02 0.07
LN Leaf 0.16 0 0.16 0
LC Leaf 0.10 0.04 0.06 0
LP Leaf 0.44 0.16 022 0.06
L.CN Leaf 015 0 015 0
LCP Leaf 041 0.13 022 0.06
L_N.P Leaf 0.48 0.27 0.17 0.04
SD Stem 020 0.02 0 0.18
SDE Stem 044 0.17 0 0.27
SN Stem 0.25 0.08 0.02 0.15
sC Stem 035 0.29 006 0
sp Stem 036 031 004 0.01
S_.CN Stem 027 0.11 001 0.15
s.CP Stem 034 0.29 003 0.02
S_N.P Stem 0.60 045 0 0.15
RD Root 052 0.42 0 0.10
SRL Root 025 0.22 003 0
RN Root 0.14 0 0.14 0
RC Root 0.16 0.12 0 0.04
RP Root 055 0.32 0.11 0.12
R_CN Root 005 0 005 0
R_C.P Root 0.53 0.30 0.12 0.11
R_N.P Root 0.56 0.37 001 0.18

Leaf thickness, LTH; Leaf dry matter content, LDMG; Specific leaf area, SLA; Leaf nitrogen content, LN; Leaf carbon content, LC; Leaf phosphorus content, LP; Leaf C/N ratio, L_C.N; Leaf C/P
ratio, L_C.P; Leaf N/P ratio, L_N.P; Stem diameter, SD; Stem density, SDE; Stem nitrogen content, SN; Stem carbon content, SC; Stem phosphorus content, SP; Stem C/N ratio, S_C.N; Stem C/P
ratio, S_C.P; Stem N/P ratio, S_N.P; Root diameter, RD; Specific root length, SRL; Root nitrogen content, RN; Root carbon content, RC; Root phosphorus content, RP; Root C/N ratio, R_C.N;
Root C/P ratio, R C.P:; Root N/P ratio, R N.P.
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