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Editorial on the Research Topic 


Plant responses to environmental stresses based on physiological and functional ecology


Plants require a proper balance of matter and energy to maintain their survival and reproduction. Biotic and abiotic stresses in diverse environments can influence plant photosynthesis, water and nutrient acquisition, and utilization. Plant functional traits play a crucial role in functional ecology as they constitute the fundamental elements and critical links between plant physiology and plant function. Although applications of plant functional traits research have been diverse, there are several novel areas where research on plant functional traits can significantly contribute in the future. The study of plant physiological and functional ecology has developed a comprehensive understanding of the responses of individual plant traits and the integration of plant responses to environmental change. Despite the increasing number of studies attempting to establish a linkage between plant physiological processes and functional traits, these covariations have received limited theoretical and experimental verification. We propose this Research Topic to bridge the gap between physiological processes and functional traits in plants. Several meaningful discussions have emerged from this compilation, shedding light on plant responses to environmental stresses and the underlying mechanisms. Research on the topic has even extended into several novel directions, such as the study of heavy metal and organic pollutant responses, the role of microplastics, and the impact of fungi on plant physiology.

Understanding the relationship between plants and the climate is necessary to make predictions across trophic levels. The prevalence of herbivores is associated with variations in plant functional traits, including physical and chemical defenses. In the context of global climate change, research on plant defense responses to herbivory stress should not only distinguish direct changes in plant traits resulting from biotic factors but also consider the multilayered canopy functional structure of communities modified by the introduction of herbivores (Alexander et al., 2018). Besides the direct effects of climate change (Gilman et al., 2010), colonization by novel herbivores in alpine ecosystems (presumably due to warming) has resulted in a rapid reorganization of plant community structure and traits, adding new and complex layers to how we imagine ecosystems might respond to climate change (König et al., 2022). These results underscore the complex dynamics between plants and herbivores that complicate our understanding of how plant physiology and function may change in the climate of the Anthropocene. For example, an experiment on greenhouse warming in alpine meadows in Switzerland found that herbivore incursion in warming treatment plots significantly decreased the vegetation biomass of the entire plant communities and changed the functional dominance of the community-weighted mean traits (Descombes et al., 2020).

Based on enough field investigations and manipulative experiments, plant ecological stoichiometric traits are tightly correlated with plant functional traits and environmental factors. Research on plant nitrogen and phosphorus contents and nitrogen-phosphorus stoichiometric relationship are often the focus of plant ecologists. However, increasing focus has been paid to the role that other elements, such as drought resistance (related to potassium), light environment (related to magnesium), herbivory and disease resistance (related to silicon) (El-Shetehy et al., 2021; Johnson et al., 2021), and resource allocation (related to calcium) (Xing et al., 2021), play roles in regulating plant communities. In general, this approach has led to the identification of several ‘limiting’ nutrients by which plant species distribution is governed (Han et al., 2011). This principal – first explained in the 19th century by the German scientist Justus von Liebig, is often referred to as the “Law of the Minimum.” (Sterner and Elser, 2003), Increasing work looking into the relationship between plants and their abiotic environment has confirmed this principal in a number (4149) of forest communities in China (Tang et al., 2018). This rule allows for the development of biogeochemical ‘niches’ by the geographic or temporal distribution of species that are limited by the distribution of their nutrients (Peñuelas et al., 2019). These niches are often used as a tool to detect responses in plant communities to environmental change. For example, suppose a given species of plant requires a certain optimum range of soil nutrient and pH conditions (an environmental niche). We can observe how the demography of this plant is influenced by a changing climate (such as by aerosol deposition of nitrogen) as the climate influences the soil availability of nutrients and pH. To be clear, studies on the chemical stoichiometric characteristics of plant elements (except carbon, nitrogen, and phosphorus) are still lacking. Although large-scale patterns of plant stoichiometry traits have been reported in a few studies, the formation and driving mechanisms of their variation are not clear.

We mention the context of climate change given its immediate relevance when we consider how we understand plant physiology and function. Environmental change can increase the frequency and severity of stresses, including flooding, drought, salinity, freezing, species migration and innovation, human interference, and new types of pollution such as microplastics and nuclear pollution. The exploration of plant diversity (in both physiology and function) within and between species can help understand which trade-offs reflect the adaptation mechanisms of plants to environmental stress and which combinations of traits may pre-mitigate environmental stress. A clear definition of plant stress resistance remains a primary challenge, and resolving this problem will greatly facilitate the analysis of plant genetic and phenotypic properties and stress resistance through laboratory experiments and field observation methods (Verslues et al., 2023).

Future research in this area can make significant contributions, such as improving human health through food nutrition and quality. However, there are several aspects that should be addressed or further emphasized in future research, including the development of conceptual frameworks and models linking physiological processes and functional traits, the investigation of abiotic and biotic stresses, the study of plant nonlinear and comprehensive responses to multifactorial stresses, case studies focusing on specific nutrients, components, and organs, and the examination of plant physiological process changes and functional trait variations in ecological restoration and succession (Johns et al., 2022; Yang et al., 2023). In conclusion, the study of plant physiological processes and functional traits is crucial for understanding plant responses to environmental stresses. This Research Topic has provided valuable insights into the linkages between physiological processes and functional traits, but there are still many unresolved questions and areas for future research. By addressing these gaps, we can further enhance our understanding of plant responses to environmental changes and contribute to various fields, including ecological restoration, food nutrition, and human health.

The case studies, hypothesis and theory articles published in this Research Topic provide additional insights into plant responses to environmental stresses based on physiological and functional ecology. The focus on trait-based approaches is designed to arm researchers and policy makers with quantitative measures of plant responses to environmental stress. Consequently, we would like to focus on direct measurements of new physiological and phenotypic traits that may be related to plant functions, particularly in scenarios where our potential for data collection has significantly improved over recent years. These new techniques and projects quantifying the mechanistic responses of plants to environmental change allow for the development of better models and predictions of vegetation change in a changing climate. Thus, a priority for future studies is to establish better links between precise organismal traits and plant functions, particularly on the analyses of plant traits related to newly human-induced environmental changes, such as increased microplastics, inevitable nuclear-contaminated water pollution, increased invasive species, more frequent climate anomaly and so on.
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Water supply and demand in leaves are primarily determined by stomatal density (SD, water demand) and minor leaf vein density (VLA, water supply). Thus, covariation between them is essential for maintaining water balance. However, there is debate over whether these two traits vary in a coordinated way. Here, we gathered SD and VLA data from 194 species over four altitudinal gradients, and investigated their relationships across all species, growth forms, and different altitudes. Our findings demonstrated that SD and VLA were positively associated across all species, independent on plant phylogeny. Moreover, the reliability of this SD-VLA relationship increased with altitudes. Although the stomatal number per minor vein length (SV) remained stable across different altitudes and growth forms, the positive SD-VLA relationship was found only in shrubs and herbs, but not in trees. Differently, a strong coordination between total stomatal number and total leaf vein length was observed across all species, trees, shrubs and herbs. These findings suggested that coordinating stomatal number and minor vein length within one leaf, rather than stomatal and vein density, may be a common choice of plants in the fluctuating environment. Therefore, to explore the relationship between total number of stomata and total length of leaf veins seems to better reflect the linkage between stomata and leaf veins, especially when covering different growth forms.
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Introduction

For plant individuals, stomata regulate the exchange of gas and water vapor between leaf tissue and the atmosphere (Simonin and Roddy, 2018), its variations in shape and distribution generally reflect different adaptive responses to environments (Sun et al., 2021). The evolution of stomata undergone a transformation from large and rare to small and dense (Liu et al., 2019), which is closely associated with decrease in atmospheric carbon dioxide concentration (Feild et al., 2011). Dense stomata contribute to high transpiration (Kassout et al., 2021), whereas water loss is unavoidable as a result of the exchange of water vapor through stomata (Brodribb and Jordan, 2011; Zhao et al., 2020), thus an urgent water supply is needed to compensate for these moisture losses (Scoffoni et al., 2017). Leaf veins transport water for transpiration and photosynthesis and ensure water supply within leaves (Brodribb and Field, 2010; Zhu et al., 2020). Therefore, a necessary linkage of stomata and leaf vein is developed to adapt to changes in hydrological conditions (functional coordination theory) (Brodribb and Jordan, 2011). In fact, water supply and demand in leaves are primarily determined by minor leaf vein density (VLA) and stomatal density (SD), respectively (Brodribb et al., 2017). Currently, many studies have observed a positive relationship between SD and VLA (Carins Murphy et al., 2014; Brodribb et al., 2017; Lei et al., 2018), but negative or marginal correlation is also found in some cases (Zhang et al., 2015; Zhang et al., 2021). Thus, there is still controversy over the direction of SD-VLA coordination and whether such coordination is a common feature.

At first, evolutionary history of species may have important impact on the covariation of SD and VLA (Brodribb and Feild, 2010; Zhang et al., 2021). Previous studies observed that leaf vein had experienced a dramatic increase during the Cretaceous period (Feild et al., 2011). Similarly, the number of stomata was also increased to maintain photosynthesis due to the decrease in carbon dioxide concentration during the Cretaceous (Brodribb and Field, 2010; Brodribb et al., 2017). It is evident that the increase in both SD and VLA is a plants’ adaptation to the setting of atmospheric changes, and these increases are synchronous and coordinated (Feild et al., 2011). Moreover, Zhang et al. (2014) found that SD and VLA were positively coordinated in a study of eleven species belonging to basal angiosperms whether or not phylogeny is considered. And this result was found in Paphiopedilum species (Zhang et al., 2012). These evidences suggest that coordinated change of SD and VLA may be an adaptive strategy of plant in evolution. Therefore, we speculate that SD and VLA are associated across multiple species and that their cooperation as a selective adaption independent on plant phylogeny (Hypothesis 1, Figure 1).




Figure 1 | Variation mechanism of the relationship between stomata and leaf veins at different altitudes and growth forms. SD, stomatal density; VLA, vein length per unit area; d, the distance from the end of minor veins to the site of evaporation near the stomata.



Secondly, the coordination of SD and VLA may be influenced by environmental factors. SD and VLA exhibited a significantly positive relationship in adaptation to changes in light (Carins Murphy et al., 2012) and humidity (Carins Murphy et al., 2014). However, some studies have found that SD and VLA respond inconsistently to CO2 concentration (Uhl and Mosbrugger, 1999) and vapour pressure difference (Torre et al., 2003). These findings imply that linkage between SD and VLA may be discrepant in different environments. In fact, the correlation of SD and VLA is an optimal design, that is, these two traits are structurally independent, but related because of their common involvement in water regulation within leaves (Sack et al., 2013). However, such trait correlation due to optimal design is indirect and can shift across environments (Sack et al., 2013). In general, plants tend to develop a series of functional traits to increase their fitness in stressful habitats (Mayfield and Levine, 2010). As an optimal design, the coordination of SD and VLA could effectively improve plant photosynthesis and water use efficiency, which benefits plant survival under harsh condition (Brodribb et al., 2017; Lei et al., 2018). Altitudinal gradients can serve as ideal experimental sites to investigate the variation in SD-VLA relationship in different habitats. We hypothesize that the collaboration of SD and VLA may be enhanced in high altitude due to optimal design (Hypothesis 2, Figure 1).

Finally, the coordinated change of SD and VLA may be influenced by variation in leaf size, but how the leaf area (LA) controlled the variation in SD, VLA, and their relationship remained unclear (Zhao et al., 2017). For example, Carins Murphy et al. (2012) found that leaf expansion resulted in the coordinated development of SD and VLA in Toona ciliate. However, other studies found that minor VLA is little affected by LA (Sack et al., 2012; Zhao et al., 2016), whereas SD and LA revealed different types of associations (Carins Murphy et al., 2014; Alvarez-Maldini et al., 2020). In fact, these differences may be caused by species differences. In general, there are considerable variation in traits such as leaf size, stomata, and leaf vein among growth forms, thus the effects of leaf size to stomatal and leaf vein development may be different (Sack et al., 2013; Liu et al., 2019). As a result, these various effects of LA on SD and VLA may contribute to the mixed results of stomatal and leaf vein coordinated development (Carins Murphy et al., 2012; Zhang et al., 2015; Zhang et al., 2021). However, it is undoubted that the coordination of stomata and veins, which is essential for plant growth, allows for the construction of leaves that maintain balance in water transport and transpirational water loss (functional coordination theory) (Brodribb and Jordan, 2011; Evans-Fitz. Gerald et al., 2016). It thus appears that the SD-VLA relationship could not accurately reflect the general rule of water demand-supply balance in leaves, due to the effect of leaf size. In comparison with stomatal and vein density, the total stomatal number and leaf vein length within one leaf could better reflect the quantity of water demand and supply. Therefore, we expect that total number of stomata and total length of leaf vein within one leaf would covary across all species and different growth forms (Hypothesis 3, Figure 1).

To test these hypotheses, we examined SD and VLA of 194 plant species along four altitudinal gradients in central China, which comprised 39 tree species, 53 shrub species, and 102 herb species. This dataset allowed us to test the generality and direction of the SD-VLA relationship across different habitats and plant growth forms. Meanwhile, we explored the relationship between total number of stomata and total length of leaf vein across all species, trees, shrubs and herbs. In addition, we investigated the influence of plant phylogeny and LA on SD-VLA relationship, and compared the strength of SD-VLA coordination in different altitudinal gradients and growth forms. We also used SV (the stomatal number per minor vein length) to examine the coordination between water demand of a given number of stomata and water supply per unit length of minor veins. As a ratio of SD to VLA, a stable SV indicated the water supply-demand balance (Zhao et al., 2017).



Materials and methods


Study site and sampling

Leaf samples were gathered on the northern slope of Taibai Mountain Nature Reserve in Shaanxi Province, central China (107°19′—107°58′ E, 33°49′—34°10′ N). The height of nature reserve ranges from 1060 m to 3771 m, with the annual precipitation between 656 mm to 869 mm and an annual average temperature between -2.10°C to 13.27°C (Tang et al., 2004). Topographic and climatic differences cause a vertical zonation of major forest along this height, including deciduous oak forest, birch forest, coniferous forest, and subalpine shrubland-meadows.

In July 2017, field sampling was carried out. Our sampling sites ranged in elevation from 1374 to 3649 m above sea level. We set four altitudinal gradients to sample and each gradient represents a typical vegetation type (Supplementary Table S1). In each altitudinal gradient, four experimental plots (20 × 20 m plot for forest sites) were established, with two 5 × 5 m plots for shrubs and five 1×1 m plots for herbs nested in each of forest plot. Three mature and healthy species from each plot were randomly chosen, and 30 to 40 of their fully extended, sun-exposed leaves were sampled (Wang et al., 2020). We collected the leaves of 98, 46, 46, 33 species from four altitudinal gradients, respectively (Supplementary Table S1, S2). Because some species occur in multiple altitudinal gradients. Finally, 194 species from 137 genera and 70 families were sampled in total (Supplementary Table S5), including common and dominant species within the plant communities.


Trait measurements

For each species, 5-10 leaves were randomly chosen to measure minor veins density. Each leaf was cut into 1cm2 sections (avoiding major vein), and stored in a formalin-acetic acid-alcohol (FAA) fixative. In the laboratory, the 1cm2 leaf sample slices were submerged in a 7% (w/v) solution of NaOH (in H2O). The solution was replaced every day until the samples were transparent. These samples were then soaked in distilled water for 30 minutes, moved then to 5% (w/v) NaOCl (in H2O) for 5 minutes, and rinsed in distilled water for 3 minutes. Next, the leaf samples were stained in 1% (w/v) safranin O for 15 minutes to color the lignin-rich veins. Then, the samples were mounted on microscope slides and photographed at 200× magnification using a Motic BA210 microscope (Motic Medical Diagnostic Systems, Co., Ltd., Xiamen, China). The length of the minor veins was measured manually with Motic Images Plus 3.0 (Motic Medical Diagnostic Systems, Co., Ltd., Xiamen, China). The minor vein density (VLA, mm mm–2) was calculated as the total length of minor veins per unit area. For each species, at least three leaves from different individuals were used and 15 fields of view were selected (Sack et al., 2012; Zhang et al., 2015; Wang et al., 2020).

The nail-polish imprint method was used to measure stomatal density (SD) (Wang et al., 2015). The major veins were avoided when clear nail polish was placed on the abaxial leaf surface. After the polish dried, and then we peeled off and mounted the polish onto a glass slide. For each species, at least three leaves from different individuals were selected for stomatal observations. Their stomata were counted in 12 randomly chosen fields. SD (no. mm-2) was calculated as the stomata number per unit area. We also calculated the value of SV (no. mm-1), i.e., the ratio of SD to VLA (Zhao et al., 2017). Finally, Leaf images were taken using a scanner and leaf area was measured using Image J software (National Institutes of Health, Bethesda, MD, USA). Total stomatal number and total vein length was defined as stomatal density and vein density multiplied by leaf area, respectively.




Measurement of environmental factors

The mean annual temperature (MAT) and mean annual precipitation (MAP) at these sampling sites in this study were taken from a global database with a spatial resolution of approximately 1 km2 (http://www.worldclim.org) (Wang et al., 2020). Aridity index data (AI, precipitation/evapotranspiration) were downloaded from Global raster data (CGIAR-CSI, https://cgiarcsi.community) at 30 arcsec resolution. Low value of AI indicates a drier climate.

The 0-10 cm soil layer was sampled using a soil drill with a 6 cm diameter. In each plot, 30 sampling sites were randomly chosen to collect soil and then mixed. Subsequently, after air-drying and removing any pebbles and plant debris, the soil samples were ground to pass a 2-mm sieve. The soil organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP) were measured by elemental analyzer (Vario MAX CN Elemental Analyzer, Elementar, Germany).



Species phylogeny

According to the Plant List (http://www.theplantlist.org/), we revised species’ names. The comprehensive species-level angiosperm phylogeny in phylomatic version 3 (http://phylodiversity.net/phylomatic/) was used to construct a phylogenetic tree (Zanne et al., 2014). Species classification was matched to the Angiosperm Phylogeny Group IV classification (APG, 2016).



Data analysis

Trait data were log10-transformed to meet the assumption of normality when necessary. Data of each species was classified into different growth form, including trees, shrubs, and herbs. To compare the difference in SD, VLA, and SV among three growth forms, a one-way analysis of variance (ANOVA) and least significant difference (LSD) multiple comparisons were carried out. We also compared the difference in SV among different altitudes by using ANOVA. Then, the changes in SD and VLA along altitudinal gradients were examined using regression analyses. Models with the highest coefficient of determination (R2) and lowest Akaike information criterion (AIC) values were chosen as the best-fit models for each trait.

To examine the coordination between SD and VLA, the bivariate analyses of SD–VLA relationship was first performed using ordinary least squares (OLS) linear regression. Differences in the slopes and elevations of these relationships among growth forms and different altitudes were evaluated by standardized major axis regression (SMA). The scaling relationship between SD and VLA was described by the equation: log (y) = log (b) + a log (x), where y was SD, and x was VLA; a was the y-intercept and b was the slope of the scaling function. The slope of a linear relationship was subjected to a heterogeneity test at various altitudes and growth forms, and a common slope was determined when these individual slopes were homogeneous (Warton et al., 2012). The differences between the intercepts and the slopes were then compared using multiple comparison tests. These analyses were performed by (S)MATR Version 2.0. Moreover, linear regression models were used to evaluate relationship between total number of stomata and total length of leaf vein across all species, trees, shrubs and herbs. The linear regression was also used to analyze the relationship between SD and VLA with LA in different growth forms.

Blomberg’s K statistic was performed to evaluate the conservation of trait development. Significance was testing via comparison of the variance of standardized contrasts to random values obtained by shuffling trait data across the tips of the tree 999 times. Greater phylogenetic conservatism for the given characteristic is indicated by higher K values (Blomberg et al., 2003). Moreover, to examine the phylogenetic influence on SD-VLA relationships, phylogenetically independent contrasts (PIC) was performed across all species. According to previous studies (Wikström et al., 2001), the divergence time of the family was defined as the divergence time of the earliest genus within a family (Wang et al., 2019). We also utilized regression analyses to investigate the association between three traits and divergence time for each family.

Finally, we used a linear mixed-effects model to examine the effect of environmental factors on SD and VLA. The ‘lmer’ function in the R package ‘lme4’ was then used to build a full model with traits as response variables, environmental variables as fixed effects, and altitude as random effects. Models are simplified using the ‘dredge’ function in package ‘MuMIn’, and Bayesian Information Criterion (BIC) was used to compare models. The smallest BIC value was chosen as the best-fit models. The ‘vif’ function was carried out to calculate the variance inflation factor (VIF) for measuring the collinearity among the explanatory variables, and variables with VIF > 7 were excluded. Marginal R2 (R2m) denoted the proportion explained by the fixed effect, while conditional R2 (R2c) denoted the proportion explained by both the fixed and random effects. Finally, the individual contribution of each selected fixed-factor was determined by ‘glmm.hp’ function (Lai et al., 2022).




Result


Variation in stomatal and leaf vein traits

Both of stomatal and leaf vein traits showed moderate variation between species (Table 1). SD ranged from 32.90 to 669.98 no. mm-2 (coefficient of variation, CV=0.59), the VLA ranged from 1.29 to 14.69 mm mm-2 (CV=0.38), and the SV ranged from 7.09 to 125.39 no. mm-1 (CV=0.56). There were significant differences in leaf vein and stomatal characteristics among different plant growth forms. Trees and shrubs had greater mean SD and VLA than herbs (P<0.05, Table 1). Nevertheless, SV remained relatively constant among different growth forms (Table 1).


Table 1 | Differences in leaf functional traits among plant growth forms.



Along the altitudinal gradients, we found significantly quadratic patterns of SD and VLA (P<0.05), where both traits initially increased with altitude and reached a plateau at the middle altitude (Figure 2A, B). However, these trends were relatively weak (R2 = 0.03-0.06). Differently, SV didn’t exhibit a clear trend with the increased altitude (P>0.05, Figure 2C).




Figure 2 | Changes in SD, VLA, and SV across all species along the altitudes. Different letters indicate significant differences (P<0.05). SV, stomatal number per minor vein length. **P<0.01, *P<0.05. Trait abbreviations are provided in Figure 1.



Additionally, we found that MAT had significant but weak influence on SD (R2m=2.00%, P<0.05), yet did not significantly affect VLA and SV (Table 2). Furthermore, there was no significant effect of TN and TP on SD, VLA and SV, and fixed factors had only small explanatory power for SD (3.00%), VLA (2.51%) and SV (0.75%) (Table 2).


Table 2 | Statistical model for altitude-related variation in stomata and vein trait as a function of mean annual temperature (MAT), total nitrogen (TN), total phosphorus (TP).




Phylogenetic influence on trait variation

According to Blomberg’s K, all three traits exhibited significantly phylogenetic signals across all species (Table 3). However, the phylogenetic influences differed among plant growth forms. Similar to all species, all of three traits in trees showed significantly phylogenetic signals (K=0.16-0.51, all P<0.05, Table 3). For herbs, significantly phylogenetic signals occurred in both SD and VLA (K=0.21-0.35, all P<0.05, Table 3), but not in SV. However, only SD showed significantly phylogenetic signal in shrubs (K=0.33, P=0.04, Table 3).


Table 3 | Effects of phylogeny on SD, VLA and SV.



Both of SD and VLA showed significantly positive correlations with evolutionary time (R2 = 0.21-0.25, P<0.05, Figure 3A, B), yet SV did not show change significantly with evolutionary time (P>0.05, Figure 3C). Additionally, SD and VLA showed a significantly positive correlation across all species (R2 = 0.48, P<0.01, Figure 3D). This relationship remained significant even after eliminating phylogenetic effect by PIC analysis (R2 = 0.22, P<0.01, Figure 3D).




Figure 3 | Relationship of SD, VLA and SV with evolution time (A–C) and relationship between SD and VLA (D). Circles are weighted by the species number of each family. The larger the circle, the more species it contains. In panel (D), green circles represent the ordinary least squares (OLS) linear regression; red circles represent phylogenetically independent contrast (PIC) correlation. **P<0.01, *P<0.05. Trait abbreviations are provided in Figure 1.





Covariation between SD and VLA among different altitudes and growth forms

Positive relationship between SD and VLA occurred at different altitudes (R2 = 0.28-0.46, all P<0.05, Figure 4A). Moreover, results of SMA showed that the slope of the SD-VLA relationship was affected significantly by altitude (P <0.05), with higher slope value in low altitude (Supplementary Table S4).




Figure 4 | Relationship between SD and VLA at different altitudes (A) and growth forms (B). **P<0.01; *P<0.05. Trait abbreviations are provided in Figure 1.



In the case of different growth forms, SD-VLA linkage was found in shrubs and herbs (R2 = 0.25-0.59, P<0.05, Figure 4B), and the slope of SD-VLA relationship of shrubs was higher than that of herbs (P<0.05, Supplementary Table S4). Different from shrubs and herbs, SD and VLA were decoupled in trees (Figure 4B). In addition, a strongly positive relationship of total number of stomata and total length of leaf vein was found across all species, trees, shrubs and herbs (R2 = 0.49-0.86, all P<0.01, Figure 5).




Figure 5 | Relationship between total number of stomata and total length of leaf vein in all species (A), trees (B), shrubs (C) and herbs (D). **P<0.01, ***P<0.001.







Discussion


Correlation between SD and VLA over evolutionary time

How to construct leaves with a balance between water supply and demand is a major problem for plant growth (Carins Murphy et al., 2014; Evans-Fitz. Gerald et al., 2016), the key strategy to address this issue is to coordinate SD and VLA (Brodribb et al., 2017) because they were responsible for water demand and supply in leaves, respectively (Sack and Scoffoni, 2013; McElwain et al., 2016). In our study, positive SD-VLA relationship occurred across all species and was independent on plant phylogeny (Figure 3D), which confirmed our first hypothesis. Moreover, SD and VLA showed the consistent trend over the evolutionary time (Figure 3A, B), indicating that stomata and leaf veins have undergone the coevolution over the divergence time (Brodribb and Jordan, 2011; Feild et al., 2011). It is well known that the Cretaceous period experiences profound changes in the composition of the atmosphere, including a long-term reduction in CO2 and an increase in O2 atmospheric concentrations (Feild et al., 2011; McElwain et al., 2016), and both directions of atmospheric change contributed to an increase in the cost of transpiration for carbon uptake (Feild et al., 2011). In fact, this transpirational cost mainly involved in the energy consumption in constructing and maintaining leaf vein. Thus, plants evolved higher VLA in this context of atmosphere change. Meanwhile, the photosynthetic rate inevitably declines due to the reduction in the concentration of CO2 in the atmosphere, thus plant has to invest more stomata to absorb CO2 to support photosynthesis. In fact, the increase in SD and VLA is not completely independent and is interactive. Plants with high VLA usually developed denser stomata to meet faster water exchange requirements (Jolly et al., 2021); in turn, high SD also was required more leaf veins to make up for transpiration loss (Brodribb et al., 2017). Therefore, SD and VLA co-varied and created a stable connection during long-term evolution, and this connection was not affected by plant phylogeny.

In addition, we found that the increase in SD and VLA clearly began in the middle of the Cretaceous (100–80 Ma) in our study (Figure 3A, B), which further revealed that the changing atmospheric composition during the mid to late Cretaceous had a significant impact on leaf hydraulic and physiological structures (Elliott-Kingston et al., 2016). Previous studies have found that water transport efficiency within leaves was largely dependent upon the distance from the end of minor veins to the site of evaporation near the stomata (Sack and Frole, 2006; Brodribb et al., 2017). Thus, from the view of structural design, the water transport distance could be shortened by regulating structural configurations of stomata and leaf veins, which was of great significance in improving efficiency of water transport in leaves (Xiong et al., 2015). Sack and Scoffoni (2013) pointed out that two structurally independent traits could be associated due to their involvement in a common physiological function. Although this correlation was indirect, it existed in many processes. In fact, SD and VLA took advantage of opportunity of changes in atmospheric composition to optimize their structural design thereby developing a closer linkage (Feild et al., 2011; Sack and Scoffoni, 2013). Therefore, as an optimal design, the SD-VLA coordination might be a common strategy adapted by plant to adapt to changing environment.

Furthermore, as the key of water supply and demand, coordinated change of leaf vein and stomata have paramount significance in maintaining water balance in leaves (Brodribb et al., 2017). Brodribb and Jordan (2011) first found that the response of SD and VLA to environmental conditions achieved a homeostatic balance between hydraulic and stomatal conductivities, suggesting the inevitability of collaboration between stomata and leaf vein. In our study, we found that SV did not show significant trend with evolutionary time (Figure 3C). This indicates that SV retain stable in evolution, suggesting a balance of water supply and demand and providing further support for the coordination of SD and VLA in long-term evolution. In conclusion, the cooperation of stomata and leaf veins is a selective adaptation developed in plant evolution.


Coordination between SD and VLA across different altitudes

Our study showed a statistically positive correlation of SD and VLA at all four altitudinal gradients (R2 = 0.28-0.46, all P<0.05, Figure 4A). In contrast with low altitudes, the higher reliability of SD-VLA relationship occurred in high altitudes (R2 = 0.46 vs. 0.28-0.37, Figure 4A), which consistent with our second hypothesis. In general, plants modulate multiple functional traits to adapt to environment, but there are differences in how these traits are combined in ecosystems with distinct dominant environmental factors (Goufo et al., 2017; He et al., 2020). Different from previous studies conducted on manipulated experiments (Zhao et al., 2017; Lei et al., 2018), our study examined the SD-VLA linkage in a natural ecosystem and revealed a strongly positive correlation of SD and VLA in different altitudes. These results indicated that the coordination of SD and VLA may be a common choice of plant to adapt to changing environments. In addition, although coordination of SD and VLA occurred in different altitudes, a higher R2-values of SD-VLA relationships in high altitudes, indicating a stronger collaboration between SD and VLA. On one hand, generally speaking, plant functional traits exhibit convergent patterns in stressful habitats, thus the coordination between SD and VLA, as an optimal design, is enhanced by convergence in high altitudes (Xu et al., 2018). On other hand, shrubs and herbs become gradually dominant species at high altitudes, thus this stronger SD-VLA correlation in high altitudes may be associated with plant growth forms. Thus, the reliability of SD-VLA relationship may be affected by habitats, in other word, stomata and leaf veins may develop a host of different strategies to adapt to the external environment, and the differences in these strategies are reflected in the reliability of SD-VLA relationship. However, in our study, environmental factors only partially explained attributes (Table 2). Therefore, it is uncertain whether the SD-VLA coordination still could be observed in some extremely harsh habitats, such as Tibetan Plateau, and still needed further study

Furthermore, our results showed significant differences in slope of SD-VLA relationship among different altitudinal gradients (P<0.01, Figure 4A). A higher value of slope denoted faster increase in SD with VLA increasing. In our study, the slope decreased gradually with altitudes (Supplementary Table 4). Generally, the most efficient utilization of stomatal and vein investment occurs when water supply to evaporative surfaces near the stomata is just enough to maintain fully stomatal opening (Franks and Beerling, 2009). At low altitudes, faster increase in SD with increased VLA may lead to a result that water supply from leaf vein cannot meet transpiration demand, thus a part of stomata may be forced to close (Carins Murphy et al., 2014). By contrast, slower increase in SD with increased VLA at high altitudes is appropriate as it just matches water supply. This idea is also confirmed by the strong correlation of SD and VLA at high altitudes (Figure 4A). Different from change of slope, we found that SV did not significant difference in different altitudes (Figure 2C). As a parameter of functional trait eliminates the leaf area effect, SV reflects the coordination between transpiration of a given number of stomata and water supplied per unit length of minor leaf veins (Zhao et al., 2017). Overall, in different environments, plants may have different proportions of stomata and veins per unit leaf area, but the water balance in one leaf is always maintained.



Coordination between stomatal number and leaf vein length across different growth forms

Our study found that SD and VLA were significantly positively correlated in shrubs and herbs (P<0.01, Figure 4B), but not in trees (Figure 4B). However, a strong association between total number of stomata and total length of leaf vein was observed across all species, trees, shrubs and herbs (R2 = 0.49-0.86, all P<0.01, Figure 5), which is consistent with our third hypothesis. By contrast, we can find that the linkage between stomata and leaf vein is weakened and even decoupled when measuring in unit leaf area (R2 = 0.49-0.86 and R2 = 0.25-0.59), suggesting leaf size indeed affect coordinated development of stomata and vein. In general, plants use specific tissues to irrigate the lamina (leaf veins) and to regulate water loss (stomata), to approach homeostasis in leaf hydration during photosynthesis (Fiorin et al., 2016). A study found that differential leaf expansion can enable hydraulic acclimation to sun and shade (Carins Murphy et al., 2012), in fact, this is because leaf expansion regulate stomatal number and leaf vein length thereby balance water supply and demand, which is also the reason why total stomatal number and total leaf vein length are closely related in one leaf. Thus, when exploring the linkage between stomata and leaf veins in different plant functional groups, it may be more appropriate to explore the relationship between total stomata number and total leaf veins length.

In our study, SD and VLA of trees exhibited a decoupled pattern, which may be largely affected by LA. Prior research had mostly focused on the separate relationship of SD and VLA with LA (Sack et al., 2012; Alvarez-Maldini et al., 2020: Zhao et al., 2017) and it is uncommon for studies to take into account the impact of LA to SD-VLA relationship. Our study showed a significantly positive relationship between SD and LA in trees (P<0.05), whereas VLA was unaffected by LA (Supplementary Figure S1). Therefore, the discrepancy in SD and VLA regard to LA may result in their disassociation in trees. In fact, the positive correlation between SD and LA of trees may reflect a unique adaptation. He et al. (2020) proposed a trait-trait relationship, which was arose due to the concerted convergence of two traits, that is, each trait contributes independently and is selected to combine because of their advantage in the given environment. As major contributors to photosynthesis, SD and LA are combined to enhance photosynthesis thereby promoting plants’ growth (Zheng and Van Labeke, 2017). This combination alleviates slow plant growth due to cooler ambient temperatures by accumulating photosynthetic yield and promotes competitive ability of tree species (Espina et al., 2018; Shelef et al., 2019), but it also leads to a decoupling of the SD-VLA relationship in trees. Thus, the coordinated pattern of SD and VLA may be modified according to the different needs of plants.

Different from trees, shrubs and herbs not only showed a stronger relationship between total stomata number and total leaf vein length (R2 = 0.86 and R2 = 0.72, P<0.001, Figure 5C, D), but also this relationship persisted in stomatal number and vein length per unit leaf area (i.e., SD and VLA, R2 = 0.25 and R2 = 0.59, Figure 3B). Such inconsistent trait correlations among trees, shrubs and herbs may reflect their different adaptive strategies (Liu et al., 2019). A stable linkage between stomata and vein suggests that maintaining water dynamic stability is more important for shrubs and herbs. Different from strategy for rapid growth in trees, shrubs and herbs may prefer to maintain a balance of water supply and demand within the leaves, thus providing a stable growth environment, indicating a conservative strategy (Brodribb and Jordan, 2011; Manivannan et al., 2021). Moreover, SD and VLA of herbs showed a significant coordination in each altitudinal gradient, but insignificant altitudinal trends in both shrubs and trees (Supplementary Table S3). This suggests that plant growth forms may affect significantly relationship between SD and VLA. Therefore, the relationship between SD and VLA in different growth forms still needs to be explored in more species.

Additionally, the slope of SD-VAL relationship also showed a significant difference in shrubs and herbs (P<0.05, Figure 4B). Compared to shrub, a lower value of slope in herb and a stronger SD-VLA coordination may indicate a more adaptable allocation of stomata to leaf vein (Supplementary Table S4). Unexpectedly, although SD-VLA relationship depended on growth forms, SV remained relatively constant among different growth forms (Table 1). This is perhaps for this reason that SV as a function parameter eliminates the impact of leaf area (Zhao et al., 2017). Thus, SV could offer a new perspective to examine the SD-VLA relationship in different plant groups.





Conclusion

Through examining the variation in SD and VLA from 194 species along a 2000-m altitudinal gradient, we observed a significantly positive relationship between SD and VLA across all species, independent on plant phylogeny. And such relationship also occurred in different altitudinal gradients. Moreover, a strong coordination between total stomatal number and total leaf vein length was observed across different growth forms. However, the cooperation between SD and VLA persist only in shrubs and herbs, but not in trees. These results indicated that coordinating stomatal number and leaf vein length may be a common choice for plant to adapt to environmental change. Furthermore, when considering different growth forms, studying the relationship between total number of stomata and total length of leaf veins seems to better reflect the linkage between stomata and leaf veins in plant growth. Overall, our study provides new support for the covariation between stomatal number and leaf vein length from both evolutionary and ecological perspectives, as well as advances our knowledge of plants’ adaptive strategies to different habitats.
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Many of the world’s most invasive plants are clonal, and clonal functional traits are suggested to contribute to their invasiveness. Clonal integration is one of the most important clonal functional traits, but it is still unclear whether clonal integration can benefit invasive alien clonal plants more than native ones in heterogeneous environments with reciprocal patchiness of resources and whether invasive plants show a higher capacity of division of labor than native ones in such environments. We grew connected (allowing clonal integration) and disconnected (preventing clonal integration) ramet pairs of an invasive plant Wedelia trilobata and its occurring native congener W. chinensis in the environment consisting of reciprocal patches of light and soil nutrients (i.e., a high-light but low-nutrient patch and a low-light but high-nutrient patch). Clonal integration greatly promoted the growth of the invasive species, but had no significant effect on the native one. Both invasive and native species showed division of labor in terms of morphology, biomass allocation, and/or photosynthetic physiology, but the capacity of labor division did not differ between the invasive and the native species. We conclude that in heterogeneous environments consisting of reciprocal patches of resources, which are common in nature, clonal integration can confer invasive plants a competitive advantage over natives, but this difference is not related to their capacity of labor division. This study highlights the importance of clonal integration for plants in heterogeneous environments and suggests that clonal integration can contribute to the invasion success of alien clonal plants.




Keywords: clonal functional trait, complementary patches, division of labor, invasiveness, physiological integration, resource sharing



Introduction

Invasive alien plants can severely threaten biodiversity conservation, ecosystem function and human health (Lodge, 1993; Feng et al., 2007a; Vilà et al., 2011). Numerous studies have been conducted to assess functional traits that can contribute to the invasion success of alien plants (Lodge, 1993; Alpert et al., 2000; Levine et al., 2003; Roiloa et al., 2016; He et al., 2021). An emerging pattern is that many of the world’s most invasive plant species are able to regenerate clonally (i.e., asexually) and thus have unique clonal life-history traits (McDowell, 2002; van Kleunen et al., 2002; Liu et al., 2006; Song et al., 2013; Wang et al., 2017). Thus, it is likely that these clonal traits have played a key role in the successful invasion of alien clonal plants into native plant communities (Kolar and Lodge, 2001; Song et al., 2013; Wang et al., 2017; Wang et al., 2022).

The environment that plants face is commonly not spatially uniform, but heterogeneous (Hutchings and Wijesinghe, 1997; Ikegami et al., 2008; Keser et al., 2014). Spatial heterogeneity in resource supply makes resource capture more costly and challenging for sessile organisms (Magyar et al., 2007; Ikegami et al., 2008; Wang et al., 2017; Li et al., 2018; Xue et al., 2020). However, clonal growth allows many clonal plants to produce interconnected ramets that are situated in patches (microsites) of different resource availability (Price and Marshall, 1999; Roiloa and Retuerto, 2006; Ikegami et al., 2008; You et al., 2016; Xue et al., 2020). Via clonal integration, interconnected ramets can transfer and share resources so that ramets growing in low-quality resource patches can get support from ramets growing in high-quality resource patches (Roiloa et al., 2010; Song et al., 2013; Wang et al., 2017). Such clonal integration can promote the performance of the whole clone because it commonly greatly benefits the ramets in the low-quality patches at no or low cost to the ramets in the high-quality patches (Song et al., 2013; You et al., 2016; Wang et al., 2021). Previous studies have shown that under such a type of heterogeneous environments (i.e., consisting of low- and high-quality patches) clonal integration can benefits invasive alien clonal plants more than their native congeners, suggesting that clonal integration can contribute to the invasion success of invasive alien clonal plants (Wang et al., 2017).

However, under some circumstances, environments can consist of reciprocal resource patches (Alpert and Stuefer, 1997; Stuefer, 1998; He et al., 2011; Zhang and Zhang, 2013). For instance, open patches with high light intensity are commonly short of soil water and nutrients and their adjacent shade patches with low light intensity are frequently abundant in soil water and nutrients (Alpert and Stuefer, 1997; Stuefer, 1998; Zhang and Zhang, 2013). Neither of these patches are favorable for individual plant (ramet) growth, but interconnected ramets that are situated in both types of patches are potentially beneficial because they can specialize to acquire locally abundant resources via changes in morphology, physiology and/or biomass allocation and mutually exchange acquired resources via clonal integration (Ikegami et al., 2008; Wang et al., 2011; Roiloa et al., 2014). For instance, ramets in the high-light but low-water/nutrient condition can increase leaf photosynthesis rate, leaf nitrogen content, leaf chlorophyll content, leaf size and/or biomass allocation to shoots and their connected ramets in the low-light but high-water/nutrient condition can increase water/nutrient uptake rate, specific root length and/or biomass allocation to roots, showing division of labor (Stueffer et al., 1996; Liao et al., 2003; Roiloa et al., 2007). Such clonal division of labor can greatly increase the efficiency of resource harvesting (Bloom et al., 1985; Stuefer, 1998; Freschet et al., 2018) and thus promote the performance of the whole clone (Friedman and Alpert, 1991; Stueffer et al., 1996; Roiloa et al., 2007; Roiloa et al., 2014; Lin et al., 2018).

While division of labor has been observed in a number of clonal plants and also in both invasive alien and native species under environments with reciprocal patchiness of resources (Friedman and Alpert, 1991; Roiloa et al., 2007; Ikegami et al., 2008; Wang et al., 2011; Roiloa et al., 2014; Huang et al., 2018), few studies have compared the ability of division of labor between invasive alien and native clonal plants. Comparing invasive alien species with their phylogenetically closely related native species (e.g., congeneric species) that occur in the same habitats is a powerful approach to understand the mechanisms underlying the invasion success of alien species (McDowell, 2002; Burns, 2004; van Kleunen et al., 2010; van Kleunen et al., 2014). Additionally, while clonal integration has been found to benefit invasive alien clonal plants more than their native congeners under heterogeneous environments consisting of low- and high-quality patches (Wang et al., 2017), it is still unknown whether clonal integration also benefits invasive alien clonal plants more than their native congeners under reciprocal patchiness of resources.

We grew connected (allowing clonal integration) and disconnected (preventing clonal integration) clonal fragments (each consisting of a developmentally older ramet and a developmentally younger ramet) of an invasive plant Wedelia trilobata and its congeneric native plant Wedelia chinensis under reciprocal patches of light and soil nutrients. Specifically, we tested the following hypotheses: (1) clonal integration increases the performance of both the invasive and the native plant under reciprocal patchiness of resources; (2) clonal integration benefits the invasive plant more than the native plant under such a type of heterogeneous environment; (3) both the invasive and the native plant show division of labor in terms of physiology, morphology and/or biomass allocation in the presence of clonal integration; (4) the ability of labor division is higher in the invasive than in the native plant.



Materials and methods


Plant material

Wedelia trilobata is a stoloniferous herb of the Asteraceae family and originates from the tropics of Central America (Thaman, 1999). It was introduced to China as an ornamental groundcover in 1970s, but has invaded many ecosystems in southern China after escaping from gardens (Si et al., 2014). Once established, this species can displace native species and forms mono-dominant community owing to its fast clonal growth (Song et al., 2010). Wedelia trilobata is listed as one of the 100 world’s worst invasive alien species (Lowe et al., 2000). Its congeneric species Wedelia chinensis is native to China, and has similar morphology and life history to W. trilobata (Song et al., 2010).

Offspring ramets of W. trilobata and W. chinensis used for this experiment originated from parent ramets collected in Haikou, Hainan Province, China (20°00′16″ N; 110°20′24″ E). These parent ramets were vegetatively propagated in a greenhouse at Jiangsu University in Zhenjiang, Jiangsu Province, China, and then some of their offspring ramets were vegetatively cultivated in a greenhouse at Sichuan Normal University in Chengdu, Sichuan Province, China (30°34′11″ N; 104°12′12″ E). In August 2021, 16 similar-sized clonal fragments of each of W. trilobata and W. chinensis were selected and each clonal fragment was comprised of two successive ramets (one developmentally older and one developmentally younger), each connected by a stolon internode. The two ramets of each clonal fragment were transplanted into two plastic pots (15 cm in diameter and 12 cm in height) filled with a 3:1:1 mixture of peat, vermiculite and perlite.



Experimental design

The experiment started one week after transplantation. The 16 clonal fragments of each species were randomly assigned to two treatments: (1) with clonal integration by keeping the stolon internode connecting the two ramets of each clonal fragment intact and (2) without clonal integration by severing the stolon internode connecting the two ramets of each clonal fragment (Figure 1). For each clonal fragment, the developmentally older ramet was grown under a high-nutrient but low-light condition and the developmentally younger ramet was grown under a low-nutrient but high-light condition. We did not include treatments in which the developmentally older ramet was grown under the low-nutrient but high-light condition and the developmentally younger ramet was grown under the high-nutrient but low-light condition because we expected that translocation of resources would be bidirectional, as reported before (e.g., Stueffer et al., 1996; Liao et al., 2003; Roiloa et al., 2007).




Figure 1 | Schematic representation of the experiment design. Each clonal fragment consisted of a developmentally older and a developmentally younger ramet interconnected by a stolon internode. The older ramet was grown in a low-light (30% full light) and high-nutrient condition (with nutrient addition) and the younger ramet in a high-light (100% of full light) and low-nutrient condition (without nutrient addition). The stolon internode between the older and the younger ramet was either severed or kept intact (connected).



For the high-nutrient but low-light condition, the older ramet in each pot was supplied weekly with 100 mL concentrated nutrient solution after about 130-fold dilution (N: P: K=30:14:16; The Scotts Miracle-Gro Company) but shaded to 30% ambient light with black shading net. For the low-nutrient but high-light condition, the younger ramet in each pot was supplied with 100 mL of water and not shaded (i.e., under 100% ambient light).

The experiment lasted for 75 days and ended on 23 October 2021. During the experiment, new stolons generated from initial ramets were kept under the same light conditions as their parents and did not root. All pots were watered when the substrate surface became dry.



Measurements

Before harvest, we measured net photosynthesis rate (Pn) of each younger ramet by using the portable photosynthesis system (GFS-3000, Heinz Walz GmbH, Effeltrich, Germany). A fully expanded mature leaf from each younger ramet was selected and Pn was measured after 20 min of acclimation to the leaf cuvette microenvironment at a temperature of 28°C, photosynthetic photon flux density of 600 μmol·m-2·s-1 and CO2 concentration of 400 μmol·mol-1 (Wei et al., 2020). After Pn measurement, the leaf was harvested to determine chlorophyll content (Wei et al., 2019).

Each of younger and older ramet and their dependents was harvested and divided into leaves, stems, and roots. We scanned leaves and roots by using EPSON 11000XL Scanner, and the images were analyzed by Adobe Photoshop 2021 and WinRHIZO Pro 2016a to obtain leaf area and root traits. After that, all plant parts were dried to constant weight at 80°C to obtain biomass. We calculated specific leaf area (leaf area/leaf dry biomass), specific root length (root length/root dry biomass) and specific root surface area (root surface area/root dry biomass) (Merkl et al., 2005).



Statistical analysis

Two-way ANOVA was used to investigate the effects of species, stolon connection and their interaction on photosynthetic characteristics (Pn and chlorophyll content), morphological characteristics (specific leaf area, area per leaf, specific root length, total root length, specific root surface area and total root surface area) and growth characteristics (total leaf area, total stem length, root biomass, stem biomass, leaf biomass, total biomass and root to shoot ratio). Following ANOVA, linear contrasts were used to compare the differences between the intact and severed treatments of each species. Prior to analysis, all data were checked for homogeneity of variance. All analyses were conducted with the SPSS 22.0 program (IBM Corporation, USA).




Results


Photosynthetic physiology of the younger ramet

For the younger ramet, net photosynthesis rate (Pn) and chlorophyll content were significantly higher in the connected than in the severed treatment in W. trilobata, but were not different between the two treatments in W. chinensis (Figure 2, Appendix Table 1). Pn of the younger ramet was also significantly higher in W. trilobata and in W. chinensis (Figure 2A, Appendix Table 1).




Figure 2 | (A) Net photosynthesis rate (Pn) and (B) chlorophyll content of the younger ramet of the invasive plant Wedelia trilobata and the native plant W. chinensis. Values are means ± SE. Symbols (* P < 0.05) indicate the significant differences between the severed ramets and connected ramets within a species.





Morphology and biomass allocation of the younger and the older ramet

For the younger ramet, stolon connection had no significant effect on specific leaf area, specific root length, specific root surface area and area per leaf in either species (Figures 3A–D; Appendix Table 2A). Total root length and total root surface area of the younger ramet were significantly or marginally significantly higher in the severed than in the connected treatment in W. chinensis, but not in W. trilobata (Figures 3E, F; Appendix Table 2A). The younger ramet of W. trilobata had larger mean leaf area and smaller specific leaf area than that of W. chinensis (Figures 3A, B; Appendix Table 2A).




Figure 3 | Specific leaf area (A), area per leaf (B), specific root surface area (C), specific root length (D), total root length (E) and total root surface area (F) of the younger ramet (above the x-axis) and the older ramet (below the x-axis) of the invasive plant Wedelia trilobata and the native plant W. chinensis. Values are means ± SE. Symbols (* P < 0.05) indicate the significant differences between the severed and connected ramets within a species.



For the older ramet of both W. trilobata and W. chinensis, specific root surface area, total root surface area and total root length were significantly greater in the connected than in the severed treatment (Figures 3C, E, F; Appendix Table 2B). Also, the connected older ramet produced significantly greater area per leaf than the severed older ramet in W. trilobata (Figure 3B), and produced significantly greater specific root length than the severed older ramet in W. chinensis (Figure 3D). However, specific leaf area of the older ramet and root surface area of the younger ramet showed the opposite pattern in W. chinensis (Figures 3A, F). The older ramet of W. trilobata had larger mean leaf area than that of W. chinensis (Figure 3B; Appendix Table 2B).

For both W. chinensis and W. trilobata, stolon connection significantly decreased root to shoot ratio of the younger ramet, but had no effect on that of the older ramet (Figure 4; Appendix Table 3). Shoot to shoot ratio of both the younger and the older ramet was smaller in W. trilobata than in W. chinensis (Figure 4; Appendix Table 3).




Figure 4 | Root shoot ratio of the younger ramet (above the x-axis) and the older ramet (below the x-axis) of the invasive plant Wedelia trilobata and the native plant W. chinensis. Values are means ± SE. Symbols (* P < 0.05) indicate the significant differences between the severed ramets and connected ramets within a species.





Growth of the younger and the older ramet

For the younger ramet, stolon connection significantly increased total biomass, leaf biomass, total stem length and total leaf area in W. trilobata, but had no impact on these growth measures in W. chinensis (Figures 5A, B, E, F; Appendix Table 3A). For the younger ramet, stolon connection had no significant effect on stem biomass in either species (Figure 5C) or on root biomass in W. trilobata, but significantly decreased root biomass in W. chinensis (Figure 5D).




Figure 5 | Total biomass (A), leaf biomass (B), stem biomass (C), root biomass (D), total stem length (E) and total leaf area (F) of the younger ramet (above the x-axis) and the older ramet (below the x-axis) of the invasive plant Wedelia trilobata and the native plant W. chinensis. Values are means ± SE. Symbols (* P < 0.05) indicate the significant differences between the severed ramets and connected ramets within a species.



Stolon connection significantly increased all growth measures (total, leaf, stem and root biomass, total stolon length and total leaf area) of the older ramet in W. trilobata, but had no significant effect on any of these growth measures in W. chinensis (Figure 5; Appendix Table 3B). Total biomass, leaf biomass, stem biomass, total stem length and total leaf area of both the younger and the older ramets were larger in W. trilobata than in W. chinensis (Figure 5; Appendix Table 3).



Growth of the clonal fragment

For the whole clonal fragment (i.e., the younger ramet plus the older ramet), stolon connection had no significant effect on any of the six growth measures in W. chinensis, but significantly increased all of them in W. trilobata (Figure 6; Appendix Table 4). Total biomass, leaf biomass, stem biomass, total stem length and total leaf area of the clonal fragment were larger in W. trilobata than in W. chinensis (Figure 6; Appendix Table 4).




Figure 6 | Total biomass (A), leaf biomass (B), stem biomass (C), root biomass (D), total stem length (E) and total leaf area (F) of the whole fragment of the invasive plant Wedelia trilobata and the native plant W. chinensis. Values are means ± SE. Symbols (* P < 0.05) indicate the significant differences between the severed ramets and connected ramets within a species.






Discussion

Clonal integration can confer invasive alien clonal plants a competitive advantage over native ones under heterogeneous environments consisting of favorable and unfavorable patches (Wang et al., 2017). We found that clonal integration could also benefit the invasive plant W. trilobata more than that of its native congener W. chinensis heterogeneous environments with reciprocal patchiness of light and soil nutrients. However, the invasive species did not show a large ability of division of labor in such an environment.

The ability of plants to capture and utilize resources is an important determinant of their growth and fitness (Alpert, 1999; Feng et al., 2007b; Huang et al., 2018). To increase resources capture, plants are able to adjust the morphology and physiology of their roots and leaves, as well as biomass allocation to roots vs. to shoots, in response to the availability of above- and belowground resources (Burns and Winn, 2006; Magyar et al., 2007; Song et al., 2010; Roiloa et al., 2013; Keser et al., 2014). For non-clonal plants or isolated ramets, such responses are commonly in the way that is potentially helpful for them to increase the capture of the limiting resources (Bloom et al., 1985; Feng et al., 2007a; Roiloa et al., 2007). For connected ramets growing in heterogeneous environments, however, clonal integration may modify the responses of ramets so that they can respond in the way that is potentially helpful for them to increase the capture of the abundant resources (Stuefer, 1998; Ikegami et al., 2008; Wang et al., 2011; Roiloa et al., 2014; Huang et al., 2018).

Such specialization for abundance was observed in the younger ramet of the invasive plant W. trilobata growing in the high-light but low-nutrient patch in terms of photosynthetic physiology (i.e., greater net photosynthesis rate and chlorophyll content with than without clonal integration; Figure 2) and also in terms of biomass allocation (i.e., smaller root to shoot ratio with than without clonal integration; Figure 4). These physiological and allocational responses of the younger ramet can potentially increase its efficiency to take up light (Ikegami et al., 2008; Wang et al., 2011; Roiloa et al., 2014; Roiloa et al., 2016; Xi et al., 2019), which was abundant in the patch where the younger ramet grew. Specialization for abundance was also observed in the older ramet of W. trilobata growing in the low-light but high-nutrient patch in terms of root morphology (i.e., greater specific root surface area, total root length and total root surface area in the presence vs. absence of clonal integration) to increase nutrient capture (Figures 3C, E, F). These results suggest that, in the environment with reciprocal patchiness of light and soil nutrients, the interconnected ramets of the invasive plant W. trilobata demonstrated division of labor. Similarly, the interconnected ramets of the native plant W. chinensis also demonstrated division of labor in terms of root morphology of the older ramet (Figures 3C–F) and biomass allocation of the younger ramet (Figure 4).

Division of labor was also reported in many other clonal plants, including the invader Carpobrotus edulis and the native Fragaris chiloensis when their connected ramets grew in heterogenous environments with reciprocal patchiness of light and soil nutrients (Friedman and Alpert, 1991; Roiloa et al., 2007; Roiloa et al., 2014). The invader Mikania micrantha and the native plant Trifolium repens when their connected ramets grew in heterogenous environments with reciprocal patchiness of light and soil water (Stueffer et al., 1996; Huang et al., 2018). Additionally, connected ramets of C. edulis from both the native and invaded regions showed division of labor in terms of morphology and physiology (Roiloa et al., 2016) and connected ramets collected from dunes showed a greater capacity of division of labor than those from grasslands (Roiloa et al., 2007).

While the younger ramet of W. chinensis did not show specialization for abundance in terms of photosynthesis physiology (Figure 2), specialization for abundance in terms of biomass allocation of the younger ramet and specific root surface area and specific root length of the older ramet were significantly stronger in W. chinensis than in W. trilobata (Figure 3). Thus, in the heterogeneous environment consisting of reciprocal patches of light and nutrients, the overall ability of division of labor was not stronger in the invasive species W. trilobata than in the native one W. chinensis. The results also suggest that different species may show division of labor in terms of different sets of traits (morphological, physiological and allocational traits), as reported before (Roiloa et al., 2007; Wang et al., 2011; Roiloa et al., 2016; Huang et al., 2018; Xi et al., 2019).

In heterogeneous environments with reciprocal patchiness of resources, division of labor can commonly increase resource harvesting for ramets in both types of patches and consequently promote the growth of the whole clone (Roiloa et al., 2007; Roiloa et al., 2014). We indeed observed that, when connected ramets of the clonal invader W. trilobata grew in the heterogeneous environment with reciprocal patchiness of light and soil nutrients, clonal integration significantly increased the growth of both types of ramets and also promoted that of the whole clone (Figures 5, 6). Surprisingly, however, this growth promotion was not observed in the native plant W. chinensis, despite the fact that clonal integration also resulted in division of labor in this species. These results suggest that division of labor may not always result in growth promotion, as its induction may incur greater costs (Alpert and Stuefer, 1997; Stuefer, 1998). The results also suggest at the first time that clonal integration can benefit invasive clonal species more than native ones when they grow in heterogeneous environments consisting of reciprocal patches of resources.

We conclude that in heterogeneous environments consisting of reciprocal patches of resources, which are common in natural habitats (Alpert and Mooney, 1996; Stuefer, 1998; Liao et al., 2003; Chu et al., 2006), clonal integration can confer invasive plants a competitive advantage over natives, but this difference is not related to their capacity of labor division. One caveat is that we used only one pair of invasive and native plant species so that the generality of the findings is limited. Further studies could consider using multiple species pairs to test the generality of our findings. Additionally, roles of clonal integration and division of labor in mediating competition between invasive and native clonal plants should also be tested. This study highlights the importance of clonal integration for plants in heterogeneous environments consisting of reciprocal patches of resources and suggests that clonal integration can contribute to the invasion success of alien clonal plants (Song et al., 2013; Wang et al., 2017; Roiloa et al., 2019).
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Contamination of soils by microplastics can have profound ecological impacts on terrestrial ecosystems and has received increasing attention. However, few studies have considered the impacts of soil microplastics on plant communities and none has tested the impacts of spatial heterogeneity in the horizontal distribution of microplastics in the soil on plant communities. We grew experimental plant communities in soils with either a homogeneous or a heterogeneous distribution of each of six common microplastics, i.e., polystyrene foam (EPS), polyethylene fiber (PET), polyethylene bead (HDPE), polypropylene fiber (PP), polylactic bead (PLA) and polyamide bead (PA6). The heterogeneous treatment consisted of two soil patches without microplastics and two with a higher (0.2%) concentration of microplastics, and the homogeneous treatment consisted of four patches all with a lower (0.1%) concentration of microplastics. Thus, the total amounts of microplastics in the soils were exactly the same in the two treatments. Total and root biomass of the plant communities were significantly higher in the homogeneous than in the heterogeneous treatment when the microplastic was PET and PP, smaller when it was PLA, but not different when it was EPS, HDPE or PA6. In the heterogeneous treatment, total and root biomass were significantly smaller in the patches with than without microplastics when the microplastic was EPS, but greater when the microplastic was PET or PP. Additionally, in the heterogeneous treatment, root biomass was significantly smaller in the patches with than without microplastics when the microplastic was HDPE, and shoot biomass was also significantly smaller when the microplastic was EPS or PET. The heterogeneous distribution of EPS in the soil significantly decreased community evenness, but the heterogeneous distribution of PET increased it. We conclude that soil heterogeneity in the horizontal distribution of microplastics can influence productivity and species composition of plant communities, but such an effect varies depending on microplastic chemical composition (types) and morphology (shapes).
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Introduction

Pollution by microplastics is currently a serious environmental problem that receives increasing attention worldwide (Corradini et al., 2019; Roy et al., 2022; Zhang et al., 2022). Studies have shown that microplastics in soils can have profound impacts on survival, growth, morphology and physiology of individual plants (de Souza Machado et al., 2018a; Rillig et al., 2019; Pignattelli et al., 2020), likely via their effects on soil physico-chemical properties and soil microbial communities (de Souza Machado et al., 2018b; Wan et al., 2019). For instance, microplastics have been found to delay seed gemination (Bosker et al., 2019), reduce seed germination rate and seedling survival (Qi et al., 2018; Boots et al., 2019), modify tissue nutrient contents (de Souza Machado et al., 2019), alter root and shoot morphology (Boots et al., 2019; Rillig et al., 2019), and change biomass production and allocation (Cunha et al., 2020). A recent study has shown that microplastics in soils could also influence the productivity of plant communities and lead to changes in the dominant species within the communities (Lozano and Rillig, 2020).

The distribution of microplastics in soils in the horizontal space is often not uniform but heterogeneous (Rillig et al., 2017; Sun et al., 2022), i.e., microplastics are present in one soil microsite (patch) but absent in its horizontally adjacent soil microsites or microplastics are present in adjacent microsites with different concentrations. For instance, long-term plastic film shedding and random disposal of plastics may create soil patches with microplastics (Steinmetz et al., 2016; Blasing and Amelung, 2018; Zhang and Liu, 2018). Sewage sludge application, wastewater irrigation, human tillage, soil biota activity, atmospheric deposition and wind- or water-mediated movement may redistribute microplastics in soils and create horizontal soil patches with different concentrations of microplastics (Barnes et al., 2009; Nizzetto et al., 2016; Cai et al., 2017; Lwanga et al., 2017; Rillig et al., 2017). As microplastics in soils and their concentrations can influence plant growth (van Kleunen et al., 2020; Lozano et al., 2021; Li et al., 2022), soil heterogeneity in the horizontal distribution of microplastics may have significant ecological impacts on plant communities.

A large number of studies have assessed the ecological impacts of soil heterogeneity in the horizontal distribution of factors other than microplastics, including nutrients (Tsunoda et al., 2014; Xue et al., 2020; Adomako et al., 2021a; Gao et al., 2021), water (You et al., 2016; Wang et al., 2017), heavy metals (Roiloa and Retuerto, 2012; Xu and Zhou, 2017) and particle size of the soil (Baer et al., 2005; Huang et al., 2013; Xue et al., 2016). These studies have shown that soil heterogeneity in the distribution of such factors can affect growth, morphology and physiology of individual plants (Zhou et al., 2012; Tsunoda et al., 2014; Adomako et al., 2021b; Si et al., 2021), influence dynamics of plant populations (Hutchings et al., 2003; Baer et al., 2020), modify intraspecific and interspecific plant-plant interactions (Liang et al., 2020; Xue et al., 2021; Hu et al., 2022), and change plant community structure and ecosystem function (Wijesinghe et al., 2005; Yao et al., 2021). One underlying mechanism is that some plants can grow across patches and allocate more roots and/or shoots in favorable microsites (e.g., high-nutrient patches and patches not contaminated by heavy metals) and less in unfavorable microsites (e.g., low-nutrient patches and patches contaminated by heavy metals), showing foraging responses to increase resource harvesting (Hutchings et al., 2003; Tsunoda et al., 2014; Chen et al., 2019; Cao et al., 2022). Similarly, we hypothesize that soil heterogeneity in the horizontal distribution of microplastics can affect species composition and productivity of plant communities. So far, however, few studies have considered the impacts of soil microplastics on plant communities (Lozano and Rillig, 2020) and none has tested the impacts of soil heterogeneity in the horizontal distribution of microplastics on plant communities.

Microplastics are diverse in their types (chemical composition) and shapes (morphology) (Rillig et al., 2019; Li et al., 2022). Differences in the chemical composition and morphology of microplastics may result in differences in their impacts on soil physico-chemical properties and soil microbial communities (Huang et al., 2021). de Souza Machado et al. (2018b), for instance, have shown that polyester fibers increase water holding capacity, but polyacrylic fibers and polyethylene fragments have no significant effect. Also, microplastic fibers were found to have a larger impact on soil aggregation than other microplastic shapes (Lozano et al., 2021) and polyethylene foams increased soil pH more than polyethylene films (Zhao et al., 2021). Consequently, microplastics of different types and shapes can have different impacts on plant growth (Qi et al., 2018; de Souza Machado et al., 2019; Rillig et al., 2019). If microplastics in soils have a negative effect on plant growth due to their impacts on soil physico-chemical properties and soil microbial communities (de Souza Machado et al., 2019; Rillig et al., 2019; Li et al., 2022), then plants may allocate more shoots and/or roots in soil patches without microplastics than in their horizontally adjacent soil patches with microplastics. Such foraging responses may promote resource harvesting and thus increase the productivity of the whole plant communities. On the other hand, if microplastics in soils have no effect on plant growth, then the heterogeneous distribution of soil microplastics will not influence the species composition and productivity of plant communities. Therefore, we hypothesize that the impacts of soil heterogeneity in the horizontal distribution of microplastics on plant communities may vary depending on the chemical composition and morphology of microplastics.

To test these hypotheses, we grew experimental plant communities in soils with either a homogeneous or a heterogeneous distribution of each of six common microplastics. Specifically, we addressed the following questions: (1) Does spatial heterogeneity in the horizontal distribution of microplastics in the soil affect the productivity (biomass) and species composition of the experimental plant communities? (2) Do the impacts of such soil microplastic heterogeneity on plant communities vary depending on the chemical composition and morphology of the microplastics?



Materials and methods


Plant species, microplastics and soil

Experimental plant communities were established by sowing seeds of six perennial grassland species of three functional groups, i.e., two grasses (Elymus dahuricus Turcz., Lolium perenne L.), two legumes (Medicago sativa L. and Trifolium repens L.) and two forbs (Plantago asiatica L. and Taraxacum mongolicum Hand.-Mazz.). Seeds of all plant species were purchased from Jiangsu Leerda Seed Industry Co., LTD., in Xuzhou, Jiangsu Province, China, and stored at 4°C before use to keep their vitality.

We used six types of microplastics, i.e., polystyrene foam (EPS; average diameter: 200 μm), polyethylene fiber (PET; average length: 300 μm; specific gravity: 1.36; diameter: 20 μm ± 4 μm), polyethylene bead (HDPE; average diameter: 150 μm), polyethylene fiber (PP; average length: 300 μm; specific gravity: 0.91; diameter: 18 μm ~ 48 μm), polylactic bead (PLA; average diameter: 150 μm) and polyamide bead (PA6; average diameter: 150 μm). EPS is a foam, PET and PP are fibers, and HDPE, PLA and PA6 are beads. These microplastics vary in size, appearance, physical and chemical properties. They are all common plastic pollutants and have been examined in previous studies (Karamanlioglu et al., 2017; Zhou et al., 2018; Lozano et al., 2021). HDPE, PP, PLA and PA6 were purchased from Guangdong Huachuang Plastic Chemical Co., LTD, and PET and PP were purchased from Hunan Huixiang Fiber Co., LTD.

The soil used was a 1:1 (v:v) mixture of river sand and a local soil collected in Taizhou, Zhejiang, China. The local soil was sieved to pass 2-cm mesh to remove gravels and plant debris. The soil mixture contained organic carbon of 2.11 g kg-1, total nitrogen of 0.07 g kg-1 and total phosphorus of 0.91 g kg-1.



Experimental design

For each of the six microplastics, we first created three types of soils using the soil mixture described above and the microplastic: (1) a blank soil without any microplastics, (2) a soil containing 0.1% (i.e., 1g kg-1) of the microplastic (low-concentration soil) and (3) a soil containing 0.2% of the microplastic (high-concentration soil). The concentrations of microplastics used in this study were within the range of microplastic concentrations in soils collected in the field (Blasing and Amelung, 2018; Zhang and Liu, 2018) and were also used in previous studies (de Souza Machado et al., 2018b). For each microplastic, we established two soil treatments (homogeneous vs. heterogeneous) in boxes (38 cm long × 28 cm wide × 14 cm deep). Each box was divided into four equal patches (19 cm long × 14 cm wide × 14 cm deep) by a plastic divider. For the homogeneous soil treatment (control), each of the four patches in a box was filled with the low-concentration soil; for the heterogeneous soil treatment, two opposite patches in a box were filled with the blank soil and the other two with the high-concentration soil (Figure 1). After filling the soils, we removed the divider from the box so that plant roots could grow freely across patches. Each treatment was replicated six times, resulting in a total of 72 boxes (6 microplastics × 2 soil treatments × 6 replicates).




Figure 1 | Schematic representation of the experimental design. For each of the six types of microplastics, we established a homogeneous and a heterogeneous soil treatment. For the homogeneous treatment, each of the four equal patches in a box was filled with the soil uniformly mixed with a low concentration (0.1%) of microplastics (grey); for the heterogeneous treatment, two opposite patches in a box were filled with the soil without microplastics (white) and the other two with the soil uniformly mixed with a higher concentration (0.2%) of microplastics (black). The total amounts of microplastics in the homogeneous and heterogeneous treatments were the same.



Plant communities were established by directly sowing seeds into each box. For each of the four patches in a box, we sowed about 54 seeds for each of the six species, resulting in a total density of 2000 seeds/m2 in the whole box. Within each patch, the seeds of each of the six species were roughly evenly distributed.

All boxes were randomly placed in a greenhouse of Taizhou University in Taizhou, Zhejiang Province, China. The experiment started on 1 September 2020, and ended on 1 March 2021. Sufficient water was supplied to each box every 1-2 days to keep the soil moist.



Measurements and analyses

At the end of the experiment, we harvested the aboveground parts of each species in each patch in each box. Plant roots in each patch were also harvested, but it was not possible to sort them into species. After clearing, all plant parts were oven-dried at 70 °C for 72 hours and weighed. In the heterogeneous treatment, in each box plants in the two opposite soil patches without microplastics (referred to as high-quality patches) were pooled and those in the two soil patches with microplastics (referred to as low-quality patches) were pooled. In the homogeneous treatment, plants were treated in the similar way as those in the heterogeneous treatment for the purpose of analysis, i.e., in each box two opposite patches were referred to as imagined high-quality patches and the other two as imagined low-quality patches.

We calculated evenness of the plant community in each box based on aboveground biomass of each plant species (Pielou, 1966; Xue et al., 2021). Two-way ANOVA was used to test the effects of microplastic type (EPS, PET, PP, HDPE, PLA and PA6), soil heterogeneity (homogeneous vs. heterogeneous) and their interaction on root, shoot and total biomass and species evenness of the plant communities at the whole box level. Following two-way ANOVA, linear contrasts were used to test whether mean values differed significantly between the homogeneous and the heterogeneous treatment within each type of microplastics (Sokal and Rohlf, 1995). Three-way ANOVA was used to examined the effects of microplastic type, soil heterogeneity and patch type (low- vs. high-quality patches) on root, shoot and total biomass of the plant communities at the patch level. Box identity was included as a random factor as the data from the two types of patches in a box were not independent. Following three-way ANOVA, linear contrasts were used to test whether mean values differed significantly between the high- and the low-quality patches within each of 12 combinations of the microplastic type and soil heterogeneity treatments.

We also analyzed the effects of microplastic shape (foam, fiber and bead) and soil heterogeneity on biomass and evenness of the plant communities at the whole box level, and the effects of microplastic shape, soil heterogeneity and patch quality on biomass of the plant communities at the patch level. In these analysis, microplastic type (EPS, PET, PP, HDPE, PLA and PA6) and/or box identity were included as random factors. Before analysis, the data were tested for normality and homogeneity. The analyses were implemented using IBM SPSS 23.0 (IBM Corp., Armonk, NY, USA) and R (version 4.1.2; http://www.r-project.org) in RStudio (version 2021.09.1 Build 372; https://www.rstudio.com/).




Results


Effects on biomass of plant communities at the whole box level

Total biomass and root biomass of the plant communities in the whole boxes were significantly higher in the homogeneous than in the heterogeneous treatment when the microplastic type was PET and PP, were significantly smaller when the microplastic type was PLA, but were not significantly different when the microplastic type was EPS, HDPE or PA6 (Figure 2A, B, Table S1). Shoot biomass of the whole communities was significantly higher in the homogeneous than in the heterogeneous treatment when the microplastic type was PP, but showed no significant difference between the homogeneous and the heterogeneous treatment for the other five types of microplastics (Figure 2C, Table S1). Total, root and shoot biomass of the whole plant communities were all significantly higher in the homogeneous than in the heterogeneous treatment when the microplastic shape was fiber, but did not differ between the two soil treatments when the microplastic shape was foam or bead (Figure 3, Table S2).




Figure 2 | (A) Total, (B) root and (C) shoot biomass and (D) species evenness of the plant communities in the homogeneous and the heterogeneous treatment for each of the six types of microplastics. Bars and vertical lines are mean and SE. Symbols (***P < 0.001, **P < 0.01 and *P < 0.05) indicate significant differences between the homogeneous and the heterogeneous treatment.






Figure 3 | (A) Total, (B) root and (C) shoot biomass and (D) species evenness of the plant communities in the homogeneous and the heterogeneous treatment for each of the three shapes of microplastics. Bars and vertical lines are mean and SE. Symbols (***P < 0.001 and **P < 0.01) indicate significant differences between the homogeneous and the heterogeneous treatment.





Effects on biomass of plant communities at the patch level

We observed significant three-way interaction effects of both microplastic type × soil heterogeneity × patch quality and microplastic shape × soil heterogeneity × patch quality on all three biomass measures at the patch level (Table S3-S4). At the patch level, biomass (total, root and shoot) of the plant communities generally did not differ significantly between the imagined two types of patches in the homogeneous treatment in any of the six microplastic types or in any of the three microplastic shapes (foam, fiber and bead); the only exception was shoot biomass which was higher in the low- than in the high-quality patches in the homogeneous treatment when the microplastic type was PET (Figure 4C).




Figure 4 | (A) Total, (B) root and (C) shoot biomass of the plant communities in the (imagined) high- and low-quality patches in the homogeneous and the heterogeneous treatment for each of the six microplastics. Bars and vertical lines are mean and SE. Symbols (***P < 0.001, **P < 0.01 and *P < 0.05) indicate significant differences between the high- and low-quality patches.



In the heterogeneous treatment, however, total biomass and root biomass of the plant communities were significantly smaller in the low-quality patches (with the higher concentration of microplastics) than in the high-quality patches (without microplastics) when the microplastic type was EPS, but greater when the microplastic type was PET or PP (Figures 4A, B). In addition, in the heterogeneous treatment, root biomass was significantly smaller in the low- than in the high-quality patches when the microplastic was HDPE (Figure 4B), and shoot biomass was also significantly smaller when the microplastic was EPS and PET (Figure 4C). In the heterogeneous treatment, total and root biomass of the plant communities were significantly smaller in the high- than in the low-quality soil patches when the microplastic shape was fiber, but did not differ between the two types of patches when the microplastic shape was foam or bead (Figures 5A, B). Shoot biomass of the plant communities was significantly higher in the high- than in the low-quality patches when the microplastic shape was foam, but showed no difference between the patch types when the microplastic shape was fiber or bead (Figure 5C)




Figure 5 | (A) Total, (B) root and (C) shoot biomass of the plant communities in the (imagined) high- and low-quality patches in the homogeneous and the heterogeneous treatment for each of the thee microplastic shapes. Bars and vertical lines are mean and SE. Symbols (***P < 0.001 and *P < 0.05) indicate significant differences between the high-and low-quality patches.





Effects on species diversity of plant communities at the whole box level

Species evenness of the plant communities was significantly higher in the homogeneous than in the heterogeneous treatment when the microplastic type was EPS, was significantly lower when the microplastic type was PET, but showed no significant difference when the microplastic type was HDPE, PP, PLA or PA6 (Figure 2D, Table S1). Species evenness was also significantly higher in the homogeneous than in the heterogeneous treatment when the microplastic shape was foam, but showed no difference between the two soil treatments when it was fiber or bead (Figure 3D, Table S2)




Discussion

Contamination of soils by microplastics can have profound ecological impacts on terrestrial ecosystems (Rillig, 2012; de Souza Machado et al., 2018a; Roy et al., 2022). While previous studies have shown that microplastics in soils may influence plant growth and community productivity and composition (de Souza Machado et al., 2019; Rillig et al., 2019; Lozano and Rillig, 2020), no study has tested the impact of spatial heterogeneity of soil microplastics. Our study showed for the first time that spatial heterogeneity of soil microplastics could influence productivity and species composition of experimental plant communities, but such effects varied depending on microplastic types and shapes.

When growing in spatially heterogeneous environments consisting of favorable and unfavorable patches, many plants are able to allocate more roots and/or shoots in favorable patches and less in unfavorable patches (Hutchings et al., 2003; Dong et al., 2015; Liu et al., 2020), and such a foraging response may help them take up more resources and increase their growth (Rajaniemi and Reynolds, 2004; Questad and Foster, 2008; Xue et al., 2020). We also found that the plant communities showed patch-level foraging responses in the environments with the spatially heterogeneous distribution of soil microplastics. However, such an effect varied with microplastic types and shapes likely due to their different effects on soil physico-chemical properties and soil microbial abundance and activities (de Souza Machado et al., 2018b; Qi et al., 2018; Rillig et al., 2019). Additionally, the effect of soil microplastic heterogeneity on community productivity was not related to the patch-level foraging responses of the plant communities.

EPS and HDPE commonly have a negative effect on plant growth because they can induce cytogenotoxicity by aggravating reactive oxygen species generation (Jiang et al., 2019; Maity and Pramanick, 2020; Pignattelli et al., 2020). We observed that, in the environment with the spatially heterogeneous distribution of soil microplastics, plant communities produced more root, shoot and total biomass in the soil patches without microplastics (high-quality patches) than in the soil patches with the higher (0.2%) concentration of microplastics (low-quality patches) when the microplastic was EPS and more root biomass when the microplastic was HDPE (Figure 4), demonstrating root and/or shoot foraging responses (2015; James et al., 2009; Giehl and von Wirén, 2014; Keser et al., 2014). However, such foraging responses at the patch level did not cascade to influence biomass of the plant communities at the whole box level (Figures 2A-C), as also reported in some previous studies testing the effect of spatial heterogeneity in the distribution of other soil factors (Dong et al., 2015; Liu et al., 2017; Xue et al., 2018; Adomako et al., 2021b; Yao et al., 2021).

PET and PP used in this study are both microplastic fibers. Adding plastic fibers to the soil can reduce soil bulk density (Rillig et al., 2019), increase soil porosity (Zhao et al., 2021) and permeability (de Souza Machado et al., 2019), which can facilitate plants to take roots into the soil (Zimmerman and Kardos, 1961). Thus, in the heterogeneous treatment with PET and PP, root biomass was greatly improved when plants grew in the patches with a higher concentration (0.2%) of PET or PP than in the patches without microplastics (Figure 4B), resulting in higher total biomass of the plant communities in the PET and PP patches (Figure 4A). Consequently, total and root biomass of the plant communities also differed greatly between the two types of soil patches when the microplastic shape was fiber (Figures 5A, B). These results suggest that the plant communities also demonstrated foraging responses in the soil with the spatially heterogeneous distribution of microplastic fibers such as PET and PP.

However, such foraging responses did not result in promoted growth of the whole plant communities (at the whole box level). Instead, the spatially heterogeneous distribution of microplastic fibers (PET and PP) in the soil decreased biomass of the whole plant community biomass (Figures 2A-C, 3A-C). The decreased growth was because plants grew better when the soil contained 0.1% of PET and PP in the homogeneous treatment than when the soil did not contain any microplastics or contained the higher concentration (0.2%) of microplastics in the heterogeneous treatment (all P < 0.5; Figures 3A, B). This result suggests that the positive effect of microplastic fibers on plant growth can vary depending on their concentrations in the soil (Lozano et al., 2021).

At the whole box level, we observed that the plant communities produced more total and root biomass in the soil with the heterogeneous distribution of PLA than in the soil with the homogeneous distribution (Figures 2A, B). However, the plant communities did not show patch-level foraging responses in the soil with the heterogeneous distribution of PLA (Figure 4) or in the soil with the heterogeneous distribution of microplastic beads in general (Figure 5), suggesting that this benefit of soil microplastic heterogeneity was not related to foraging responses (Adomako et al., 2020; Liu et al., 2020; Cao et al., 2022). PLA is one type of biodegradable microplastics, and can change soil physico-chemical properties such as soil pH in the initial stage of polylactic acid degradation, which may affect soil microbial communities (Karamanlioglu et al., 2017; Chamas et al., 2020). Previous studies showed that PLA can negatively affect plant growth (Souza et al., 2013; Boots et al., 2019). In this study, the promoted community growth in the soil with the heterogeneous distribution of PLA was solely because the plant communities grew worse when the soil contained 0.1% of PLA (in the homogeneous treatment) than when it did not contain PLA or contained the higher concentration (0.2%; in the heterogeneous treatment), particularly for root growth (all P < 0.05; Figure 4B). This result suggests that the negative impact of PLA on plant growth can vary depending on its concentration in the soil, as reported for other microplastics (van Kleunen et al., 2020; Lozano et al., 2021).

A plant community commonly comprises species of different foraging abilities and consequently environmental heterogeneity may alter its species composition because it may benefit species with a higher foraging ability more than those with a low foraging ability or those do not demonstrate the foraging response (Hutchings et al., 2003; Xue et al., 2020). In our study, spatial heterogeneity of soil microplastics decreased species evenness when the microplastic was EPS (with a foam shape), promoted it when the microplastic was PET (with a fiber shape), and had no effect when the microplastic was one of the other four microplastics (with either a fiber or a bead shape; Figure 2D). These results suggest that spatial heterogeneity in the horizontal distribution of microplastics in the soil can affect species composition of plant communities, but such an effect varies depending on microplastic types and likely also microplastic shapes. It is well-known that different types and shapes of microplastics may differentially affect plant growth because they may differ in phytotoxicity (Dong et al., 2020; Pignattelli et al., 2020; Li et al., 2022) and in the effect on soil physio-chemical properties and soil microbial communities such as soil microbial activity and mycorrhizal binding in plant roots (de Souza Machado et al., 2019; Rillig et al., 2019; Lozano and Rillig, 2020; Lozano et al., 2021; Zhao et al., 2021). The promoted evenness of soil heterogeneity in the horizontal distribution of microplastics may be due to the increased microhabitat diversity, as observed in studies examining effects of soil heterogeneity in other factors (Liu et al., 2021; Helbach et al., 2022). However, it is unclear what resulted in the decreased species evenness in the soil with the heterogeneous distribution of EPS, which seemed not to be related to the difference in the patch-level responses of individual plant species (Figure S1, Table S5). Further studies could be designed to resolve this question.

In our experiment, there were no physical barriers between patches with and without microplastics. This setup mimicked the situation in the field that allowed plant roots to grow freely across adjacent patches. In a long run, plant growth, soil biota activity and water movement will eventually homogenize the soil in the container that is heterogeneous at the beginning. However, this process usually will take a much long time compared to the shorter experimental duration in the greenhouse, which will not influence the treatment effect.

We conclude that soil heterogeneity in microplastics can influence productivity and species composition of plant communities, but such an effect varies depending on microplastic types and likely also shapes (e.g., chemical composition and morphology). However, our results fail to support the idea that foraging responses of plant communities can result in promoted productivity. Further studies could combine soil microbial and physico-chemical analyses to explore the mechanisms underlying the effect of soil microplastic heterogeneity on community productivity (Baer et al., 2020; Lozano et al., 2021; Xue et al., 2021; Zhao et al., 2021). The impacts of patch scale and patch contrast of soil microplastic heterogeneity should also be considered in future (Adomako et al., 2021b; Li et al., 2022).
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Introduction

Promoting crop growth and regulating denitrification process are two main ways to reduce soil N2O emissions in agricultural systems. However, how biochar and arbuscular mycorrhizal fungi (AMF) can regulate crop growth and denitrification in soils with different phosphorus (P) supplies to influence N2O emission remains largely unknown.



Method

Here, an eight-week greenhouse and one-year field experiments biochar and/or AMF (only in greenhouse experiment) additions under low and high P environments were conducted to characterize the effects on wheat (Triticum aestivum L.) growth and N2O emission.



Results

With low P supply, AMF addition decreased leaf Mn concentration (indicates carboxylate-releasing P-acquisition strategies), whereas biochar addition increased leaf Mn concentration, suggesting biochar and AMF addition regulated root morphological and physiological traits to capture P. Compared with low P supply, the high P significantly promoted wheat growth (by 16-34%), nutrient content (by 33-218%) and yield (by 33-41%), but suppressed soil N2O emissions (by 32-95%). Biochar and/or AMF addition exhibited either no or negative effects on wheat biomass and nutrient content in greenhouse, and biochar addition promoted wheat yield only under high P environment in field. However, biochar and/or AMF addition decreased soil N2O emissions by 24-93% and 32% in greenhouse and field experiments, respectively. This decrease was associated mainly with the diminished abundance of N2O-producing denitrifiers (nirK and nirS types, by 17-59%, respectively) and the increased abundance of N2O-consuming denitrifiers (nosZ type, by 35-65%), and also with the increased wheat nutrient content, yield and leaf Mn concentration.



Discussion

These findings suggest that strengthening the plant-soil-microbe interactions can mitigate soil N2O emissions via manipulating plant nutrient acquisition and soil denitrification.





Keywords: denitrification, root morphology, foraging strategy, nitrogen retention, plant-soil-microbe interaction, leaf Mn concentration



1 Introduction

As a significant greenhouse gas, nitrous oxide (N2O) has the global warming potential 298 times higher than the equivalent mass of CO2 in the atmosphere (Philibert et al., 2013). Due to high rates of organic and inorganic nitrogen (N) fertilization in agricultural production, about 60% of global anthropogenic N2O emissions is derived from agricultural soils (Davidson, 2009). Among the three main processes (denitrification, nitrification and nitrifier-denitrification) that produce N2O in soils (Kool et al., 2011), denitrification is the primary source (Case et al., 2015). Generally, there are two major ways to decrease N2O emissions in agriculture (Jiang et al., 2020): (i) promote the crop growth and N uptake, thus reducing availability of N for N2O production, and (ii) alter the N cycling processes (e.g. denitrification) via regulating the abundance and activity of relevant microorganisms. Thus, linking plant nutrient-acquisition strategy and soil microbial community (composition and activity) can improve our understanding of mechanisms effective in suppressing N2O emissions under different management practices.

The denitrification rate and its contribution to N2O emissions are influenced strongly by soil conditions (e.g. soil pH, soil water content, availability of oxygen, C, N, P, etc.). The N2O:N2 product ratio in denitrification was correlated negatively with soil pH, labile C availability, and soil water-filled pore space, and positively with soil NO3- content (Senbayram et al., 2012). As a soil amendment, biochar application can modify these soil conditions. Biochar, being C-rich and porous, can improve soil aeration, reduce soil bulk density, enhance soil water holding capacity, and adsorb nutrients (such as P) from soil to change C, N and P availability (Zhang et al., 2016; Jiang et al., 2020; Sun et al., 2022). Biochar application can also increase pH of acid soils, but has no effect or can decrease pH of alkaline soils (Lehmann and Joseph, 2009; Dong et al., 2022). In addition, biochar can promote crop root activity and shoot growth, thus enhancing plant nutrient absorption and decreasing N content in soil (Liu et al., 2021; An et al., 2022). Thus, biochar application in agriculture is considered an efficient strategy to reduce N2O emissions via modulating denitrification and crop growth.

Different P conditions can influence soil N pools and cycling processes via regulating plant growth and microbial activity (Xiao et al., 2022a; Xiao et al., 2022b). In P-limited environments, P addition enhanced soil N immobilization and retained more N in the plant-soil system by promoting plant and microbial growth, thus suppressing N2O emission (Shen and Zhu, 2022; Wang et al., 2022). In soils with different P supplies, plants can adjust P-acquisition strategies by regulating root morphology (e.g. root diameter, specific root length) and the amount and composition of root exudates (Wang et al., 2021), which may influence the soil microbial community composition and activity and thus N2O emission (Coskun et al., 2017; Abalos et al., 2019). For instance, P enrichment may stimulate the activity of denitrifiers and nitrifiers (Ullah et al., 2016) or alter microbial community composition regarding the taxa involved in N2O production (Liu et al., 2012). In addition, P enrichment can increase water consumption by plants, which may lead to decreased soil moisture and diminished N2O emission (Chen et al., 2017). Thus, linking the plant nutrient acquistion stategy and soil functional microbiome may advance our understanding of the effects of different P supplies on plant growth and soil N2O emissions.

Arbuscular mycorrhizal fungi (AMF) benefit their host plant regarding nutrient uptake (primary P, N and Zn) from soil (Smith and Read, 2008). AMF inoculation can increase microbial biomass N and plant biomass, thus reducing the availability of N substrates (NH4+ and NO3-) in soil for N2O producers, thus decreasing N2O emissions (Bender et al., 2014; Storer et al., 2018; Shen and Zhu, 2021). AMF may also influence soil aggregation (Morris et al., 2019) and soil water relations (Augé, 2004), and increase oxygen diffusion towards the interiors of soil aggregates, thus affecting denitrification (Okiobe et al., 2022). To date, studies have showed that AMF can decrease the abundance of the nirK type denitrifiers (that produce N2O) and increase the abundance of nosZ type (that consume N2O), thus hampering denitrification (Bender et al., 2014; Gui et al., 2021; Zhao et al., 2021).

Based on the current knowledge, a reasonable hypothesis is that biochar, P and AMF may interact to suppress N2O production by modifying the plant growth and abundance of microorganisms associated with the N cycle. Plants usually increase root/shoot ratio, specific root length and carboxylate exudation and decrease root tissue density to enhance their capacity to acquire P in P-limited environments (Lambers et al., 2006; Shen et al., 2011). However, the large amounts of carboxylate exudation may stimulate the growth of microorganisms, including the functional microorganisms involved in denitrification (Coskun et al., 2017; Abalos et al., 2019). In the P-limited environments, AMF inoculation can reduce exudation from their host roots but improve host plant nutrient acquisition, whereas in P-rich environments AMF inoculation may inhibit plant growth (Smith et al., 2011; Ryan et al., 2012; Johnson et al., 2015; Zhang et al., 2021). On the other hand, biochar can adsorb P to decrease P availability in soil in both low- and high-P environments (Dai et al., 2016). Hence, biochar application may govern the AMF effects on plant growth via changing the P availability. Earlier studies have also shown that biochar can promote the AMF symbiosis via changing soil nutrient availability, altering the activity of specific microorganisms that have effects on mycorrhizae, and serving as a refuge for fungi to colonizing plants (Warnock et al., 2007; Lehmann et al., 2011). To date, how the interaction among biochar, P and AMF modifies plant growth and denitrification in soil, and thus influences N2O emission, remains obscure.

Wheat is one of the most widely cultivated crops in the world and is highly sensitive to soil P availability (Li et al., 2014), with AMF having negative effects on wheat growth at the high P supply (Efthymiou et al., 2018; Ryan and Graham, 2018). In the present study, we set up a fully factorial greenhouse experiment and a field experiment. Wheat was grown with or without biochar and/or AMF at the low and high P supply. The study was aimed at testing the following hypotheses: (i) high P supply can enhance plant growth and N uptake and reduce soil N2O emissions; (ii) AMF may increase crop growth and inhibit key denitrification microorganisms to decrease soil N2O emissions at the low P supply, whereas at the high P supply, AMF may inhibit wheat growth and diminish the mitigating effect on N2O emission; and (iii) biochar can suppress N2O emission via directly inhibiting the key denitrification genes, and via directly influence wheat growth or indirectly modifying the effect of AMF on wheat growth at differential P supply.



2 Materials and methods


2.1 Experimental treatments


2.1.1 Greenhouse experiment

A calcareous loamy soil (0-20 cm) was collected from Shangzhuang experimental station (40°08′ N, 116°10′ E) of China Agricultural University. The soil contained 17.8 g kg-1 organic matter, 870 mg kg-1 N, 2.9 mg kg-1 Olsen P, 156 mg kg-1 available K, and had pH value 7.8 (soil:water ratio was 1:5). The soil was air dried, sieved (2 mm) and sterilized by radiation with 60Co γ-rays at 10 kGy to eliminate indigenous AMF.

A greenhouse experiment was conducted with two phosphorus rates (40 and 300 mg P kg-1 soil as KH2PO4, denoted hereafter as P40 and P300, respectively), two mycorrhizal (AMF) treatments (with and without inoculation with Rhizophagus irregularis) and two biochar (BC) rates (with and without maize straw BC). There were five replicates per treatment. To achieve the same soil K addition in the two P treatments, K2SO4 was supplied at 327 mg K kg-1 soil in the P40 treatment. Furthermore, the mineral nutrients were added to all treatments (per kg soil) as follows: 200 mg of N (as KNO3), 50 mg of Mg (as MgSO4), 5 mg of Zn (as ZnSO4), and 2 mg of Cu (as CuSO4). The nutrients were uniformly mixed in soil before placing the soil in plastic pots (15 cm in diameter, 15 cm in height; 2 kg of soil pot-1). The glasshouse temperature range was 15–20°C with 10–12 h daylight throughout the wheat growth period.

Biochar was derived from maize straw residue at 450°C, and was provided by Mingchen Sanitation Equipment Co. LTD, Shandong Province, China. Biochar contained (per kg) 9.48 g total N, 1.34 g total P and 530 g carbon; pH was 9.7. Biochar was added at 3.5 g kg-1 soil (equivalent to 9 t ha-1) and was mixed thoroughly.

The AMF Rhizophagus irregularis was propagated on wheat plants growing in a 1:5 mixture (w/w) of river sand and zeolite in a greenhouse for 4 months. The inoculum used in the present study included substrate containing spores (150 g-1 potting substrate), mycelium and fine-root segments. The inoculum was added at 20 g kg-1 soil in the AMF treatment. The 10 mL of microbial wash filtrate from unsterilized soil was added to all pots to minimize differences in microbial communities among treatments (Martínez-García et al., 2017).

Wheat seeds (JiMai 22) were surface sterilized by stirring in 10% (v/v) hydrogen peroxide for 10 min and in 70% (v/v) ethanol for 3 min, followed by rinsing at least five times in deionized water. Six uniformly germinated seeds were sown into each pot and were thinned after emergence to four seedlings similar in size. The pots were watered daily and weighed every 2 days to adjust soil moisture to 18-20% (w/w).



2.1.2 Field experiment

A one-year field experiment with four-treatment was designed to test the effects of biochar and P addition mitigate N2O emissions. The study site is located in the Shunyi District, Beijing. The soil contained 9.68 g kg-1 organic matter,1.32 g kg-1 N, 6.48 mg kg-1 Olsen P, 73.6 mg kg-1 available K in 0-20 cm soil depth and a pH of 8.05. The field plots were conducted with a completely randomized block design with four treatments: BC0_P0 (0 t hm-2 biochar, 0 kg hm-2 P), BC0_P+ (52 kg hm-2 P), BC+_P0 (9 t hm-2 biochar), BC+_P+ (9 t hm-2 biochar, 52 kg.hm-2 P). Before sowing of winter wheat in 2020, the amount of biochar and P in four treatments were supplied every year. Sixteen plots were arranged with four replicates, and every plot size was 180 m2 (6 m × 30 m).

In field experiment, wheat (JiMai 22) was sown on 12 October 2020 and harvested on 6 June 2021. The P fertilizer input amount of each treatment was 0 (P0) and 52 kg P hm-2 (P+) (Ca(H2PO4)2), K 124 kg.hm-2 (K2SO4), N 112 kg hm-2 (KNO3), respectively. N fertilizer was uniformly applied at a 1:1 ratio according to topdressing (15 March 2021). Each treatment was irrigated after fertilization.




2.2 Gas collection and measurement


2.2.1 Greenhouse experiment

Seven weeks after sowing, nutrients solution with 200 mg kg-1 KNO3 was added in each pot, and the soil moisture adjusted to 30% (w/w), which was beneficial to denitrification process but had little effect on wheat growth during a week of sampling N2O. After 24 hours, N2O samples were collected from each pot by using a PVC cylindrical chamber (diameter of 16 cm and height of 50 cm), with a base having a 5 cm groove to which water was added to seal the system during sample collection. The gas in the chamber was sampled starting at 9:00 and then again starting at 15:00 each day for a week; during this period, the soil moisture was kept at 30% (w/w) by adding water. The four 50 mL gas samples were extracted by plastic syringes at 0, 10, 20 and 30 min in each of the two daily sampling periods.



2.2.2 Field experiment

N2O samples were collected by using a PVC box chamber (50cm×50cm×50cm) with a thickness of 1.5 mm and a base (50 cm × 50 cm × 15 cm). The gas was collected twice a week after fertilization, irrigation, rain and snow before the booting stage. Afterwards, the collection frequency decreased to once every 15 days during the fallow period. Gas samples were taken between 09:00 to 11:00 am. During this period, the four 200 mL gas samples were extracted by plastic syringes at 0, 10, 20 and 30 min for each plot.



2.2.3 N2O measurement

The measurement of N2O was done by gas chromatography (Agilent 7890A; Agilent, USA) with an electron capture detector (ECD) at 350°C (Liu et al., 2020). The hourly fluxes (F, μg m-2 h-1) of N2O were calculated according to Shi et al. (2019):

F= ρ×(V/A)×(ΔC/Δt)×(273/(273+T))

where ρ is the density of N2O under standard conditions, V is the chamber volume (m3), A is the area covered by chamber (m2), ΔC/Δt is the change in N2O concentration in the chamber over time, and T is the chamber air temperature.

The cumulative N2O emission (E, mg m-2) was calculated as follows:

E=(Fi+Fi+1)/2 ×24×10-3×T

where i is the ith measurement, 24 × 10-3 was used for unit conversion, and T was the number of days of sample collection.

The nosZ/(nirK+nirS) was the nosZ and (nirK+nirS) gene copy numbers raito. nosZ associated with N2O consumption in the process of denitrification, and (nirK+nirS) was significantly positively correlated with the denitrification rates (Xuan et al., 2022). The ratio is used to characterize the degree of N2O emission inhibition (Liu et al., 2020)




2.3 Plant harvest and soil sampling


2.3.1 Greenhouse experiment

Eight weeks after sowing (Feekes 3, tillering stage), shoots were cut at the soil surface, and roots were extracted from the soil. Shoots were rinsed in distilled water and then oven-dried at 75°C for 72 h, weighed and ground to fine powder. Nitrogen and phosphorus concentrations in shoots were determined after digestion with a mixture of 5 mL of concentrated H2SO4 and 8 mL of 30% v/v H2O2. Shoot N was analyzed by the Kjeldahl method and P by the molybdovanadophosphate method. Leaf Mn concentration was used to indicate carboxylate-releasing P-acquisition strategies (Lambers et al., 2015) and was determined directly by Atomic Absorption Spectroscopy (AAS, GBC 904 AvantaVer 1.33, Australia).

Roots were washed under running water and were scanned at the resolution of 400 dpi (EPSON 1680) (Epson, Long Beach, CA, USA). Root images were analyzed using a WinRHIZO image system (WinRHIZOPro2004b) (Null, Regent, Canada) to calculate root length and diameter (Wang et al., 2020). After scanning, a weighed subsample of the root system was cleared and stained with trypan blue to determine mycorrhizal colonization by the method of Kormanik and McGraw (1982). The roots were dried at 75°C for 72 h and weighed. Calculations of root tissue density and specific root length were done according to Li et al. (2013).

The soil samples were collected on the same day as the gas samples. The soil was sieved (2 mm) and separated into two subsamples: one was kept at -80°C for quantitative PCR assay and the other one was stored at 4°C for determining C, P and N content. Soil NO3--N and NH4+-N were extracted with 0.01 mol L-1 CaCl2 solution and determined by a AA3 flow analyzer (Braun and Lubbe, Norderstedt, Germany). Soil available P was measured by the Olsen method. Soil organic carbon was analyzed by wet digestion with 10% w/w H3PO4.

In order to test the effects of P, BC and AMF on denitrification, the copy numbers of the key genes of copper nitrite reductases (nirS, nirK) and nitrous oxide reductase (nosZ) were determined. DNA was extracted using a Fast DNA Spin Kit for Soils (MP Biomedicals, Solon, OH, USA) from 0.5 g of soil. The quantitative polymerase chain reaction (q-PCR) amplification primers for nirK, nirS and nosZ genes and the reaction conditions are shown in Table S1. The qPCR was performed using a CFX96 Optical Real-Time Detection System (Bio-Rad Laboratories, Hercules, CA, USA).



2.3.2 Field experiment

At wheat maturity, wheat yield was measured in each treatment plot. Soil samples (0–20 cm) were collected when soil N2O emissions tended to be stable after fertilization. Five soils from two diagonal lines through each plot were collected and pooled into one composite sample. The soil was sieved (2 mm) and was kept at -80°C, and then used to measure the functional genes of denitrification.




2.4 Statistical analyses

Two-way ANOVA was performed to test for effects of AMF and biochar addition on N2O emission, gene abundance, root traits and soil properties (P ≤0.05) at low or high P supply. Post-hoc Tukey HSD tests were performed to determine significant differences. If the two-way interaction AMF× BC was significant, the complete data was shown; if not, only the significant main effects were shown. Significant differences between the AMF and no AMF inoculation at each P supply or between BC and no BC addition at each P supply were based on the t-test (P ≤0.05). Pearson’s correlation analysis was used to test the relationships among the N2O emission, abundance of genes, root traits and soil properties. The random forest model in R studio software was used to analyze the comprehensive effects of genes, root traits and soil properties on the soil N2O emissions.

Two-way ANOVA was performed to test for effects of P and biochar addition on yield, N2O emission and gene abundance (P ≤0.05) in the field experiment. Post-hoc Tukey HSD tests were performed to determine significant differences. Pearson’s correlation analysis was used to test the relationships among the yield, N2O emission and gene abundance.




3 Results


3.1 Shoot growth properties

The interaction AMF × BC was not significant for shoot biomass and shoot N and P contents (Table 1). The shoot biomass was influenced significantly by mycorrhiza at both P rates, but the biochar main effect was a significant source of variation for shoot biomass at P300 only (Table 1 and Figure 1). The mycorrhizal main effect was a significant source of variation for shoot N content and shoot P content at both P40 and P300 (Table 1 and Figure 1). In the presence of mycorrhiza, shoot biomass and shoot N content were significantly lower than in the non-mycorrhizal treatment regardless of the P rate. By contrast, AMF addition was associated with a decrease in shoot P content at P40 and an increase at P300 (Figure 1). Compared to the low P supply, the high P significantly promoted shoot growth (by 16-34%), shoot N content (by 33-47%) and shoot P content (by 145-218%) (calculated from Figure 1). In the field experiment, the interaction BC×P was significant for wheat yield (Table 2). Compare to no P addition treatment, wheat yield increased significantly (by 33% and 41%, respectively) in P addition treatments.


Table 1 | The P values from 2-way ANOVA (AMF=arbuscular mycorrhizal inoculum and BC=biochar) at the two P rates (P40 and P300) regarding soil N2O emissions, gene abundance, and plant and soil properties in the greenhouse experiment.






Figure 1 | Variation in the (A) shoot N content, (B) shoot P content and (C) shoot biomass as influenced by P rates (40 and 300 mg kg−1 soil) and AMF and BC additions in the greenhouse experiment. Each value is the mean of five replicates (±SE). (D) Variation in wheat yield in field experiment. Each value is the mean of four replicates (±SE). *P ≤ 0.05 and **P < 0.01.




Table 2 | Effects of P and biochar application on N2O emission, nirK, nirS and nosZ gene copy numbers and nosZ/(nirK+nirS) in field experiment.





3.2 Root morphological and physiological traits

Root biomass and root tissue density were significantly influenced by the interaction AMF×BC at P40 and P300 (Table 1). At the low P supply, compared to the control, root biomass decreased significantly (by 30% to 48%) in the other treatments (Figures 2A, B). Regarding root tissue density, contrasting results were obtained at two P supplies. Compared to the other treatments, root tissue density was more than 2-fold lower in the combined AMF and BC treatment at P40 and in the control at P300 (Figure 2B). Root tissue density had a significantly negative correlation with root diameter in both P40 and P300 (Table S2).




Figure 2 | Variation in the root biomass and morphological traits (A) root biomass, (B) root tissue density, (C) total root length, (D) specific root length, (E) leaf Mn concentrations, and (F) AMF colonization as influenced by P rates (40 and 300 mg kg−1 soil) and AMF and BC additions. Each value is the mean of five replicates (±SE). For a given P rate, different letters in each graph denote significant difference among treatments (P ≤ 0.05). *P ≤ 0.05 and **P < 0.01.



The AMF×BC interaction was a significant source of variation for total root length and specific root length at P40 only (Table 1). In the combined AMF and BC treatment, total root length was 36% lower, and specific root length was 8.4% higher, than the control at P40 (Figure 2C). At the high P supply, both main effects significantly influenced total root length and specific root length (Table 1). The total root length and specific root length decreased significantly (by 32% and 65%, respectively) with mycorrhizal inoculation. Biochar addition decreased total root length by 40% and specific root length by 22% (Figures 2C, D).

Leaf Mn concentration was significantly influenced by the interaction AMF×BC at P300 only (Table 1). Compared to the control, Mn concentration was decreased significantly in the combined AMF and BC treatment at P300 (Figure 2E). At the low P supply, both main effects significantly influenced Mn concentration (Figure 2E) that increased by 10% with biochar addition and decreased by 17% with mycorrhizal inoculation.



3.3 AMF colonization

The mycorrhizal colonization was significantly influenced by the AMF × BC interaction (Table 1). No root colonization was detected in the treatments without AMF addition. AMF colonization tended to be higher at P40 than P300. In the given P treatment (Figure 2F) biochar addition increased AMF colonization by 27-33% compared to the AMF treatment (Figure 2F).



3.4 Soil N2O emissions

The soil N2O emissions was significantly influenced by the AMF×BC interaction at P40 only (Table 1). At the low P supply, compared to the control, the soil N2O emissions decreased significantly (by 88%, 76% and 93%) in, respectively, the AMF, BC and the combined AMF and BC treatments (Figure 3A).




Figure 3 | (A) Variation in the cumulative emissions of N2O as influenced by P rates (40 and 300 mg kg−1 soil) and AMF and BC additions in the greenhouse experiment. Each value is the mean of five replicates (±SE). For a given P rate, different letters in each graph denote significant difference among treatments. (B) Variation in the cumulative emissions of N2O as influenced by P and BC additions in field experiment. Each value is the mean of four replicates (±SE). **P < 0.01.



The biochar main effect was a significant source of variation for soil N2O emissions at P300. Compared to control, the soil N2O emissions decreased significantly (by 30% and 24%, respectively) with biochar addition and mycorrhizal inoculation. Compared to the low P supply, the high P significantly suppressed soil N2O emissions by 50-95% (calculated from Figure 3A).

In the field experiment, the soil N2O emissions was significantly influenced by P and biochar addition (Table 2). Compared to no biochar and no P environments, biochar and P addition reduced soil N2O emissions by 32% and 39%, respectively (Figure 3B).



3.5 Soil properties

The AMF×BC interaction was a significant source of variation for soil NO3--N at P40 only (Table 1). The mycorrhizal main effect was a significant source of variation for soil NO3--N at P300. At the low P supply, the soil NO3–N was 48% higher with mycorrhizal inoculation than the control, but decreased by 27% in the presence of mycorrhiza compared to the non-mycorrhizal treatment at P300 (Figure S1A).

The interaction AMF×BC interaction was not significant for the soil NH4+-N (Table 1). The soil NH4+-N was significantly influenced by mycorrhiza and biochar addition at both P rates. Biochar addition was associated with an increase in the soil NH4+-N at P40 and P300. Mycorrhizal inoculation was associated an increase at P40 and a decrease at P300 (Figure S1B).



3.6 Abundance of nitrification and denitrification genes in the soil

The abundance of nirS gene was significantly influenced by mycorrhizal addition at P40 only, but the biochar main effect was a significant source of variation for nirS gene abundance at both P rates (Table 1). At the low P supply, nirS gene abundance decreased significantly (by 25%-26%) with biochar addition or mycorrhizal inoculation, but abundance of nirS gene increased by 19% with biochar addition at P300 compared to the no biochar treatment (Figure 4A). The AMF×BC interaction was a significant source of variation for abundance of nirK gene at P300 only (Table 1). Compared to the control at P300, the nirK gene copy number decreased significantly (by 35% to 59%) in the other treatments (Figure 4B). In the field experiment, P addition decreased significantly the abundance of nirS and nirK genes by 17% and 45% compared to no P addition, respectively (Table 2).




Figure 4 | Variation in the (A) nirS, (B) nirK, and (C) nosZ gene copy numbers and (D) the ratio of nosZ/(nirK+nirS) as influenced by P rates (40 and 300 mg kg−1 soil) and AMF and BC additions. Each value is the mean of five replicates (±SE). For a given P rate, different letters in each graph denote significant difference among treatments (P ≤ 0.05). **P < 0.01. Note an order of magnitude difference in the scale on the Y-axis.



The nosZ gene abundance was significantly influenced by the AMF×BC interaction at P40 only, whereas at 300 P both main effects significantly influenced nosZ genes (Table 1). Compared to the control at P40, the nosZ gene abundance increased significantly (by 84% to 96%) in the other treatments. at the high P supply, the number of nosZ gene copies increased significantly (by 37% and 65% with biochar addition or mycorrhizal inoculation, respectively) (Figure 4C).

The nosZ/(nirK+nirS) ratio was significantly influenced by the interaction AMF×BC at P40 and P300 (Table 1). Compared to the control, the nosZ/(nirK+nirS) ratio increased significantly (by 115% to 256% at P40 and 78% to 102% at P300) in the other treatments (Figure 4D). The nosZ/(nirK+nirS) ratio at high P level was 4.06 to 7.56 folds higher than at low P level (calculated from Figure 4).

In the field experiment, the nosZ gene and the nosZ/(nirK+nirS) ratio were significantly influenced by the BC×P interaction. Compared to the BC0P0 treatment, the nosZ gene and nosZ/(nirK+nirS) ratio increased significantly by 43% and 226% in the BC+P+ treatment. The nosZ gene and nosZ/(nirK+nirS) ratio increased significantly by 35% and 172% with P addition compared to no P addition treatment (Table 2).



3.7 Factors affecting soil N2O emissions

At the low P supply, N2O emission was correlated positively with shoot growth, root growth and nirS gene abundance. The nosZ gene copy number, nosZ/(nirK+nirS) ratio, soil NO3–N, NH4+-N, SOC and AMF colonization were correlated negatively with N2O emission. At the high P supply, the nosZ abundance and nosZ/(nirK+nirS) ratio were correlated negatively with N2O emission, whereas shoot growth, root morphology, nirK copy number and soil NO3–N were correlated positively with N2O emission (Figure S2A). In the field experiment, N2O emission was correlated positively with nirK and nirS genes, and was correlated negatively with wheat yield, nosZ and nosZ/(nirK+nirS) ratio (Figure S2B).

When the data from the two P treatments of greenhouse experiment were combined across 25 variables, the abundances of nirk and nirS genes were correlated positively with N2O emission, but nosZ/(nirk+nirS) ratio showed a negative correlation with N2O emission. Root growth was correlated with N2O positively, and shoot growth and AMF colonization were correlated negatively. The mature leaf Mn content was correlated positively with N2O. Additionally, Olsen P and soil NH4+-N showed a negative correlation with N2O (Figure 5A).




Figure 5 | (A) Heat map of Pearson’s correlation coefficients with original data among N2O emission, gene copies, plant traits and soil properties. (B) Random Forest for importance of the specific variables to N2O emission. The variables were sorted in the decreasing order of the importance value. **P < 0.01 and *P < 0.05.



Most important variables to influence soil N2O emissions based on the random forest model were ranked in order of importance (Figure 5B). The nosZ/(nirK+nirS) ratio, soil NH4+-N, nirS abundance and mature leaf Mn concentration were the significant factors associated with N2O emission. Shoot P and N content, root/shoot ratio, and nosZ copy numbers were the additional significant factors influencing N2O emission (Figure 5B).

​In summary, the addition of biochar and/or AMF had a negative effect on the total root length for both P40 and P300. The AMF addition decreased leaf Mn concentration, whereas biochar addition increased leaf Mn concentration at P40, suggesting biochar and AMF addition promote P uptake. Compared with P40, the high P significantly promoted wheat growth (16-34%), nutrient content (33-218%) and yield (33-41%), but inhibited soil N2O emissions (32-95%). However, biochar and/or AMF addition reduced soil N2O emissions by 24-93% and 32%, respectively, in greenhouse and field experiments. This decrease was associated mainly with the diminished abundance of nirK and nirS (17-59%) and the increased nosZ (35-65%) in the greenhouse and field experiments, respectively.




4 Discussion


4.1 The growth of plants in different environments

In the present study, the results showed that the wheat root and shoot biomass growth and yield were all higher at the high than low P supply regardless of the biochar or AMF additions (Figure 1), suggesting the inhibiting effect of low P on plant growth. In general, AMF has a negative effect on plant growth in P-rich soils, whereas it promotes nutrient acquisition in the low-P soils (Johnson et al., 2015). However, in the greenhouse experiment, AMF additions (AMF added alone or in combination with BC) reduced biomass and nutrient content at both low and high P rates (Figure 1 and Table 1). Compared to the control, AMF addition significantly decreased shoot biomass and P content at the low and high P supply (Figure 1). AMF inoculation could inhibit the root nutrients absorption in the high nutrient environment, while maintaining the contribution of AMF absorption pathway, finally, this negative effect influenced the crop growth (Smith et al., 2011). The root length decreased significantly by mycorrhizal inoculation in the present study (Figure 2), hinting a trade-off between AMF and root length in absorption of available P (Li et al., 2019; Zhang et al., 2023). We also found that leaf Mn concentration was significantly reduced by AMF inoculation as well, especially in low P environment (Figure 2E). Leaf Mn concentration has been proposed as a signature for the strength of carboxylates exudation in the rhizosphere (Lambers et al., 2021). It means that mycorrhizal inoculation reduced the rhizosphere carboxylate releasing of wheat root. Similar trend was also found in the previous work on Kennedia species that the AMF inoculation reduced exudation of organic carboxylates up to 50% (Ryan et al., 2012). However, the reduction in the release of carboxylate may decrease the ability of plants to utilize insoluble phosphorus (Lambers et al., 2008). As a thin-root species, wheat mainly depends more on the root system in P acquisition compared with thick-root species (Wen et al., 2019). Therefore, AMF inoculation may suppress wheat growth through inhibiting the root growth and exudation, and then bring a negative effect on wheat growth.

In the different P environments, adding biochar alone had no significant effect on shoot N and P content in wheat shoots in the greenhouse (Figure 1), but biochar and P addition could promote wheat yield in the field (Table 2). Biochar addition could significantly reduce root biomass, total root length (Figures 2A, B), which suggested that biochar addition can diminish carbon partitioning to roots. Our findings in previous field experiment also indicated that biochar addition decreased assimilate partitioning to rice roots at elongation stage (Liu et al., 2021). That might have been attributed to biochar addition improving root activity (Cao et al., 2019). For instance, our results showed that biochar increasing leaf Mn concentration (Figure 2E). This indicated that the addition of biochar could increase the release of carboxylate. We also found that biochar addition can enhance the AMF colonization (Figure 2F), which may be caused by biochar can change soil nutrient availability (such as P available, Figure S1) and be a refuge for colonizing fungi (Warnock et al., 2007).

Meanwhile, our results showed a negative relationship between root tissue density and root diameter in both low and high P environments (Table S2). This may be because the increase in root diameter was mainly driven by the high thickness or proportion of root cortex (Kong et al., 2019). Due to the cortex density was significantly lower than stele density in root structure, suggesting that an increase of cortex thickness meant a decrease in root tissue density (Kong et al., 2019). Meanwhile, the higher proportion or thickness of cortex can provide more niche space for AMF colonization and facilitate higher mycorrhizal colonization intensity (Kong et al., 2017). In the present study, AMF colonization was the highest, while RTD decreased under AMF and biochar combined treatment at the low P supply (Figures 2B, F), reflecting a integrated variation of root morphology and AMF in plant P-acquisition strategy.



4.2 N2O emission and driving factors

In both greenhouse and field experiments, N2O emission flux was much higher at the low P supply compared to the high P supply (Figure 3), which was consistent with the results reported elsewhere (Shen et al., 2021; Shen and Zhu, 2022). The suppression of soil N2O emissions by P addition can partly be attributed to the improved shoot N content and thus decreased availability of N substrates (Xiao et al., 2022a). In the present study, the shoot N content and yield at the high P supply was indeed significantly higher at high compared with low P supply (Figure 1), providing a support for the above viewpoint.

In addition, compared to low P supply, the abundance of nirK and nirS genes associated with N2O production decreased by 17% to 59%, but the nosZ genes associated with N2O consumption (N2O→N2) in denitrification were increased by 34% to 1340% at the high P supply, which result in the nosZ/(nirK+nirS) ratio at the high P supply was 2.72 to 7.56 times greater than that at the low P supply (Figure 4 and Table 2), suggesting a strong influence of P addition on N cycling genes involved in denitrification (Xiao et al., 2022b). In the present study, among the top five factors affecting the N2O emission, nosZ/(nirK+nirS), nirS, leaf Mn concentration and stem P content were closely related to soil Olsen P across all the treatments (Figure 5B). Therefore, these findings suggest that the variation of soil P environment dominated N2O emission by altering proportion of functional microbes in the total microbiome, nutrient acquisition strategy, and plant growth.

As Figure 3 shown, AMF addition significantly decreased N2O emissions, especially at the low P supply. There was no evidence of a positive effect of AMF on crop growth in the present study (Figure 1); therefore, the suppressed effect of AMF on N2O emission may be not via promoting plant N retention and reducing availability of soil N for N2O production. Nevertheless, we found that AMF decreased the copy number of nirK genes and increased nosZ genes, thus reducing N2O emission by regulating the denitrification process (Figure 4). Zhao et al. (2021) and Storer et al. (2018) both reported that AMF could directly influence denitrification and reduce N2O emission, which was consistent with the results in this study.

Biochar application had no significant positive effect on the shoot N and P content regardless of the P supply in greenhouse experiment (Table 1). However, a decrease in N2O emission by biochar addition was likely associated with a decreased copy number of nirS genes at the low P supply and nirK genes at the high P supply, and with the increased abundance of the nosZ gene to modify the denitrification process (Figure 4). For instance, N2O emission had a negative correlation with nosZ gene and positive correlation with nirK genes in the field experiment (Figure S2B), which was consistent with our previous research in the field (Liu et al., 2020). In addition, biochar application could significantly reduce P availability in soil, especially in low P environment, which might bring about P deficiency stress, and then reduced activity of denitrifying microorganisms led to decreased soil N2O emissions (Wang et al., 2022).

Because biochar enhanced AMF colonization (Figure 2F), AMF and biochar showed a significant interaction on N2O emission at the low P supply (Table 1). The inhibition effect of AMF plus biochar application on N2O emission was stronger than that of biochar application alone (Figure 3A). This may be attributed mainly to a decreased copy number of nirS genes in the either AMF or BC treatment. In summary, the effect of AMF and biochar on suppressing N2O emission was mainly via regulating denitrification process rather than reducing substrates for denitrification by promoting plant growth.




5 Conclusion

The eight-week greenhouse and one-year field experiments verified that the high P supply suppressed soil N2O emissions via promoting plant growth, root nutrient acquisition capacity and yield, and also through regulating denitrification process, especially increasing the nosZ/(nirK+nirS) ratio compared to the low P supply. The soil N2O emissions was mitigate after AMF and/or biochar addition regardless of P supply in greenhouse or in field experiments, but the effect of under high P supply which might be attributed mainly to the decreased copy numbers of genes associated with N2O production (nirK and nirS) and the increased copy number of the nosZ gene associated with N2O consumption in the process of denitrification. Our findings highlight that strong interaction among plant, soil microbiome and soil properties in regulating denitrification.
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Supplementary Table 1 | Primers used in qPCR. Note: R=A or G; S=C or G.

Supplementary Table 2 | Pearson’s correlation with original data among N2O emission, genes, plant traits and soil properties under 40P treatment (upper-right part) and 300P treatment (lower-left part). Note: GR: nosZ/(nirK+nirS). SB, shoot biomass; RB, root biomass; TRL, total root length; RD, root diameter; RV, root volume; SRL, specific root length; RTD, root tissue density; R/S, root/shoot ratio; P con, Phosphorus concentration; P acc, Phosphorus accumulation; N con, nitrogen concentration; N acc, nitrogen accumulation; N/P, shoot N/shoot P ratio; C%, shoot C content; Mn, leaf Mn concentrations; OP, Olsen phosphorus; STN, shoot total nitrogen content; SOC, soil organic carbon; MC, mycorrhizal colonization.

Supplementary Figure 1 | Variation in the soil NO3–N and NH4+-N, Olsen P, soil organic carbon, and root diameter as influenced by P rates (40 and 300 mg kg−1 soil) and AMF and BC additions in the greenhouse experiment. Each value is the mean of five replicates ( ± SE). ** P<0.01 and * P<0.05.

Supplementary Figure 2 | (A) Heat map of Pearson’s correlation coefficients among N2O emission, gene copies, plant traits and soil properties under P300 treatment (upper-right part) and P40 treatment (lower-left part) under greenhouse experiment. Each value is the mean of five replicates( ± SE) (B) Heat map of Pearson’s correlation coefficients with original data among yield, N2O emission, gene copies in one-year field experiment. Each value is the mean of four replicates ( ± SE). Note: shoot growth as a principal component includes shoot biomass, shoot phosphorus concentration and content, and shoot nitrogen concentration and content. Root growth as a principal component includes root biomass, total root length and root/shoot ratio. Root morphology as a principal component includes root diameter, specific root length and root tissue density. Mn, mature leaf Mn concentrations; STN, soil total nitrogen content; SOC, soil organic carbon; MC%, mycorrhizal colonization. ** P<0.01 and * P<0.05.



References

 Abalos, D., van Groenigen, J. W., Philippot, L., Lubbers, I. M., and De Deyn, G. B. (2019). Plant trait-based approaches to improve nitrogen cycling in agroecosystems. J. Appl. Ecol. 56 (11), 2454–2466. doi: 10.1111/1365-2664.13489

 An, N., Zhang, L., Liu, Y., Shen, S., Li, N., Wu, Z. C., et al. (2022). Biochar application with reduced chemical fertilizers improves soil pore structure and rice productivity. Chemosphere 298, 134304. doi: 10.1016/j.chemosphere.2022.134304

 Auge, R. M. (2004). Arbuscular mycorrhizae and soil/plant water relations. Can. J. Soil Sci. 84 (4), 373–381. doi: 10.4141/S04-002

 Bender, S. F., Plantenga, F., Neftel, A., Jocher, M., Oberholzer, H. R., Kohl, L., et al. (2014). Symbiotic relationships between soil fungi and plants reduce N2O emissions from soil. Isme J. 8 (6), 1336–1345. doi: 10.1038/ismej.2013.224

 Cao, H., Ning, L., Xun, M., Feng, F., Li, P., Yue, S., et al. (2019). Biochar can increase nitrogen use efficiency of malus hupehensis by modulating nitrate reduction of soil and root. Appl. Soil Ecol. 135, 25–32. doi: 10.1016/j.apsoil.2018.11.002

 Case, S. D. C., McNamara, N. P., Reay, D. S., Stott, A. W., Grant, H. K., and Whitaker, J. (2015). Biochar suppresses N2O emissions while maintaining n availability in a sandy loam soil. Soil Biol. Biochem. 81, 178–185. doi: 10.1016/j.soilbio.2014.11.012

 Chen, H., Zhang, W., Gurmesa, G. A., Zhu, X., Li, D., and Mo, J. (2017). Phosphorus addition affects soil nitrogen dynamics in a nitrogen-saturated and two nitrogen-limited forests. Eur. J. Soil Sci. 68 (4), 472–479. doi: 10.1111/ejss.12428

 Coskun, D., Britto, D. T., Shi, W., and Kronzucker, H. J. (2017). How plant root exudates shape the nitrogen cycle. Trends Plant Sci. 22, 661–673. doi: 10.1016/j.tplants.2017.05.004

 Dai, L., Li, H., Tan, F., Zhu, N., He, M., and Hu, G. (2016). Biochar: a potential route for recycling of phosphorus in agricultural residues. GCB Bioenergy 8, 852–858. doi: 10.1111/gcbb.12365

 Davidson, E. A. (2009). The contribution of manure and fertilizer nitrogen to atmospheric nitrous oxide since 1860. Nat. Geosci. 2, 659–662. doi: 10.1038/ngeo608

 Dong, Z., Li, H., Xiao, J., Sun, J., Liu, R., and Zhang, A. (2022). Soil multifunctionality of paddy field is explained by soil pH rather than microbial diversity after 8-years of repeated applications of biochar and nitrogen fertilizer. Sci. Total Environ. 853, 158620. doi: 10.1016/j.scitotenv.2022.158620

 Efthymiou, A., Jensen, B., and Jakobsen, I. (2018). The roles of mycorrhiza and penicillium inoculants in phosphorus uptake by biochar-amended wheat. Soil Biol. Biochem. 127, 168–177. doi: 10.1016/j.soilbio.2018.09.027

 Gui, H., Gao, Y., Wang, Z., Shi, L., Yan, K., and Xu, J. (2021). Arbuscular mycorrhizal fungi potentially regulate N2O emissions from agricultural soils via altered expression of denitrification genes. Sci. Total Environ. 774, 145133. doi: 10.1016/j.scitotenv.2021.145133

 Jiang, Z., Lian, F., Wang, Z., and Xing, B. (2020). The role of biochars in sustainable crop production and soil resiliency. J. Exp. Bot. 71, 520–542. doi: 10.1093/jxb/erz301

 Johnson, N. C., Wilson, G. W., Wilson, J. A., Miller, R. M., and Bowker, M. A. (2015). Mycorrhizal phenotypes and the l aw of the m inimum. New Phytol. 205, 1473–1484. doi: 10.1111/nph.13172

 Kong, D., Wang, J., Wu, H., Valverde-Barrantes, O. J., Wang, R., Zeng, H., et al. (2019). Nonlinearity of root trait relationships and the root economics spectrum. Nat. Commun. 10, 2203. doi: 10.1038/s41467-019-10245-6

 Kong, D., Wang, J., Zeng, H., Liu, M., Miao, Y., Wu, H., et al. (2017). The nutrient absorption–transportation hypothesis: optimizing structural traits in absorptive roots. New Phytol. 213, 1569–1572. doi: 10.1111/nph.14344

 Kool, D. M., Dolfing, J., Wrage, N., and Van Groenigen, J. W. (2011). Nitrifier denitrification as a distinct and significant source of nitrous oxide from soil. Soil Biol. Biochem. 43, 174–178. doi: 10.1016/j.soilbio.2010.09.030

 Kormanik, P. P., and McGraw, A. (1982). Quantification of vesicular-arbuscular mycorrhizae in plant roots. In:  NC Schenck (ed) Methods and Principles of Mycorrhiza Research. American Phytopathological Society, St Paul, pp 37–45.

 Lambers, H., Hayes, P. E., Laliberte, E., Oliveira, R. S., and Turner, B. L. (2015). Leaf manganese accumulation and phosphorus-acquisition efficiency. Trends Plant Sci. 20, 83–90. doi: 10.1016/j.tplants.2014.10.007

 Lambers, H., Raven, J. A., Shaver, G. R., and Smith, S. E. (2008). Plant nutrient-acquisition strategies change with soil age. Trends Ecol. Evol. 23, 95–103. doi: 10.1016/j.tree.2007.10.008

 Lambers, H., Shane, M. W., Cramer, M. D., Pearse, S. J., and Veneklaas, E. J. (2006). Root structure and functioning for efficient acquisition of phosphorus: matching morphological and physiological traits. Ann. Bot. 98, 693–713. doi: 10.1093/aob/mcl114

 Lambers, H., Wright, I. J., Guilherme Pereira, C., Bellingham, P. J., Bentley, L. P., Boonman, A., et al. (2021). Leaf manganese concentrations as a tool to assess belowground plant functioning in phosphorus-impoverished environments. Plant Soil 461, 43–61. doi: 10.1007/s11104-020-04690-2

 Lehmann, J., and Joseph, S. (2009). “Biochar for environmental management: an introduction,” in Biochar for environmental management. science and technology. Eds.  J. Lehmann, and S. Joseph (London: Earthscan), pp 1–pp12.

 Lehmann, J., Rillig, M. C., Thies, J., Masiello, C. A., Hockaday, W. C., and Crowley, D. (2011). Biochar effects on soil biota–a review. Soil Biol. Biochem. 43, 1812–1836. doi: 10.1016/j.soilbio.2011.04.022

 Li, H., Ma, Q., Li, H., Zhang, F., Rengel, Z., and Shen, J. (2013). Root morphological responses to localized nutrient supply differ among crop species with contrasting root traits. Plant Soil 376, 151–163. doi: 10.1007/s11104-013-1965-9

 Liu, L., Gundersen, P., Zhang, T., and Mo, J. (2012). Effects of phosphorus addition on soil microbial biomass and community composition in three forest types in tropical China. Soil Biol. Biochem. 44, 31–38. doi: 10.1016/j.soilbio.2011.08.017

 Liu, B., Li, H., Li, H., Zhang, A., and Rengel, Z. (2021). Long-term biochar application promotes rice productivity by regulating root dynamic development and reducing nitrogen leaching. GCB Bioenergy 13, 257–268. doi: 10.1111/gcbb.12766

 Liu, H., Li, H., Zhang, A., Rahaman, M. A., and Yang, Z. (2020). Inhibited effect of biochar application on N2O emissions is amount and time-dependent by regulating denitrification in a wheat-maize rotation system in north China. Sci. Total Environ. 721, 137636. doi: 10.1016/j.scitotenv.2020.137636

 Li, H., Zhang, D., Wang, X., Li, H., Rengel, Z., and Shen, J. (2019). Competition between Zea mays genotypes with different root morphological and physiological traits is dependent on phosphorus forms and supply patterns. Plant Soil 434, 125–137. doi: 10.1007/s11104-018-3616-7

 Martínez-García, L. B., De Deyn, G. B., Pugnaire, F. I., Kothamasi, D., and van der Heijden, M. G. (2017). Symbiotic soil fungi enhance ecosystem resilience to climate change. Global Change Biol. 23, 5228–5236. doi: 10.1111/gcb.13785

 Morris, E. K., Morris, D. J. P., Vogt, S., Gleber, S. C., Bigalke, M., Wilcke, W., et al. (2019). Visualizing the dynamics of soil aggregation as affected by arbuscular mycorrhizal fungi. ISME J. 13, 1639–1646. doi: 10.1038/s41396-019-0369-0

 Okiobe, S. T., Pirhofer-Walzl, K., Leifheit, E., Rillig, M. C., and Veresoglou, S. D. (2022). Proximal and distal mechanisms through which arbuscular mycorrhizal associations alter terrestrial denitrification. Plant Soil. 476, 315–336. doi: 10.1007/s11104-022-05534-x

 Philibert, A., Loyce, C., and Makowski., D. (2013). Prediction of N2O emission from local information with random forest. Environ. pollut. 177, 156–163. doi: 10.1016/j.envpol.2013.02.019

 Ryan, M. H., and Graham, J. H. (2018). Little evidence that farmers should consider abundance or diversity of arbuscular mycorrhizal fungi when managing crops. New Phytol. 220, 1092–1107. doi: 10.1111/nph.15308

 Ryan, M. H., Tibbett, M., Edmonds-tibbett, T., Suriyagoda, L. D. B., Lambers, H., Cawthray, G. R., et al. (2012). Carbon trading for phosphorus gain: the balance between rhizosphere carboxylates and arbuscular mycorrhizal symbiosis in plant phosphorus acquisition. Plant Cell Environ. 35, 2170–2180. doi: 10.1111/j.1365-3040.2012.02547.x

 Senbayram, M., Chen, R., Budai, A., Bakken, L., and Dittert, K. (2012). N2O emission and the N2O/(N2O+N2) product ratio of denitrification as controlled by available carbon substrates and nitrate concentrations. Agricult. Ecosyst. Environ. 147, 4–12. doi: 10.1016/j.agee.2011.06.022

 Shen, Y., Xu, T., Chen, B., and Zhu, B. (2021). Soil N2O emissions are more sensitive to phosphorus addition and plant presence than to nitrogen addition and arbuscular mycorrhizal fungal inoculation. Rhizosphere 19, 100414. doi: 10.1016/j.rhisph.2021.100414

 Shen, J., Yuan, L., Zhang, J., Li, H., Bai, Z., Chen, X., et al. (2011). Phosphorus dynamics: From soil to plant. Plant Physiol. 156, 997–1005. doi: 10.1104/pp.111.175232

 Shen, Y., and Zhu, B. (2021). Arbuscular mycorrhizal fungi reduce soil nitrous oxide emission. Geoderma 402, 115179. doi: 10.1016/j.geoderma.2021.115179

 Shen, Y., and Zhu, B. (2022). Effects of nitrogen and phosphorus enrichment on soil N2O emission from natural ecosystems: A global meta-analysis. Environ. pollut. 301, 118993. doi: 10.1016/j.envpol.2022.118993

 Shi, Y., Liu, X., and Zhang, Q. (2019). Effects of combined biochar and organic fertilizer on nitrous oxide fluxes and the related nitrifier and denitrifier communities in a saline-alkali soil. Sci. Total Environ. 686, 199–211. doi: 10.1016/j.scitotenv.2019.05.394

 Smith, S. E., Jakobsen, I., Grønlund, M., and Smith, F. A. (2011). Roles of arbuscular mycorrhizas in plant phosphorus nutrition: interactions between pathways of phosphorus uptake in arbuscular mycorrhizal roots have important implications for understanding and manipulating plant phosphorus acquisition. Plant Physiol. 156, 1050–1057. doi: 10.1104/pp.111.174581

 Smith, S. E., and Read, D. J. (2008). Mycorrhizal symbiosis. Ed 3 (New York: Academic Press).

 Storer, K., Coggan, A., Ineson, P., and Hodge, A. (2018). Arbuscular mycorrhizal fungi reduce nitrous oxide emissions from N2O hotspots. New Phytol. 220, 1285–1295. doi: 10.1111/nph.14931

 Sun, J., Li, H., Wang, Y., Du, Z., Rengel, Z., and Zhang, A. (2022). Biochar and nitrogen fertilizer promote rice yield by altering soil enzyme activity and microbial community structure. GCB Bioenergy 14, 1266–1280. doi: 10.1111/gcbb.12995

 Ullah, B., Shaaban, M., Hu, R., Zhao, J., and Lin, S. (2016). Assessing soil nitrous oxide emission as affected by phosphorus and nitrogen addition under two moisture levels. J. Integr. Agric. 15, 2865–2872. doi: 10.1016/S2095-3119(16)61353-9

 Wang, R., Bicharanloo, B., Hou, E., Jiang, Y., and Dijkstra, F. A. (2022). Phosphorus supply increases nitrogen transformation rates and retention in soil: A global meta-analysis. Earth's Future 10, e2021EF002479. doi: 10.1029/2021EF002479

 Wang, X. X., Li, H., Chu, Q., Feng, G., Kuyper, T. W., and Rengel, Z. (2020). Mycorrhizal impacts on root trait plasticity of six maize varieties along a phosphorus supply gradient. Plant Soil 448, 71–86. doi: 10.1007/s11104-019-04396-0

 Wang, X. X., Zhang, J., Wang, H., Rengel, Z., and Li, H. (2021). Plasticity and co-variation of root traits govern differential phosphorus acquisition among 20 wheat genotypes. Oikos. doi: 10.1111/oik.08606

 Warnock, D. D., Lehmann, J., Kuyper, T. W., and Rillig, M. C. (2007). Mycorrhizal responses to biochar in soil–concepts and mechanisms. Plant Soil 300, 9–20. doi: 10.1007/s11104-007-9391-5

 Wen, Z., Li, H., Shen, Q., Tang, X., Xiong, C., Li, H., et al. (2019). Tradeoffs among root morphology, exudation and mycorrhizal symbioses for phosphorus-acquisition strategies of 16 crop species. New Phytol. 223, 882–895. doi: 10.1111/nph.15833

 Xiao, J., Dong, S., Shen, H., Li, S., Wessell, K., Liu, S., et al. (2022b). N addition overwhelmed the effects of p addition on the soil c, n, and p cycling genes in alpine meadow of the qinghai-Tibetan plateau. Front. Plant Sci. 13, 860590. doi: 10.3389/fpls.2022.860590

 Xiao, J., Dong, S., Shen, H., Li, S., Zhi, Y., Mu, Z., et al. (2022a). Phosphorus addition promotes nitrogen retention in alpine grassland plants while increasing n deposition. Catena 210, 105887. doi: 10.1016/j.catena.2021.105887

 Xuan, Y., Mai, Y., Xu, Y., Zheng, J., He, Z., Shu, L., et al. (2022). Enhanced microbial nitrification-denitrification processes in a subtropical metropolitan river network. Water Res. 222, 118857. doi: 10.1016/j.watres.2022.118857

 Zhang, H., Chen, C., Gray, E. M., Boyd, S. E., Yang, H., and Zhang, D. (2016). Roles of biochar in improving phosphorus availability in soils: A phosphate adsorbent and a source of available phosphorus. Geoderma 276, 1–6. doi: 10.1016/j.geoderma.2016.04.020

 Zhang, L., Chu, Q., Zhou, J., Rengel, Z., and Feng, G. (2021). Soil phosphorus availability determines the preference for direct or mycorrhizal phosphorus uptake pathway in maize. Geoderma 403, 115261. doi: 10.1016/j.geoderma.2021.115261

 Zhang, A., Wang, X., Zhang., D., Dong, Z., Ji, H., and Li, H. (2023). Localized nutrient supply promotes maize growth and nutrient acquisition by shaping root morphology and physiology and mycorrhizal symbiosis. Soil Tillage Res.  225, 105550. doi: 10.1016/j.still.2022.105550

 Zhao, R. T., Li, X., Bei, S. K., Li, D. D., Li, H. G., Christie, P., et al. (2021). Enrichment of nosZ-type denitrifiers by arbuscular mycorrhizal fungi mitigates N2O emissions from soybean stubbles. Environ. Microbiol. 23 (11), 6587–6602. doi: 10.1111/1462-2920.15815


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 © 2022 Hao, Dong, Han and Zhang. 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: 09 January 2023

doi: 10.3389/fpls.2022.1105075

[image: image2]


Alternating processes of dry and wet nitrogen deposition have different effects on the function of canopy leaves: Implications for leaf photosynthesis


Chunze Wu 1,2, Siyu Zhou 1,2, Xin Cheng 1,2 and Xing Wei 1,2*


1 School of Forestry, Northeast Forestry University, Harbin, Heilongjiang, China, 2 Key Laboratory of Sustainable Forest Ecosystem Management-Ministry of Education, Northeast Forestry University, Harbin, China




Edited by: 

Kaixiong Xing, Hainan Normal University, China

Reviewed by: 

Jun Wang, Chinese Academy of Sciences (CAS), China

Dexiang Chen, Chinese Academy of Forestry, China

*Correspondence: 

Xing Wei
 weixing94@nefu.edu.cn

Specialty section: 
 This article was submitted to Functional Plant Ecology, a section of the journal Frontiers in Plant Science


Received: 22 November 2022

Accepted: 21 December 2022

Published: 09 January 2023

Citation:
Wu C, Zhou S, Cheng X and Wei X (2023) Alternating processes of dry and wet nitrogen deposition have different effects on the function of canopy leaves: Implications for leaf photosynthesis. Front. Plant Sci. 13:1105075. doi: 10.3389/fpls.2022.1105075



Canopy leaves are sinks of dry and wet nitrogen (N) deposition, most studies have not considered the response of canopy leaves to the alternating processes of dry and wet N deposition. We manipulated a close top chamber experiment to observe the effects of simulated N deposition with the same total deposition flux but different dry to wet ratios on leaf structure and physiology by spraying NH4Cl solution or supplying gaseous NH3 over the canopy of seedlings of three species (Betula platyphylla, Fraxinus mandshurica, Pinus koraiensis) placed in the chamber. After 32 days of N deposition and relative to the control, the leaf morphology and mesophyll tissue structure of the three species had no significant changes under all N deposition treatments. With the increase in the ratio of dry to wet N deposition, the N concentration, N metabolizing enzyme activity and soluble protein concentration in leaves of all three species increased continuously, but for the leaf light-saturated net photosynthesis rate, B. platyphylla showed a continuous increase, F. mandshurica showed a continuous decrease, and P. koraiensis showed no significant change. We found that F. mandshurica was the only species whose foliar chlorophyll and potassium concentration decreased with the increase in the ratio of dry to wet N deposition and its leaf light-saturated net photosynthesis rate was positively correlated with foliar chlorophyll and potassium concentration, respectively. Our results indicate that dry deposition is relatively more important on leaf physiological functions in alternating deposition. B. platyphylla and P. koraiensis may better acclimate to canopy NH3/NH4+ deposition than F. mandshurica. Most importantly, the results indicate that a single simulated dry and wet deposition would overestimate and underestimate the response of leaf function to atmospheric N deposition, respectively. Alternating processes of dry and wet deposition should be considered for more realistic assessments of the effects of atmospheric N deposition in forests.




Keywords: canopy leaves, dry nitrogen deposition, wet nitrogen deposition, leaf morphology, leaf anatomy, leaf photosynthesis



1 Introduction

Human activities have led to changes in the reactive nitrogen (Nr) component (NHx, reduced form; NOy, oxidized form) of nitrogen (N) deposition over much of the globe, NHx is gradually becoming the dominant form of deposited Nr (Gu et al., 2015; Li et al., 2016; Warner et al., 2017; Liu et al., 2020a). Previous studies on the response of plant morphology and function to N deposition have been based mainly on two independent types of experiments of spraying dissolved state Nr to the soil or canopy leaves (Liu et al., 2018; Liu et al., 2020c; Li et al., 2021) and exposing plants to gaseous state Nr (Sheppard et al., 2011). However, the alternating dry and wet N deposition caused by rainfall together constitute a significant component of N deposition in natural ecosystems (Pan et al., 2012; Xu et al., 2015; Liu et al., 2020a). The contribution of dry and wet N deposition to total N deposition per unit time varies greatly between geographic regions. For example, in China, the contribution of dry N deposition to annual total N deposition ranged from 21% to 71.9% (Pan et al., 2012; Shen et al., 2013). The morphology and function of plants will be altered by both dry and wet N deposition (Adrizal et al., 2006; Sparks, 2009; Khan et al., 2020; Zhu et al., 2020), so studies that neglect the alternating processes of dry and wet N deposition may incorrectly estimate the impacts of N deposition on plant growth.

The canopy is the first tissue of plants to come into contact with dry and wet N deposition. These deposited gaseous and dissolved Nr are mainly intercepted by the canopy leaves and absorbed by ion exchange in the cuticle and/or simple diffusion in the stomata and enter the apoplast (Rennenberg and Gessler, 1999; Sparks, 2009), which are then transported to the cells and assimilated and utilized by various enzyme systems such as nitrate reductase (NR), glutamine synthetase/glutamate synthase (GS/GOGAT) cycle in chloroplasts or plastids (Krupa, 2003; Sparks, 2009). This process eventually leads to an increase in leaf N content and N metabolites, which in turn induces physiological responses and affects photosynthetic carbon assimilation capacity (Castro et al., 2008; Mao et al., 2018; Hu et al., 2019; Wu et al., 2022), and also causes changes in leaf morphological and anatomical traits (Zhu et al., 2020; Khan et al., 2020). Therefore, canopy leaves are also the first vegetative organ of plants to respond to dry and wet N deposition.

However, in the results of previous gaseous and dissolved Nr addition studies, plants exposed to certain concentrations of gaseous Nr generally had higher N concentrations or recovery in leaves and shoots than when dissolved Nr was applied to the root medium or canopy. (Pérez-Soba and van der Eerden, 1993; Castro et al., 2008; Wang et al., 2021). For example, Jones et al. (2008) supplied 15NH3 to Calluna vulgaris in the flux chamber and found that 22% of applied NH3 was retained by leaf stomata and 53% by green shoots and leaf cuticles. Adriaenssens et al. (2012) sprayed four temperate tree species with 15NH4+ and 15NO3- solutions and found that only 1-3% of the applied N was retained by foliage and twigs. This difference indicated that plants may respond more rapidly and to a greater extent to dry N deposition than to wet N deposition, for example, Sheppard et al. (2011) found that dry deposition of gaseous NH3 drives cover of ombrotrophic bog species change faster than equivalent doses of wet deposition of NH4Cl solution.

Although previous studies conducted by applying gaseous or dissolved Nr to the canopies have improved our understanding of the retention, assimilation of Nr in plant canopy leaves, however, applying a single state of Nr is not representative of the N deposition in natural ecosystems, and the response of plants to it may also not accurately assess the effects of atmospheric N deposition on plants or ecosystems. Our understanding of the response of photosynthesis and photosynthetic system components in canopy leaves to the alternating processes of dry and wet N deposition and leaf sensitivity/tolerance to different states of Nr remains incomplete. Therefore, under the change of composition and state of atmospheric N deposition (Li et al., 2016; Warner et al., 2017; Liu et al., 2020a), revealing the changes in leaves morphological, anatomical and physiological traits under the alternating processes of dry and wet NHx deposition is critical for a more comprehensive understanding and accurate assessment of the effects of N deposition on plants and even forest ecosystem.

For many tree species, NH4+ toxicity will occur in the condition of high NH4+-level root medium, and trees usually show different NH4+ sensitivity/tolerance in response to increased NH4+ levels in the root medium due to different levels of preference for NH4+ (Cui and Song, 2007; Esteban et al., 2016). This sensitivity depends on tree species and their life forms and growth character (Cui and Song, 2007; Esteban et al., 2016). In this study, we conducted a short-term close top chamber experiment to simulate NHx deposition with different dry to wet ratios over the canopy of seedlings of three species: Betula platyphylla (lower NH4+ sensitivity) (Crabtree and Bazzaz, 1993; Zhang and Cui, 2011), Fraxinus mandshurica (higher NH4+ sensitivity) (Zhang et al., 2000; Wu et al., 2003), Pinus koraiensis (lower NH4+ sensitivity) (Cui and Song, 2007). Our aim was to more comprehensively understand the effects of atmospheric N deposition on plant canopy leaves by comparing the leaf morphology, anatomical structure and physiology responses of different NH4+-sensitive seedlings under simulated NHx deposition. We hypothesized that: (1) at the same total N deposition flux, dry deposition would have a greater effect on the morphology, anatomy and physiology of plant leaves than wet deposition; (2) the sensitivity of trees to canopy deposited NHx and to NH4+ in the root medium would be similar; this hypothesis was developed based on the findings of some previous studies that plants also show different sensitivity/tolerance in response to increased environmental NH3 concentration (Pitcairn et al., 1998; Adrizal et al., 2006).



2 Materials and methods


2.1 Plant material

In May 2021, B. platyphylla clones obtained from tissue culture were prepared in nutrient pots in a greenhouse, and then transferred to new nutrient pots (10×10×10 cm) together with one-year-old F. mandshurica seedlings and two-year-old P. koraiensis seedlings in late June. The source of culture substrate remained the same, which were 1:1 (v: v) black soil-vermiculite, black soil, 1:1 black soil-vermiculite respectively. In early July, 72 relatively uniform seedlings of each species were selected according to their height and basal diameter and transferred to the chamber for one week before starting the experiment. Each chamber contains three species, with 12 seedlings per species. The characteristics of the plant material and soil are shown in Table 1.


Table 1 | Characterization of plant material and soil properties in chambers.





2.2 Experimental design

The close top chamber experiment was performed in the greenhouse of Northeast Forestry University in Harbin, China. The temperature in the chamber during the experiment was 25-32°C, the relative humidity was 55-60%, and the maximum illuminance was 23,600lux. We used a split-plot design, the main plots are six N application treatments conducted within six chambers respectively, three replicates of each treatment. N application treatments included a control that applied activated carbon filtered ambient air and deionized water, and five types of N deposition with the same total deposition flux but different dry to wet ratios simulated on the basis of control (0D+100W, the ratio of dry to wet N deposition (RDry/Wet) was 0:100; 25D+75W, RDry/Wet was 25:75; 50D+50W, RDry/Wet was 50:50; 75D+25W, RDry/Wet was 75:25; 100D+0W, RDry/Wet was 100:0). Three species were assigned to each split plots by complete block design.

The simulated alternating processes of dry and wet N deposition are composed of multiple 4-day dry and wet deposition cycles. One cycle of the 0D+100W treatment is composed of four consecutive days of wet deposition, one cycle of the 25D+75W treatment is composed of one day of dry deposition and three consecutive days of wet deposition, one cycle of the 50D+50W treatment is composed of two consecutive days of dry deposition and two consecutive days of wet deposition, one cycle of the 75D+25W treatment is composed of three day of dry deposition and one day of wet deposition and one cycle of the 100D+0W treatment is composed of four consecutive days of dry deposition.

The dry deposition was simulated by injecting gaseous NH3 at a concentration of 330 ± 10 μg m-3 of N into the chamber for 14 hours (5:00 h-19:00 h) per day. The ambient air compressed by the air compressor is pumped into the chamber (0.6×0.6×0.7 m) from the top of the chamber after passing through the reduction valve, activated carbons (to remove NH3 from the ambient air), rotor flowmeter and gas mixer in turn, the flow rate is 30 L min-1. NH3 is injected into the gas mixer from a cylinder containing with a calibrated gas mixture of 0.1% NH3 in N2 and mixed with the pumped air, adjusted to the desired concentration by rotor flowmeter. All tubes in contact with NH3 are made of Teflon, fans are installed in the chamber to reduce the difference in NH3 concentration over horizontal space. NH3 concentration in the inlet and outlet of the chamber is measured by pump suction NH3 detector (JA908-NH3; Yongqi Co. Ltd, GuangDong, China) and NH3 detection tube (3CG Ammonia; GASTEC, Tokyo, Japan). The gas exchange rate in the chamber was 30 L min-1 and the concentration of NH3 emitted from each chamber vent during the simulated dry deposition is less than 28 μg m-3 of N. After correcting the amount of NH3 adsorption by the chamber inner wall, the dry N deposition flux was calculated from the difference of NH3 concentration between the inlet and outlet of the chamber. The daily dry deposition flux was 7.06 ± 0.25 mg of N (see Figure 1).The wet deposition was simulated by uniformly spraying 305 ml of NH4Cl solution at a concentration of 23.1 mg L-1 of N over the canopy at 05:00 h per day. The daily wet deposition flux was 7.05 mg of N (see Figure 1). The total deposition flux for each N application treatment was equivalent to 72 kg ha-1 yr-1 of N, which was close to the high N level in the range of N deposition rates (0-70 kg ha-1 yr-1 of N) in different geographical regions of China (Wen et al., 2020).




Figure 1 | A schematic diagram showing the materials used to simulating dry and wet N deposition The ambient air compressed by the air compressor is pumped into the chamber from the top of the chamber after passing through the reduction valve, activated carbons, rotor flowmeter and gas mixer in turn. NH3 is injected into the gas mixer from a cylinder and mixed with the pumped air, and adjusted to the desired concentration by rotor flowmeter to simulate dry deposition. The top of the chamber consists of a flange interface that can be opened and used to simulate wet deposition. PMMA, polymethyl methacrylate.



Each N deposition treatment had the same gas exchange rate and the amount of deionized water applied. The same amount of water (deionized water, 305 ml) as in the simulated wet deposition was applied daily in the control and simulated dry deposition. To avoid additional adsorption of NH3 by the water film formed on the leaves after canopy spraying water (which is not representative of true dry N deposition process), the deionized water in the dry deposition treatment was applied to the soil surface through a syringe.



2.3 Leaf photosynthesis and sample collection

Between 09:00 h and 11:30 h on days 17 and 33 after the start of the N application, leaf light-saturated net photosynthesis rate (Pmax) was measured in situ using a LI-6400 with an integrated LED light source (Li-Cor, Lincoln, NE, USA). The chamber CO2 concentration was maintained at ambient level. To obtain light-saturated rates of photosynthesis, the leaf in the chamber was illuminated at 1000 μmol m-2 s-1 photosynthetic photon flux density. According to preliminary trials, we found that the CO2 uptake of all three species light saturated at 1000 μmol photons m-2 s-1. For each measurement, we randomly selected five seedlings from each species in per treatment. We selected mature, healthy, and integrated leaves located at the 3rd and 4th position from the top of B. platyphylla, the 1st and 2nd position from the top of compound leaves of F. mandshurica, and two clusters of current-year needles of P. koraiensis to measure Pmax. Recalibrate the Pmax of the needle after measuring the projected area of the needles. Averaged values of these two leaves (two clusters of needles) were used to represent the response of this seedling.

After the second photosynthesis measurements, leaf sampling was performed. The leaves that had been used for photosynthesis measurements were collected, part of the sample was wrapped in tinfoil and stored in liquid nitrogen, while the other part of the sample was put into a sealed plastic bag and placed in an ice box. we then randomly selected five seedlings from each species in per treatment, leaves located at the 3rd to 7th position from the top of B. platyphylla, the 2nd-6th position from the top of compound leaves of F. mandshurica and the current-year needles of P. koraiensis were collected. All samples collected were mature, healthy and integrated. Two leaves (two clusters of needles) from each seedling were gently washed in deionized water and immediately chemically fixed in Formalin-Aceto-Alcohol (FAA) solution (70% ethanol: glycerine: glacial acetic acid = 18:1:1) separately, the rest of the leaves were put into separate sealed plastic bag and placed in an ice box. All fresh samples were transported to the laboratory for immediate processing or analysis, samples stored in liquid nitrogen were transported to the laboratory and stored at -80°C and fixed samples were stored at 4°C, until further analysis.



2.4 Leaf morphology and foliar chemistry

The fresh leaf samples that were not used for photosynthesis measurements were washed with deionized water and fresh weight was measured. The leaf samples are scanned by a color scanner (12000XL; Expression, Nagano, Japan), and the scanned images were analyzed with root system analyzer software (WinRHIZO Pro 2016; Regent instruments Co., Ltd, Québec, Canada) to determine leaf area and projected area of needles (LA). The leaf samples were then oven-dried at 65°C until constant weight then weighed. Leaf mass per area (LMA) and specific leaf area (SLA) were calculated. Dried leaf samples were ground into fine powder using a ball mill (MM400; Retsch, Haan, Germany). The N concentration was determined using a macro elemental analyzer (vario MACRO CN; Elementar, Langenselbold, Germany). To measure the concentration of phosphorus (P) and potassium (K) in leaves, the fine powder was digested with sulphuric and perchloric acid. The P concentration was determined using a continuous flow analyzer (Auto Analyzer 3; SEAL Analytical Co., Ltd, Norderstedt, Germany), based on the ascorbic acid molybdate analysis, and the K concentration was determined using a flame photometer.



2.5 Foliar soluble proteins and photosynthetic pigments

For photosynthetic pigments analysis, fresh leaves that had been used for photosynthesis measurements were shredded after removing the major vein, 0.1g of shredded leaf tissue was placed in 10 ml of 80% acetone in the dark for 24 h, and centrifuged at 10,000g for 10 min. The supernatant was scanned at λ663, λ645 and λ470 (TU-1950; Presee Co., Ltd, Beijing, China) and the concentrations of chlorophylls (chlorophyll/Chla, Chlb) and carotenoids were quantified as per Zhang et al. (2020). For soluble protein analysis, leaves stored at -80°C were shredded after removing the major veins, 0.2 g of shredded leaf tissue were homogenized in 5ml deionized water, and then centrifuged at 10,000g for 30 min, and the supernatant was used for protein analysis according to the Kormas Brilliant Blue method.



2.6 Foliar nitrogen-metabolizing enzymes

The activities of nitrate reductase (NR, EC 1.6.6.1), glutamine synthetase (GS, EC 6.3.1.2) and glutamate synthase (Fd-GOGAT EC 1.4.7.1) in leaves stored at -80°C were measured using enzyme-linked immunosorbent assay (ELISA). Solid-phase antibody was made using purified plant NR (or GS, GOGAT) antibody. Then, combined with antibody labelled with horseradish peroxidase (HRP), NR (or GS, Fd-GOGAT) was added to microtiter plate wells to become an antibody-antigen-enzyme-antibody complex. This complex became blue with 3,3′,5,5′-tetramethyl benzidine (TMB) substrate solution after complete washing and converted to final yellow under the action of acid. The optical density (OD) values were measured spectrophotometrically at a wavelength of 450 nm to compare with the standard curves to determine the activity of NR (or GS, Fd-GOGAT) in the samples.



2.7 Leaf tissue anatomy

Leaf anatomical traits were determined following the protocols described by Guo et al. (2008). Leaves of broadleaved species fixed in the FAA were cut into small pieces of 1×2 cm along the main veins in the middle part of the leaves, and fixed needles were cut into small segments of 0.5 cm in length in their middle part. This excised leaf tissue was embedded in paraffin individually after dehydration by immersion in a sequence of alcohol solutions and cut into sections of 8μm thickness and then stained with safranin-fast green. The slides were photographed under a compound microscope (BX51; Olympus, Tokyo, Japan). The abaxial (ABE) and adaxial (ADE) epidermis thickness, spongy mesophyll thickness (SMT), palisade mesophyll thickness (PMT) and leaf thickness of broadleaved species, the combined epi-hypodermis thickness (EHT) and mesophyll area of P. koraiensis were extracted from the images using Motic Images Advanced 3.2.



2.8 Statistical analyses

The effect of N deposition on various traits of leaf morphology, anatomical structure, and physiology were assessed using one-way ANOVA, and least significant difference tests were conducted to compare means of these trait variables among treatments. Linear regression analyses were used to determine the relationships between Pmax and foliar K concentration, foliar chlorophyll concentration. All variables were tested for the normality of their distributions. Nonnormally distributed variables were log-transformed to meet normality assumptions before performing ANOVA. All statistical analysis mentioned above was performed using the SPSS software v19.0 (SPSS Inc., Chicago, IL, USA).




3 Results


3.1 Foliar chemistry

Under N application treatments, the foliar N concentrations of the three species increased continually with the increase in RDry/Wet (Figure 2A). Relative to the control, the foliar N concentrations of the three species under the 0D+100W treatment did not show significant differences, while the foliar N concentrations of B. platyphylla, F. mandshurica and P. koraiensis under the 100D+0W treatment increased by 16.6% (P = 0.051), 21.5% (P = 0.101) and 19.2% (P < 0.01), respectively. The foliar P concentrations of B. platyphylla and P. koraiensis did not show significant differences among all treatments, only the foliar P concentration of F. mandshurica decreased continually with the increase in RDry/Wet (Figure 2B). Relative to the control, the foliar K concentrations of B. platyphylla and P. koraiensis under the 0D+100W treatment decreased by 14.6% (P = 0.017) and 10.3% (P = 0.254), respectively, but increased continually with the increase in RDry/Wet. The foliar K concentration of both B. platyphylla and P. koraiensis under the 100D+0W treatment was not significantly different compared with that under the control (Figure 2C). It is noteworthy that the foliar K concentration of F. mandshurica did not show significant differences among all treatments but showed a continuous decrease with the increase in RDry/Wet. Relative to the control, the foliar K concentration of F. mandshurica under the 100D+0W treatment decreased by 19.8% (P = 0.041) (Figure 2C).




Figure 2 | Concentrations (mg g-1 DW, A–C) of foliar: nitrogen (N), phosphorus (P) and potassium (K) of three species affected by six canopy N application treatments for 32 days. N application treatments included a control (no application of N) and five types of N deposition with dry to wet ratios of 0:100 (0D+100W), 25:75 (25D+75W), 50:50 (50D+50W), 75:25 (75D+25W) and 100:0 (100D+0W), respectively. Error bars indicate the standard error of the mean (n = 5). Within the same species in each panel, different letters on the left side of the error bar demonstrate significant differences among six treatments (P < 0.05) according to the least significant difference test. The scales of the y-axis are different in each panel.





3.2 Nitrogen -metabolizing enzymes activities

Relative to the control, except for the reduced NR activity in B. platyphylla leaves under the 0D+100W and 25D+75W treatments, the activities of NR, GS, and GOGAT in leaves of all three species increased under each N application treatment and increased continually with the increase in RDry/Wet (Figures 3A–C). Compared with the 0D+100W treatment, the NR activities in B. platyphylla leaves, F. mandshurica leaves and P. koraiensis needles under the 100D+0W treatment increased by 9.0% (P < 0.01), 14.5% (P < 0.01) and 15.1% (P < 0.01), respectively; the GS activities in B. platyphylla leaves, F. mandshurica leaves and P. koraiensis needles under the 100D+0W treatment increased by 6.7% (P = 0.026), 16.9% (P < 0.01), and 18.7% (P < 0.01), respectively; the Fd-GOGAT activities in B. platyphylla leaves, F. mandshurica leaves and P. koraiensis needles under the 100D+0W treatment increased by 4.7% (P = 0.093), 18.9% (P < 0.01), and 3.8% (P = 0.249), respectively.




Figure 3 | Activities (U g-1 FW, A-C) of nitrate reductase (NR), glutamine synthetase (GS) and glutamate synthase (Fd-GOGAT) in leaves of three species affected by six canopy nitrogen (N) application treatments for 32 days. N application treatments included a control (no application of N) and five types of N deposition with dry to wet ratios of 0:100 (0D+100W), 25:75 (25D+75W), 50:50 (50D+50W), 75:25 (75D+25W) and 100:0 (100D+0W), respectively. Error bars indicate the standard error of the mean (n = 5). Within the same species in each panel, different letters on the left side of the error bar demonstrate significant differences among six treatments (P < 0.05) according to the least significant difference test. The scales of the y-axis are different in each panel.





3.3 Soluble proteins and photosynthetic pigments concentrations

Relative to the control, the chlorophyll concentration in B. platyphylla leaves increased significantly under each N application treatment and increased continually with the increase in RDry/Wet (Figure 4A), which increased by 54.9% (P < 0.01) under the 0D+100W treatment and increased by 108.1% (P < 0.01) under the 100D+0W treatment. The chlorophyll concentrations in F. mandshurica leaves and P. koraiensis needles did not show significant differences among all treatments, it is noteworthy that the chlorophyll concentration in F. mandshurica leaves showed a continuous decrease with the increase in RDry/Wet (Figures 4B, C). Relative to the control, the chlorophyll concentration in F. mandshurica leaves increased by 5.9% (P = 0.64) under the 0D+100W treatment and decreased by 19.4% (P = 0.134) under the 100D+0W treatment.




Figure 4 | Concentrations of photosynthetic pigment (mg g-1 FW, A–C) and soluble protein (mg g-1 FW, D-F) in leaves of three species affected by six canopy nitrogen (N) application treatments for 32 days. N application treatments included a control (no application of N) and five types of N deposition with dry to wet ratios of 0:100 (0D+100W), 25:75 (25D+75W), 50:50 (50D+50W), 75:25 (75D+25W) and 100:0 (100D+0W), respectively. Error bars indicate the standard error of the mean of chlorophyll (a + b) concentration and soluble protein concentration (n = 5). Different letters above the error bar represent significant differences among six treatments (P < 0.05) according to the least significant difference test.



Relative to the control, the soluble protein concentrations in B. platyphylla leaves, F. mandshurica leaves and P. koraiensis needles under the 0D+100W treatment did not show significant differences but increased continually with the increase in RDry/Wet, the soluble protein concentrations in their leaves increased by 245.0% (P < 0.01), 52.3% (P < 0.01) and 45.3% (P = 0.063) under the100D+0W treatment, respectively (Figures 4D–F).



3.4 Leaf photosynthesis rates

After 16 and 32 days of N application and relative to the control, the Pmax of B. platyphylla under the 0D+100W treatment increased by 7.0% (P = 0.382) and 15.2% (P = 0.385), respectively. For F. mandshurica, the Pmax under the 0D+100W treatment increased by 4.3% (P = 0.675) and 10.2% (P = 0.197), respectively. However, with the increase in RDry/Wet, the Pmax of B. platyphylla on both measurement days increased continually, while that of F. mandshurica on both measurement days decreased continually. Relative to the control, the Pmax of B. platyphylla under the 100D+0W treatment increased by 28.3% (P < 0.01) and 51.3% (P < 0.01) after 16 and 32 days of N application, respectively. For F. mandshurica, the Pmax under the 100D+0W treatment decreased by 44.6% (P < 0.01) and 32.9% (P < 0.01) on two measurement days, respectively. Moreover, after 32 days of N application, there were significantly positive relationships between Pmax and foliar chlorophyll concentrations in B. platyphylla and F. mandshurica, for F. mandshurica, Pmax also had a positive relationship with foliar K concentration (Figures 5A, B). There was no significant difference in Pmax of P. koraiensis among all treatments on two measurement days (Figures 5A, B).




Figure 5 | Leaf light-saturated net photosynthesis rate (Pmax, μmol CO2 m-2 s-1) of three species affected by six canopy nitrogen (N) application treatments for 16 (A) and 32 (B) days. N application treatments included a control (no application of N) and five types of N deposition with dry to wet ratios of 0:100 (0D+100W), 25:75 (25D+75W), 50:50 (50D+50W), 75:25 (75D+25W) and 100:0 (100D+0W), respectively. Error bars indicate the standard error of the mean (n = 5). Within the same species in each panel, different letters on the left side of the error bar demonstrate significant differences among six treatments (P < 0.05) according to the least significant difference test.





3.5 Leaf morphology and anatomy

The leaf area, SLA and LMA of the three species did not show significant differences among all treatments (Table S1), but some of the leaf anatomical traits were significantly affected by N application. Relative to the control, the ADE of B. platyphylla and F. mandshurica under the 0D+100W treatment increased by 66.0% (P < 0.01) and 23.2% (P < 0.01), respectively, but decreased continually with the increase in RDry/Wet (Table 2; Figure S2). The ADE of B. platyphylla and F. mandshurica under the 100D+0W treatment was not significantly different compared with that under the control. Relative to the control, the EHT of P. koraiensis increased under each N application treatment and showed significance only under the 50D+50W treatment. Besides, the ABE and leaf thickness of B. platyphylla showed the same trend as ADE under the N application treatments but were less affected by the N application.


Table 2 | Leaf anatomical traits of three species affected by six canopy nitrogen (N) application treatments for 32 days.






4 Discussion


4.1 The importance of considering the alternation of dry and wet nitrogen deposition

In the present study, N concentrations, GS and Fd-GOGAT activities in leaves of all three species slightly increased under wet deposition, but increased continually with the increase in RDry/Wet (Figures 2A, 3B, C). These results confirm that atmospherically deposited NH3 and NH4+ can be used as a foliar supply of N (Jones et al., 2008; Wang et al., 2021) and suggest that canopy leaves may retain more NH3 from dry deposition compared to NH4+ from wet deposition. Leaf NH3/NH4+ uptake kinetics were not investigated in the present study, as the focus of the work was to understand how alternating dry and wet N deposition with the same deposition flux affects the structure and physiology of canopy leaves. In fact, the retention and assimilation of gaseous NH3 or dissolved NH4+ by leaves has been widely studied (Krupa, 2003; Sparks, 2009). Therefore, the fact that N concentration and N metabolic enzyme activities increased with the increase in RDry/Wet indicates that dry and wet deposition have different effects on foliar N status. Relative to wet deposition, dry deposition of N will lead to higher foliar N concentration.

In previous studies, leaf morphology and anatomy showed high plasticity in response to changes of leaf N levels (Khan et al., 2020; Zhu et al., 2020). However, in the present study, except for the gradient changes of epidermis (epi-hypodermis) thickness under N application, we did not find significant effects of continuously increasing N concentration on leaf morphological (i.e., the leaf area, SLA and LMA of the three species) and anatomical traits (i.e., the PMT and SMT of B. platyphylla and F. mandshurica and mesophyll area of P. koraiensis) of the three species (Table 2; Table S1). In our results (Table 2; Figure S2), with the decrease in RDry/Wet, the continuous thickening of ADE in broadleaved species (B. platyphylla and F. mandshurica) may be a defense strategy for the leaves in response to the weak acidity of NH4Cl solution (Kateivas et al., 2022). For coniferous species (P. koraiensis), the EHT increased at first and then decreased (Table 2; Figure S2), suggesting that the needles may have the same defense strategy, but due to greater retention of wet deposition by needles, the EHT may be injured by higher doses of NH4Cl and then thinned. Although the above results were inconsistent with our first hypothesis, they were not unexpected, because the leaf morphological and structural traits may be invariable under short-term N application (Makoto and Koike, 2007).

We found that the continuous increase in foliar N concentrations of the three species was accompanied by a continuous increase in soluble protein concentrations in their leaves (Figures 4D–F; Figure S1). These results were consistent with previous studies that leaves can store the applied N in the form of some organic compounds in the organic N pool, so an increase in N concentration in leaves is usually accompanied by an increase in one and more amino acids, total free amino acids and proteins (Bubier et al., 2011; Hu et al., 2019). N is an important component of chlorophylls, photosynthesis-related enzymes and proteins, the addition of N inevitably changes the N levels and N metabolism in plants while also affecting the photosynthetic system composition and photosynthetic carbon assimilation capacity of plants (Tomaszewski and Sievering, 2007; Liu et al., 2020b). In the present study, the foliar chlorophyll concentrations and Pmax of B. platyphylla and F. mandshurica also showed a gradient change with the continuous increase in their foliar N concentrations. Relative to the control, the variation of these traits under dry deposition was much larger than those under wet deposition (Figures 4A, B, 6A, B). The above results suggest that dry deposition has a greater effect on plant leaf physiology than wet deposition.

Although we should be careful to deduct long-term leaf functional modifications by simulated N deposition from short-term acclimation studies, our leaf physiology results in the short term already suggest that a single simulated dry and wet N deposition would overestimate and underestimate effects of atmospheric N deposition on leaf function, respectively. Therefore, alternating processes of dry and wet N deposition should not be neglected.



4.2 Response of leaf photosynthetic capacity of different tree species to canopy NHx deposition

With the continuous increase in foliar N and soluble protein concentrations of the three species, their Pmax showed different trends. For broadleaved species, the Pmax of fast-growing B. platyphylla increased continuously, while the Pmax of slow-growing F. mandshurica decreased continuously (Figures 6A, B), and there was a significant positive correlation between Pmax and foliar chlorophyll concentrations for both species (Figure 5B). These results indicate that some of the excess N can be invested in light harvesting and photosynthesis in B. platyphylla leaves, while N was diverted away from the photosynthetic system of F. mandshurica leaves and photosynthetic capacity was suppressed. The divergent response of photosynthesis between B. platyphylla and F. mandshurica seems to be expected, because slow-growing species may lack a better strategy to use excess N input into their leaves than fast-growing species (Aerts and Chapin, 1999; Li et al., 2012; Mikola et al., 2021). For coniferous species, there was no significant change in Pmax and foliar chlorophyll concentration of P. koraiensis (Figures 4C, 6A, B). These results were comparable to the response of needles under high levels of N addition in previous studies (Warren et al., 2003; Bauer et al., 2004; Li et al., 2022), which suggested that the excess N in needles is stored as amino acids and soluble protein, rather than being invested in photosynthesis. This storage mechanism in needles is supposed to be a peculiar adaptation of evergreen species when N uptake from the environment exceeds immediate growth requirements (Warren et al., 2003; Makoto and Koike, 2007). In general, the life forms and growth character of tree species probably contribute to different results of photosynthesis among tree species under NHx deposition.




Figure 6 | Relationships between light-saturated net photosynthesis rate (Pmax) and foliar Potassium (K) concentrations (A), chlorophyll concentrations (B) in the three species. Within the same species, each symbol represents data from one N application treatment. N application treatments included a control (no application of N) and canopy N deposition with dry to wet ratios of 0:100, 25:75, 50:50, 75:25 and 100:0, respectively. Data were collected after 32 days of N application treatments.



In fact, there is ample evidence from previous studies that appropriate NH4+ addition can increase the investment of N in photosynthetic system components, induce an increase in photosynthetic capacity of leaves and promote plant growth (Pérez-Soba and van der Eerden, 1993; Elvir et al., 2006; Hong et al., 2021). But above a certain threshold, NH4+ will be a stress and lead to a decrease in cation (K+, Ca2+ and Mg2+) concentrations in plant tissues (i.e. nutrient limitation of the plant), and have a negative impact on the leaf physiological function, induce a decrease in photosynthetic capacity (Esteban et al., 2016; Mao et al., 2018; Hong et al., 2021). In the root medium, this decrease is caused by the cation leaching due to NH4+-induced soil acidification and the competition of excess NH4+ with cations at the root cell membrane level (Britto and Kronzucker, 2002; Lu et al., 2014; Esteban et al., 2016). Therefore, in the traditional view, the NH4+ tolerance threshold (i.e., sensitivity to NH4+) of tree species and the nutrient limitation mechanism when NH4+ exceeds the threshold seem to better explain the results of photosynthesis the three species in this study. However, the process of our simulated alternating NHx deposition mainly occurred in the canopy and considering that the change in photosynthesis may also be related to the effect of NH3/NH4+ retention in leaves, the sensitivity of species to deposited NHx should be revisited.

Our Pmax results showed a higher sensitivity of F. mandshurica to canopy NHx deposition than B. platyphylla and P. koraiensis, which was consistent with our second hypothesis that the sensitivity of trees to canopy deposited NHx and to NH4+ in the root medium would be similar. This hypothesis was further supported by our foliar K concentrations results, where the decrease in Pmax of F. mandshurica was also accompanied by a decrease in its foliar K concentration (Figures 2C, 5A), and both foliar K concentration and Pmax showed a significant negative relationship with foliar N concentration (Figure S1), while the relatively positive response of Pmax of B. platyphylla and P. koraiensis was accompanied by an increase in their foliar K concentrations (Figure 2C), suggesting that the application of N only resulted in K limitation in F. mandshurica leaves. We also found that the decrease in foliar K concentration of F. mandshurica was accompanied by a decrease in foliar P concentration (Figure 2B), which may be caused by the decrease of cation concentrations in plant tissues and the consequent imbalance of other ions (Esteban et al., 2016). Our evidence of K concentrations is based on the fact that the retention of NH3 or NH4+ by leaves can also lead to the leaching of cations from plant tissues and a decrease in cation concentrations. This is due to the exchange of NH4+ with cations in leaves and the possible competition between NH4+ (protonated NH3 in the apoplast) and cations in leaves, particularly K+, in their function to maintain electroneutrality (Van der Eerden et al., 1992; Stachurski and Zimka, 2002; Mori et al., 2019; Turpault et al., 2021). Therefore, according to our findings, our Pmax results can also be explained by the sensitivity of tree species to NH4+ in the traditional view. Due to the higher NH4+ sensitivity of F. mandshurica, the deposited NH4+ may exceed the tolerance threshold of F. mandshurica and led to P and K limitation in leaves, so the photosynthetic capacity was reduced. For B. platyphylla and P. koraiensis, because of their lower NH4+ sensitivity, they may have avoided or alleviated the nutrient limitation in the leaves under NHx deposition, so the deposited NH4+ was invested into the photosynthetic system or stored in the organic N pool.

In addition, there is also evidence that NO3- signaling and reduction in plant tissues are important factors in the alleviation of NH4+ stress (Hachiya et al., 2012; Esteban et al., 2016). Therefore, in our results (Figure 3A), the continuous increase in NR activities in leaves of the three species may be a mechanism by which they alleviate the possible stress caused by deposited NH3/NH4+. The increase in NR activity was much lower of B. platyphylla than that of F. mandshurica and P. koraiensis, suggesting that the stimulation of B. platyphylla leaves by deposited NH3/NH4+ was probably the lowest and may be one of the reasons for the relatively most positive response of Pmax of B. platyphylla. Combined with the above discussion, we propose that B. platyphylla and P. koraiensis may better acclimate to canopy NHx deposition than F. mandshurica.

It is noteworthy that the foliar K concentration of B. platyphylla and P. koraiensis decreased significantly under the 0D+100W treatment compared with the control (Figure 2C), which may be attributed to the above canopy exchange of cations. However, we did not find the decrease in their physiological function, this may be due to the low NH4+stress caused by the lower NH4+ retention in leaves, and the lagged response of the leaves to additional NH4+ entering the soil through the canopy (Wang et al., 2021). This result suggests that the foliar K concentration was reduced before NH4+ exceeded the threshold. This was inconsistent with the possible positive relationship between photosynthesis and leaf K status under the increase in RDry/Wet in this study. Therefore, we expect that the acclimation of plants to dry deposition and wet deposition may be completely different. However, it merits a further study to track the effects of long-term alternating dry and wet N deposition on function and cation status of leaves in the future, before a clear conclusion can be reached. Given that studies on the response mechanism of plants to retained N by leaves and plant sensitivity/tolerance to retained N are still limited, the acclimation mechanism of plants under dry and wet N deposition is still an open question.




5 Conclusion

Our results show that, relative to wet deposition, dry deposition of N would lead to higher foliar N concentrations and induce a greater response of photosynthesis in plant canopy leaves. Dry deposition is relatively more important on leaf physiological functions in alternating deposition, ignoring alternating processes of dry and wet N deposition would result in a biased assessment of the response of forest canopy to atmospheric N deposition. B. platyphylla and P. koraiensis may better acclimate to canopy NHx deposition than F. mandshurica. Nevertheless, we found that dry and wet deposition had different effects on leaf K status, so we expect that the acclimation of plants to dry deposition and wet deposition may be completely different. Further long-term studies are needed to improve our understanding of how the structure and physiology of canopy leaves respond to alternating dry and wet N deposition under the realistic condition, and acclimation mechanism of plants to dry-wet alternating deposition of N. They will help us to better understand and project the response of forest ecosystems to atmospheric N deposition in the future.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

XW and CW designed the experiment. CW and XC built the field facility and simulated nitrogen deposition in the chamber. CW and SZ conducted laboratory experiments. CW analyzed the data and wrote the manuscript with the help of XW. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the Fundamental Research Funds for the Central Universities (no. 2572020DR05)



Acknowledgments

We are grateful for the greenhouse provided by the Seed Orchard of Betula platyphylla at Northeast Forestry University and for the help of the staff there.



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.2022.1105075/full#supplementary-material



References

 Adriaenssens, S., Staelens, J., Wuyts, K., Samson, R., Verheyen, K., and Boeckx, P. (2012). Retention of dissolved inorganic nitrogen by foliage and twigs of four temperate tree species. Ecosystems 15, 1093–1107. doi: 10.1007/s10021-012-9568-5

 Adrizal,, Patterson, P. H., Hulet, R. M., and Bates, R. M. (2006). Growth and foliar nitrogen status of four plant species exposed to atmospheric ammonia. J. Environ. Sci. Health Part B-Pesticides Food Contaminants Agric. Wastes 41, 1001–1018. doi: 10.1080/03601230600808703

 Aerts, R., and Chapin, F. S. (1999). The mineral nutrition of wild plants revisited: A re-evaluation of processes and patterns. Adv. Ecol. Res. 30, 1–67. doi: 10.1016/s0065-2504(08)60016-1

 Bauer, G. A., Bazzaz, F. A., Minocha, R., Long, S., Magill, A., Aber, J., et al. (2004). Effects of chronic n additions on tissue chemistry, photosynthetic capacity, and carbon sequestration potential of a red pine (Pinus resinosa ait.) stand in the NE united states. For. Ecol. Manage. 196, 173–186. doi: 10.1016/j.foreco.2004.03.032

 Britto, D. T., and Kronzucker, H. J. (2002). NH4+ toxicity in higher plants: a critical review. J. Plant Physiol. 159, 567–584. doi: 10.1078/0176-1617-0774

 Bubier, J. L., Smith, R., Juutinen, S., Moore, T. R., Minocha, R., Long, S., et al. (2011). Effects of nutrient addition on leaf chemistry, morphology, and photosynthetic capacity of three bog shrubs. Oecologia 167, 355–368. doi: 10.1007/s00442-011-1998-9

 Castro, A., Stulen, I., and De Kok, L. J. (2008). Atmospheric NH3 as plant nutrient: A case study with brassica oleracea. Environ. pollut. 154, 467–472. doi: 10.1016/j.envpol.2007.09.021

 Crabtree, R. C., and Bazzaz, F. A. (1993). Seedling response of four birch species to simulated nitrogen deposition: ammonium vs. nitrate. Ecol. applications: A Publ. Ecol. Soc. America 3, 315–321. doi: 10.2307/1941834

 Cui, X. Y., and Song, J. F. (2007). Soil NH4+/NO3- nitrogen characteristics in primary forests and the adaptability of some coniferous species. Front. Forestry China 2, 1–10. doi: 10.1007/s11461-007-0001-8

 Elvir, J. A., Wiersma, G. B., Day, M. E., Greenwood, M. S., and Fernandez, I. J. (2006). Effects of enhanced nitrogen deposition on foliar chemistry and physiological processes of forest trees at the bear brook watershed in Maine. For. Ecol. Manage. 221, 207–214. doi: 10.1016/j.foreco.2005.09.022

 Esteban, R., Ariz, I., Cruz, C., and Moran, J. F. (2016). Review: Mechanisms of ammonium toxicity and the quest for tolerance. Plant Sci. 248, 92–101. doi: 10.1016/j.plantsci.2016.04.008

 Gu, B. J., Ju, X. T., Chang, J., Ge, Y., and Vitousek, P. M. (2015). Integrated reactive nitrogen budgets and future trends in China. Proc. Natl. Acad. Sci. U S A 112, 8792–8797. doi: 10.1073/pnas.1510211112

 Guo, D. L., Xia, M. X., Wei, X., Chang, W. J., Liu, Y., and Wang, Z. Q. (2008). Anatomical traits associated with absorption and mycorrhizal colonization are linked to root branch order in twenty-three Chinese temperate tree species. New Phytol. 180, 673–683. doi: 10.1111/j.1469-8137.2008.02573.x

 Hachiya, T., Watanabe, C. K., Fujimoto, M., Ishikawa, T., Takahara, K., Kawai-Yamada, M., et al. (2012). Nitrate addition alleviates ammonium toxicity without lessening ammonium accumulation, organic acid depletion and inorganic cation depletion in arabidopsis thaliana shoots. Plant Cell Physiol. 53, 577–591. doi: 10.1093/pcp/pcs012

 Hong, M. H., Ma, Z. L., Wang, X. Y., Shen, Y. W., Mo, Z. Y., Wu, M. J., et al. (2021). Effects of light intensity and ammonium stress on photosynthesis in sargassum fusiforme seedlings. Chemosphere 273, 128605. doi: 10.1016/j.chemosphere.2020.128605

 Hu, Y. B., Peuke, A. D., Zhao, X. Y., Yan, J. X., and Li, C. M. (2019). Effects of simulated atmospheric nitrogen deposition on foliar chemistry and physiology of hybrid poplar seedlings. Plant Physiol. Biochem. 143, 94–108. doi: 10.1016/j.plaphy.2019.08.023

 Jones, M. R., Raven, J. A., Leith, I. D., Cape, J. N., Smith, R. I., and Fowler, D. (2008). Short-term flux chamber experiment to quantify the deposition of gaseous 15N-NH3 to calluna vulgaris. Agric. For. Meteorol. 148, 893–901. doi: 10.1016/j.agrformet.2007.12.003

 Kateivas, K. S. B., Cairo, P. A. R., Neves, P. H. S., Ribeiro, R. S. S., Machado, L. M., and Leitao, C. A. E. (2022). The impact of NOx and SO2 emissions from a magnesite processing industry on morphophysiological and anatomical features of plant bioindicators. Acta Physiologiae Plantarum 44, 77. doi: 10.1007/s11738-022-03411-9

 Khan, A., Sun, J. J., Zarif, N., Khan, K., Jamil, M. A., Yang, L. X., et al. (2020). Effects of increased n deposition on leaf functional traits of four contrasting tree species in northeast China. Plants-Basel 9, 1231. doi: 10.3390/plants9091231

 Krupa, S. V. (2003). Effects of atmospheric ammonia (NH3) on terrestrial vegetation: a review. Environ. pollut. 124, 179–221. doi: 10.1016/s0269-7491(02)00434-7

 Li, H., Li, M. C., Luo, J., Cao, X., Qu, L., Gai, Y., et al. (2012). N-fertilization has different effects on the growth, carbon and nitrogen physiology, and wood properties of slow- and fast-growing populus species. J. Exp. Bot. 63, 6173–6185. doi: 10.1093/jxb/ers271

 Li, Y., Schichtel, B. A., Walker, J. T., Schwede, D. B., Chen, X., Lehmann, C. M. B., et al. (2016). Increasing importance of deposition of reduced nitrogen in the united states. Proc. Natl. Acad. Sci. U S A 113, 5874–5879. doi: 10.1073/pnas.1525736113

 Liu, T., Mao, P., Shi., L. L., Eisenhauer, N., Liu, S. J., Wang, X. L., et al. (2020c). Forest canopy maintains the soil community composition under elevated nitrogen deposition. Soil Biol. Biochem. 143, 107733. doi: 10.1016/j.soilbio.2020.107733

 Liu, N., Wu, S. H., Guo, Q. F., Wang, J. X., Cao, C., and Wang, J. (2018). Leaf nitrogen assimilation and partitioning differ among subtropical forest plants in response to canopy addition of nitrogen treatments. Sci. Total Environ. 637, 1026–1034. doi: 10.1016/j.scitotenv.2018.05.060

 Liu, N., Zhang, S. K., Huang, Y., Cai, H. Y., and Zhu, X. Y. (2020b). Understory and canopy additions of nitrogen differentially affect carbon and nitrogen metabolism of psychotria rubra in an evergreen broad-leaved forest. Sci. Total Environ. 724, 138183. doi: 10.1016/j.scitotenv.2020.138183

 Liu, L., Zhang, X. Y., Xu, W., Liu, X. J., Zhang, Y., Li, Y., et al. (2020a). Fall of oxidized while rise of reduced reactive nitrogen deposition in China. J. Cleaner Production 272, 122875. doi: 10.1016/j.jclepro.2020.122875

 Li, R. S., Yu, D., Zhang, Y. K., Han, J. M., Zhang, W. D., Yang, Q. P., et al. (2022). Investment of needle nitrogen to photosynthesis controls the nonlinear productivity response of young Chinese fir trees to nitrogen deposition. Sci. Total Environ. 840, 156537. doi: 10.1016/j.scitotenv.2022.156537

 Li, X., Zhang, C., Zhang, B., Wu, D., Shi, Y., Zhang, W., et al. (2021). Canopy and understory nitrogen addition have different effects on fine root dynamics in a temperate forest: implications for soil carbon storage. New Phytol. 231, 1377–1386. doi: 10.1111/nph.17460

 Lu, X. K., Mao, Q. G., Gilliam, F. S., Luo, Y. Q., and Mo, J. M. (2014). Nitrogen deposition contributes to soil acidification in tropical ecosystems. Global Change Biol. 20, 3790–3801. doi: 10.1111/gcb.12665

 Makoto, K., and Koike, T. (2007). Effects of nitrogen supply on photosynthetic and anatomical changes in current-year needles of pinus koraiensis seedlings grown under two irradiances. Photosynthetica 45, 99–104. doi: 10.1007/s11099-007-0015-3

 Mao, Q. G., Lu, X. K., Mo, H., Gundersen, P., and Mo, J. M. (2018). Effects of simulated n deposition on foliar nutrient status, n metabolism and photosynthetic capacity of three dominant understory plant species in a mature tropical forest. Sci. Total Environ. 610, 555–562. doi: 10.1016/j.scitotenv.2017.08.087

 Mikola, J., Koikkalainen, K., Rasehorn, M., Silfver, T., Paaso, U., and Rousi, M. (2021). Genotypic traits and tradeoffs of fast growth in silver birch, a pioneer tree. Oecologia 196, 1049–1060. doi: 10.1007/s00442-021-04986-9

 Mori, T., Zhou, K. J., Wang, S. H., Zhang, W., and Mo, J. M. (2019). Effect of nitrogen addition on DOC leaching and chemical exchanges on canopy leaves in guangdong province, China. J. Forestry Res. 30, 1707–1713. doi: 10.1007/s11676-018-0800-9

 Pan, Y. P., Wang, Y. S., Tang, G. Q., and Wu, D. (2012). Wet and dry deposition of atmospheric nitrogen at ten sites in northern China. Atmospheric Chem. Phys. 12, 6515–6535. doi: 10.5194/acp-12-6515-2012

 Pérez-Soba, M., and van der Eerden, L. J. M. (1993). Nitrogen uptake in needles of scots pine (Pinus sylvestris l.) when exposed to gaseous ammonia and ammonium fertilizer in the soil. Plant Soil 153, 231–242. doi: 10.1007/bf00012996

 Pitcairn, C. E. R., Leith, I. D., Sheppard, L. J., Suttona, M. A., Fowler, D., Munroa, R. C., et al. (1998). The relationship between nitrogen deposition, species composition and foliar nitrogen concentrations in woodland flora in the vicinity of livestock farms. Environ. pollut. 102, 41–48. doi: 10.1016/S0269-7491(98)80013-4

 Rennenberg, H., and Gessler, A. (1999). Consequences of n deposition to forest ecosystems - recent results and future research needs. Water Air Soil pollut. 116, 47–64. doi: 10.1023/A:1005257500023

 Shen, J. L., Li, Y., Liu, X. J., Luo, X. S., Tang, H., Zhang, Y. Z., et al. (2013). Atmospheric dry and wet nitrogen deposition on three contrasting land use types of an agricultural catchment in subtropical central China. Atmospheric Environ. 67, 415–424. doi: 10.1016/j.atmosenv.2012.10.068

 Sheppard, L. J., Leith, I. D., Mizunuma, T., Cape, J. N., Crossley, A., Leeson, S., et al. (2011). Dry deposition of ammonia gas drives species change faster than wet deposition of ammonium ions: Evidence from a long-term field manipulation. Global Change Biol. 17, 3589–3607. doi: 10.1111/j.1365-2486.2011.02478.x

 Sparks, J. P. (2009). Ecological ramifications of the direct foliar uptake of nitrogen. Oecologia 159, 1–13. doi: 10.1007/s00442-008-1188-6

 Stachurski, A., and Zimka, J. R. (2002). Atmospheric deposition and ionic interactions within a beech canopy in the karkonosze mountains. Environ. pollut. 118, 75–87. doi: 10.1016/S0269-7491(01)00238-X

 Tomaszewski, T., and Sievering, H. (2007). Canopy uptake of atmospheric n deposition at a conifer forest: Part II-response of chlorophyll fluorescence and gas exchange parameters. Tellus Ser. B-Chemical Phys. Meteorol. 59, 493–501. doi: 10.1111/j.1600-0889.2007.00265.x

 Turpault, M. P., Kirchen, G., Calvaruso, C., Redon, P. O., and Dincher, M. (2021). Exchanges of major elements in a deciduous forest canopy. Biogeochemistry 152, 51–71. doi: 10.1007/s10533-020-00732-0

 Van der Eerden, L. J., Lekkerkerk, L. J., Smeulders, S. M., and Jansen, A. E. (1992). Effects of atmospheric ammonia and ammonium sulphate on Douglas fir (Pseudotsuga menziesii). Environ. pollut. 76, 1–9. doi: 10.1016/0269-7491(92)90109-N

 Wang, X., Wang, B., Wang, C. Z., Wang, Z. H., Li, J., Jia, Z., et al. (2021). Canopy processing of n deposition increases short-term leaf n uptake and photosynthesis, but not long-term n retention for aspen seedlings. New Phytol. 229, 2601–2610. doi: 10.1111/nph.17041

 Warner, J. X., Dickerson, R. R., Wei, Z., Strow, L. L., Wang, Y., and Liang, Q. (2017). Increased atmospheric ammonia over the world's major agricultural areas detected from space. Geophysical Res. Lett. 44, 2875–2884. doi: 10.1002/2016GL072305

 Warren, C. R., Dreyer, E., and Adams, M. A. (2003). Photosynthesis-rubisco relationships in foliage of pinus sylvestris in response to nitrogen supply and the proposed role of rubisco and amino acids as nitrogen stores. Trees-Structure Funct. 17, 359–366. doi: 10.1007/s00468-003-0246-2

 Wen, Z., Xu, W., Li, Q., Han, M. J., Tang, A. H., Zhang, Y., et al. (2020). Changes of nitrogen deposition in China from 1980 to 2018. Environ. Int. 144, 106022. doi: 10.1016/j.envint.2020.106022

 Wu, G. L., Chen, D. X., Zhou, Z., Ye, Q., and Wu, J. H. (2022). Canopy nitrogen addition enhance the photosynthetic rate of canopy species by improving leaf hydraulic conductivity in a subtropical forest. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.942851

 Wu, C., Wang, Z. Q., Fan, Z. Q., and Sun, H. L. (2003). Effects of different concentrations and form ratios of nitrogen on chlorophyll biosynthesis, photosynthesis, and biomass partitioning in fraxinus mandshurica seedlings. Acta Phytoecologica Sin. 27, 771–779.

 Xu, W., Luo, X. S., Pan, Y. P., Zhang, L., Tang, A. H., Shen, J. L., et al. (2015). Quantifying atmospheric nitrogen deposition through a nationwide monitoring network across China. Atmospheric Chem. Phys. 15, 12345–12360. doi: 10.5194/acp-15-12345-2015

 Zhang, Y., and Cui, X. Y. (2011). NH4+/NO3- absorption characteristics of betula platyphylla seedlings. J. Beijing Forestry Univ. 33, 26–30.

 Zhang, Y. D., Fan, Z. Q., Wang, Q. C., and Wang, Z. Q. (2000). Effect of different nitrogen forms on growth of fraxinus mandshurica seedlings. Chin. J. Appl. Ecol. 11, 665–667.

 Zhang, Y. Y., Yu, T., Ma, W. B., Wang, F., Tian, C., and Li, J. Q. (2020). Physiological and morphological effects of different canopy densities on reintroduced acer catalpifolium. Biodiver. Sci. 28, 323–332.

 Zhu, K., Wang, A. Z., Wu, J. B., Yuan, F. H., Guan, D. X., Jin, C. J., et al. (2020). Effects of nitrogen additions on mesophyll and stomatal conductance in Manchurian ash and Mongolian oak. Sci. Rep. 10, 10038. doi: 10.1038/s41598-020-66886-x


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 Wu, Zhou, Cheng and Wei. 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: 12 January 2023

doi: 10.3389/fpls.2022.1095726

[image: image2]


Responses of photosystem to long-term light stress in a typically shade-tolerant species Panax notoginseng


Zhu Cun 1,2,3, Xiang-Zeng Xu 1,2,3,4, Jin-Yan Zhang 1,2,3, Sheng-Pu Shuang 1,2,3, Hong-Min Wu 1,2,3, Tong-Xin An 1* and Jun-Wen Chen 1,2,3*


1 College of Agronomy & Biotechnology, Yunnan Agricultural University, Kunming, China, 2 Key Laboratory of Medicinal Plant Biology of Yunnan Province, Yunnan Agricultural University, Kunming, China, 3 National & Local Joint Engineering Research Center on Germplasm Innovation & Utilization of Chinese Medicinal Materials in Southwestern China, Yunnan Agricultural University, Kunming, China, 4 Research Center for Collection and Utilization of Tropical Crop Resources, Yunnan Institute of Tropical Crops, Xishuangbanna, China




Edited by: 

Kaixiong Xing, Hainan Normal University, China

Reviewed by: 

Marina López-Pozo, University of Colorado Boulder, United States

Wei Xiaoli, Guizhou University, China

*Correspondence: 

Tong-Xin An
 1458196769@qq.com

Jun-Wen Chen
 cjw31412@163.com

Specialty section: 
 This article was submitted to Functional Plant Ecology, a section of the journal Frontiers in Plant Science


Received: 11 November 2022

Accepted: 27 December 2022

Published: 12 January 2023

Citation:
Cun Z, Xu X-Z, Zhang J-Y, Shuang S-P, Wu H-M, An T-X and Chen J-W (2023) Responses of photosystem to long-term light stress in a typically shade-tolerant species Panax notoginseng. Front. Plant Sci. 13:1095726. doi: 10.3389/fpls.2022.1095726



Photosynthetic adaptive strategies vary with the growth irradiance. The potential photosynthetic adaptive strategies of shade-tolerant species Panax notoginseng (Burkill) F. H. Chen to long-term high light and low light remains unclear. Photosynthetic performance, photosynthesis-related pigments, leaves anatomical characteristics and antioxidant enzyme activities were comparatively determined in P. notoginseng grown under different light regimes. The thickness of the upper epidermis, palisade tissue, and lower epidermis were declined with increasing growth irradiance. Low-light-grown leaves were declined in transpiration rate (Tr) and stomatal conductance (Cond), but intercellular CO2 concentration (Ci) and net photosynthesis rate (Pn) had opposite trends. The maximum photo-oxidation  (Pm) was greatly reduced in 29.8% full sunlight (FL) plants; The maximum quantum yield of photosystem II (Fv/Fm) in 0.2% FL plants was significantly lowest. Electron transport, thermal dissipation, and the effective quantum yield of PSI [Y(I)] and PSII [Y(II)] were declined in low-light-grown plants compared with high-light-grown P. notoginseng. The minimum value of non-regulated energy dissipation of PSII [Y(NO)] was recorded in 0.2% FL P. notoginseng. OJIP kinetic curve showed that relative variable fluorescence at J-phase (VJ) and the ratio of variable fluorescent FK occupying the FJ-FO amplitude (Wk) were significantly increased in 0.2% FL plants. However, the increase in Wk was lower than the increase in VJ. In conclusion, PSI photoinhibition is the underlying sensitivity of the typically shade-tolerant species P. notoginseng to high light, and the photodamage to PSII acceptor side might cause the typically shade-tolerant plants to be unsuitable for long-term low light stress.




Keywords: photosynthesis, chlorophyll fluorescence, photosystem, photoprotection, Panax notoginseng



Introduction

Light plays an indispensable role in the growth and development of plants (de Wit et al., 2016). However, light fluctuates over short (seconds) and long (hours, days, seasons) timescales in natural condition, making it highly heterogeneous (Townsend et al., 2018a; Townsend et al., 2018b; Townsend et al., 2018c). Two species have emerged under long-term evolutionary processes, markedly different in their light demands: the light-demanding species and shade-tolerant species (Mathur et al., 2018). The light-demanding species such as Spinacea oleracea and Oryza sativa, show high values of maximum CO2 assimilation rate (Pmax), non-photochemical quenching (NPQ) and electron transport rates (Osmond et al., 2021; Wei et al., 2021). The shade-tolerant species such as Picea glauca, Abies balsamea and Abies lasiocarpa exhibit low Pmax, light saturating/compensation points (LSP/LCP) and dark respiration rates (Rd) (Valladares and Niinemets, 2008). Several studies have shown that the shade-tolerant species not only need to improve the efficiency of light energy utilization under low light, but also to strengthen the dissipation of excess light energy under high light condition (Kim et al., 2020; Ware et al., 2020). The quantum yield of photosystem II (PSII), photosynthetic electron transport and photochemical quenching are increased in shade-tolerant species Bletilla striata exposed to a sudden transition from low to high light (Yang et al., 2019a). PSII activity is reduced in the shade-tolerant species Anacardium excelsum and Virola surinamensis grown under high light (Barth et al., 2001). Meanwhile, low photosystem I (PSI) activity has been recorded in the shade-tolerant species Psychotria henryi and Psychotria rubra exposed to high light (Huang et al., 2015; Huang et al., 2017). Therefore, more research is needed in the PSI of shade-tolerant plant to elucidate its potential mechanism of PSI in response to light stress.

Long-term light stress induces photoinhibition and even photodamage of plants when absorbed light energy would temporarily exceed the need for photosynthesis (Niyogi and Truong, 2013; Kono and Terashima, 2014). Light stress protection mechanisms include chloroplastic reactive oxygen species (ROS) scavenging, chloroplast and stomatal movement (Shi et al., 2022). For example, high-light-grown Triticum aestivum leaves reduced ROS-mediated side-effects by increasing the activity of catalase (CAT) and superoxide dismutase (SOD, Szyma´nska et al., 2017). Low light could induce rapid stomatal opening to enhance photosynthesis and photorespiration of Phaseolus vulgaris (Pastenes et al., 2005). Meanwhile, photosynthetic apparatuses (PSI and PSII) have evolved a variety of photoprotective strategies to dissipate excess light energy (Bosch et al., 2015). NPQ is considered to be the most efficient strategy for thermal dissipation of excess light energy (Han et al., 2022). The increase in NPQ with the enhancement of light intensity has been recorded in the shade-tolerant species Coffea arabica and Tradescantia sillamontana (Martins et al., 2014; Mishanin et al., 2016; Mishanin et al., 2017). Nevertheless, plants might improve the utilization of excess light energy by enhancing electron transport (Kalmatskaya et al., 2020), as has been recorded in the shade-tolerant species Vanda sp. (Sma-Air and Ritchie, 2020). Meanwhile, cycle electron flow (CEF) is an efficient pathway for utilizing excess light energy (Tikhonov, 2013). The CEF-dependent generation of the proton gradient (ΔpH) across the thylakoid membrane not only stimulates ATP synthesis but also protects PSII from photoinhibition through activating NPQ and stabilizing oxygen-evolving complexes (Theune et al., 2021). Moreover, activation of CEF-PSI can also prevent PSI from photoinhibition and photooxidative damage through alleviating the over-reduction of PSI acceptor side and reducing the synthesis of superoxide anions in PSI (Sagun et al., 2019; Yang et al., 2019a; Yang et al., 2019b). Photooxidative damage is avoided in the shade-tolerant species such as Vanilla orchid, Neobalanocarpus heimii and Lepisanthes senegalensis through enhancing CEF around PSI when it is exposed to high light (Kang et al., 2020; Ko et al., 2020). Nevertheless, it is still unknown about a relationship between the photoprotective strategies and the sensitivity of the shade-tolerant species to high light.

Panax notoginseng (Burkill) F. H. Chen (Sanqi in Chinese) is a perennial Chinese herb (the Panax genus, Araliaceae), which is a typically shade-tolerant species (Zhang et al., 2020). Full light (FL) of 9.6%-11.5% was found to be the most suitable growth light environment for P. notoginseng (Zuo et al., 2014; Kuang et al., 2014a; Kuang et al., 2014b; Kuang et al., 2015). Net photosynthesis rate (Pn), stomatal conductance (Cond), and transpiration rate (Tr) are significantly inhibited in excessive-shading-grown P. notoginsen (Xu et al., 2018). Meanwhile, the thermal dissipation and carboxylation efficiency are improved in high-light-grown P. notoginseng; correspondingly, the efficiency of PSII photochemistry is decreased in low-light-grown counterpart (Chen et al., 2014; Chen et al., 2016). In addition, Huang et al. (2018a) have found that PSI photoinhibition did not occur in high-light-grown P. notoginseng, but LEF (linear electron flow) declined due to a decrease in PSII activity. The results are contrary to the findings that high light might induce the irreversible damage to PSII and the moderate photoinhibition to PSI in P. notoginseng (Wu et al., 2021). However, it is still unclear whether high-light induce irreversible damage to photosystem in shade-tolerant species. Thus, photosynthetic adaptive strategies in shade-tolerant species grown under light stress need to be further understood. In the present study, photosynthetic performance, photosynthesis-related pigments, leaves anatomical characteristics and antioxidant enzyme activities were comparatively determined in the shade-tolerant species P. notoginseng grown under a light gradient. It has been hypothesized that: (1) PSI photoinhibition might underlie the sensitivity of P. notoginseng to high light; (2) Enhanced photosynthetic electron transport and moderate PSII photoinhibition might be the photoprotective strategies under high light; (3) The acceptor side of PSII were damaged in P. notoginseng were long-term exposed to low light; (4) The photodamage of PSI could be avoided by activating cycle electron transport around PSI in P. notoginseng grown under long-term light stress.



Materials and methods


Plant materials and growth condition

The pot experiment was carried out from Januray in Wenshan Miao Xiang P. notoginseng Technology Park (23°05′N, 104°03′E), Yunnan, China. The healthy two-year-old rhizome of P. notoginseng were cultivated in plastic pots (30 cm × 25 cm × 25 cm), with each containing 3 rootstocks. Total photon exposure per day in screened growth house for seven treatments was equivalent to 29.8%, 11.5%, 9.6%, 5.0%, 3.6%, 1.4% and 0.2% of that in the full sunlight (FL), respectively. Figure S1 shows the diurnal variation of photosynthetic photon flux density (PPFD) under seven light treatments, respectively. 210 pots were used for each light intensity regimes, and a total of 1470 pots were arranged (n = 7). Polyoxin and agricultural streptomycin were used to control pests and diseases. In September, the youngest fully expanded functional leaf on each treatment at the maximum nutritional period from pot planting was used for the determination of photosynthetic performance, photosynthesis-related pigments, leaves anatomical characteristics and antioxidant defense system analysis.



Chlorophyll content measurements

Chlorophyll (Chl) was extracted as described by Pérez-Patricio et al. (2018). A LI-3000 leaf-area meter (Li-Cor, USA) was used to determine leaf area. 0.5 g of fresh leaves were immersed in a 15 mL extraction mixture [99% acetone was mixed with ethanol (2:1 v/v)]. 3 h of standing in the dark were followed by a 10 min centrifugation at 3000 g. Absorbance readings were performed at wavelengths of 665 nm and 649 nm. Chl a and b content were calculated based on the method of Gu et al. (2016). Total Chl content was the sum of Chl a and b.



Measurement of gas exchange

Gas exchange measurements were performed between 09:00 and 11:00 on fully expanded function leaves using an LI-6400XT portable photosynthesis system equipped with a 6400-40 leaf chamber (LI-Cor, UAS). Leaf temperature was maintained at 25°C in the chamber. PPFD was 500 μmol·m-2·s-1 and CO2 concentration was adjusted to 400 mmol·mol-1 with a mixture. After equilibration to a steady state, net photosynthesis rate (Pn), stomatal conductance (Cond), transpiration rate (Tr), and intercellular CO2 concentration (Ci) were recorded.



Chlorophyll fluorescence and P700 measurements

Dual-PAM 100 chlorophyll (Chl) fluorometer (Walz, Germany) was used to determine PSI and PSII Chl fluorescence parameters at 25°C. Seven plants were dark-adapted for 20 min, and both PSI and PSII parameter were monitored to record Chl fluorescence and P700 state. Then leaves were light-adapted at 172 μmol·m-2·s-1 for 20 min. Subsequently, PSI and PSII parameters were determined after 120 s exposure to each light intensity (0, 36, 94, 132, 172, 272, 421, and 611 μmol·m-2·s-1; PPFD, photosynthetic photon flux density). The chlorophyll fluorescence parameters were calculated as follows (Genty et al., 1989; Oxborough and Baker, 1997; Hendrickson et al., 2004): Fv/Fm = (Fm - Fo)/Fm; Y(II) = (Fm`-Fs)/Fm`; Y(NO) = Fs/Fm; NPQ = (Fm - Fm`)/Fm`; 1 – qP = (Fs - Fo`)/(Fm` - Fo`); Y(NPQ) = Fs/Fm` - Fs/Fm. Fo and Fo` were the minimum fluorescence after dark- and light- adaptation, respectively; Fm and Fm` were the maximum fluorescence after dark- and light-adaptation, respectively; and Fs was the dark-adapted steady-state fluorescence. Fv/Fm was the maximum quantum yield of photosystem II. Y(II) was the effective quantum yield of PSII photochemistry. Y(NO) and Y(NPQ) were the yield of non-regulated and regulated energy dissipation of PSII, respectively. NPQ was the non-photochemical quenching in PSII. 1-qP was the redox poise of the primary electron acceptor of PSII.

P700 redox state was calculated by the saturation pulse (600 ms, 10000 μmol·m-2·s-1) method (Klughammer and Schreiber, 2008). The  signals (P) may vary between a minimal (P700 fully reduced) and a maximal level (P700 fully oxidized); the maximum photo-oxidation   (Pm) and Pm` were ascertained the application of a saturation pulse after pre-illumination with far-red light and actinic light, respectively (Huang et al., 2010; Yamori et al., 2016; Takagi et al., 2017). The chlorophyll fluorescence parameters were determined by Klughammer and Schreiber (2008) method: Y(I) = (Pm` - P)/Pm; Y(ND) = P/Pm; Y(NA) = (Pm - Pm`)/Pm. Y(I) was the effective quantum yield of PSII; Y(ND) and Y(NA) were the donor side and acceptor side limitation of PSI, respectively.

Photosynthetic electron flows through PSI and PSII were analyzed according to the method described by Huang et al. (2012a); Huang et al. (2017); Huang et al. (2019): ETRII = Y(II) × PPFD × 0.84 × 0.5; ETRI = Y(I) × PPFD × 0.84 × 0.5. ETRI was the electron transport rate of PSI; ETRII was the electron transport rate of PSII. Furthermore, the electron transport rate of cyclic electron flow around PSI was estimated as ETRI - ETRII; the quantum yield of cyclic electron flow around PSI was estimated as Y(I) – Y(II), or expressed as Y(I)/Y(II) (Miyake et al., 2005; Fan et al., 2016; Sagun et al., 2019).



Measurement of OJIP kinetic curve

Fast Chl fluorescence measurements were conducted by a pulse-amplitude modulation (PAM) fluorometer (PAM-2500, Walz, Germany). After a dark adaptation for 4 h, Chl fluorescence transient curves (OJIP transients) were inducted by a red light (652 nm) of 3000 μmol·m-2·s-1 by the PAM-2500 through an array of light-emitting diodes. Cha a fluorescence emission inducted by the strong light pulses was measured and digitized between 10 μs and 320 ms (Kanutsky curve; Kautsky and Hirsch, 1931). Meanwhile, four characteristic levels of fluorescence yield can be distinguished in a plot with logarithmic time scale: Fo, I1, I2 and Fm (alternatively also denoted O, J, I and P; Schreiber et al., 1986; Schreiber et al., 1989),. The Fo - I1 (or O-J) phase of the transient directly reflects the closure of PSII reaction centers by charge separation (QA-reduction). The initial rate of increase of this phase is proportional to the applied light intensity (photochemical phase). At a given light intensity, the initial rate provides a relative measure of the optical absorption cross-section of PSII. The I1- I2 - Fm (or J-I-P) phases of the transient reflect the reduction of the rest of the electron transport chain defined mainly by the reduction of the plastoquinone pool and the acceptor side of PSI; the rate of which is limited by dark reactions (thermal phase) (Schreiber and Klughammer, 2021). The point of time corresponding to 300 μs on the OJIP kinetic curves was defined as the “K” characteristic points (Eggenberg et al., 1995; Strasser et al., 2000; Strasser et al., 2004). The OJIP transients were analyzed using JIP-test, and the JIP-test is a multiparametric analysis of the OJIP transients, which is based on the theory of energy fluxes in bio-membranes (Strasser, 1981; Strasser and Strasser, 1995). From OJIP transient, the extracted parameters (F20 µs, F300 µs, F2 ms, F30 ms etc.) led to the calculation and derivation of a range of new parameters according to previous authors (Table S1; Yusuf et al., 2010).



Leaf anatomical characteristics under different light regimes

After photosynthetic parameters measurement, leaf sections of 1.00 × 1.00 cm were also cut from the middle of fully expanded function leaves (avoiding midribs). Leaves were cleaned by sterilizing water and stored in the FAA fixative. Leaf tissues were dyed by hematoxylin staining method and fixed with paraffin before observed (Xiong et al., 2017; Chang et al., 2023). The tissue sections were observed under electron microscope and analyzed through separately quantifying variables in the visible field using Case Viewer software.



Determination of antioxidant enzyme activities

Leaf was homogenized on ice with a mortar and pestle in a 0.1 M potassium phosphate buffer (pH 7.0). The homogenate was centrifuged at 12000 g for 15 min at 4°C. The supernatant was used immediately for enzyme assays (Wang et al., 2009). The activity of superoxide dismutase (SOD) was measured according to a method using xanthine, xanthine oxidase, and cytochrome c (Giannopolitis and Ries, 1977). The activity of peroxidase (POD) was assayed according to the method described by Zhang et al. (2005), using pyrogallol as a substrate. Catalase (CAT) activity was assayed according to the method described by Aebi (1984), by measuring the decrease at 240 nm for 1 min, due to H2O2 consumption.



Statistical analyses

SPSS 20.0 software (Chicago, IL, USA) was used to statistical analysis. The variables were means ± standard deviation (SD) (n = 7). Significant differences are indicated by letters (One-way ANOVA; P < 0.05). Graphing was made by SigmaPlot 10.0 (Systat Software Inc, San Jose) and GraphPad Prism 8.0 (GraphPad Inc, USA) software.




Results


Response of the Chl contents to light regimes

Leaves were significantly smaller and yellowish in P. notoginseng under high light; moderate-light-grown leaves were dark-green (Figure 1A). The content of Chl a, Chl b, total Chl increased first and then decreased with the	 increase of growth irradiance (Figures 1B–D). The maximum values of photosynthetic pigments were recorded in 5.0% FL-grown P. notoginseng (Figure 1; as reflected by Chl a, Chl b, total Chl content). Chl a, Chl b, total Chl contents were lowest in P. notoginseng under 29.8% FL (Figures 1B–D).




Figure 1 | The effect of light regimes on leaf phenotypes (A), cited from our research group (Zhang et al., 2021), chlorophyll a (Chl a) content (μg·cm-2, B), chlorophyll b (Chl b) content (μg·cm-2, C) and total Chl content (μg·cm-2, D). Values for each point were means ± SD (n = 7). Letters indicate significant differences at P < 0.05 according to Duncan’s multiple range tests.





The effect of grown irradiance on gas exchange

Pn and Cond were significantly enhanced in 11.5% FL-grown plants compared with other treatments (Figures 2A, B). Compared with 11.5% FL-grown P. notoginseng, Pn were decreased 36.55% and 65.17% in 29.8% FL- and 0.2% FL-grown plants, respectively (Figure 2A). The maximum and minimum values of Ci were recorded in 0.2% FL- and 9.6% FL-grown plants, respectively (Figure 2C). The minimum values of Pn, Cond, and Tr were obtained in P. notoginseng under 0.2% FL condition (Figures 2A, B, D).




Figure 2 | Effects of long-term light treatments on gas exchange parameters in Panax notoginseng leaves. (A) Net photosynthesis rate (Pn, μmol·CO2·m-2·s-1). (B) Stomatal conductance (Cond, mol·H2O·m-2·s-1). (C) Intercellular CO2 concentration (Ci, μmol·CO2·mol-1). (D) Transpiration rate (Tr, mmol·H2O·m-2·s-1). Values for each point were means ± SD (n = 7). Letters indicate significant differences at P < 0.05 according to Duncan’s multiple range tests.





The effect of growth irradiance on leaf anatomical characteristics

The thickness of the upper epidermis, palisade tissue, and lower epidermis were declined with increasing growth irradiance (Table 1, Figure S2). 29.8% FL-grown leaves were dramatically increased in the thickness of the upper epidermis, palisade tissue, and spongy tissue (Table 1). The thickness of the lower epidermis was greatest in P. notoginseng grown under 29.8% and 11.5% FL condition (Table 1). These differences were not significant for the upper epidermis thickness in the range 3.6% to 11.5% FL (Table 1). The palisade/spongy increased first and then decreased with the increase of growth irradiance, and the maximum values of palisade/spongy were recorded in 5.0% FL-grown plants (Table 1).


Table 1 | Effects of light regimes on the leaf anatomy in a shade tolerant plant Panax notoginseng.





Response of the photosystem activity to light regimes

Growth irradiance significantly influenced PSI and PSII activity in the leaf (Figure 3). The minimum values of Fv/Fm were showed in P. notoginseng grown under long-term low light (1.4% FL, 0.2% FL) (Figure 3B), and Pm in high-light-grown plants were lower (29.8% FL, 11.5% FL) (Figure 3A). The difference between moderate- and low-light-grown plants in Pm was only marginal (Figure 3A), but Pm was highest in P. notoginseng grown under 5.0% FL (Figure 3A).




Figure 3 | The effect of light regimes on PSI and PSII activity of Panax notoginseng. (A) Pm is the maximum photo-oxidation . (B) Fv/Fm is the maximum efficiency of PSII photochemistry. Values for each point were means ± SD (n = 7). Letters indicate significant differences at P < 0.05 according to Duncan’s multiple range tests.





Response of the photosynthetic electron transport to light regimes

ETRI, ETRII and ETRI - ETRII were raised with increasing PPFD (Figure 4). ETRI and ETRII were significantly greater in 29.8% FL- and 9.6% FL-grown plants compared with other individuals (Figures 4A, B). ETRI and ETRII were significantly reduced in low-light-grown plants (0.2% FL; Figures 4A, B). When PPFD was lower than 200 μmol·m-2·s-1, the maximum values of ETRI - ETRII were obtained in 0.2% FL and 29.8% FL P. notoginseng (Figure 4C). When plants were exposed to higher PPFD, the maximum values of ETRI - ETRII were recorded in 29.8% FL individuals, but the ETRI - ETRII were declined in low-light-grown P. notoginseng (0.2% FL, Figure 4C).




Figure 4 | Characteristics of electron transport between PSII and PSI in 1eaves of P. notoginseng grown under different light levels. (A) Response of electron transport rate of PSI (ETRI, μmol·e-·m-2·s-1) to photosynthetic photon flux density (PPFD, μmol·m-2·s-1). (B) Response of electro transport rate of PSII (ETRII, μmol·e-·m-2·s-1) to PPFD. (C) Response of cyclic electron flow around PSI (ETRI - ETRII, μmol·e-·m-2·s-1) to PPFD. Values for each point were means ± SD (n = 7).





Response of the light energy partitioning to growth irradiance

The minimum values of Y(I) were shown in the 0.2% FL individuals (Figure 5A), and Y(ND) in low-light-grown individuals was greatest (Figure 5B). The opposite of Y(ND), Y(NA) was increased when PPFD is lower than 272 μmol·m-2·s-1 in plants grown under moderate shading environments (Figure 5C). There was no significant difference in Y(NA) when PPFD is more than 272 μmol·m-2·s-1. Compared with PSI, the lowest values of Y(II) were always observed in low-light-grown P. notoginseng (Figure 5D), and Y(NPQ) was highest in 0.2% FL plants (Figure 5E). Y(NO) was rapidly increased when PPFD is higher than 272 μmol·m-2·s-1 (Figure 5F), and the Y(NO) were increased in low-light-grown plants (Figure 5F). NPQ and 1-qP increased with increasing PPFD (Figure 6). NPQ was increased in P. notoginseng were exposed to high light (29.8% FL, 11.5% FL; Figure 6A), and 1-qP in 0.2% FL plants were highest (Figure 6B).




Figure 5 | The effect of light regimes on light energy allocation in P. notoginseng. (A) Y(I) is the quantum yield of PSI. (B) Y(ND) is the donor side limitation of PSI. (C) Y(NA) is the acceptor side limitation of PSI. (D) Y(II) is the efficient quantum yield of PSII. (E) Y(NPQ) is the yield of regulated energy dissipation of PSII. (F) Y(NO) is the yield of non-regulated energy dissipation of PSII. Values for each point were means ± SD (n = 7).






Figure 6 | Changes of fluorescence characteristics in the light response process in P. notoginseng under different levels of light. (A) NPQ is the non-photochemical quenching of PSII. (B) 1-qP is the light response changes in the redox poise of the primary electron acceptor of PSII. Values for each point were means ± SD (n = 7).





Response of the cycle electron flow around PSI to light stress

The quantum yield of cyclic electron flow around PSI [Y(I)/Y(II)] increased with increasing PPFD (Figure 7A). Y(I)/Y(II) was activated earlier when PPFD was higher than 36 μmol·m-2·s-1 in P. notoginseng under light stress (29.8% FL, 0.2% FL; Figure 7A). Y(I)/Y(II) was inversely correlated with Y(II) (Figures 5D, 7B), and the greatest values were shown in 0.2% FL individuals (Figure 7B). As showed in Figure 8, Y(NPQ), NPQ and Y(ND) were positively correlated with ETRI - ETRII (Figure 8). Y(NPQ), NPQ and Y(ND) were greatest in the 0.2% FL individuals when ETRI - ETRII is lower (Figure 8). Y(NPQ), NPQ and Y(ND) were increased in the high-light-grown plants when ETRI - ETRII was greater (Figure 8).




Figure 7 | The effect of light regimes on cyclic electro transport in P. notoginseng. (A) Light response changes in Y(I)/Y(II) for leaves of P. notoginseng grown under different light regimes. Above the gray line represents the start of cyclic electron transport being excited. (B) Relation between Y(I)/Y(II) and Y(II) (line electro transport) for leaves of P. notoginseng grown under different light regimes. Values for each point were means ± SD (n = 7).






Figure 8 | Relation between ETRI - ETRII and Y(NPQ) (A), NPQ (B), Y(ND) (C) for leaves of P. notoginseng grown under different light regimes. Values for each point were means ± SD (n = 7).





Changes in activities of antioxidant enzymes

POD activity was greater in P. notoginseng grown under 29.8%, 11.5%, and 9.6% FL condition (Figure 9A, P < 0.05). The POD activity was declined with decreasing growth irradiance (Figure 9A), and the minimum values of POD activity was obtained in 0.2% FL-grown P. notoginseng (Figure 9A). CAT activity was significantly increased in high-light-grown plant (29.8% FL, 11.5% FL; Figure 9B). CAT activity was lowest in 5.0% FL-grown plants (Figure 9B). SOD activity was reduced with decreasing grown irradiance in the range 29.8% to 9.6% FL (Figure 9C). SOD activity was significantly decreased in 3.6% FL-grown plants compared with 5.0%, 1.4% and 0.2% FL treatments (Figure 9C, P < 0.05).




Figure 9 | The effects of light stress on the antioxidant activities ofperoxidase (POD), catalase (CAT) and superoxide dismutase (SOD) in the leaves of P. notoginseng. (A) POD activity (U g-1·min-1). (B) CAT activity (U g-1·min-1). (C) SOD activity (U g-1·min-1). Values for each point were means ± SD (n = 7). Letters indicate significant differences at P < 0.05 according to Duncan’s multiple range tests.





Response of the OJIP kinetic curve to light regimes

The OJIP kinetic curve showed an “S”-shaped in all light regimes (Figure 10A). The lower fluorescence values were shown in high-light-grown individuals, Fo≌F20 μs (O phase) was greater in the 9.6% FL individuals, and the maximum values of FM=FP=F300 ms (P phase) were recorded in the 5.0% FL individuals (Figure 10A). Wk was lower in moderate-light-grown plants (9.6% FL, 5.0% FL, 3.6% FL; Figure 11B), and the maximum values of Wk were recorded in 0.2% FL individuals (Figure 11B).




Figure 10 | Effects of light regimes on chlorophyll fluorescence transients of P. notoginseng. (A) O, J, I and P phase represent the fluorescence at T=20 μs, 2 ms, 30 ms and 300 ms, respectively. (B) A radar plot of JIP parameters in P. notoginseng leaves grown under different light regimes. ABS/RC is the absorption flux per reaction center of PSII; TRo/RC is the captured light energy used to restore qA; ETo/RC is the captured light energy used for electron transfer per unit area; DIo/RC is the energy dissipated per unit reaction;Ψo is the probability that a trapped exciton moves an electron into the electron transport chain beyond  (at t=0); Mois the approximated initial slope of the fluorescence transient; VJ is the relative variable fluorescence intensity at the J-step; Wk is the K phase in O-J-I-P chlorophyll fluorescence induction curves; φDo is the quantum yield for thermal dissipation; φEo is the quantum yield for electron transport (t = 0); φPo is the maximum quantum yield for primary photochemistry (t = 0). Values for each point were means (n = 7).






Figure 11 | Effect of light regimes on the VJ,Wk and PIABS of P. notoginseng leaves. (A) VJ is the relative variable fluorescence intensity at the J-step; (B) Wk is the K phase in O-J-I-P chlorophyll fluorescence induction curves. (C) PIABS is the performance index on absorption basis. Values for each point were means ± SD (n = 7). Letters indicate significant differences at P < 0.05 according to Duncan’s multiple range tests.



In the JIP-test parameters, change in Mo, VJ and ψo can reflect activity of PSII acceptor sides (Force et al., 2003). Changes of Mo and VJ are similar (Figures 10B, 11A), and Mo and VJ were greater in low-light-grown plants (0.2% FL, Figures 10B, 11A). ψo was significantly lower in 0.2% FL plants than in other light regimes plants (Figure 10B). Compared with Fv/Fm, PIABS could more sensitively reflect the activity of PSII acceptor sides (Crafts-Brandner and Salvucci, 2002). The minimum values of PIABS were surveyed in 0.2% FL individuals (Figure 11C), and there were not significantly different in other light regimes (Figure 11C). DIo/RC and ABS/RC were highest in the 9.6% FL plants (Figure 10B), and ETo/RC were higher in low-light-grown individuals (0.2% FL; Figure 10B). ABS/RC and TRo/RC were increased when the growth irradiance is lower than 5.0% FL (Figure 10B).



Phenotypic plasticity index analysis for Chl fluorescence-related parameters

The plasticity index of Pm was much greater than that of Fv/Fm among the photosystem activity variables (Figure 12); The higher plasticity index values of ETRI, ETRII, Y(II) and Y(I) were shown among photosynthetic electron transport and light energy distribution (Figure 12). The plasticity indices of Mo were largest among PSII receptor side parameters (Figure 12). Noteworthy, the plasticity indices of Pm, ETRII, ETRI, Y(II) and Y(I) exceeded 0.5, and the lowest plasticity indices values of Fv/Fm, Y(NPQ), ETo/RC and Wk (Figure 12).




Figure 12 | Phenotypic plasticity index of the twenty-two chlorophyll fluorescence variables of photosystem activity, photosynthetic electron transport, light energy distribution, PSII reaction center, the acceptor sides and donor sides of PSII. Means were calculated for seven individuals for each light treatment.






Discussion


Light-driven changes in photosynthesis is in part explained by leaf anatomy

Photosynthetic capacity is at least in part determined by leaf anatomy and Pn is limited by the rate of CO2 diffusion from the atmosphere to the chloroplast (Gratani and Bombelli, 2000). The reduction of palisade tissue thickness increases the density of chloroplast distribution and enchants light-receiving area and light capture capability, thus improving photosynthetic capacity in shade -tolerant species (e.g., Phoebe bournei, Cyclobalanopsis gilva, Zelkova serrata, Cinnamomum camphora; Xue, 2020). Thicker upper epidermis protects mesophyll tissue from damage in high-light-grown Acer rybrum (Goulet and Pierre, 1986). The thickness of palisade tissue was declined with increasing growth irradiance, and 29.8% FL-grown leaves were dramatically increased in the thickness of the upper epidermis (Table 1, Figure S2). These results imply that P. notoginseng leaves made favorable adaption to high and low light, respectively. Correspondingly, the increase of upper epidermis, palisade tissue, and lower epidermis would reduce liquid phase diffusion of CO2 in mesophyll cells (Table 1), this might partly explain the fact that a significant decline in Pn was observed in the high-light-grown plants (Figure 2), as has also been observed in Zhang et al. (2020). Meanwhile, low-light-grown leaves were declined in Tr and Cond, and Ci and Pn had opposite trends (Figure 2). These results imply that the decline of photosynthetic rate in low-light-grown P. notoginseng was mainly caused by non-stomatal limitation factors, and this is consistent with the results reported by Rylski and Spigelman (1986). Thus, light-driven changes in Pn are in part explained by leaf anatomy.



Low light stress exacerbates photoinhibition to PSII in the shade-tolerant species

It has commonly accepted that the primary sites of photoinhibition are PSI and PSII (Gerganova et al., 2016). The PSI and PSII photoinhibition is characterized by a significant decrease in Pm and Fv/Fm, respectively (Demmig-Adams and Adams, 1992). PSII activity is inhibited under high light, but PSI activity remains stable, and this has been confirmed in Solanum lycopersicum and Arabidopsis thaliana (Gerganova et al., 2019; Chen et al., 2020). Fv/Fm was greatly reduced in 1.4% FL- and 0.2% FL-grown plants (Figure 3B), but PSI activity was relatively increased in low-light-grown plants (Figure 3A). This is inconsistent with the results reported that inhibition of the activity of PSII under strong light is referred to as photoinhibition (Murata et al., 2007). This may be due to the different light demands of the study species (as reflected by P. notoginseng is a typically shade-tolerant species). These results imply that the degree of PSII photoinhibition is significantly affected by long-term low light stress, as confirmed in the shade-tolerant species P. henryi treated by short-term low light (Huang et al., 2016b). Meanwhile, the degree of inhibition of Pn under 0.2% FL was greater than that of 29.8% FL (Figure 2A), it implied that P. notoginseng are more sensitive to long-term low light compared to high light. Furthermore, compared with Fv/Fm, PIABS could more sensitively reflect the activity of PSII (Crafts-Brandner and Salvucci, 2002; Li et al., 2009b). PIABS in 0.2% FL plants was significantly lowest than other counterparts (Figure 11C). Obviously, PSII was more sensitive to low light stress compared with PSI. Therefore, long-term low light stress exacerbates the photoinhibition to PSII in the shade-tolerant species.



PSI photoinhibition is a fundamental reason for the sensitivity of the shade-tolerant plants to high light

PSI activity is slow to recover from photoinhibition compared with the recovery of PSII activity (Zhang and Scheller, 2001; Zhou et al., 2019). PSI photoinhibition mainly occurs in plants grown under high light and chilling temperatures condition (Zhang and Scheller, 2001), as has been recorded in the shade-tolerant plants P. rubra, P. henryi and Nephrolepis falciformis (Huang et al., 2015; Huang et al., 2017; Huang et al., 2018b). Pm in 29.8% FL plants was greatly reduced by 51.57% in relative to 0.2% FL counterparts (Figure 3A), and PSI activity is significantly reduced in high-light-grown plants. The excess electrons on PSI acceptor side induce the formation of superoxide anion radicals and the reduction of the iron-sulfur center in PSI, which leads to photoinhibition to PSI (Sonoike, 2011). Y(NA) in 29.8% FL individuals was significantly higher than 0.2% FL individuals (Figure 5C), implying that the occurrence of PSI photoinhibition in high-light-grown P. notoginseng might is due to the excess accumulation of superoxide anion radicals on the PSI acceptor side as has been proposed by Kim et al. (2005). PSI is sensitive in high-light-grown P. notoginseng. On the other hand, the degree of PSI photoinhibition is greater than that of PSII photoinhibition in high-light-grown individuals (Figure 3), and the plasticity index of Pm was larger than that of Fv/Fm (Figure 12). PSI photoinhibition is the basis for the sensitivity of shade-tolerant plants P. rubra to high light condition (Huang et al., 2015). Thus, PSI photoinhibition might be a vital reason for explaining why the shade-tolerant plants P. notoginseng cannot grow under high light.



Enhanced photosynthetic electron transport and moderate PSII photoinhibition in high-light-grown plants

On the condition of excess light, the utilization and dissipation of light are increased to protect PSII and PSI against photoinhibition (Zhang et al., 2015; Bascuñán-Godoy et al., 2018). Higher NPQ dissipates excess energy as heat in order to prevent damage to PSII of high-light-grown A. thaliana and Chromera velia (Belgio et al., 2018; Howard et al., 2019). 29.8% FL-grown plants possessed a high NPQ (Figure 6). These results imply that excess light energy could be effectively dissipated in the form of heat photochemistry in high-light-grown plants. Thus, high-light-grown plants show greater photochemical efficiency and photoprotective capacity, contributed by higher Y(II) and NPQ (Figures 5D, 6A, 8), while the NPQ of shade plants is more sensitive to changes in high light. This is consistent with the results reported by Ishida et al. (2014) that a larger proportion of Y(II) and Y(NPQ) has been observed in high-light-grown O. sativa. Moreover, the utilization of excess light is increased by increasing electron transport and photochemistry in high-light-grown (Genty and Harbinson, 1996). Y(I), Y(II), ETRI, ETRII and NPQ were increased in the 29.80% FL individuals (Figures 4, 5, 6A); and the plasticity indices of ETRII, ETRI, Y(II) and Y(I) all exceeded 0.5 (Figure 12). These results imply that excess light energy could be effectively dissipated in the form of heat or photochemistry in high-light-grown plants. However, excess light energy could not be effectively dissipated in time, which accumulates ROS (Zhou et al., 2019). Plants up-regulate the antioxidant enzyme system to scavengethe ROS under stress (Li et al., 2009). The activities of SOD, POD and CAT showed different degrees of changes in high-light-grown P. notoginseng (Figure 9). This is consistent with the results reported by Zhang et al. (2022) that the activation of SOD and POD could avoid photooxidative damage in Pyropia haitanensis grown under high light condition. Overall, high-light-grown P. notoginseng had stronger capability of scavenging ROS and non-photochemical quenching. Moreover, light capture capability was decreased by inhabiting Chl content (as reflected by Chl a, Chl b, and total Chl content) in 29.80% FL-grown P. notoginseng (Figures 1B-D), as has been confirmed by Sato et al. (2015) in A. thaliana grown under high light stress. The degree of PSI photoinhibition is higher than that of PSII photoinhibition in high-light-grown P. notoginseng (Figure 3). PSI photoinhibition in P. notoginseng grown under high light condition was primarily caused by the excess electron transport from PSII to PSI (Huang et al., 2015). PSI activity is protected against photodamage in pgr5 mutants of A. thaliana upon moderate PSII photoinhibition, due to the depression of electron flow from PSII to PSI (Tikkanen et al., 2014). Moderate photoinhibition of PSII is a protective response (Huang et al., 2016a; Huang et al., 2018a). Fv/Fm, Ψo, WK and VJ were relatively stable when P. notoginseng were exposed to high light (Figures 3B, 10B, 11A, B), as has been confirmed by Thachle et al. (2007) in Graptophyllum reticulatum. These results imply that moderate photoinhibition of PSII occurs in high-light-grown P. notoginseng. Therefore, the enhanced photosynthetic electron transport and moderate PSII photoinhibition of P. notoginseng under high light condition were presented as photoprotection strategies.



Low light stress damages the acceptor side of PSII

The enhanced absorption and utilization of light energy is a predominated strategy for plants to adapt to low light (Lei et al., 1996; Ruberti et al., 2012), and this has been confirmed in the shade-tolerant species Paeonia veitchii, Paeonia intermedia and Paeonia anomala grown under low light (Wan et al., 2020). ABS/RC, TRo/RC, 1-qP, and Mo were enhanced in 0.2% FL-grown P. notoginseng (Figures 6B, 10B). The capture and absorption of light energy were improved by the increased active reaction centers per unit area in P. notoginseng grown under low light. Additionally, antenna sizes are increased by enhancing Chl b and LHCII levels in low-light-grown A. thaliana, resulting in higher light capture capability (Sato et al., 2015). The previous observation is consistent with present results that the maximum values of Chl b content were recorded in 5.0% FL-grown P. notoginseng (Figure 1C). These results imply that light capture capability is enhanced by increasing antenna size in P. notoginseng grown under low-light stress.

It has commonly accepted that the state transition is a photoprotective mechanism that improves the utilization of plant light energy by balancing the excitation energy of PSI and PSII (Bailey and Grossman, 2008; Khuong et al., 2019). In the present study, the maximum values of 1-qP were recorded in 0.2% FL plants (Figure 6B). The maintenance of state 1 of P. notoginseng at 0.2% FL may be due to the strong PSII excitation, resulting in high excitation pressure on PSII (Tikkanen et al., 2006). These results imply that PSII reaction centers are inactivated in plants grown under low light, as has been confirmed by Chen and Xu (2006). However, the imbalance between the absorption and utilization of light energy could cause a damage to photosynthetic apparatus (Zavafer et al., 2019; Kodru et al., 2020). Y(II), Y(I), NPQ, φDo and Fv/Fm were decreased in the 0.2% FL individuals, but Y(NO) was increased (Figures 3B, 5A,D,F, 6A, 10B), suggesting that excess light energy could not be effectively dissipated in the form of thermal in low-light-grown individuals, and it probably lead to the reduction in PSII activity and the damage to PSII. On the other hand, plants would use light energy through photosynthetic electron transport to protect photosynthetic apparatus, and this has been confirmed in the light-demanding species Shorea leprosula and Cerasus cerasoides grown under light stress (Scholes et al., 1996; Yang et al., 2019b). ETRI, ETRII, ETRI - ETRII, ETo/RC and Fv/Fm were reduced in low-light-grown P. notoginseng (0.2% FL or 1.4% FL; Figures 3B, 4, 10B). Low-light-grown P. notoginseng cannot increase the utilization of light energy by enhancing electron transport. The decline in PSII activity result in the inhibition to electron transport in low-light-grown P. notoginseng (Figures 3B, 4). This is consistent with the results reported by Huang et al. (2018a) that the decline in electron transport under low light is induced by a decline in PSII activity in P. notoginseng. The imbalance between PSI and PSII leads to reduced electron transport (Wen et al., 2005; Sonoike, 2011; Oguchi et al., 2021). The previous observation is consistent with present results that the lower value of ETRI, ETRII and ψo was observed in the 0.2% FL individuals (Figures 4A, B, 10B).

The OJIP kinetic curve reflects the degree of damage to PSII under light stress (Kumar et al., 2020; Lysenko et al., 2021). The appearance of the K-phase in OJIP is related to the injury of PSII donor side, particularly the OEC (Oxygen-evolving complex) (Zhang et al., 2016; Kumar et al., 2020). However, evidence is accumulating that K-phase is observed when plants are exposed to environmental stress, and K-phase are more pronounced in short-term stressed plants compared with long-term stressed individuals (Pagliano et al., 2006; Tóth et al., 2007). The appearance of the K-phase and the high value of Wk was obtained in P. notoginseng grown under long-term 0.2% FL condition (Figures 10, 11B; P < 0.05), and this has been confirmed in Rosa hybrida grown under long-term drought stress (Pinior et al., 2005). These results indicate that electron transport is inhibited from electron donor of PSII to the reaction center in low-light-grown individuals, which in turn lead to the OEC injury of PSII donor side. Mo, Ψo, VJ and φEo mainly reflects changes in PSII acceptor side (Ayyaz et al., 2020; Kumar et al., 2020; Khan et al., 2021). VJ and Mo were increased, andΨo was decreased in 0.2% FL-grown P. notoginseng compared with other counterparts (Figures 10B, 11A), implying that PSII reaction center is closed, a large amount of oxidized QA is accumulated and the electron transport after QA is inhibited, consequently resulting in a damage to the acceptor side of the PSII. Nevertheless, the increase in VJ and Wk reflects the degree of damage to the acceptor side and the donor side of PSII, respectively (Lu and Zhang, 2000). A similar effect has been observed in Glycine max and Zea mays grown under environmental stress (Li et al., 2009a; Li et al., 2009b). VJ and Wk were significantly increased in 0.2% FL compared with other counterparts, but the increase of VJ was larger than that of Wk (Figures 11A, B). Anyways, PSII acceptor side is more readily damaged than the donor side in P. notoginseng grown under low light condition.



Cyclic electron flow around PSI protects PSI from damage under long-term light stress

Y(I)/Y(II) was activated earlier when PPFD was higher than 36 μmol·m-2·s-1 in when P. notoginseng were exposed to high light and low light condition (29.8% FL, 0.2% FL; Figure 7A), but ETRI - ETRII in 29.8% FL plants was consistently higher than in 0.2% FL plants (Figure 4C). These results imply that ΔpH and ATP might be enhanced in high-light-grown P. notoginseng compared with the counterparts as has been suggested by Miller et al. (2020). In addition, high ΔpH not only decelerates the damage to PSII by protecting the OEC, but also protect PSI by regulating electron transport from PSII to PSI (Takahashi et al., 2009; Tikkanen et al., 2015). Similarly, cyclic electron flow around PSI plays an essential role in photoprotection for P. henryi, C. cerasoides and Phaeodactylum tricornutum under high-light (Huang et al., 2017; Yang et al., 2019b; Zhou et al., 2020; Sun et al., 2021). ETRI - ETRII, NPQ, ETRI and ETRII were increased, Pm was substantially reduced in the 29.8% FL plants (Figures 3A, 4C, 6A), and Y(NPQ), NPQ and Y(ND) have a positive correlation with ETRI - ETRII (Figure 8), suggesting that cyclic electron flow around PSI protects PSI and PII from damage by enhancing thermal dissipation capacity and regulating P700+ redox state and electron transport in high-light-grown individuals.

Cyclic electron flow around PSI also shows photoprotection in plants exposed to low light (Laisk et al., 2005; Huang et al., 2011; Huang et al., 2012a; Huang et al., 2012b; Huang et al., 2019; Flannery et al., 2021). The maximum values of Y(NPQ), NPQ and Y(ND) were recorded in 0.2% FL-grown plants when ETRI - ETRII is lower (Figure 8). High Y(NPQ), NPQ and Y(ND) depend on cyclic electron flow around PSI to produce ΔpH in low-light-grown plants (Munekage et al., 2004). ETRI - ETRII was reduced in the 0.2% FL plants when PPFD is above the value of 272 μmol·m-2·s-1 (Figure 4C), indicating that cyclic electron flow around PSI could not build up a sufficient ΔpH to protect PSII from photodamage in low-light-grown P. notoginseng. Severe photoinhibition to PSII would limit the transport of electrons from PSII to PSI, which in turn prevents damage to PSI (Huang et al., 2015). PSII activity and ETRII were drastically decreased when plants were exposed to low light (1.4% FL & 0.2% FL; Figures 3B, 4B), but Pm was relatively stable (Figure 3A). The results obtained herein suggest that severe photoinhibition to PSII protects PSI from photodamage in low-light grown P. notoginseng. Overall, cyclic electron flow around PSI cannot completely protect PSII from damage under low light stress, but can prevent PSI photodamage.




Conclusions

A model of photosynthetic adaptive strategies was proposed in the typically shade-tolerant species, such as P. notoginseng, grown under long-term light stress (Figure 13). The energy dissipation through NPQ predominates in high-light-grown shade-tolerant species. Meanwhile, moderate photoinhibition to PSII and high cyclic electron flow around PSI might avoid the damage to PSI in high-light-grown shade-tolerant species. However, absorbed light energy cannot be effectively dissipated and utilized through NPQ and electron transport in low-light-grown shade-tolerant species. Additionally, cyclic electron flow around PSI also cannot completely protect PSII from damage in low-light-grown shade-tolerant species. PSI photoinhibition is the underlying sensitivity of the shade-tolerant species to high light, and the photodamage to PSII acceptor side might cause the shade-tolerant species to be unsuitable for long-term low light.




Figure 13 | Photosynthetic adaptive strategies of the shade-tolerant species P. notoginseng grown under long-term light stress. Energy dissipation through NPQ predominates in response to high light, electron transport plays an important role in utilizing excess light energy, and the moderate photoinhibition of PSII and higher cyclic electron flow around PSI might avoid the damage of the PSI under high light. The absorbed light energy cannot be effectively dissipated and utilized through NPQ and electron transport under low light. Cyclic electron flow around PSI also cannot completely protect PSII from damage under low light. Blue arrows represent linear electron transport, magenta arrow represents cycle electron transport, red arrows represent absorbed light energy, green arrows represent the capability to dissipate heat, craquelure represent the damage of photosystem. The thickness of the lines represents the strength of electron transport, light energy absorption, and heat dissipation. The black dotted line indicates the transport pathway of H+. The black solid line indicates the synthetic path of ATP.
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In order to cope with environmental changes, plants constantly adjust their morphological characteristics in order to adapt to changing environment. In the present study, populations of Bombax ceiba from Mengla area and Yuanjiang area in Yunnan Province were selected as the research objects. Six tree structure factors, such as tree height and crown width, eight leaf trait factors, such as leaf area and leaf length, and several habitat factors, such as area topography, meteorology and soil nutrients, were measured. Structural equation model and variation decomposition method were applied to analyze the effects of various habitat factors on tree structure and leaf traits of B. ceiba, and to reveal its morphological responses to habitat heterogeneity. The results showed that there was a significant negative correlation between tree structure and leaf traits in the two study habitats (Mengla area and Yuanjiang area), and the correlation coefficient was −0.47 in Mengla area and −0.22 in Yuanjiang area. Both topographic and soil factors had positive effects on tree structure of the two habitats, and the topographic factors had a greater impact on tree structure than leaf traits. The main difference was that meteorological factors had a positive effect on tree structure of Mengla, but a negative effect on leaf traits, while Yuanjiang showed the opposite patterns. The variation analysis showed that the superposition of three environmental factors in Mengla area had a greater explanation power of tree structure and leaf traits than that in Yuanjiang area, and the topographic factors had the largest explanation power of tree structure in both areas, which reflected that fact that the characteristics of Mengla habitat imposed a greater influence on B. ceiba. The soil factors in Mengla area accounted for 20.1% of the leaf traits, while the meteorological factors in Yuanjiang area accounted for 11.6%. The results showed that leaf traits were sensitive to environmental differences. In general, the responses of B. ceiba to heterogeneous habitats is based on the specific performance of its resource utilization capacity. The research results can provide references for exploring the morphological responses of plants to heterogeneous habitats.

KEYWORDS
 Bombax ceiba, morphological structure, habitat heterogeneity, tree structure, leaf traits


1. Introduction

The Fifth Assessment Report (AR5) and the IPCC Special Report on Global Warming of 1.5°C published by the United Nations Intergovernmental Panel on Climate Change points out that global temperatures will continue to rise in the future, and drought levels will become more intense (IPCC, 2013), which further affect tree growth (Deslauriers et al., 2007), and alter the structure and functions of forest ecosystems (Bonan, 2008; Peng et al., 2011). Therefore, in the context of climate change, clarifying the responses of morphological characteristics and community structure to environmental factors can help us better understand the changing trends of forest ecosystems, and provide a theoretical basis for forest conservation and management.

Plants are an important part of ecosystems, and their growth is strongly influenced by environmental conditions. Therefore, small changes in the environment can directly and indirectly affect plant growth (Mc Dowell et al., 2008; Korner and Basler, 2010; Deslauriers et al., 2017), and they often exhibit varying morphological characteristics. Morphological structure and functional traits are measurable characteristics of plants that have adapted and evolved over time to the external environment (Díaz et al., 1998), and these ecological responses to environmental gradients (climatic conditions, soil nutrients, altitude) have attracted great interest (Holscher et al., 2002). Tree structure can reflect the radial growth of plants, and there are differences in the effects of different environmental gradients on tree structure. Some studies have shown that increasing temperature and changing precipitation could affect tree growth patterns (Williams, 1997). A study on the seasonal dynamics of radial growth of Qinghai spruce (Picea crassifolia) found that soil temperature was a limiting factor of tree growth (Tian et al., 2017). Similarly, Jiang et al. (2015) and Gao et al. (2019) investigated the seasonal dynamics of side cypress (Platycladus orientalis) and Helan Mountain oil pine (Pinus tabuliformis) in semi-arid areas of northern China. These plants were monitored for intra-annual radial growth, and water availability during the growing season determined the amount of radial growth of their lateral structure. Leaves are the main organs of gas exchange between plants and their external environment. They are sensitive to environmental changes, and are widely used as a measure of the trade-off between plant growth rate and resource conservation (Wright et al., 2004). Under the constraints of limited resources, in response to stress factors such as shade and soil moisture, plants tend to regulate stomatal conductance and net photosynthetic rate by selecting leaf conformation patterns to improve their adaptation to the habitat (Funk and Cornwell, 2013). Jacobs (1999) studied the relationship between plant leaf morphological characteristics and climatic factors within 30 plant communities near the equator, and showed that leaf size was most correlated with precipitation, with leaf aspect ratio positively correlated with mean annual precipitation. The present study investigates the association between tree structure and leaf traits of B. ceiba in different habitats, and reveal the response mechanisms of tree structure and leaf traits to heterogeneous habitats.

B. ceiba is a deciduous tree species in the Malvaceae family. It can reach 30 to 40 meters in height and up to 3 meters in trunk diameter, and is widely distributed in tropical and subtropical regions. Due to its large beautiful flowers, it is with high ornamental value. Various tree parts of B. ceiba have medicinal uses. In particular, it is adaptable to harsh environmental conditions with high resistance.

In the present study, the morphological structure of B. ceiba was divided into two physical traits, namely, tree structure factors (e.g., tree height, diameter at breast height, crown width, height under branches, number of branches, taperingness) and leaf traits (e.g., leaf area, leaf length, leaf width, leaf circumference, fresh weight, saturated weight, dry weight, leaf water content). By analyzing the responses of tree structure and leaf traits to heterogeneous environment, we aim to provide scientific reference to reveal the response mechanisms of plant morphological structure to habitat heterogeneity. We specifically tested the following hypotheses: 1. Habitat conditions affect the morphological and structural characteristics of B. ceibas. 2. The morphological and structural characteristics of B. ceibas are correlated, and their correlations change in different habitats. 3. In different habitat, the relative importance of meteorological, topographic and soil factors in affecting the morphological and structural characteristics of B. ceibas varies.



2. Research methods


2.1. Measurement items and methods

The morphological structure of 230 B. ceiba individuals in the Mengla area, and 200 B. ceiba individuals in the Yuanjiang dry heat valley were measured by field survey in 2019, with relevant environmental conditions measured (Figure 1).

[image: Figure 1]

FIGURE 1
 Location of the study site.


The height (H), diameter at breast height (DBH), crown breadth (CB), and height to crown base (HCB) of each B. ceiba were measured; the number of branches (NB) was counted from four directions: east, west, north and south; the whole B. ceiba was photographed with a camera. The NB was counted from the east, west, north and south directions. The entire B. ceiba was photographed with a camera and imported into CAD software, and the taperingness (T) was calculated using the equivalence relationship.

For each B. ceiba plant, 20 fully extended and healthy leaves were taken from the middle outer ring of the canopy in the four directions of southeast and northwest. The leaf length (LL), leaf width (LW), leaf area (LA), and perimeter (P) of each leaf were measured using a portable laser leaf area meter (CID CI-202, United States). The fresh weight (LFW), saturated weight (LSW), leaf dry weight (LDW), and leaf water content (LWC) were calculated by Shimadzu analytical balance (ATY124, Japan).

The longitude, latitude, elevation and aspect of the habitat for each B. ceiba were measured using a handheld GPS instrument, and the slope was measured using a geological compass. Aspect was measured by starting from facing east and rotating in clockwise direction, and the specific quantified transformation was as follows: 1 for the north slope (247.5–292.5), 2 for the northeast slope (292.5–337.5), 3 for the northwest slope (202.5–247.5), 4 for the east slope (337.5–22.5), 5 for the west slope (167.5–202.5), 6 for the southeast slope (22.5–67.5), 7 for the southwest slope (112.5–167.5), and 8 for the south slope (67.5–112.5). In order to eliminate the dimensional relationship between the observed variables and make the data comparable, the observed indexes were standardized and normalized. Soil samples were taken from B. ceiba growing area according to the 5-point sampling method, and samples were brought back to the laboratory for the analysis of total nitrogen, total phosphorus, available phosphorus, ammonium nitrogen and nitrate-nitrogen. Meteorological data were obtained from the Chinese ground-based meteorological station Mengla (21°28′N, 101°35′E) and Yuanjiang meteorological station (23°36′N, 101°59′E) for 10 years from 2009 to 2018 for average temperature, average relative humidity, and average annual rainfall.1



2.2. Data processing

SPSS 22.0 and Canoco 5.0 software were used for statistical analysis of the data. First, principal component analysis was done separately for tree structure, leaf traits, soil factors, topographic factors and meteorological factors, and the coefficients of each observed variable were used to divide the 1st principal component axial load factor by the square root of the corresponding principal component eigenvalue. Next, Pearson coefficient was quantified to analyze the correlation among measured factors. Variance decomposition analysis was performed in Canoco 5.0 software to explore the explanatory power of each habitat factor on the structure and leaf traits of B. ceiba.




3. Analysis of results


3.1. Analysis of morphological and structural characteristics of Bombax ceibas in different study area

The leaf traits and structural characteristics of B. ceiba in Mengla and Yuanjiang areas were measured separately, and the overall mean values of these growth factors of B. ceiba in Mengla area were larger than those in Yuanjiang area. The average temperature in Yuanjiang is higher than that of Mengla, while the average relative humidity and average annual precipitation is lower than that of Mengla, which reflects the poor habitat conditions in Yuanjiang (Table 1).



TABLE 1 Observed variables of Bombax ceiba in the two sampling areas.
[image: Table1]

Redundancy analysis was performed for each of the three habitat factors and each of the B. ceiba morphological structure factors. The first two axes explained 65.5 and 8.6% of the total variance, respectively, with a total explanatory power of 74.1%, which suggests that the RDA results were reliable. Slope, aspect, nitrate-N, total phosphorus, effective phosphorus, ammonia-N, nitrate-N, mean annual rainfall, and mean relative humidity were positively correlated with B. ceiba morphological structure at axis one, which explained 6.7, 0.9, 2.4, 2.6, 2.9, 4.8, 3.0, 58.3, and 1.1% of the variance, respectively, whereas elevation and mean temperature were negatively correlated with B. ceiba morphological structure, and explained 10.2 and 7.1% of the variance variation, respectively (Figure 2).

[image: Figure 2]

FIGURE 2
 RDA analysis of habitat factors and growth factors of B. ceiba. Note: H: Height; DBH: Diameter at breast height; CB: Crown breadth; HCB: Height to crown base; T: Taperingness; B: Branch; LL: Leaf length; LW: Leaf width; P: Perimeter; LA: Leaf area; LFW: Leaf fresh weight; LSW: Leaf Saturated Weight; LDW: Leaf dry weight; LWC: Leaf water content; TN: Total Nitrogen; TP: Total Phosphorus; AP: Available Phosphorus; AN: Ammonium-N; NN: Nitrate-N; TAT: The Average Temperature; TMVP: The Mean Vapor pressure; TMAP: The Mean Annual Precipitation; A: Altitude; S: Slope; E: Aspect.




3.2. Correlation analysis of various factors of Bombax ceibas structure under different habitats

The correlations of the factors of tree structure of B. ceiba in different habitat conditions were different. The correlation coefficients of tree height with diameter at breast height, crown width, height under branches and dry weight in Mengla area were highly significant and positive. The correlation coefficient was greater than 0.6, and the correlation coefficient with water content was-0.685. The correlation coefficient between diameter at breast height and crown width, height under branch and dry weight was highly significant and positive, all correlation coefficients were greater than 0.6, and the correlation coefficient with water content was highly significant and negative, with the correlation coefficient as −0.721. The correlation coefficient between crown width and branch height was 0.697, and the correlation coefficient between crown width and branch height was −0.715.The correlation coefficients were above 0.6 for fresh weight, saturated weight and dry weight, and-0.66 for water content. Leaf area was highly significantly and positively correlated with leaf length, leaf width and circumference, with correlation coefficients above 0.7. Leaf length was significantly and positively correlated with leaf width and girth, with correlation coefficients of 0.73 and 0.755. Leaf width was highly significantly and positively correlated with perimeter, fresh weight and saturated weight, with correlation coefficients above 0.6. Fresh weight was highly significantly and positively correlated with saturation weight and dry weight, with correlation coefficients of 0.994 and 0.926. Saturated weight was highly significantly and positively correlated with dry weight, with a correlation coefficient of 9.26. Dry weight was highly significantly and negatively correlated with water content, with a correlation coefficient of −6.97.

The correlation coefficient between tree height and diameter at breast height, crown width, branch height and dry weight in Yuanjiang area was highly significant and positive, with correlation coefficients greater than 0.6, and highly significant and negative correlation with water content, with correlation coefficient of −0.723. The correlation coefficients between diameter at breast height, crown width and branch height were highly significant and positive, with correlation coefficients of 0.954 and 0.798, respectively, and highly significant and negative correlation with water content, with correlation coefficient of −0.805; the correlation coefficients between crown width, branch height and dry weight were highly significant and positive. The correlation coefficients were 0.85, 0.625 and −0.769; the correlation coefficients were 0.607 and 0.742; the correlation coefficients were −0.778; the correlation coefficients were 0.607 and 0.742; the correlation coefficients were −0.778. The correlation coefficients were greater than 0.6; leaf length was highly significantly positively correlated with leaf width and perimeter, with correlation coefficients of 0.709 and 0.984; leaf width was highly significantly positively correlated with perimeter, fresh weight and saturated weight, with correlation coefficients above 0.6; fresh weight was highly significantly positively correlated with saturated weight and dry weight, with correlation coefficients of 0.998 and 0.942; dry weight was highly significantly negatively correlated with water content, with correlation coefficient of −0.767 (Figure 3).

[image: Figure 3]

FIGURE 3
 Correlation of different growth factors in regard to B. ceiba morphology and structure. Note: * significant level, p < 0.05, ** very significant level, p < 0.01; Lines mean negative correlation, white circles mean positive correlation, and the size of circles represent the level of correlation.




3.3. Analysis of the explanation power of habitat factors in regard to Bombax ceiba morphology

Meteorological factors, topographic factors and soil nutrients are important components of habitat factors, which play important roles in affecting plant growth. The variance decomposition showed that the total superposition of three types of habitat factors (topographic factors, meteorological factors and soil factors) in Mengla area explained 43.5% of tree structure of B. ceiba, among which topographic factors explained 18.6% of the variation, followed by meteorological factors, which explained 17.5% of the variation, and soil factors explained the smallest variation (12.4%) among the three factors. By contrast, the soil, topographic and meteorological factors had less explanatory power of leaf traits than tree structure, with a total explanation power of 12.3% of the variation. The three habitat factors of topography, soil and meteorology explained 6.0, 20.1 and 4.7% of B. ceiba tree structure, respectively. The superposition of the three habitat factors (topographic, meteorological and soil) explained 30.2% of the tree structure of B. ceibas in Yuanjiang and Mengla, with the topographic factor explaining 13.6% of B. ceiba tree structure, followed by the meteorological factor (explaining 5.6% of the tree structure), and the soil factor (explaining only 2.6% of the tree structure). The soil, topographic and meteorological factors explained less of the leaf traits than tree structure, with a total explanation power of 9.8% of the variation. The meteorological factor explained 11.6% of leaf trait variation, followed by topographic factors (10.4%), whereas the soil factor had the lowest explanatory power (only 2.1%; Figure 4).

[image: Figure 4]

FIGURE 4
 The single and combined effects of meteorological factors, topographic factors and soil factors on tree structure of B. ceiba using variance decomposition method. “▼” represent the combined effects of different factors, A1,A2:Mengla area; B1, B2:Yuanjiang area.





4. Discussion


4.1. Response of Bombax ceiba tree morphological structure to habitat heterogeneity

Plant morphological structure varies greatly under different habitat conditions. With changes in plant growth and resource availability, plants are able to change morphological structure, growth rate, and phenotypic plasticity to maximize the efficient use of resources and biomass production (Huang et al., 2022). It was found that the height, diameter at breast height, crown width, branch height, and number of branches of B. ceiba in Yuanjiang and Mengla areas were highly significantly and positively correlated with each other, suggesting that B. ceiba in heterogeneous habitats is able to adapt to the environment, and further adjusts its tree structure to cope with heterogeneous habitats, thus exhibiting similar growth strategies. Many studies have shown that meteorological factors (precipitation, temperature, humidity, etc.), topographic factors (elevation, aspect, slope, etc.), and soil resources (total nitrogen, total phosphorus, organic carbon content, etc.) affect tree structure (Yang et al., 2022), and the present study found that topographic, soil, and meteorological factors together explained 43.5 and 30.2% of the tree structure of B. ceiba in Mengla and Yuanjiang areas, respectively, and thus exhibited a high explanatory power of tree structure. Therefore, the topographic factors had the highest explanatory powers of tree structure in both habitats. By contrast, the soil and meteorological factors had higher explanatory powers of tree structure in Mengla than in Yuanjiang. It has been shown that C, N and P directly influence plant growth and development, and drive geochemical cycles and transformation of other nutrients (Peri et al., 2008), while climate change affects plant growth and consequently the ecological structure and function of forests (Lenoir et al., 2008). The present study shows that meteorological factors in both Mengla and Yuanjiang areas had higher explanatory power of morphological structure of B. ceiba than soil factors, suggesting that topographic factors in different habitat conditions could change soil moisture, heat, and soil nutrients in B. ceiba growing area through changes in slope relief, elevation gradient, and aspect differences, which eventually participate in the process of altering the morphological structure of B. ceiba.



4.2. Responses of Bombax ceiba leaf traits to habitat factors

As an important organ for material exchange with the external environment, leaves can be easily measured, and possess plastic functional traits due to evolutionary adaptation to spatial heterogeneity or environmental changes. B. ceiba leaves, as plant organs exposed to the atmospheric environment, are sensitive to changes in habitat conditions, mainly in the form of changes in leaf traits in order to adapt to spatial heterogeneity. In the present study, the correlations between leaf traits of B. ceiba in Mengla and Yuanjiang areas were extensive, and more than half of these correlation could reach a highly significant level (p < 0.01), indicating that B. ceiba often showed certain correlations between different leaf traits during growth, and eventually formed a series of trait combinations to adapt to changes in specific habitats through the adjustment and balance between different internal functional traits (Sack et al., 2003; Baraloto et al., 2010). This is consistent with the findings of Arredondo and Schnyder (2003) that the specific leaf area of graminaceous plants was positively correlated with leaf dry weight. Several studies have shown that plants tend to show greater leaf plasticity and thus adapt to the environment in order to adapt to changes in abiotic environments (Richardson et al., 2017). In this study, the superposition of three environmental factors explained 12.3 and 9.8% of leaf traits in Mengla and Yuanjiang areas, respectively, where soil factors explained the most leaf traits in Mengla area, while meteorological factors explained the most in Yuanjiang area, probably because Yuanjiang area was mainly affected by high temperature and drought, which would have a legacy effect on the soil, and affect the biological activity in the soil. By contrast, Mengla area was affected by high temperature, and rainfall interaction directly affects nutrient availability of the soil, thus promoting the activity of key enzymes for the morphological transformation of carbon and nitrogen nutrients, which, in turn, makes the soil more fertile and contributes to nutrient content of B. ceiba leaves (Appel, 1998).



4.3. Responses of Bombax ceiba morphological structure to different habitat conditions

The roles of plant tree structure and leaf traits are not independent. Rather, they interact to adapt to the environment through the adjustment and balance of different combinations of trait factors (Weiher et al., 1999). Studies have shown that the effects of environmental factors on the structure of B. ceiba varied in different habitats. In dry and hot environment, drought can have an inhibitory effect on plant growth, such as plant height, crown width, diameter at breast height, and other morphological indicators (Shen et al., 2019). We get similar finding that the meteorological factors in Mengla area had higher explanatory power of B. ceiba tree structure than in Yuanjiang area. This is probably because Mengla is located in a humid-heat-influenced area, while Yuanjiang is located in a dry and hot zone, and the dry and hot infertile soil plays a determining role in affecting the growth of B. ceiba trees in terms of height and crown width. Overall, the topographic factors had the highest explanatory power of B. ceiba structure, while the explanatory power of meteorological and soil factors were slightly weaker, indicating that the topographic factors influenced the water, heat and nutrient environment in which the stands were located, and then influenced the tree height as well as canopy growth of B. ceiba. Studies have shown that as a source pool of nutrients, soil directly affects plant uptake and utilization of N and P nutrients, and further influences plant N:P stoichiometry relationships and even biomass allocation and ecological strategy selection (Peri et al., 2008). In the present study, we found that soil nutrients had the highest explanatory power of leaf traits in Mengla, while meteorological factors had the highest leaf traits in Yuanjiang, showing that soil nutrients had a differential effect on the growth and development of tree structure and leaf traits in different areas. Mengla showed a resource accumulation growth strategy, whereas Yuanjiang showed a growth strategy to adapt to the environment, reflecting the ecological plasticity of B. ceiba through maximizing the utilization efficiency of environmental resources.




5. Conclusion

The morphological structure of B. ceiba in heterogeneous habitats display different performance in response to the environment, reflecting its growth strategy of adaptive adjustment to resources. This study showed that the correlations between the factors of tree morphology and leaf traits in Mengla and Yuanjiang areas were extensive, and more than half of them could reach highly significant levels, reflecting the similarity of the adjustment of B. ceiba in different habitats. In terms of the degree of explanatory power, the three environmental factors had more explanatory power of tree structure than leaf traits, with the topographic factor explaining 18.6% of the tree structure. Meanwhile, the soil factor explained 20.1% of the leaf traits in Mengla, while the topographic factor explaining 13.6% of tree structure, and the meteorological factor explaining 11.6% of the leaf traits in Yuanjiang. This reflects that fact that B. ceiba in Mengla area adopts a resource accumulation growth strategy under hot and humid conditions, whereas B. ceiba in Yuanjiang area adopts a conservation growth strategy under high temperature and drought habitats. Of course, the morphological structure of B. ceiba is influenced by both internal genes and external environment, and future studies should be expanded on the aspect of genetic traits.
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Leaf functional traits reflect plant adaptive strategies towards environmental heterogeneity. However, which factor play the key role of plasticity of leaf functional traits among various variable environmental factors remains unclear in desert hinterland oasis area. Here, we analyzed variations in leaf water content (LWC), δ13C values of leaves (δ13C), specific leaf area (SLA), leaf organic carbon concentration (LOC), leaf total nitrogen concentration (LTN), leaf total phosphorus concentration (LTP), and leaf C: N: P stoichiometry in Tamarix chinensis growing in five habitats at the Daliyabuyi, a natural pristine oasis in northwestern China, that differ abiotically and biotically. The spatial heterogeneity of leaf functional traits was evident. Abiotic factors vitally influence leaf functional traits, of which groundwater depth (GWD) and soil C: N stoichiometry (SOC: STN) are crucial. GWD exhibited close relationships with LWC (P < 0.05) and LOC: LTP (P < 0.01), but not δ13C. Soil water content (SWC) and SOC: STN were negatively related to SLA (P < 0.01; P < 0.05). While, SOC: STN showed positive relationships with LOC: LTN (P < 0.05). As for biological factors, we found T. chinensis in habitat with Sophora alopecuroidies had the highest LTN, possibly as a result of N fixation of leguminous plants (S. alopecuroidies) promotes the N concentration of T. chinensis. Close relationships also existed between leaf functional traits, LWC showed significantly negatively relatd to δ13C, LOC: LTN and LOC: LTP (P < 0.05), whereas δ13C had positively correlated with LOC: LTN (P < 0.01) but negatively correlated with LTN (P < 0.05). T. chinensis had relative higher LWC couple with lower δ13C, and exhibiting lower C, N, P in leaves and their stoichiometric ratios, and also lower SLA which compared with other terrestrial plant. Such coordinations suggesting that T. chinensis develops a suite of trait combinations mainly tends to more conservative to response local habitats in Daliyabuyi, which is contribute to understand desert plant resource acquisition and utilization mechanisms in extremely arid and barren environments.




Keywords: Oasis, abiotic factors, biological factors, groundwater depth, slow-investment strategy



1 Introduction

Plant functional traits indicate the ability of plants to adapt to environmental changes (Perez-Harguindeguy et al., 2013). Leaves are the organs that experience the most exposure to the atmospheric environment. Leaf functional traits are therefore a significant part of plant functional traits, which are firmly relevant to resource acquisition and utilization, as well as plant biomass (Zirbel et al., 2017). Leaf functional traits variation across habitats has long interested ecologists, clarifying the key factors which influence the variation makes efforts to understand how plants response to evolutionary history and global environmental changes (Díaz et al., 2004; Poorter and Bongers, 2006; Hernández-Calderón et al., 2014; An et al., 2021). Soil properties are considered as key factors since they are crucial for plant growth, composition, and establishment. In earlier study, Han et al. (2005) suggested a positive correlation between soil phosphorus (P) concentration and leaf P concentration in their investigation across 753 terrestrial plant species in China. Previous studies have also found that soil water content (SWC) is related to leaf functional traits such as leaf water content (LWC), specific leaf area (SLA) and leaf P concentrations, certainly, for most plants with deep roots in desert, deep soil water is the key to regulate their various leaf traits (Akram et al., 2020; Li et al., 2021). In general, the optimum groundwater depth (GWD) is more favorable to the growth of desert plants, previous studies have revealed a close relationship between leaf functional traits, e. g. LWC, δ13C values of leaves (δ13C) as well as leaf element concentrations, and GWD both in the lower reaches of the Tarim River and the southern rim of the Taklamakan Desert (Chen et al., 2013; Zhang et al., 2018). In addition to abiotic factors (environmental factors), biological factors (community composition) also make contributions on leaf functional traits variation. Substantial evidence exists that for symbiotic leguminous and non-leguminous species, nitrogen (N) fixation affects leaf carbon (C), N and P concentrations, as well as leaf C: N: P stoichiometry of non-leguminous species (Nyfeler et al., 2009; Zeng et al., 2010; Zhang et al., 2016) via its impacts on soil chemical and physical properties, which clarified the phenomena and factors driving the correlation between differential community composition and leaf elemental concentrations and stoichiometric characteristics. Moreover, previous studies have also revealed significant species diversity effects on leaf elemental concentrations (van Ruijven and Berendse, 2005; Abbas et al., 2013). In summary, both abiotic and biological factors are believed to be the primarily reason for community assembly, which results in leaf functional traits variation in response to habitat spatial heterogeneity.

Despite leaf functional traits are widely variable across distinct habitats, they don’t vary indepently but connected (Reich and Oleksyn, 2004; Wright et al., 2004a; An et al., 2021). For the past nearly two decades, since the well-known ‘leaf economics spectrum’ (LES) highlights a trade-off from the quick to the slow return on investments of nutrients and dry mass of leaves, numerous previous studies have demonstrated strong relationships among distinct leaf traits at individual and community level by investing to regional-sacle and global-scale, and the correlations between key leaf traits taking more concern by ecologists, which can help to better describe the plant adaptation to the environment (McGroddy et al., 2004; Reich and Oleksyn, 2004; Wright et al., 2004a; Wright et al., 2004b; Easlon et al., 2014). Take leaf physiological traits for an example, several studies have revealed that simultaneous measurement of both LWC and δ13C provides a better understanding water use efficiency (WUE) response towards a reducing water supply in native species growing in arid or semi-arid environments (Chen et al., 2007; Bouda et al., 2013; Easlon et al., 2014). Several studies have reported that species with higher SLA always pair with higher leaf N and P concentrations, these acquisitive traits result in a faster return on resource investment and promote rapid plant growth (Wright and Cannon, 2001; Wright et al., 2004b; Kang et al., 2021). On the contrary, the slow return on investments and growth rate result from more conservative traits combinations, for example, lower SLA with lower leaf elements traits and their stoichiometric characteristics (Kang et al., 2021). Accordingly, exploring the trait-trait relationships provide a better understanding of how plants develop a suite of trait combinations that enable them to adapt to native habitats.

Old-World genus Tamarix belongs to Tamaricaceae family has about 54 species of shrubs and trees, and are grown in dry, salty, or riparian conditions (Gaskin and Schaal, 2002). Tamarix is one of the main components in desert oases and plays a key role in protecting oases and maintaining their stability (Xun and Wang, 2015). Tamarix chinensis is a species of Tamarix, as a typical dominanting vegetation in the hinterland of the Taklimakan desert, Daliyabuyi (Li et al., 2021; Wan et al., 2022). Recent studies on LWC and δ13C related to water usage, have concluded that Tamarix usually adopts a conservative water-use strategy under drought and salty stress (Marhaba et al., 2020; Hussain et al., 2022). Sun et al. (2017) measured C, N, and P concentrations and their stoichiometric ratios in samples of four species of Tamarix from 30 sites in eight different Chinese provinces. They have demonstrated, at a large scale, that Tamarix species growing in arid conditions had lower C and higher N and P in leaves, and variation in leaf stoichiometric compositions are mainly drived by climatic factors and less influenced by geographical changes and soil nutrients. In contrast, another study in northeastern Spain (Camarero, 2019), the author suggested that leaf functional traits of Tamarix were less responsive to climate variability. Although previous studies have summarized the response of leaf functional traits of Tamarix species to drought and salinity stress on a large scale, and the comparison of leaf functional traits between Tamarix species and other species is relatively common (Rong et al., 2014; Sun et al., 2017; Camarero, 2019; Marhaba et al., 2020; Hussain et al., 2022). But here’s another fact that the discussion of habitat spatial heterogeneity was limited, and the possible biological factors were less considered. Given the fact that different traits may respond differently to the same stress and that plants may select different foliar trait-trait combinations to adapt to various stresses (Messier et al., 2010), it is important to understand the main determinants of the variation in the leaf functional traits of T. chinensis, and the interrelation in each leaf functional traits in extremely arid and barren environments.

With these aims in mind, we focused on nine leaf functional traits of T. chinensis in the hinterland of the Taklimakan desert, Daliyabuyi, that were collected from five different habitats with different vegetation communities, trying to address the following questions: (i) how do leaf functional traits of T. chinensis differ at different habitats? (ii) what are the main factors in such leaf functional traits variation? and (iii) how do T. chinensis leaf functional traits interrelate?



2 Materials and methods


2.1 Study area

Daliyabuyi oasis (38° 16′ – 38° 37′ N, 81° 05 ′ – 81° 46′ E), is lotcated in Yutian County, Xinjiang, China (Figure 1). The study site has a typical warm temperate, arid desert climate (Wan et al., 2022). From the Yu Tian meteorological observatory in this study area, it has a mean air temperature of 11.6°C for the year, an average precipitation of fewer than 10 mm. This oasis still retains its ‘pristine’ state and has experienced minimal human interference; therefore, it currently thrives under natural conditions (Shi et al., 2021). Populus euphratica and T. chinensis are the dominant plant species in this community. Other common plant species are Apocynum ventum, Phragmites australis, Karelinia caspia, Alhagi sparsifolia, Sophora alopecuroidies, and Achnatherum splendens. The groundwater depth of the oasis ranges between 2 – 9 m from south to north (Imin et al., 2021; Wan et al., 2022).




Figure 1 | Study area location in Xinjiang, China. The abbreviations of the different habitats are as followed: T. chinensis population (SJ1), T. chinensis - P. euphratica (SJ2), T. chinensis - S. alopecuroidies (SJ3), T. chinensis - K. caspia - A. sparsifolia (SJ4), T. chinensis - K. caspia - A. sparsifolia - P. euphratica (SJ5).





2.2 Experimental design

In June 2021, we selected five sampling sites near already established groundwater observation wells within the Daliyabuyi oasis; these wells are secluded and far away from villages; thus, they have experienced little man-made disturbance. These five sampling sites were composed of different vegetation communities, namely: T. chinensis population (SJ1), T. chinensis - P. euphratica (SJ2), T. chinensis - S. alopecuroidies (SJ3), T. chinensis - K. caspia - A. sparsifolia (SJ4), T. chinensis - K. caspia - A. sparsifolia - P. euphratica (SJ5). Three 10 m × 10 m sample plots were established in each sampling site according to vegetation growth and groundwater level. Specifically, we recorded T. chinensis plant height and canopy width, sample location, and groundwater depth (Table 1).


Table 1 | Basic characteristics of T. chinensis in each of the different habitats, together with relevant environmental factors.



Our study selected nine ecologically important and closely related leaf functional traits, the details of which can be obtained in Table 2.


Table 2 | List of leaf functional traits and their ecological significance.





2.3 Sampling and measurements

To analyze leaf functional traits, fully expanded and sun exposed leaves from three to four healthy and mature T. chinensis plants were randomly collected in each plot. We first collected leaf samples to determine LWC and δ13C. Specifically, fresh leaves were first weighed, then dried at 75°C to a consistent mass, and weighed again to estimate LWC. In the laboratory, leaves were washed and subsequently fixed at 105°C, oven dried at 75°C, and then pulverized manually using a mortar and pestle. Ground samples were weighed and labeled, and then kept in plastic bags. δ13C of T. chinensis leaves were calculated with a Thermo Delta V Advantage (DELTA-V; Thermo Fisher Scientific, Waltham, MA, USA). Equation (1) was used to compute the carbon isotope abundance (δ13C, ‰), which was represented as the sample’s isotopic ratio in relation to the Pee Dee Belemnite (PDB) standard (Qin et al., 2020):

 

A second collection was made for measuring SLA, LOC, LTN, LTP, and C: N: P. Within 48 hours, leaves were laid out next to a ruler on a white background and photographed. Through the use of Adobe Photoshop 7.0, the average leaf area per specimen was able to calculate. All leaves were then dried in an oven at 75°C before being weighed to establish their dry mass. Equation (2) was then used to calculate SLA:



Finely ground dried leaves with a mill subsequently passed through an 80-mesh screen. This was then used to measure LOC (K2MnO4 volume method), LTN (Kjeldahl acid-digestion method), LTP (molybdenum-antimony solution was reacted with colorimetrically at 700 nm). LOC, LTN, and LTP were used to calculate leaf C: N: P stoichiometry.

Three points were selected near each T. chinensis sample for soil sample collection. Soils were sampled in 20 cm intervals, using a soil drill, until the soil drill reached the groundwater table. In order to measure the SWC, soil samples were put in aluminum boxes. In each plot, surface soil samples were taken 0 – 20 cm below the plant canopy. Each soil sample was separated into two subsamples after being put through a 2 mm screen. After being air dried, ground in a mill, and passed through a 60-mesh screen, the first subsample was analyzed for SOC (K2MnO4 volume method), STN (Kjeldahl acid-digestion method), and STP (HCLO4-H2SO4 method). SOC, STN, and STP were used to calculate the C: N: P stoichiometry of soil, while the second subsample was used to analyze soil pH.



2.4 Data analysis

SPSS 22.0 was used for all data analysis and all data are represented as means ± SE. Prior to analysis, all data were examined for normality and homoscedasticity. All graphs were plotted with Origin 2021. To statistically analyzed abiotic factors’ and traits’ comparison across five distinct habitats, one-way ANOVA was performed using SPSS 22.0. To test the significance among abiotic factors classes and traits classes, post hoc multiple comparisons were based on the Least Significant Difference (LSD) method at adjusted 0.05 significance level. To demonstrate the main abiotic factors were correlated with selected leaf functional traits in five different habitats and to test the correlations among traits selected, Pearson correlation analysis were performed.




3 Results


3.1 Soil parameter variation in different habitats

In note, SWC from five distinct habitats did not significantly differ from one another (except SJ3), and these results are reported only to reveal general tendencies for a comprehensive discussion. SWC in the five habitats initially fluctuated slightly, after which it increased rapidly (Figure 2). Specifically, SWC of SJ3 was significantly higher than the other four habitats (SJ1, SJ2, SJ4, SJ5) (P < 0.05), with a mean value of 28.65 %. The mean values of SWC in SJ1, SJ2, SJ4, SJ5 were as fowllowed respectively: 16.34 %, 16.89 %, 16.59 %, 19.01 %.




Figure 2 | Vertical soil water content profiles of the different habitat conditions in the Daliyabuyi oasis.



Soil C, N, P, C: N, C: P, and N: P ratios, as well as pH, differed significantly among the habitats (Table 3, P < 0.05). SOC, STN, and STP ranged between 2.57 – 5.15 g·kg-1, 0.097 – 0.192 g·kg-1, and 0.51 – 0.61 g·kg-1, respectively. Furthermore, SOC, STN, and STP in SJ1 were higher compared to the other habitats. The SOC of SJ1 and SJ2 were significantly higher than in SJ3 and SJ4. Also, the STN of SJ1 and SJ2 were significantly higher than in SJ3, SJ4, and SJ5, and the STP of SJ1 was significantly higher than in SJ3, SJ4, and SJ5. SOC: STN, SOC: STP, and STN: STP ranged between 24.92 – 29.36, 4.67 – 8.54, and 0.18 – 0.33, respectively. SOC: STN of SJ4 and SJ5 were significantly higher than in SJ1, SJ2, and SJ3. SOC: STP of SJ1 and SJ2 were significantly higher than in SJ3. STN: STP of SJ2 was significantly higher than in SJ3. Finally, soil pH ranged between 8.49 – 9.15, and the pH of SJ4 was significantly higher than in SJ1 and SJ5.


Table 3 | Soil pH, C, N, P, and stoichiometric characteristics (C: N, C: P, N: P) among different habitats in the Daliyabuyi oasis.





3.2 Leaf functional trait variation in different habitats

T. chinensis leaf functional traits differed significantly between the different habitats (Figure 3, P < 0.05). Specifically, LWC ranged between 37.61 – 70.8 %, and was significantly higher in SJ1, SJ2, and SJ3 compared to SJ4 and SJ5 (Figure 3A). δ13C ranged between -28.70 – -27.08 ‰, and was significantly higher in SJ4 and SJ5 compared to SJ2 and SJ3 (Figure 3B). SLA ranged between 32.45 cm2·g-1 – 50.19 cm2·g-1, and was significantly higher in SJ2 compared to other habitats. In contrast, there was no significant difference in SLA among SJ1, SJ3, SJ4, and SJ5 (Figure 3C). LOC, LTN, and LTP ranged between 339.60 – 408.07 g·kg-1, 13.41 – 19.61 g·kg-1, and 0.76 – 1.37 g·kg-1, respectively (Figures 3D-F). LOC was significantly higher in SJ1 and SJ3 compared to SJ2, SJ4, and SJ5. LTN was significantly higher in SJ3 compared to the other habitats. LTP was significantly higher in SJ1 compared to SJ4 and SJ5. LOC: LTN, LOC: LTP, and LTN: LTP ranged between 24.6 – 27.95, 312.23 – 493.33, and 12.72 – 18.46, respectively (Figures 3G-I). LOC: LTN was significantly higher in SJ4 and SJ5 compared to SJ3. LOC: LTP was significantly higher in SJ4 and SJ5 compared to SJ1 and SJ2. LTN: LTP was significantly higher in SJ3, SJ4, and SJ5 compared to SJ1.




Figure 3 | Vertical soil water content profiles of the different habitat conditions in the Daliyabuyi oasis. Note: Different lowercase letters indicate significant differences among the habitats (P < 0.05). Error bars indicate standard errors of the mean for triplicate measurements. The abbreviations of the leaf functional traits and different habitats are the same as in Table 2 and Figure 1, respectively. (A) LWC; (B) δ13C; (C) SLA; (D) LOC; (E) LTN; (F) LTP; (G) LOC: LTN; (H) LOC: LTP; (I) LTN: LTP.





3.3 Correlations between leaf functional traits and environmental factors

GWD, SWC, SOC, STP, and SOC : STN traits were correlated with specific leaf functional traits studied, but not wiht LOC and LTN (Figure 4). Both LWC and SLA were significantly and negatively correlated with SOC: STN (P < 0.01), while δ13C and LOC: LTN were significantly and positively correlated with SOC: STN (P < 0.05). Furthermore, LWC was significantly and positively correlated with GWD (P < 0.05), and SLA was significantly and negatively correlated with SWC at a 180 cm depth (P < 0.01). Additionally, LTP was significantly and positively correlated with STP (P < 0.05), while LOC: LTP was significantly and negatively correlated with STP and GWD (P < 0.01). Finally, LTN: LTP was significantly and negatively correlated with SOC (P < 0.05).




Figure 4 | Correlations between T. chinensis leaf functional traits and environmental factors. The orange circle represents a positive correlation, and the blue circle represents a negative correlation. Correlations are significant at ** P < 0.01 and * P < 0.05. The abbreviations of the leaf functional traits are the same as in Table 2. The abbreviations of the abiotic variables are as follows: Soil pH (pH), soil water content (SWC), soil organic carbon concentration (SOC), soil total nitrogen concentration (STN), soil total phosphorus concentration (STP), soil C: N: P stoichiometry (SOC: STN, SOC: STP, STN: STP).





3.4 Correlations between leaf functional traits

Pearson correlation result. yielded different correlations for the leaf functional traits (Figure 5). LWC exhibited a significant negative correlation with LOC: LTN and LOC: LTP (P < 0.05). δ13C was significantly and negatively correlated with LWC and LTN (P < 0.05), and significantly and positively correlated with LOC: LTN (P < 0.01). Moreover, LTP was significantly and negatively correlated with LOC: LTP (P < 0.05), however, considering the inevitable autocorrelation between these two values, the relationship is not analyzed in detail.




Figure 5 | Correlations between T. chinensis leaf functional traits. The orange circle represents a positive correlation, and the blue circle represents a negative correlation. Correlations are significant at ** P < 0.01 and * P < 0.05. The abbreviations of the leaf functional traits are the same as in Table 2.






4 Discussion


4.1 Correlations of abiotic and biological variables with leaf functional traits

Our comparative study of T. chinensis leaf functional traits in different habitats found that habitat spatial heterogeneity resulted in leaf functional trait differences. This is caused by both abiotic and biological factors, among which abiotic factors showed correlation with leaf functional traits (Figure 4). In this study, GWD of the five habitats (SJ1 – SJ5) we selected varied between 1.80 – 3.00 m, healthy and mature T. chinensis individuals, growing in alkaline soils with pH ranging from 8.49 – 9.15 (Tables 1, 3). Comparison of leaf functional traits and in these five habitats, and the main factors for such differences are described below.

First, LWC ranged between 37.61 – 70.81 %, while δ13C ranged between -28.70 – -27.08 ‰ (Figures 3A, B). The ranges of these two traits variation we obtained is basically consistent with the results of previous studies on T. chinensis (Xia et al., 2016; Imin et al., 2021; Wan et al., 2022). According to the result of Pearson correlation result. (Figure 4), positive relationships existed between GWD and LWC, considering that a GWD range of 2 – 6 m is optimal for constructive species such as Tamarix in desert area (Chen et al., 2013), besides, mature T. chinensis have a strong water absorption capacity since they can access deep underground water sources (Dong et al., 2020), it is therefore understandable that LWC of T. chinensis in the habitats (SJ1, SJ2 and SJ3) at GWD within 2.4 – 3.0 m are significantly higher than that of SJ3 and SJ4 growing in GWD of 1.8 m in our study. Secondary soil salinization had an impact on the shallow GWD (Chen et al., 2013), which might be the main factor limiting development of T. chinensis at GWD of 1.8 m. We also compared T. chinensis foliar δ13C values among the five habitats. However, the cause of δ13C differences was not reflected in GWD changes, similar to the findings of Marhaba et al. (2020) in previous work, but different from the results of Imin et al. (2021) conducted that T. chinensis foliar δ13C values response differently to GWD, within the range of 2.1 – 4.3 m, in Daliyabuyi oasis. Foliar δ13C values reflects WUE and is positively correlated with WUE (Farquhar and Richards, 1984). The uncorrelated results may be due to the case that T. chinensis retains a relatively high transpiration rate even when the water-absorbing layer is deep, so as to avoid strong drought stress and maintain a stable WUE (Wang et al., 2017). Since both photosynthesis and transpiration contribute to WUE (Bierhuizen and Slatyer, 1965), factors that influence either of these physiological processes are likely related to WUE; On the other hand, nutrients enhance photosynthetic rate while having little impact on transpiration rate (Patterson et al., 1997), leading to an increase in WUE. The significant positive relationship between SOC: STN (P < 0.05) (Figure 4), which is related to soil nutrient conditions, and δ13C in our study, providing convincing evidence for the above views.

Second, SLA values ranged between 32.45 – 50.19 cm2·g-1 (Figure 3C), the mean of which was 39.06 ± 6.87 cm2·g-1. This result was lower (53 ± 2 cm2·g-1) compared to Tamarix, which is Mediterranean plant genus growing in north-eastern Spain (Camarero, 2019). This comparison implies that species in habitats with abundant resources typically have higher SLA values than species in conditions with scarce resources (Cornelissen et al., 2003). In our study, SLA showed a significantly negative correlated with both SWC (P < 0.01) and SOC: STN (P < 0.05) (Figure 4). Our assumptions may overstate the range of SWC changes in the five habitats in our study because we expected that SLA declines with increasing aridity and nutrient shortages in native habitats (Fonseca et al., 2000; Wright and Cannon, 2001). On the one hand, the mean value of SJ3 was significantly higher than that of the other four habitats, and there was no statistical difference among these four habitats (Figure 2). According to Wan et al. (2022) investigation in Daliyabuyi, mature T. chinensis main water supply is in the deep soil water between 140 and 300 cm. The SWC of SJ3 at 140 – 300 cm in our research is around 30 %, which is higher than the SWC of the deep soil in previous studies (Marhaba et al., 2020; Wan et al., 2022). This might be as a result of river overflow in the habitat before to sampling. Short-term waterlogging stress prevents the roots’ access to oxygen (Yang et al., 2011), thus inhibiting plant growth. Waterlogging results in some changes in leaf functional traits, such as the reduction of SLA (Zuniga-Feest et al., 2017). On the other hand, our experiments were restricted to only one season and the majority of changes in SLA are likely to be driven by soil, it is difficult to separate the contributions of the various factors. As a result, future research on the long-term effects of SLA and other abiotic factors is necessary.

Third, the average LOC, LTN, and LTP of T. chinensis in the five habitats were 380.97 ± 27.97 g·kg-1, 15.84 ± 2.49 g·kg-1, and 1.00 ± 0.30 g·kg-1, respectively, and were lower compared to the desert halophytes of northwest China (396.7 ± 45.4 g·kg-1, 28.1 ± 9.4 g·kg-1, and 1.85 ± 0.5 g·kg-1, respectively) (Wang et al., 2015), as well as global terrestrial plants (461.6 ± 72.2 g·kg-1, 20.1 ± 8.7 g·kg-1, and 1.77 ± 1.1 g·kg-1, respectively) (Elser et al., 2000b; Reich and Oleksyn, 2004). Despite SJ4 and SJ5 had more symbiotic species than the other three habitats—three and four species, respectively—the LOC, LTN, and LTP of these two habitats were not the greatest in comparison to the other three habitats (Figures 3D-F). This conclusion does not accord with the view that the more species in the community, the higher the element concentrations of plant leaves (van Ruijven and Berendse, 2005; Oemlann et al., 2007; Abbas et al., 2013). Interestingly, LTN of T. chinensis in SJ3 was significantly higher than that of the other four habitats, which may mainly due to nitrogen fixation of leguminous plants (S. alopecuroidies) promotes the N concentration of non-leguminous plants (Nyfeler et al., 2009; Zeng et al., 2010; Zhang et al., 2016). The coupling between plant-soil P often occurs at the ecosystem scale (Aerts and Chapin, 2000). The correlation between the P content of leaves and soil P of terrestrial plants in China has also supported this viewpoint. Our study adds to the previously stated perspective by demonstrating a substantial positive association between STP and LTP (P < 0.05) (Figure 4).

Forth, compared with SJ1, SJ2, and SJ3, where there are fewer species, we concluded that LOC: LTN and LOC: LTP of SJ4 and SJ5 were the highest (Figures 3G-I). This may be a result of increased species variety and the complementary between species occupying various resource niches, which boosts the community’s ability to use its resources effectively (Robertson et al., 2009). Furthermore, it is possible that the presence of leguminous plants (A. sparsifolia) has an influence on the stoichiometric ratio of the elements in leaves (Nyfeler et al., 2009; Zeng et al., 2010; Zhang et al., 2016), and more data should be acquired to validate this hypothesis. Moreover, our result is supported by earlier researches that indicated that GWD was also a source of plant nutrients in addition to soil nutrient condition could be in part explanation, given that higher nutrient availability results in higher nutrient concentrations in leaves (Aerts and Chapin, 2000; Zhang et al., 2018), therefore LOC: LTN was significantly and positively correlated with SOC: STN (P < 0.05), while LOC: LTP was significantly and negatively correlated with STP and GWD in our study (P < 0.01) (Figure 4). Leaf N: P measures the relative limitation of N versus P. Generally, an N: P value below 14 frequently suggests limitation in N, whereas the value above 16 frequently shows limitation in P (Aerts and Chapin, 2000). The mean LTN: LTP values in this study (16.58 ± 2.88) are higher than in others (Elser et al., 2000a; Reich and Oleksyn, 2004), probably suggesting that T. chinensis is relatively limited by soil P concentration.



4.2 Correlations of leaf functional traits

Previous empirical studies have reported that correlational constraints exist among inter-relationship traits, and a mixture of direct and indirect causal relationships are reflected between traits in different environments (Wright et al., 2005; Shipley et al., 2006; Enquist et al., 2007; Lavorel, 2013) at large spatial scales. Our local scale research revealed that leaf functional traits were functionally associated across T. chinensis individuals within the five different habitats.

We found that LWC was significantly negatively correlated with δ13C (Figure 5), LOC: LTN and LOC: LTP, while δ13C was significantly and positively correlated with LOC: LTN but negatively correlated with LTN. In generally, leaf functional traits don’t vary independently, their coordination indicate ecological trade-offs between acquiring and conserving resources (Yang et al., 2019; Kang et al., 2021). The correlation between LWC and δ13C in our study is consistent with the significant negative correlation found by previous study on these two traits of major species in Xilin River Basin (Chen et al., 2007). In other words, the species with lower LWC had higher WUE and exhibited more conservative patterns of water usage. In our study,δ13C was negatively correlated with LTN, our finding contradicts the commonly reported positive correlation between these two trait (Sparks and Ehleringer, 1997). Within a certain range, the increase of N concentration promotes photosynthesis, thereby has an impact on the increase of WUE (Hamerlynck et al., 2004; Li et al., 2022). On the contrary, studies also found that δ13C was negatively correlated with leaf N concentration, and this was limited by season (Tsialtas et al., 2001). Prior research on trait-trait correlation has tended to concentrate on and quantify the link between SLA and N and P concentrations in leaves (Wright and Cannon, 2001; Wright et al., 2004b). Under extreme drought environment, plants generally choose the conservative strategy with lower SLA and lower N and P concentrations in leaves, and these traits are frequently positively connected (Yang et al., 2019). We found no association between these three traits, which may have been because we could only observe them for one season. Long-term research is thus required.

Given the above context, T. chinensis from the five habitats we investigated, with different vegetation communities, we can conclude that T. chinensis response to the native extremely arid and barren environments with higher LWC pair with lower δ13C, and exhibiting lower C, N, P in leaves and their stoichiometric ratios compared with other terrestrial plant, as well as lower SLA compared to Tamarix growing in habitats with abundant resources. Overall, the above trait-trait combinations, suggesting that T. chinensis develops a suite of trait combinations mainly tends to more conservative, and T. chinensis seems to be a slow-investing species in these five communities. This is consistent with the theory that species grow quickly and thus grab more resources when these are abundant, but avoid mortality under resources are scarce (Russo et al., 2005; Poorter and Bongers, 2006; Wright et al., 2010). If we want to be more clearly about its trait combination and which end of LES it is in, we need to make more in-depth studies on more traits such as leaf lifespan, photosynthetic capacity per unit leaf mass, and so on.




5 Conclusion

Overall, there were distinctions between leaf functional traits exists within the five habitats at the individual level. Abiotic factors vitally influence leaf functional traits, of which groundwater depth and soil C: N stoichiometry are crucial. Furthermore, the presence of leguminous species, or species diversity, may explain why LOC: LTN and LOC: LTP for SJ4 and SJ5 were higher than the other communities. Leaf functional traits we selected were not independent. LWC was significantly negatively correlated with δ13C, LOC: LTN and LOC: LTP, while δ13C was significantly and positively correlated with LOC: LTN but negatively correlated with LTN. Moreover, T. chinensis develops a suite of trait combinations mainly tends to more conservative, and T. chinensis seems to be a slow-investing species in these five communities to response local habitats in Daliyabuyi.



Data availability statement

The datasets presented in this article are not readily available because the participants of this study did not agree for our data to be shared publicly.



Author contributions

YD and QS conceived the study. MT, YD, AA, FE, WH led the sample collection. MT analyzed the data. MT and YD led the writing of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (Nos. 32160260, 31800613).



Acknowledgments

Special thanks to the driver, Ali, who drove us through the Taklimakan desert.



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

 Abbas, M., Ebeling, A., Oelmann, Y., Ptacnik, R., Roscher, C., Weigelt, A., et al. (2013). Biodiversity effects on plant stoichiometry. PLoS One 8 (3), e58179. doi: 10.1371/journal.pone.0058179

 Aerts, R., and Chapin, F. S. (2000). The mineral nutrition of wild plants revisited: a re-evaluation of processes and patterns. Adv. Ecol. Res. 30, 1–67.

 Akram, M. A., Wang, X. T., Hu, W. G., Xiong, J. L., Zhang, Y. H., Deng, Y., et al. (2020). Convergent variations in the leaf traits of desert plants. Plants 9 (8), 990. doi: 10.3390/plants9080990

 An, N. N., Lu, N., Fu, B. J., Wang, M. Y., and He, N. P. (2021). Distinct responses of leaf traits to environment and phylogeny between herbaceous and woody angiosperm species in China. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.799401

 Bierhuizen, J. F., and Slatyer, R. O. (1965). Effect of atmospheric concentration of water vapour and CO2 in determining transpiration-photosynthesis relationships of cotton leaves. Agric. Meteorol. 2 (4), 259–270. doi: 10.1016/0002-1571(65)90012-9

 Bouda, Z. H.-N., Bayala, J., Markussen, B., Jensen, J. S., and Raebild, A. (2013). Provenance variation in survival, growth and dry matter partitioning of parkia biglobosa (Jacq.) R.Br. ex G.Don seedlings in response to water stress. Agroforestry Syst. 87 (1), 59–71. doi: 10.1007/s10457-012-9521-9

 Camarero, J. J. (2019). Linking functional traits and climate-growth relationships in Mediterranean species through wood density. IAWA J. 40 (2), 215–240. doi: 10.1163/22941932-40190225

 Chen, S., Bai, Y., Lin, G., Huang, J., and Han, X. (2007). Isotopic carbon composition and related characters of dominant species along an environmental gradient in inner Mongolia, China. J. Arid Environments 71 (1), 12–28. doi: 10.1016/j.jaridenv.2007.02.006

 Chen, Y. N., Zhou, H. H., and Chen, Y. P. (2013). Adaptation strategies of desert riparian forest vegetation in response to drought stress. Ecohydrology 6, 956–973. doi: 10.1002/eco.1413

 Cornelissen, J. H. C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N., Gurvich, D. E., et al. (2003). A handbook of protocols for standardised and easy measurement of plant functional traits worldwide. Aust. J. Bot. 51 (4), 335–380. doi: 10.1071/BT02124

 Dawson, T. E., Mambelli, S., Plamboeck, A. H., Templer, P. H., and Tu, K. P. (2002). Stable isotopes in plant ecology. Annu. Rev. Ecol. Systematics 33, 507–559. doi: 10.1146/annurev.ecolsys.33.020602.095451

 Díaz, S.,. J. G., Hodgson, K., Thompson, M., Cabido, J. H. C., Cornelissen, J. H. C., Jalili, A., et al. (2004). The plant traits that drive ecosystems: evidence from three continents. J. Vegetation Sci. 15 (3), 295–304. doi: 10.1111/j.1654-1103.2004.tb02266.x

 Dong, Z. W., Li, S. Y., Zhao, Y., Lei, J. Q., Wang, Y. D., and Li, C. J. (2020). Stable oxygen-hydrogen isotopes reveal water use strategies of Tamarix taklamakanensis in the taklimakan desert, China. J. Of Arid Land 12 (1), 115–129. doi: 10.1007/s40333-020-0051-4

 Easlon, H. M., Nemali, K. S., Richards, J. H., Hanson, D. T., Juenger, T. E., and McKay, J. K. (2014). The physiological basis for genetic variation in water use efficiency and carbon isotope composition in Arabidopsis thaliana. Photosynthesis Res. 119 (1-2), 119–129. doi: 10.1007/s11120-013-9891-5

 Elser, J. J., Fagan, W. F., Denno, R. F., Dobberfuhl, D. R., Folarin, A., Huberty, A., et al. (2000a). Nutritional constraints in terrestrial and freshwater food webs. Nature 408 (6812), 578–580. doi: 10.1038/35046058

 Elser, J. J., Fagan, W. F., Kerkhoff, A. J., Swenson, N. G., and Enquist, B. J. (2010). Biological stoichiometry of plant production: metabolism, scaling and ecological response to global change. New Phytol. 186 (3), 593–608. doi: 10.1111/j.1469-8137.2010.03214.x

 Elser, J. J., Sterner, R. W., Gorokhova, E., Fagan, W. F., Markow, T. A., Cotner, J. B., et al. (2000b). Biological stoichiometry from genes to ecosystems. Ecol. Lett. 3 (6), 540–550. doi: 10.1046/j.1461-0248.2000.00185.x

 Enquist, B. J., Kerkhoff, A. J., Stark, S. C., Swenson, N. G., McCarthy, M. C., and Price, C. A. (2007). A general integrative model for scaling plant growth, carbon flux, and functional trait spectra. Nature 449 (7159), 218–222. doi: 10.1038/nature06061

 Farquhar, G. D., and Richards, R. A. (1984). Isotopic composition of plant carbon correlates with water-use efficiency of wheat genotypes. Aust. J. Plant Physiol. 11 (6), 539–552. doi: 10.1071/PP9840539

 Fonseca, C. R., Overton, J. M., Collins, B., and Westoby, M. (2000). Shifts in trait-combinations along rainfall and phosphorus gradients. J. Ecol. 88 (6), 964–977. doi: 10.1046/j.1365-2745.2000.00506.x

 Gaskin, J. F., and Schaal, B. A. (2002). Hybrid Tamarix widespread in US invasion and undetected in native Asian range. Proc. Natl. Acad. Sci. United States America 99 (17), 11256–11259. doi: 10.1073/pnas.13240329

 Hamerlynck, E. P., Huxman, T. E., Mcauliffe, J. R., and Smith, S. D. (2004). Carbon isotope discrimination and foliar nutrient status of Larrea tridentata (creosote bush) in contrasting Mojave desert soils.Oecologia 138, 210–215. doi: 10.1007/s00442-003-1437-7

 Han, W. X., Fang, J. Y., Guo, D. L., and Zhang, Y. (2005). Leaf nitrogen and phosphorus stoichiometry across 753 terrestrial plant species in China. New Phytol. 168, 377–385. doi: 10.1111/j.1469-8137.2005.01530.x

 Hernández-Calderón, E., Méndez-Alonzo, R., Martínez-Cruz, J., González-Rodríguez, A., and Oyama, K. (2014). Altitudinal changes in tree leaf and stem functional diversity in a semi-tropical mountain. J. Vegetation Sci. 25 (4), 955–966. doi: 10.1111/jvs.12158

 Hussain, T., Asrar, H., Li, J. S., Feng, X. H., Gul, B., and Liu, X. J. (2022). The presence of salts in the leaf exudate improves the photosynthetic performance of a recreto-halophyte. Tamarix Chinensis Environ. Exp. Bot. 199, 104896. doi: 10.1016/j.envexpbot.2022.104896

 Imin, B., Dai, Y., Shi, Q. D., Guo, Y. C., Li, H., and Nijat., M. (2021). Responses of two dominant desert plant species to the changes in groundwater depth in hinterland natural oasis,Tarim basin. Ecol. Evol. 11 (14), 9460–9471. doi: 10.1002/ece3.7766

 Kang, X., Li, Y., Zhou, J., Zhang, S., Li, C., Wang, J., et al. (2021). Response of leaf traits of Eastern qinghai-Tibetan broad-leaved woody plants to climatic factors. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.679726

 Lavorel, S. (2013). Plant functional effects on ecosystem services. J. Ecol. 101 (1), 4–8. doi: 10.1111/1365-2745.12031

 Li, S. J., Gou, W., Wang, H., White, J. F., Wu, G. Q., and Su, P. X. (2021). Trade-off relationships of leaf functional traits of lycium ruthenicum in response to soil properties in the lower reaches of heihe river, Northwest China. Diversity-Basel 13 (9), 453. doi: 10.3390/d13090453

 Li, H., Shi, Q. D., Wan, Y. B., Shi, H. B., and Imin, B. (2021). Using sentinel-2 images to map the populus euphratica distribution based on the spectral difference acquired at the key phenological stage. Forests 12 (2), 147. doi: 10.3390/f12020147

 Li, T., Zhang, Z. H., Sun, J. K., Fu, Z. Y., Zhao, Y. H., and Xu, W. J. (2022). Seasonal variation characteristics of c, n, and p stoichiometry and water use efficiency of Messerschmidia sibirica and its relationship with soil nutrients. Front. In Ecol. Evol. 10. doi: 10.3389/fevo.2022.948682

 Marhaba, N., Dai, Y., Shi, Q., Li, T., Xiaohelaiti, B., and Anwaier, A. (2020). Response of foliar δ13C of populus euphratica and tamarix sp. to different groundwater depths in the oasis of desert hinterland. Chin. J. Appl. Ecol. 31 (4), 1083–1087. doi: 10.13287/j.1001-9332.202004.004

 McGroddy, M. E., Daufresne, T., and Heedin, L. O. (2004). Scaling of c: N: P stoichiometry in forests worldwide: implications of terrestrial redfield-type ratios. Ecology 85 (9), 2390–2401. doi: 10.1890/03-0351

 Messier, J., McGill, B. J., and Lechowicz, M. J. (2010). How do traits vary across ecological scales? a case for trait-based ecology. Ecol. Lett. 13, 838–848. doi: 10.1111/j.1461-0248.2010.01476.x

 Nyfeler, D., Huguenin-Elie, O., Suter, M., Frossard, E., Connolly, J., and Luscher, A. (2009). Strong mixture effects among four species in fertilized agricultural grassland led to persistent and consistent transgressive overyielding. J. Appl. Ecol. 46 (3), 683–691. doi: 10.1111/j.1365-2664.2009.01653.x

 Oelmann, Y., Wilcke, W., Temperton, V. M., Buchmann, N., Roscher, C., Schumacher, J., et al. (2007). Soil and plant nitrogen pools as related to plant diversity in an experimental grassland. Soil Sci. Soc. America J. 71 (3), 720–729. doi: 10.2136/sssaj2006.0205

 Patterson, T. B., Guy, R. D., and Dang, Q. L. (1997). Whole-plant nitrogen- and water-relations traits, and their associated trade-offs, in adjacent muskeg and upland boreal spruce species. Oecologia 110, 160–168. doi: 10.1007/s004420050145

 Pérez-Harguindeguy, N., Díaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P., et al. (2013). New handbook for standardised measurement of plant functional traits worldwide. Aust. J. Bot. 61 (3), 167–234. doi: 10.1071/BT12225

 Poorter, L., and Bongers, F. (2006). Leaf traits are good predictors of plant performance across 53 rain forest species. Ecology 87 (7), 1733–1743.

 Qin, L., Yuan, Y., Shang, H., Yu, S., Liu, W., and Zhang, R. (2020). Impacts of global warming on the radial growth and long-term intrinsic water-use efficiency (iWUE) of schrenk spruce (Picea schrenkiana fisch. et mey) in the sayram lake basin, Northwest China. Forests 11 (4), 380. doi: 10.3390/f11040380

 Reich, P. B. (2014). The world-wide’fast–slow’plant economics spectrum: a traits manifesto. J. Ecol. 102, 275–301. doi: 10.1111/1365-2745.12211

 Reich, P. B., and Oleksyn, N. J. (2004). Global patterns of plant leaf n and p in relation to temperature and latitude. Proc. Natl. Acad. Sci. United States America 101 (1), 11001–11006. doi: 10.1073/pnas.0403588101

 Robertson, T. R., Bell, C. W., Zak, J. C., and Tissue, D. T. (2009). Precipitation timing and magnitude differentially affect aboveground annual net primary productivity in three perennial species in a chihuahuan desert grassland. New Phytol. 181, 230–242. doi: 10.1111/j.1469-8137.2008.02643.x

 Rong, Q., Liu, J., Cai, Y., Lu, Z., Zhao, Z., Yue, W., et al. (2014). Leaf carbon, nitrogen and phosphorus stoichiometry of Tamarix chinensis lour. in the laizhou bay coastal wetland, China. Ecol. Eng. 76, 57–65. doi: 10.1016/j.ecoleng.2014.03.002

 Russo, S. E., Davies, S. J., King, D. A., and Tan, S. (2005). Soil-related performance variation and distributions of tree species in a bornean rain forest. J. Ecol. 93 (5), 879–889. doi: 10.1111/j.1365-2745.2005.01030.x

 Shipley, B., Lechowicz, M. J., Wright, I., and Reich, P. B. (2006). Fundamental trade-offs generating the worldwide leaf economics spectrum. Ecology 87 (3), 535–541. doi: 10.1890/05-1051

 Shi, H. B., Shi, Q. D., Zhou, X. L., Imin, B., Li, H., Zhang, W. Q., et al. (2021). Effect of the competition mechanism of between co-dominant species on the ecological characteristics of Populus euphratica under a water gradient in a desert oasis. Global Ecol. Conserv. 27, e01611. doi: 10.1016/j.gecco.2021.e01611

 Sparks, J. P., and Ehleringer, J. R. (1997). Leaf carbon isot ope discrimination and nitrogen content for riparian trees al ong elevational transects. Oecologia 109, 362–367.

 Sun, L. K., Zhang, B. G., Wang, B., Zhang, G. S., Zhang, W., Zhang, B. L., et al. (2017). Leaf elemental stoichiometry of Tamarix lour. species in relation to geographic, climatic, soil, and genetic components in China. Ecol. Eng. 106, 448–457. doi: 10.1016/j.ecoleng.2017.06.018

 Tsialtas, J. T., Handley, L. L., Kassioumi, M. T., Veresoglou, D. S., and Gagianas, A. A. (2001). Interspecific vari ation in potenti al water -use efficiency and its relationto plant species abundance in a water-limited grassland. Funct. Ecol. 15, 605–614.

 van Ruijven, J., and Berendse, F. (2005). Diversity-productivity relationships: Initial effects, long-term patterns, and underlying mechanisms. Proc. Natl. Acad. Sci. United States America 102 (3), 695–700. doi: 10.1073/pnas.0407524102

 Wang, S. Y., Long, X., Sun, Z. Y., and Sun, L. J. (2017). Response of Tamarix in water use efficiency to intra-annual water table fluctuation in an arid riparian zone. Geological Sci. Technol. Inf. 36 (4), 215–221. doi: 10.19509/j.cnki.dzkq.2017.0428

 Wang, L. L., Zhao, G. X., Li, M., Zhang, M. T., Zhang, L. F., Zhang, X. F., et al. (2015). C: N: P stoichiometry and leaf traits of halophytes in an arid saline environment, Northwest China. PloS One 10 (3), e0119935. doi: 10.1371/journal.pone.0119935

 Wan, Y. B., Shi, Q. D., Dai, Y., Marhaba, N., Peng, L. P., Peng, L., et al. (2022). Water use characteristics of Populus euphratica oliv. and Tamarix chinensis lour. at different growth stages in a desert oasis. Forests 13 (2), 236. doi: 10.3390/f13020236

 Wright, I. J., and Cannon, K. (2001). Relationships between leaf lifespan and structural defences in a low-nutrient, sclerophyll flora. Funct. Ecol. 15 (3), 351–359. doi: 10.1046/j.1365-2435.2001.00522.x

 Wright, I. J., Groom, P. K., Lamont, B. B., Poot, P., Prior, L. D., Reich, P. B., et al. (2004b). Leaf trait relationships in Australian plant species. Funct. Plant Biol. 31 (5), 551–558. doi: 10.1071/FP03212

 Wright, S. J., Kitajima, K., Kraft, N. J. B., Reich, P. B., Wright, I. J., Bunker, D. E., et al. (2010). Functional traits and the growth-mortality trade-off in tropical trees. Ecology 91 (12), 3664–3674. doi: 10.1890/09-2335.1

 Wright, I. J., Reich, P. B., Cornelissen, J. H. C., Falster, D. S., Garnier, E., Hikosaka, K., et al. (2005). Assessing the generality of global leaf trait relationships. New Phytol. 166 (2), 485–496. doi: 10.1111/j.1469-8137.2005.01349.x

 Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F. Z., et al. (2004a). The worldwide leaf economics spectrum. Nature 428 (6985), 821–827. doi: 10.1038/nature02403

 Xia, J. B., Zhang, S. Y., Zhao, X. M., Liu, J. H., and Chen, Y. P. (2016). Effects of different groundwater depths on the distribution characteristics of soil-Tamarix water contents and salinity under saline mineralization conditions. Catena 142, 166–176. doi: 10.1016/j.catena.2016.03.005

 Xun, L., and Wang, L. (2015). An object-based SVM method incorporating optimal segmentation scale estimation using bhattacharyya distance for mapping salt cedar (Tamarisk spp.) with QuickBird imagery. Gisci. Remote Sens. 52 (3), 257–273. doi: 10.1080/15481603.2015.1026049

 Yang, Y., Wang, H., Harrison, S. P., Prentice, I. C., Wright, I. J., Peng, C., et al. (2019). Quantifying leaf-trait covariation and its controls across climates and biomes. New Phytol. 221, 155–168. doi: 10.1111/nph.15422

 Yang, F., Wang, Y., Wang, J., Deng, W. Q., Liao, L., and Li, M. (2011). Different eco-physiological responses between male and female populus deltoides clones to waterlogging stress. For. Ecol. Manage. 262 (11), 1963–1971. doi: 10.1016/j.foreco.2011.08.039

 Zeng, D. H., Li., L. J., Fahey, T. J., Yu, Z. Y., Fan, Z. P., and Chen, F. S. (2010). Effects of nitrogen addition on vegetation and ecosystem carbon in a semi-arid grassland. Biogeochemistry 98 (1-3), 185–193. doi: 10.1007/s10533-009-9385-x

 Zhang, B., Gui, D. W., Gao, X. P., Shareef, M., Li, L., and Zeng, F. J. (2018). Controlling soil factor in plant growth and salt tolerance of leguminous plant Alhagi sparsifolia shap. in saline deserts, Northwest China. Contemp. Problems Ecol. 11 (1), 111–121. doi: 10.1134/S199542551801002X

 Zhang, H. Y., Yu, Q., Lu, X. T., Trumbore, S. E., Yang, J. J., and Han, X. G. (2016). Impacts of leguminous shrub encroachment on neighboring grasses include transfer of fixed nitrogen. Oecologia 180 (4), 1213–1222. doi: 10.1007/s00442-015-3538-5

 Zirbel, C. R., Bassett, T., Grman, E., and Brudvig, L. A. (2017). Plant functional traits and environmental conditions shape community assembly and ecosystem functioning during restoration. J. Appl. Ecol. 54 (4), 1070–1079. doi: 10.1111/1365-2664.12885

 Zuniga-Feest, A., Bustos-Salazar, A., Alves, F., Martinez, V., and Smith-Ramirez, C. (2017). Physiological and morphological responses to permanent and intermittent waterlogging in seedlings of four evergreen trees of temperate swamp forests. Tree Physiol. 37 (6), 779–789. doi: 10.1093/treephys/tpx023


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 Tayir, Dai, Shi, Abdureyim, Erkin and Huang. 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: 26 January 2023

doi: 10.3389/fpls.2023.1124585

[image: image2]


Co-contamination by heavy metal and organic pollutant alters impacts of genotypic richness on soil nutrients


Lin Huang 1, Si-Mei Yao 1,2, Yu Jin 1,3, Wei Xue 1* and Fei-Hai Yu 1*


1 Zhejiang Provincial Key Laboratory of Evolutionary Ecology and Conservation/Institute of Wetland Ecology & Clone Ecology, Taizhou University, Taizhou, China, 2 College of Ecology and Environment, Chengdu University of Technology, Chengdu, Sichuan, China, 3 School of Ecology and Nature Conservation, Beijing Forestry University, Beijing, China




Edited by: 

Deliang Kong, Henan Agricultural University, China

Reviewed by: 

Changxiao Li, Southwest University, China

Lijia Dong, Institute of Botany (CAS), China

Guo Ziwu, Chinese Academy of Forestry, China

*Correspondence: 

Wei Xue
 x_wei1988@163.com 

Fei-Hai Yu
 feihaiyu@126.com

Specialty section: 
 This article was submitted to Functional Plant Ecology, a section of the journal Frontiers in Plant Science


Received: 15 December 2022

Accepted: 12 January 2023

Published: 26 January 2023

Citation:
Huang L, Yao S-M, Jin Y, Xue W and Yu F-H (2023) Co-contamination by heavy metal and organic pollutant alters impacts of genotypic richness on soil nutrients. Front. Plant Sci. 14:1124585. doi: 10.3389/fpls.2023.1124585



Co-contamination by heavy metal and organic pollutant may negatively influence plant performance, and increasing the number of genotypes for a plant population may reduce this negative effect. To test this hypothesis, we constructed experimental populations of Hydrocotyle vulgaris consisting of single, four or eight genotypes in soils contaminated by cadmium, cypermethrin or both. Biomass, leaf area and stem internode length of H. vulgaris were significantly lower in the soil contaminated by cypermethrin and by both cadmium and cypermethrin than in the soil contaminated by cadmium only. A reverse pattern was found for specific internode length and specific leaf area. In general, genotypic richness or its interaction with soil contamination did not influence plant growth or morphology. However, soil nutrients varied in response to soil contamination and genotypic richness. Moreover, plant population growth was positively correlated to soil total nitrogen, but negatively correlated to total potassium and organic matter. We conclude that co-contamination by cadmium and cypermethrin may suppress the growth of H. vulgaris population compared to contamination by cadmium only, but genotypic richness may play little role in regulating these effects.
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Introduction

The soil is one of the world’s most important resources, playing a crucial role in supporting the lives of humans, animals, plants and other living organisms (Bardgett and van der Putten, 2014; Bahram et al., 2018; Geisen et al., 2019; Guerra et al., 2020). However, due to rapid industry development and intense agriculture, soils in many ecosystems have been polluted, severely threating the health and sustainability of ecosystems (Nouri et al., 2009; He et al., 2014; Bandowe et al., 2019; Wang et al., 2019; Titaley et al., 2020; Alengebawy et al., 2021; Ali et al., 2022). As one of the most common pollutants in the soil, heavy metals have attracted global attentions (Chibuike and Obiora, 2014; Cristaldi et al., 2017; Shahid et al., 2017; Kumar et al., 2019; Eijsackers et al., 2020; Alengebawy et al., 2021). For example, cadmium can be taken up by plants and its accumulation in plant organs can inhabit plant growth due to toxicity (Raskin et al., 1994; Podar et al., 2004; Shahid et al., 2017; Wang et al., 2019). Soils are also frequently influenced by organic pollutants introduced by, e.g., oil exploitation and utilization of pesticides (Reid et al., 2000; Cristaldi et al., 2017; Sharma et al., 2019; Tudi et al., 2021). In particular, pesticides may persist in the soil for a long time and thus may be harmful to plants as they can alter the ecological process such as photosynthesis, enzyme activity, root growth and leaf formation (Boutin et al., 2014; Parween et al., 2016; Yadav and Devi, 2017; Aveek et al., 2019; Siddiqui et al., 2022). More often, soils in nature are co-contaminated by heavy metals and organic pollutants, which may enhance the negative effect of single pollutant on plant growth due to additive or synergic effects (Singh et al., 2017; Khudur et al., 2018; Zhao et al., 2018; Alengebawy et al., 2021; Ali et al., 2022). Therefore, it is crucial to test the response of plants to soil co-contaminated by heavy metals and organic pollutants to guide phytoremediation.

Biodiversity experiments have generally revealed a positive relationship between plant species richness and community productivity (e.g., Loreau and Hector, 2001; Tilman et al., 2001; van Ruijven and Berendse, 2003). These positive relationships are attributed to complementarity effect, i.e., more diverse communities can utilize resources more complementarily via niche differentiation and species facilitation, and/or selection effect, i.e., more diverse communities have a higher chance to include productive species (Loreau and Hector, 2001; Polley et al., 2003; van Ruijven and Berendse, 2005; Godoy et al., 2020). Therefore, increasing the number of species may potentially help the recovery of plant communities in contaminated soils. Similarly, increasing genotypic richness of a plant population may also promote the complementary utilization of resources and increase probability of the presence of particularly productive genotypes, as different genotypes of the same species also vary in their abilities to acquire resources (Fridley et al., 2007; Lankau and Strauss, 2007; Hughes et al., 2008; Baron et al., 2015). Thus, increasing genotypic richness of a plant population may increase its productivity (Crutsinger et al., 2006; Lankau and Strauss, 2007; Fridley and Grime, 2010; Kotowska et al., 2010; Schöb et al., 2015; Begum et al., 2022) and consequently the ability to remediate the contaminated soil. However, how genotypic richness influences the population productivity in soil co-contaminated by heavy metals and organic pollutants was largely unknown.

Hydrocotyle vulgaris is an introduced species in the Araliaceae family, and occurs in many natural and semi-natural wetlands and grasslands in China (Dong et al., 2015). Different genotypes of H. vulgaris can co-exist in the field, but often only one genotype is dominant (Wang et al., 2020). Previous studies have shown that H. vulgaris exhibits rapid asexual reproduction ability, high degree of phenotypic plasticity and strong tolerance ability (Dong, 1995; Dong et al., 2015; Liu et al., 2021; Xue et al., 2022). It has been used in the water purification for the removal of heavy metals and organic pollutants (Morand et al., 2011; Vafaei et al., 2013; Ni et al., 2018; Li et al., 2020). Therefore, to explore the population growth of H. vulgaris regulated by genotypic richness in contaminated soils may have significant implications for the application of this species in remediation of these contaminated soils. However, whether H. vulgaris can thrive in the soil co-contaminated by heavy metals and organic pollutants and thus may potentially be used for the remediation of contaminated soils is largely unknown.

To answer these questions, we conducted a greenhouse experiment by planting H. vulgaris populations consisted of one, four or eight genotypes in soil contaminated by cadmium, cypermethrin or both. Specifically, we tested the following hypothesis: (1) plant populations grown in the soil co-contaminated by cadmium and cypermethrin produces lower biomass than that grown in the soil contaminated by either cadmium or cypermethrin, due to additive or synergic effects of the two pollutants (Singh et al., 2017); (2) plant populations with more genotypes produces more biomass than those with less genotypes, due to higher utilization efficiency of soil nutrients; (3) the negative effect of co-contamination is weaker in populations of greater genotypic richness compared to those with lower genotypic richness.



Materials and methods


The species

Hydrocotyle vulgaris L. (Araliaceae) is a perennial amphibious plant. More than 30 years ago, this species was introduced into China as an ornamental species. This species can produce creeping stems, and newly produced ramets consisting of a leaf and some adventitious roots can emerge from the stem nodes (Dong, 1995; Xue et al., 2022). H. vulgaris is now widely distributed in many habitats as it can expand its distribution ranges via high phenotypic plasticity and rapidly vegetative growth (Dong et al., 2015; Huang et al., 2022).

In 2016, we collected ramets of H. vulgaris from 10 sites in different provinces in China (Table 1; Wang et al., 2020). Then we extracted total genomic DNA for the mature leaves of each collected ramet and detected their DNA methylation status using methylation-sensitive amplified polymorphism (MSAP) markers (see Wang et al., 2020 for more details). The ramet of different genotypes varies a lot in their phenotypic characteristics (Wang et al., 2020). Ramets of different genotypes were cultivated in separate containers and the newly produced ramets were collected from these containers and used in the experiment described below.


Table 1 | Sampling cites of the initial ramets of H. vulgaris for genotype identification.





The experiment

The experiment consisted of three soil contamination treatments (i.e., soil was contaminated by cadmium, cypermethrin or both), crossed with three genotypic richness treatments (i.e., monoculture, 4-genotype and 8-genotype mixtures). We collected a field soil from a hill in Taizhou, Zhejiang Province, China. The soil was air-dried, sieved (2 cm mesh) and mixed evenly with sand at a volume ratio of 1:1 (the “bulk” soil hereafter). To generate the cadmium treatment, we added 5 ml solution of CdCl2·2.5H2O into 7 kg bulk soil, and filled them into a pot (27 cm in diameter and 18 cm in height; concentration of Cd equals 10 mg/kg). The concentration of Cd applied in the experiment was larger than the maximum concentration (~ 6.6 mg/kg) detected in the local contaminated soil. To generate the cypermethrin treatment, we added 14 ml synthetic pyrethroid pesticides (4.5% cypermethrin; Shandong Henglida Biotechnology Co., Ltd.) into 7 kg bulk soil, and filled them into a pot. The pesticide concentration applied in the experiment was 20 times as that applied in Tejada et al. (2015). In the co-contamination treatment, we added 5 ml solution of CdCl2·2.5H2O and 14 ml synthetic pyrethroid pesticides into 7 kg bulk soil, and filled them into a pot. Each soil contamination treatment had 29 pots; therefore, there were 3 contaminated soils × 29 pots = 78 pots in total.

Two weeks later, we planted H. vulgaris populations with different genotypic richness (i.e., monoculture, 4-genotype and 8-genotype mixtures) in these soils based on a field investigation (Wang et al., 2020). We used 10 genotypes of H. vulgaris to create the plant populations in this experiment. In monocultures, we planted 16 ramets of the same genotype in a pot, resulting in a total of 30 populations (pots) (10 genotypes × 3 contaminated soils). In the 4-genotype mixtures, we randomly selected four genotypes from the pool of the ten genotypes, and eight different combinations were randomly selected from a total of 210   ombinations. A total of 24 populations (pots) (8 combinations × 3 contaminated soils) were created, and for a given 4-genotype combination we planted four ramets of each genotype in a pot. Similarly, in the 8-genotype mixtures, we first randomly selected eight genotypes from the genotype pool, and a total of eight different combinations were selected. A total of 24 8-genotype populations were created and each population consisted of two ramets of each genotype. In this study, we manipulated the number of genotypes but not specific composition of the population. Therefore, there were ten replicates for monocultures, eight replicates for the 4- and 8-genotype mixtures; and each replicate in the genotypic richness levels had a different, randomly determined combination of genotypes (Table 2; Tilman et al., 2001).


Table 2 | Genotype combination used for different genotypic richness levels.



The size of the initial ramets used in the experiment were standardized and each ramet had a node with some adventitious roots, a petiole of 2 cm long, a proximal and a distal internode of 1 cm long. Ramets that were not established during the first two weeks of the experiment were replaced. All pots were watered regularly. The experiment was maintained for 90 days (22 July to 22 October 2020). During the experiment, the daily mean temperature was 27.1°C.



Harvest and measurements

At the end of the experiment, we first counted the number of ramets in each pot. Then, for each pot, we harvested all ramets of different genotypes together, and separated them into roots, creeping stems and leaves. Biomass was obtained after being oven-dried at 80 °C for at least 48 h. During harvest, the root was washed over a 0.5 mm-mesh sieve. We also randomly selected 10 fully developed leaf blades and 10 mature internodes in each pot, and measured leaf area, internode length and their dry weight. Based on these data, we calculated specific leaf area (SLA) and specific internode length (SIL).

We also collected a subsample (200 g) of soil from each pot. The soil sample was air-dried and sieved (100 meshes) for the determination of soil total nitrogen (TN), soil total phosphorus (TP), soil total potassium (TK) and soil organic matter. We first added 5 ml of H2SO4 and 0.5 ml of HClO4 to the soil sample (0.5 g), digesting it at 360°C for 35 min, and then filtered the solution at room temperature (20°C). Soil TN and TP were determined by the spectrophotometric method with a continuous flow automated analyzer (Seal, Germany), and soil TK was determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Optima 2100 DV, Perkin Elmer, USA). Soil organic matters were measured by potassium dichromate volumetric method.



Data analysis

We used linear mixed-effect models fitted with the nlme package (version 3.1-145; Pinheiro et al., 2018) to examine the effect of soil contamination treatment and genotypic richness. In the model, soil contamination treatment (cadmium vs. cypermethrin vs. co-contamination), genotypic richness (monoculture vs. 4-genotype vs. 8-genotype) and the interaction was used as fixed effects. The genotypic composition was included as a random effect. The response variables were the growth (total biomass, leaf biomass, creeping stem biomass, root biomass and number of ramets) and morphological traits (internode length, leaf area, SIL and SLA) of the population, and soil chemistry (TN, TP, TK and organic matter). Post hoc Tukey’s HSD tests were conducted to compare means.

We further tested the relationship between plant performance (growth and morphology) and soil chemistry using a stepwise multiple linear regression with backward selection procedure.

All analyses were performed with R (version 3.4.4; http://www.r-project.org) in RStudio (version 1.1.423; http://rstudio.org). Residuals of all variables were graphically checked for normality and homogeneity of variance.




Results


Population growth and morphology

Total biomass, leaf biomass, stem biomass, root biomass and number of ramets of H. vulgaris population in the soil contaminated by cadmium were overall greater (total biomass: 23.80 ± 1.60; leaf biomass: 14.18 ± 1.11; stem biomass: 8.08 ± 0.54; root biomass: 1.54 ± 0.12; number of ramets: 418.53 ± 23.43) than that in the soil contaminated by cypermethrin (total biomass: 11.23 ± 1.62; leaf biomass: 6.98 ± 1.03; stem biomass: 3.54 ± 0.55; root biomass: 0.70 ± 0.09; number of ramets: 326.98 ± 27.57) or co-contaminated by cadmium and cypermethrin (total biomass: 10.53 ± 1.47; leaf biomass: 6.70 ± 1.02; stem biomass: 3.18 ± 0.43; root biomass: 0.65 ± 0.08; number of ramets: 286.28 ± 28.94; Figure 1 and Table 3A). However, genotypic richness or its interaction with contamination treatment did not influence the growth of H. vulgaris population (Figure 1 and Table 3A). A similar pattern was also observed for internode length and leaf area (Figures 2A, B and Table 3B). SIL of the population was overall lower in the soil contaminated by cadmium (260.10 ± 21.80) than in the soil contaminated by cypermethrin (441.48 ± 36.17) or co-contaminated by cadmium and cypermethrin (427.98 ± 41.82; Figure 2C and Table 3B), and a similar tendency was also observed for SLA (Figure 2D and Table 3B).




Figure 1 | Total biomass (A), leaf biomass (B), stem biomass (C), root biomass (D) and number of ramets (E) of Hydrocotyle vulgaris population consisting of different number of genotypes under different pollutant treatments. Mean values ( ± 1 SE) are presented. Letters (a-d) above the bars indicate significant differences (P < 0.05) among each panel. See Table 1A for ANOVA results.




Table 3 | Results of linear-mixed models for effects of pollutant treatment, number of genotypes and the interaction on (A) growth and (B) morphology of Hydrocotyle vulgaris and (C) soil chemistry.






Figure 2 | Internode length (A), leaf area (B), specific internode length (C; SIL) and specific leaf area (D; SLA) of Hydrocotyle vulgaris population consisting of different number of genotypes under different pollutant treatments. Mean values ( ± 1 SE) are presented. Letters (a-c) above the bars indicate significant differences (P < 0.05) among each panel. See Table 1B for ANOVA results.





Soil chemistry

TN in the soil contaminated by cadmium was greater when the soil had grown with monocultures (103.77 ± 9.81) than when the soil had grown with 8-genotype mixtures (53.91 ± 12.87), but no difference was found in the soil contaminated by cypermethrin or co-contaminated by cadmium and cypermethrin (Figure 3A and Table 3C). TP was overall greater in the soil co-contaminated by cadmium and cypermethrin (330.43 ± 19.17) than in the soil contaminated by either cadmium (271.48 ± 12.02) or cypermethrin (260.05 ± 11.01), and also greater in the soil that had grown with 8-genotype mixtures (316.99 ± 20.69) than in the soil that had grown with monocultures (277.51 ± 10.10) and 4-genotype mixtures (267.46 ± 11.41; Figure 3B and Table 3C). TK in the soil co-contaminated by cadmium and cypermethrin was greater when the soil had grown with 8-genotype mixtures (8.42 ± 0.30) than when the soil had grown with monocultures (5.07 ± 0.22) or 4-genotype mixtures (4.30 ± 0.38), but no difference was found in the soil contaminated by either cadmium or cypermethrin (Figure 3C and Table 3C). Organic matter was generally lower in the soil contaminated by cadmium (7.89 ± 1.47) than in the soil contaminated by cypermethrin (11.01 ± 1.07) or co-contaminated by cadmium and cypermethrin (10.86 ± 1.76; Figure 3D and Table 3C).




Figure 3 | Total nitrogen (A; TN), total phosphorus (B), total potassium (C; TP) and organic matters (D) in the soil grown with Hydrocotyle vulgaris populations of different number of genotypes under different pollutant treatments. Mean values ( ± 1 SE) are presented. Letters (a-c) above the bars indicate significant differences (P < 0.05) among each panel. See Table 1C for ANOVA results.





Relationship between population performance and soil chemistry

In general, plant growth was positively correlated to TN (all P < 0.001) but negatively correlated to TK (P = 0.001 – 0.006) and organic matter (P = 0.059 - 0.027) in the soil (Table 4A). Moreover, leaf area was positively correlated to soil TN (P < 0.001; Table 4B). Specific internode length was positively correlated to organic matter (P = 0.013) but negatively correlated to total nitrogen (P < 0.001; Table 4B).


Table 4 | Relationship of the (A) growth and (B) morphology of Hydrocotyle vulgaris with soil chemical characteristics.






Discussions

In this study, we show that co-contamination by cadmium and cypermethrin reduced growth of H. vulgaris population, compared to contamination by cadmium only. However, increasing the number of genotypes of the population did not alter this effect. Despite that, co-contamination by cadmium and cypermethrin altered soil nutrients depending on the number of genotypes. These results indicate that genotypic richness may play little role in helping H. vulgaris in the soil co-contaminated by cadmium and cypermethrin.

We observed a lower plant growth in the soil co-contaminated by cadmium and cypermethrin than in the soil contaminated by cadmium, indicating that co-contamination may suppress the growth of H. vulgaris (Figure 1). This result supported our first hypothesis partly, as we did not observe a growth difference in the co-contaminated soil and the soil contaminated by cypermethrin only. Therefore, the presence of cypermethrin may be the main driver of the negative effect of co-contamination in our study. As a pesticide mainly used for controlling insects, cypermethrin may also have directly negative influences on plant growth (Chauhan et al., 1999; Parween et al., 2016; Aveek et al., 2019). In this study, we observed that H. vulgaris population had a smaller leaf area (i.e., lower light capture ability) and a shorter, thinner internode (i.e., a poor escaping ability from harsh environment) in the two soils with cypermethrin. Besides, cypermethrin may also influence plant growth indirectly via changing soil abiotic and biotic characteristics (Gundi et al., 2007; Zhuang et al., 2011; Jia et al., 2019; Zhu et al., 2022). In our study, soil nitrogen was generally lower in the two soils with cypermethrin (Figure 3A), which may be associated with the poor plant growth in the two soils. Soil biota is also sensitive to cadmium and cypermethrin (Zhuang et al., 2011; Tejada et al., 2015; Liu et al., 2020; Zhu et al., 2022). The accumualtion of cadmium and cypermethrin in the soil can reduce the activity and diveristy of soil microbes, consequently reduce the performance of plants (Al-Ani et al., 2019; Jia et al., 2019; Cheng et al., 2022). However, we were unable to disentangle these effects in our study, as we did not measure soil biotic properties in this study.

We hypothesized a positive effect of genotypic richness on the growth of H. vulgaris population, as increasing the number of genotypes may promote the complementary utilization of resources and increase the occurrence probability of productive genotypes (Crutsinger et al., 2006; Hughes et al., 2008; Kotowska et al., 2010; Begum et al., 2022). However, we found that genotypic richness did not influence plant growth in this study and a similar result has also been reported in several other studies (Fridley and Grime, 2010; Prieto et al., 2015; Schöb et al., 2015). Our soil analysis revealed that increasing genotypic richness reduced total nitrogen in the soil contaminated by cadmium (Figure 3A), indicating that plant populations with greater genotypic richness have greater efficiency of nitrogen utilization than that with lower genotypic richness. However, the effect of genotypic richness on soil nitrogen did not alter the growth of H. vulgaris, despite that plant growth was significantly positively correlated to soil nitrogen (Table 4). Therefore, genotypic richness may help the removal of nitrogen but cannot promote the growth of H. vulgaris in the contaminated soil.

As the effect of co-contamination may have overwhelmed the effect of genotypic richness, it is not surprising that increasing the number of genotypes failed to reduce the negative effect of co-contamination on H. vulgaris populations. Hence, our third hypothesis was not supported. Soil contamination may have acted as a “filter” that drives the convergence of H. vulgaris populations (Laliberté et al., 2014; Kraft et al., 2015). Our analysis confirmed it by showing that plant populations with different genotypic richness had consistent morphology in the contaminated soils (Figure 2).



Conclusions

In conclusion, co-contamination by cadmium and cypermethrin can suppress the growth of H. vulgaris population compared to contamination only by cadmium, but increased genotypic richness cannot help to reduce this negative effect. Although we detected a neutral genotypic richness effect, it does not mean that increasing genotypic diversity is not beneficial for the remediation of contaminated soils. It should be noted that the relative abundance of genotypes may be more important than the number of genotypes in driving the positive diversity effects at local scales, which we failed to investigate in this study (Huang et al., 2022). Therefore, we recommend a more diverse plant population/community by considering both the number of genotypes/species, and their relative abundance in the remediation of contaminate soils, as highly diverse populations/communities are typically more stable than less diverse ones in facing the rapid global changes such as soil contaminations (Tilman et al., 2006; Isbell et al., 2015). We also acknowledged that the result of our short-term experiment is not comparable to long-term ones since both soil pollutants and plant population structures may change over time due to complex plant-soil interactions. Hence, further studies on long-term plant responses to soil contamination may be crucial for guiding the remediation of contaminated soils.
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Introduction


Soil salinity is known to affect plant performance and nutrient stoichiometry by altering their ecophysiology, and thus playing a crucial role in determining plant distribution patterns and nutrient cycles in salinized ecosystems. However, there was little consensus on the effects of salinity stress on plant C, N, and P stoichiometries. Moreover, determining the relationships between species relative species abundance and plant C, N, and P stoichiometries can help to understand the different adaptive strategies between the common and rare species as well as the community assembly process.





Methods


We determined the plant C, N, P stoichiometries at the community and species levels and the relative abundance of species as well as the corresponding soil properties from five sampling sites along a soil salinity gradient in the Yellow River Delta, China.





Results and Discussion


We found that the C concentration of belowground part increased with soil salinity. Meanwhile, plant community N concentration and C:N ratio tended to decrease with soil salinity, whereas the P concentration, C:P, and N:P ratios exhibited the opposite trends. This indicated that N use efficiency increased, while P use efficiency decreased with soil salinity. Moreover, the decreased N:P ratio indicated that N limitation was gradually aggravated along the soil salinity gradient. The soil C:P ratio and P concentration were the major factors of plant C, N, and P stoichiometries in the early growth stage, whereas the soil pH and P concentration were the major factors of plant C, N, and P stoichiometries in the late growth stage. Compared with that of the rare species, the C:N:P stoichiometry of the most common species was medium. Moreover, the intraspecific variations in the aboveground part N:P ratio and belowground part C concentration showed a significant correlation with species’ relative abundance, which indicated that higher intraspecific trait variation might facilitate greater fitness and survival opportunities in environments with high heterogeneity.





Conclusion


Our results revealed that the plant community C:N:P stoichiometry and its determining soil properties varied with plant tissues as well as sampling seasons, and emphasized the importance of intraspecific variation in determining the functional response of plant communities to salinity stress.






Keywords: ecological stoichiometry, salinity stress, seasonal dynamics, spatial variation, intraspecific variation, species relative abundance






1.  Introduction.


Carbon (C), nitrogen (N), and phosphorus (P) are the three most important macroelements in organisms and play critical roles in adjusting plant energy flow, material circulation, and primary productivity (Aerts and Chapin, 2000; Elser et al., 2000; Elser et al., 2010). Changes in C, N, and P concentrations and their ratios can reflect the response mode of plants in nutrient uptake, utilization, and allocation during various growth stages and conditions (Niklas and Cobb, 2005; Minden and Kleyer, 2014). Therefore, exploring the variation patterns in the C, N, and P stoichiometries of plants along an environmental gradient can help to understand the adaptive strategies of plants to changing environments as well as their potential impact on ecosystem processes (Zhang et al., 2018; Fang et al., 2019; Zhang et al., 2021b).


In recent years, the variation patterns of plant C, N, and P stoichiometry with environmental factors have been researched extensively from regional to global scales (Reich and Oleksyn, 2004; Han et al., 2005; Thompson et al., 2010; Gargallo-Garriga et al., 2015; Huang et al., 2019; Luo et al., 2021). For example, leaf N and P concentrations increased and the N:P ratio decreased with increasing latitude and decreasing mean annual temperature (MAT) at the global level (Reich and Oleksyn, 2004). Similar results were found at the regional scale in China, while the difference was that the N:P ratio was weakly associated with latitude and MAT (Han et al., 2005; Ren et al., 2007; Fang et al., 2019). In addition, leaf C concentration, C:N and C:P ratios decreased with increasing latitude and altitude and decreasing MAT and mean annual precipitation at the regional scale (Fang et al., 2019; Zhang et al., 2021a). Salt stress can impose physiological constraints on plants, including nutrient imbalance, osmotic stress, and photosynthetic inhibition, thereby affecting plant growth (Chaves et al., 2009; Rong et al., 2015; Sun et al., 2017). Compared with extensive studies conducted on plant C, N, and P stoichiometry variations with the abovementioned environmental factors, however, relatively few studies have focused on their variations with salinity stress.


For instance, recent studies showed that plant C concentration and C:N ratio decreased as soil salinity increased (Song et al., 2015; Wang et al., 2015), whereas Rong et al. (2015) found no significant relationships between leaf C concentration and C:N ratio and soil salinity. Some studies showed that leaf P concentration decreased, whereas leaf N concentration and N:P ratio increased with salinity stress (Patel et al., 2010; Song et al., 2015). However, other studies found that leaf N and P concentrations both decreased with increase in soil salinity (Ramoliya et al., 2006; Sun et al., 2017). Also, studies have shown that the patterns of N and P concentrations in response to soil salinization are species specific (Loupassaki et al., 2002). Although the effects of salinity stress on plant ecophysiology have been extensively studied, the effects of soil salinity on plant C, N, and P stoichiometries are seldom studied (Sun et al., 2017). Moreover, there was little consensus on the effects of salinity stress on plant C, N, and P stoichiometries, and these studies mostly focused on the leaf level. Therefore, exploring the pattern of the above- and below-ground parts C, N, and P stoichiometry variations with soil salinity can provide new insights into the effects of salinization on the nutrient cycle and the community assembly process.

Plants have different resource utilization strategies at different growth stages (Liu and Wang, 2021). Specifically, nutrients are mainly transported for new tissue development to meet the rapid growth rate during spring seasons, while they are transported to fruits and seeds to produce offspring during autumn and to roots to ensure survival and growth in the following year (Åoren, 1988). Therefore, the C, N, and P stoichiometries of plants would also vary with the growing seasons (Sardans and Peñuelas, 2012; Li et al., 2017b). For instance, leaf N and P concentrations of woody species decreased over the growing seasons, whereas the C:N, C:P, and N:P ratios showed the opposite trend (Dong et al., 2021). Similarly, the leaf N and P concentrations of herbs were significantly higher in the early growth season than in other growing seasons (Wu et al., 2010; Liu et al., 2020; Xiong et al., 2020). In contrast, Huang et al. (2019) showed that riparian plants exhibited lower leaf N and P concentrations and higher leaf C concentration and ratios of C:N, C:P, and N:P in spring than in autumn. However, most studies have focused on the characteristics of leaf C, N, and P stoichiometry during the peak growth period, but ignored the seasonal dynamics of the element stoichiometric characteristics in leaves as well as other parts (especially the belowground part).


Plant C, N, and P stoichiometries are linked to carbon assimilation capacity, nutrient limitation status and performance of plants (Aerts and Chapin, 2000; Hessen et al., 2007; He et al., 2008). Specifically, C:N and C:P ratios can reflect the nutrient utilization efficiency and carbon assimilation rate of plants (Huang et al., 2019). Comparatively, the N:P ratio of plants can reflect dynamic balance between plant nutrition requirement and soil nutrients, and therefore can be regarded as an indicator of soil nutrient limitation (Koerselman and Meuleman, 1996; Herbert et al., 2003; Güsewell, 2004). Generally, common species are finely tuned and have significant growth advantages with high efficiency in exploiting resources in the given environment, while the rare species are likely transients struggling for success for the available conditions (Umaña et al., 2015). Species relative abundance is usually used to distinguish the common and rare species (Mouillot et al., 2013). Therefore, plant C, N, and P stoichiometries should also be related to the relative abundance of the species. To the best of our knowledge, however, no studies have conducted to determine the relationships between species relative abundance and plant C, N, and P stoichiometries. Trait variations within species can enable plants to adapt to varying environmental conditions and alter their interactions with other species, and thus could be crucial for understanding community dynamics (Bolnick et al., 2003; Garzón et al., 2011). Given the assumption that intraspecific variation arising from phenotypic plasticity is much lower than interspecific variation (Garnier et al., 2001), interspecific variation in plant traits has long been considered to be the cornerstone of ecosystem function and community assembly (Adler et al., 2013; Laughlin and Messier, 2015). Recent studies have found that intraspecific variation in traits can be similar to or even greater than the interspecific variation (especially for leaf nutrient concentrations) and is of great significance in predicting the performance of plant communities in response to environmental changes (Fajardo and Siefert, 2016; Pérez-Ramos et al., 2019; Lin et al., 2020). Furthermore, very few studies have examined the links between species relative abundance and the intraspecific variation of plant C, N, and P stoichiometries. Therefore, linking the species relative abundance to plant C, N, and P stoichiometries and their intraspecific variations would help to understand the different strategies between the common and rare species as well as the community assembly process.


The Xiaokai River, located in northeast Shandong Province, China, is a large national Yellow River irrigation area. In this area, riverbeds and tablelands are distributed in strips with scattered shallow saucer-type depressions. The hills and depressions are characterized by gentle slopes, forming a micro-relief terrain alternating with hills, slopes, and depressions. Surface and groundwater runoff in low-lying areas are sluggish and vulnerable to waterlogging and salinity changes. The irrigation area is flat with gentle slope, and the natural terrain is high in the south and low in the north. As a result, salinization of the Xiaokai River irrigation area gradually increases from south to north. This presents a suitable opportunity to explore the variation patterns in the C, N, and P stoichiometric characteristics of plant communities along the soil salinity gradient. Therefore, this study aimed to: (1) determine the variation patterns in both above- and below-ground parts C, N, P stoichiometries of plant community in response to a salinity gradient; (2) identify the dominant soil factors affecting above- and below-ground parts C, N, P stoichiometries of plant community under salinity stress; and (3) examine the relationships between species relative abundance and the above- and below-ground parts C, N, P stoichiometries and their intraspecific variations under salinity stress. Considering that the degree of soil salinization has increased due to rises in sea level and increase of drought incidences (Aragüés et al., 2015; Sun et al., 2017; Cai et al., 2021; Wang et al., 2021), the findings of this study may aid in an improved understanding of the carbon allocation processes in plant communities and better predict their responses to global changes.





2.  Materials and methods.




2.1.  Site description.


The Xiaokai River irrigation area (117°42′–118°04′ E, 37°17′–38°03′ N) adopts river water diversion without a dam on the bank. However, diverting water from the Yellow River inevitably carries sand, which leads to the continuous silting of sediment in the irrigation area. Therefore, the main canal in the irrigation area was designed based on multiple years of statistical data of the Yellow River bottom elevation and water level in front of the sluice, and large gradient and long-distance sediment transport were adopted. The trunk canal of Xiaokai River is 91.5 km long: the sand transport channel is 51.3 km long, the sand settling basin is 4.16 km long, and the water transport channel is 36.04 km long.


The Xiaokai River irrigation landform belongs to the accumulation plain area in the hinterland of the Yellow River Delta, China. Its elevation is generally below 50 m. The irrigated area falls within the temperate monsoon climate zone, which has four distinct seasons with rain and heat at the same time. Rainfall in the irrigation area varies greatly annually and is unevenly distributed. The annual average rainfall is 575.2 mm, and the annual average temperature is 12.3°C. The annual frost-free period is 210 d on average, and the annual light hours are 2400–2700 h. The soil is mostly fluvo-aquic, and the surface soil texture can be roughly divided into four categories: sandy soil, sandy loam, clay loam, and clay.





2.2.  Experimental design.


Plant and soil sampling was carried out in late-May (early growth stage) and mid-September 2021 (late growth stage). Along the Xiaokai River irrigation area, we selected five sampling sites from south to north (one sampling site was set up around, two before and two after the sand settling basin) (Figure 1). With the decrease in terrain (from south to north), the degree of salinity increased gradually across the five sampling sites (S1: very low salinity; S2: low salinity; S3: medium salinity; S4: high salinity; S5: very high salinity). See Figure S1 for the variations of soil pH and electrical conductivity along the Xiaokai River irrigation. Five quadrats (2 × 2 m) were randomly set at each sampling site, and the height, coverage, and number of clusters of all herbs in each quadrat were recorded. Then, the above- and below-ground parts of each species were harvested, and one soil core (0–20 cm) was collected from each quadrat. The plant samples were dried to a constant weight at 65°C. The soil samples were air-dried, and the remaining roots and stones were manually removed. In total, 30 (or 226) and 37 (or 306) species (or above- and belowground part samples) were collected in the early and late growth stages, respectively. For C, N, and P analysis, plant samples were ground in a ball mill (WS-MM301; Retsch, Haan, Germany) and soil samples were ground to a fine powder to pass through a 0.15 mm sieve. Plant and soil C and N concentrations were measured by combustion using an elemental analyzer (vario MACRO cube, Germany). Plant and soil P concentrations were determined using an inductive coupled plasma emission spectrometer (iCAP7600, USA) after HNO3 digestion of the plant samples and HNO3–HF digestion of the soil samples. Soil pH and electrical conductivity were determined in a 1:2.5 mixture of air-dried soil and distilled water using a glass electrode pH meter (S40, Mettler Toledo, Switzerland) and a conductivity meter (DDS-11A, Leici, China), respectively.





Figure 1 | 
The location of the study area and distribution of sampling sites. S1, very low salinity; S2, low salinity; S3, medium salinity; S4, high salinity; S5, very high salinity.









2.3.  Data analysis.


One-way ANOVA was used to analyze the differences in C, N, and P concentrations and their ratios in the plant and soil samples across different sampling sites. An independent sample t-test was used to analyze the differences in above- and below-ground parts C, N, and P stoichiometries of plants in the same sampling season and between sampling seasons in the same plant tissues. Pearson’s correlation was used to test the relationships between and across the above- and below-ground parts C, N, and P stoichiometries of plants. All the above statistical analyses were performed using SPSS (2010, v.19.0; SPSS Inc., Chicago, IL, USA). The RDA-ordination biplot was used to examine the relationships between the plant C, N, and P stoichiometries and the soil properties using the CANOCO software for Windows (ver.5.0, Ithaca, NY, USA).


In each quadrat, the community weight mean (CWM) of plant C, N, and P stoichiometries was calculated in each growth stage (or pooling the two growth stages). First, the weight of each herb species in each quadrat was calculated by dividing their coverage by total plant coverage. Second, the CWM of plant C, N, and P stoichiometries of each quadrat was calculated as the sum of the product of C, N, and P concentrations and their ratios for each species and their weight. The distance of a species from the CWM (ΔCWM) for plant C, N, and P stoichiometries was calculated as the absolute difference between the CWM value and the species-median C, N, and P concentrations and their ratios for each species. A small distance value indicated that the species is close to the average trait value of the community, whereas a higher distance value indicates that the species is in an extreme position in the trait distribution of the community (Umaña et al., 2015). The coefficient of variation (CV) was calculated to characterize the intraspecific variation in plant C, N, and P stoichiometries, which was calculated as CV= 100 × standard deviation of plant C, N, and P stoichiometries divided by the mean values of each species across the sampling sites. The relative species occurrence frequency across the sampling sites was used to represent the species relative abundance (Klanderud and Totland, 2005). Then, the Pearson’s correlation coefficients between species relative abundance and the ΔCWM and the intraspecific variation of plant C, N, and P stoichiometries were calculated using SPSS. When the sampling number of a species in each growing season (or pooling the two growth stages) was more than three, the species would be considered into the CWM calculation. See Table S1 for details regarding these species.






3.  Results.




3.1.  Variation patterns in C:N:P stoichiometry of the herbaceous community.


The C, N, P stoichiometries of the above- and below-ground parts showed different variation patterns with soil salinity (Figure 2). The aboveground part C concentration first increased and then decreased, whereas that of the belowground part gradually increased with soil salinity in the early growth stage; the aboveground part C concentration increased slightly and then decreased, while that of the belowground part gradually increased with soil salinity in the late growth stage. Both the above- and below-ground parts N concentrations showed no significant changes with soil salinity in the early growth stage; the aboveground part N concentration first remained stable and then decreased, while that in the belowground part gradually decreased with soil salinity in the late growth stage. The aboveground part P concentration first increased and then remained stable, whereas that in the belowground part first increased and then decreased and remained stable with soil salinity in the early growth stage; the aboveground part P concentration first increased and then decreased and increased again, while that of the belowground part showed no significant change with soil salinity during the late growth stage. Both above- and below-ground parts C:N ratios did not change significantly with soil salinity in the early growth stage; the aboveground parts C:N ratio first remained stable and then increased, while that in the belowground part increased gradually with soil salinity in the late growth stage. The aboveground part C:P ratio first decreased and then remained stable, while the belowground part C:P ratio did not change significantly with soil salinity in the early growth stage; the aboveground part C:P ratio first decreased and then increased and decreased again, while the belowground part C:P ratio showed no significant changes with soil salinity in the late growth stage. With the increase in salinity, the above- and below-ground part N:P ratio first decreased and then remained stable in the early growth stage, while both tended to decrease in the late growth stage.





Figure 2 | 
Variations patterns of herbaceous community C, N, P stoichiometries. (A) variation pattern of C concentration; (B) variation pattern of N concentration; (C) variation pattern of P concentration; (D) variation pattern of C:N ratio; (E), variation pattern of C:P ratio; (F) variation pattern of N:P ratio. S1, very low salinity; S2, low salinity; S3, medium salinity; S4, high salinity; S5, very high salinity. Different uppercase letters indicate significant differences between above- and below-ground parts of the same growth stage. Different lowercase letters indicate significant differences amongst plots in the same part within growth stage. * and ns indicate significant and no significant differences in the same part between growth stages, respectively.






The C, N, P stoichiometries of the above- and below-ground parts also varied with growth seasons (Figure 2). The aboveground part C concentration in the early growth stage was significantly lower than that in the late growth stage, whereas that of the belowground part showed the opposite trend. The aboveground part N concentration in the early growth stage was significantly lower than that in the late growth stage, but that of the belowground part showed no significant differences between the growth stages. The aboveground part P concentration showed no significant differences between growth stages, whereas that of the belowground part was significantly higher in the early growth stage than in the late growth stage. The aboveground part C:N ratio in the early growth stage was significantly lower than that in the late growth stage, whereas the belowground part C:N ratio was not significantly different between the growth stages. Both the above- and below-ground parts C:P ratios in the early growth stage were significantly lower than those in the late growth stage, and both the above- and below-ground parts N:P ratios showed no significant differences between the early and late growth stages.





3.2.  Relationships between above- and below-ground parts C, N, and P stoichiometries of the herbaceous community.


The relationships among herbaceous community C, N, and P stoichiometries differed between plant tissues and growth stages (Figures 3, S2). For instance, the N and P concentrations as well as the C concentration and the C:N ratio were not correlated in the aboveground part, whereas they were closely associated in the belowground part. Also, we found that plant C, N, and P stoichiometries across different plant tissues were closely linked and their relationships varied with sampling seasons (Tables 1; S2). For example, the aboveground part C concentration was closely related to the C, N, and P stoichiometries of the belowground part in the early growth stage, whereas no correlation was found between them in the late growth stage. The aboveground part P concentration was closely related to the P concentration and C:P ratio of the roots in the early growth stage, whereas it was correlated with the N:P ratio of the belowground part in the late growth stage.





Figure 3 | 
Relationships within the above- and belowground parts C, N, P stoichiometries in the early (A, B) and late growth stages (C, D). *, represents significant correlations at the 0.05 level.







Table 1 | 
Relationships between the above- and below-ground parts C, N, P stoichiometries.









3.3.  Relationships between herbaceous community C:N:P stoichiometry and soil properties.


The RDA ordination biplot showed that the dominant determining soil factor of herbaceous community C, N, and P stoichiometries varied with plant tissues and sampling seasons (Figure 4). During the early growth stage, soil C:P ratio, N and P concentrations, and soil electrical conductivity were the major factors of the aboveground part C, N, and P stoichiometries (Figure 4A), which contributed 39.0%, 17.2% and 14.0%, and 12.7% variations in these factors, respectively; soil C:P ratio was the major factor of the belowground part C, N, and P stoichiometries (Figure 4B), which contributed 32.1% variations in these factors. During the late growth stage, soil pH and C:N ratio were the major factors of the aboveground part C, N, and P stoichiometries (Figure 4C), which contributed 41.2% and 18.7% variations in these factors, respectively; soil P, pH, and C:N ratio were the major factors in the belowground part C, N, and P stoichiometries (Figure 4D), which contributed 28.6%, 22.0%, and 21.9% of the variations in these factors, respectively. Upon pooling the early and late growth stages, the soil pH, C:P ratio, soil electrical conductivity, and C:N ratio were found to be the major factors affecting the aboveground part C, N, and P stoichiometries (Figure S3A), which contributed 36.1%, 20.2%, 13.5%, and 12.1% of the variations in these factors, respectively; soil C:P ratio, pH, and P concentration were the major factors of the belowground part C, N, and P stoichiometries (Figure S3B), which contributed to 31.3%, 20.9%, and 16.0% of the variations in these factors, respectively.





Figure 4 | 
RDA-ordination biplot of the above- and belowground parts C, N, P stoichiometries and soil properties in the early (A, B) and late growth stages (C, D). AC, aboveground part C concentration; AN, aboveground part N concentration; AP, aboveground part P concentration; AC:N, aboveground part C:N ratio; AC:P, aboveground part C:P ratio; AN:P, aboveground part N:P ratio; BC, belowground part C concentration; BN, belowground part N concentration; BP, belowground part P concentration; BC:N, belowground part C:N ratio; BC:P, belowground part C:P ratio; BN:P, belowground part N:P ratio; SC, soil C concentration; SN, soil N concentration; SP, soil P concentration; SC:N, soil C:N ratio; SC:P, soil C:P ratio; SN:P, soil N:P ratio; pH, soil pH; SEC, soil electrical conductivity.









3.4.  Relationships between species relative abundance and the C:N:P stoichiometry of herbs and its intraspecific variations.


During the late growth season, the species relative abundance was negatively correlated with the ΔCWM of the C:N ratio of the aboveground part and the C:P and N:P ratios of the belowground part, and moderately negatively correlated with the ΔCWM of the C:N ratio of the belowground part (Figure 5). Upon pooling the early and late growth stages, the species relative abundance was negatively associated with the ΔCWM of P and the C:P ratio of the aboveground part, and moderately negatively associated with the ΔCWM of P concentration (Figure S4). During the late growth season, we found a positive correlation between the species relative abundance and the intraspecific variation in the N:P ratio of the aboveground part and the C concentration of the belowground part (Figure 6). Upon pooling the early and late growth stages, there was a positive correlation between the species relative abundance and the C concentration of the belowground part (Figure S5). Given that soil pH did not show significant changes with soil salinity and the relative fewer species compared with the late growth stage (Figure S1, Table S1), no associations were found between the species’ relative abundance and the ΔCWM and the intraspecific variations in plant C, N, and P stoichiometries during the early growth stage.





Figure 5 | 
The relative position of species C:N:P stoichiometries distribution across sampling sites in the late growth stage. (A), relative position of the C:N of aboveground part; (B), relative position of C:N of belowground part; (C) relative position of N:P ratio of belowground part; (D) relative position of N:P of belowground part across sampling sites. Left panel: the x-axis represents the difference between the median C, N, P stoichiometries for each species and the community-weighted mean (CWM) C, N, P stoichiometries for the entire plant community. The y-axis arrays species from bottom to top based on their distance how close to the CWM value. Each boxplot represents the distribution of C, N, P stoichiometries of each species. Right panel: species relative abundance across sampling sites. The r-value of Pearson correlation analysis of the absolute values of the differences between the median C, N, P stoichiometries of each species and the CWM value of the entire community against species relative abundance is provided at the upper right.









Figure 6 | 
Relationships between species relative abundance and intraspecific variation of plant C:N:P stoichiometries in the late growth stage. (A), relationship between intraspecific variation of N:P (N:PCV) of the aboveground part in relation to species relative abundance; (B), relationship between intraspecific variation of C concentration (CCV) of the belowground part in relation to species relative abundance.










4.  Discussion.




4.1.  Variation patterns of C:N:P stoichiometry in the herbaceous community.


Consistent with previous studies, the plant C concentration of aboveground parts first remained unchanged or slightly increased, and then gradually decreased with soil salinity. This may be because soil salinity stress could restrain plants photosynthetic abilities by decreasing stomatal conductance and leaf water potential (Wang et al., 2015; He et al., 2016; Cao et al., 2020). Meanwhile, our results showed that plant C concentrations in belowground parts gradually increased with increasing salinity, indicating that plants would allocate more carbon to the belowground part to adapt to harsh environments. This implied that increasing the C concentration and some C-rich compounds could help plants resist and adapt to harsh environments (Sardans and Peñuelas, 2014; Li et al., 2021). To avoid severe salinity stress in shallow soil, plants can enhance root growth and extension to absorb water and nutrients from deeper soil (Wang et al., 2015). Therefore, starch in the aboveground part is transferred to the belowground part for storage, which is conducive to sprouting new roots and improving root activity (Yang et al., 2018). Consistent with previous studies (Zhang et al., 2021c; Xiong et al., 2022), the coefficient of variation in plant C concentration was lower than that in N and P concentrations (Table S3), indicating that plant C concentration is relatively stable under salt stress. This may be due to the different C assimilation and N and P uptake pathways: plant C mainly comes from CO2 assimilation from the atmosphere during photosynthesis, whereas plant N and P are mainly derived from soil (Berman-Frank and Dubinsky, 1999). Soil N and P concentrations both showed an increasing trend with soil salinity (although some cases are not significant, data not shown), however, plant N and P concentrations showed different trends: plant N concentration remained unchanged or decreased, while P concentration remained unchanged or increased with increasing salinity. This may be explained by the fact that soil P concentration strongly influences plant tissue P concentration, while soil N concentration has little effect on plant tissue N concentration (Li et al., 2019; Liu et al., 2019).


According to the growth rate hypothesis, organisms allocate large amounts of P to ribosomal RNA during periods of rapid growth to facilitate quick synthesis of large amounts of protein by ribosomes (Aerts, 1996). Therefore, higher plant growth rates are generally associated with lower C:N and C:P ratios (Elser et al., 2000; Vrede et al., 2004; Hessen et al., 2007). In this study, the C:N ratio increased with soil salinity, indicating that salinization could inhibit plant growth. However, the C:P ratio of the aboveground part decreased with soil salinity, which suggested a higher growth rate of plants grown in more saline areas. This indicates that the growth rate hypothesis may not be generally applicable to regions with high environmental heterogeneity. The N:P ratio of plants is regarded as an indicator of soil nutrient limitation (Herbert et al., 2003; Drenovsky and Richards, 2004). Generally, N:P ratio < 14 indicates that plant growth is mainly limited by N, N:P ratio > 16 indicates that plant growth is mainly limited by P, and 14 < N:P ratio < 16 indicates N and P colimitation (Koerselman and Meuleman, 1996; Aerts and Chapin, 2000; Güsewell, 2004). In this study, N:P ratios were all less than 14 except for sampling site S1, and tissue N:P ratios gradually decreased with increasing salinization, indicating that N limitation was gradually aggravated along the Xiaokai River irrigation area. However, aboveground part P concentration increased with increasing soil P concentration especially in the late growth stage (Figure 4), suggesting that plants were probably limited by soil P (Han et al., 2005). This may be explained by the fact that plants can store higher levels of inorganic P in the leaf cytoplasm and vacuoles by luxury consumption with increasing soil P concentration (Close and Beadle, 2004; Mayor et al., 2014; Yan et al., 2015). Therefore, our study area might be constrained by both N and P. The decline in N:P ratios does not necessarily indicate the absence of P limitation (Mayor et al., 2014), and caution should be exercised when using the N:P ratio to characterize plant nutrient restriction. We also found that the plant N:P ratio was more closely related to N than to P, which also suggested that plant growth was more limited by N than by P (Wang et al., 2015). Therefore, the optimal application of N fertilizer may be practical to promote plant growth in downstream areas, and N-fixing plants of the legume family could also be introduced to improve soil fertility. Moreover, the increase of N and P fertilizer can alleviate the damage of salt stress on plants, and improve the N and P nutrient status in plants. This may also be the reason that soil N and P concentration showed increase trend with soil salinity.


The aboveground part had higher N, P, and N:P ratio but lower C:N and C:P ratios than those of the belowground part, especially in more heavily salinized regions. This suggests that different plant tissues distribute the available nutrients in different ways under environmental changes (He et al., 2015). Under drought or soil salinity stress, plants can regulate the limited nutrients between plant tissues, especially with a larger proportion of N and P allocated to the photosynthetic tissues than to the non-photosynthetic tissues, to achieve optimal energy production and maintain plant growth (Reich and Oleksyn, 2004; Zhang et al., 2021c). In addition, the demand for N in rubisco results in a higher N concentration per unit C loss for leaves than for roots during dark respiration and could also lead to leaves requiring more P than roots, and therefore results in differences in N to P stoichiometry between leaves and roots (Reich et al., 2008; Yan et al., 2016; Liu et al., 2019). These findings highlight the importance of determining C, N, and P stoichiometries in both photosynthetic and non-photosynthetic tissues of plants in response to environmental stress.


Consistent with previous studies (Dong et al., 2021; Li et al., 2022), we found that seasonal variation of the structural substance C concentration was lower than that of N and P concentrations. Nutrient elements (i.e. N and P) are mainly transported to photosynthetic tissues to meet the demand for rapid growth during the early growth stage. In this period, photosynthetic tissues have the ability to divide rapidly, and realize rapid cell proliferation by absorbing a large amount of N and P substances to synthesize proteins and nucleic acids (Wu et al., 2010). As a result, the aboveground part N and P concentrations were high, while the C:N and C:P ratios were low. During the late growth stage, high temperatures increase soil evaporation and plant transpiration. To enhance drought and salt tolerance, plants tend to increase their aboveground part C concentration, which resulted in an increase in their C:N and C:P ratios. Accordingly, the plant growth rate slowed down and water consumption decreased during the late growth stage. Moreover, N and P concentrations could be diluted in plant individuals due to the rapid increase in plant size and biomass (Sardans and Peñuelas, 2008). Also, the decrease of N and P concentrations in the late growth stage may be caused by the redistribution of nutrients to reproductive tissues (e.g. flower) (Liu et al., 2015). Correspondingly, the aboveground part C:N and C:P ratios increased during the late growth stage, which indicated a higher nutrient use efficiency (Huang et al., 2019). Li et al. (2021) found that there was a negative correlation between C:N ratio and the characteristic parameters δ13C of water use efficiency. Similarly, Salazar-Tortosa et al. (2018) showed that plants cannot simultaneously optimize water and nitrogen use efficiency in natural ecosystems, and their utilization strategy is to effectively utilize one resource at the expense of another. Collectively, these results indicated that variations in plant C, N, P stoichiometries between different growth stages might be related to the trade-offs between water and nutrient use efficiency.





4.2.  Relationships between herbaceous community C:N:P stoichiometries and soil properties.


Soil pH, reflecting salinity and alkalinity, is an important determinant of microbial community composition and activity in plant communities and thus affects many ecological processes (e.g. soil respiration, microbial C use efficiency, and N and P mineralization) (Bååth and Anderson, 2003; Kuzyakov and Blagodatskaya, 2015; Zhou et al., 2017). Generally, plant carbon assimilation decreases under salinity stress (He et al., 2016; Cao et al., 2020; Zhang et al., 2021c). However, we found that the belowground part C concentration was positively related to soil pH (Figures 2, 4). This might be because plants increase the fractions of decay-resistant compounds (e.g. lignin, cellulose, and tannin) to increase their resistance (Sardans and Peñuelas, 2014; He et al., 2015). In our study, the soil pH was between 7.5 and 8.5 (Figure S1). Therefore, the salinity stress of our study region was medium based on the standards for the second national soil census (National Soil Census Office of China, 1992). Then, the positive relationship between belowground part C concentration and soil pH may also be explained by the “growth stimulation” at optimum salt concentration since plants would enhance solute uptake required to induce cell expansion to maintain the osmotic potential in their tissues (Parida et al., 2004; Sun et al., 2017).


Higher C:N and C:P ratios can reflect higher carbon assimilation rate and nutrient utilization efficiency of plants (Huang et al., 2019). We found that the organ C:N ratio increased with soil pH, indicating that the N utilization efficiency increased with salinity. This may be due to the fact that salinity stress could affect plants photosynthetic related traits and disrupt their ion balance and protein synthesis, and thus decreasing plant C and N concentrations (Qiang et al., 2018). Therefore, plants can enhance their adaptability to salinity stress by increasing their N utilization efficiency (Zhou et al., 2021). However, P utilization efficiency did not always increase with soil salinity in our study. This may be explained by the fact that the study area is more limited by N than P, and therefore plants improved the efficiency of the more restricted elements but retained a certain amount of P to adapt to the environment. Similarly, previous studies have shown that plants can store higher levels of inorganic P in the leaf cytoplasm and vacuoles by luxury consumption when the soil P concentration is high (Mayor et al., 2014; Yan et al., 2015). By increasing tissue P concentration, plants can promote carbohydrate metabolism and increase the concentration of soluble sugar and phosphate (He et al., 2022). This can make their intracellular protoplasm buffer against changes in acidity and alkalinity, thus improving their adaptability to salinity stress (Kornberg et al., 1999; Werner et al., 2007).


In terrestrial ecosystems, plant P concentration is primarily determined by soil parent material and the degree of rock weathering (Vitousek et al., 2010; Fan et al., 2015; Yang et al., 2016). Therefore, organ P concentration is positively related to soil P concentration, which has been revealed by a large number of previous studies (Han et al., 2005; Yang et al., 2016; Liu et al., 2019). However, soil N had little effect on plant N concentration, which has also been confirmed in earlier studies (He et al., 2015; Liu et al., 2019; Shi et al., 2021). This may be explained by the fact that plant N concentration is mainly affected by plant functional groups, however, plant P concentration and N:P ratio are mainly determined by climatic factors and soil P concentration (Liu et al., 2019). These results reveal that soil P might reflect plant nutrient status better than soil C and N in salinized ecosystems, and thus indicating that plant P could play a greater role than plant N in plant growth and ecosystem development (Reich et al., 2009; Vitousek et al., 2010; He et al., 2015).


Soil C:P ratio has an important effect on plant growth and development and is a useful indicator to determine the source of organic matter (Tessier and Raynal, 2003; Bui and Henderson, 2013). A high soil C:P ratio restricts the decomposition of organic matter and is not conducive to plant growth (Ren et al., 2007). In this study, we found that the soil C:P ratio was the main factor affecting plant element stoichiometry for the aboveground part, belowground part, and whole plant level in the early growth stage. The negative relationship between the soil C:P ratio and plant P can be explained by the fact that a higher soil C:P ratio would cause microorganisms to be limited by soil P during the decomposition of organic matter and compete with plants for soil P, which is not conducive to nutrient absorption by plants (Zeng et al., 2015). Soil C:N ratio can reflect the mineralization and humification of soil organic matter, and soil organic matter with a low C:N ratio usually leads to faster decomposition by microorganisms, which can provide nitrogen input back into the ecosystem (Cornwell et al., 2008). Therefore, we also found that the soil C:N ratio was the main influencing factor of plant element stoichiometry for the aboveground part in the late growth stage. Our results revealed that the soil C:N and C:P ratios had greater effects than the soil C and N on determining plant nutrients. This may be explained by that plant nutrient concentrations were more sensitive to the supply of soil nutrient ratios rather than the supply of a single nutrient (Bowman and Hurry, 1993).





4.3.  Relationships between species relative abundance and the C:N:P stoichiometry of herbs and its intraspecific variation.


A negative correlation was found between the ΔCWM of plant C, N, and P stoichiometries and species relative abundance in the late growth stage (or pooling the two growth stages), suggesting that the C, N, P stoichiometries of the common species was medium (neither very high nor very low) compared with the rare species. This can be explained by the fact that common species often occupy core positions within the community trait space, whereas rare species are usually peripheral in function (Umaña et al., 2015). A core position indicates that the specific trait value expressed by a species is similar to the average trait value of the entire community. This allows for high efficiency in resource exploitation in a given environment and can lead to significant growth advantages (Muscarella and Uriarte, 2016). Therefore, the positive relationship between plant P and soil salinity might be due to the effect of species turnover from the shared common species (e.g. Setaria viridi, Chloris virgata, Metaplexis japonica) with medium P concentration to salt-tolerant species (e.g. Phragmites australis, Suaeda glauca) with high P concentration with increasing soil salinity (Luo et al., 2018; Gong et al., 2020). The shift in the plant community toward species with higher nutrient concentrations could increase their competitive advantages under environmental stress (Weih et al., 2011; Sardans and Peñuelas, 2012; Li et al., 2017a; Luo et al., 2018), and the higher nutrient concentrations could help them opportunistically maximize photosynthesis during periods suitable for growth (Farquhar et al., 2002; Weih et al., 2011).


Both species turnover and intraspecific variation could play critical roles in driving community nutrient responses to environmental changes (Violle et al., 2012; Luo et al., 2018; Gong et al., 2020). In this study, the intraspecific variability of the aboveground part N:P ratio and belowground part C showed a positive correlation with species relative abundance in the late growth stage (or pooling the two growth stages). Previous studies have demonstrated that the leaf N:P ratio can be used as an indicator of vegetation composition, function, and nutrient limitation at the community level (Koerselman and Meuleman, 1996; Güsewell, 2004). Thus, the increase in belowground part C concentration and some C-rich compounds could help the plants resist and adapt to harsh environments and benefit them by extending their roots to deeper soils with low salinity (Sardans and Peñuelas, 2014; Yang et al., 2018; Li et al., 2021). However, Umaña et al. (2015) and Jiang et al. (2020) found that common species had a low intraspecific trait variation, indicating a convergent strategy that emphasizes a core physiological connection to the habitat, thus enabling efficient exploitation of available resources (Grime, 2006). The contradictory results might be explained by that our research was conducted in an environment with large environmental heterogeneity, while the above studies were conducted in a smaller homogeneous condition. Consistent with this study, Li et al. (2017c) found that common species tend to have higher intraspecific variation in root traits at the regional scale. This indicates that higher intraspecific trait variation might facilitate greater fitness and survival opportunities in environments with high heterogeneity (Forsman, 2014; González-Suárez et al., 2015). This also supported the research by Umaña et al. (2015), who hypothesized that the association between species relative abundance and intraspecific variation of traits was closely related to the degree of environmental heterogeneity and thus transforming from a negative relationship locally to a positive relationship regionally. As a result, intraspecific variation can promote stability in plant communities by leading to stress adjustment without intense species turnover (Lloret et al., 2012; Jung et al., 2014).






5.  Conclusion.


Our results revealed that plant community C, N, and P stoichiometries and their determining soil properties varied with plant tissues as well as sampling seasons. In this study, the C concentration of belowground part increased with soil salinity. Plant N concentration and C:N ratio tended to decrease with soil salinity, whereas the P concentration, C:P, and N:P ratios showed the opposite trend. The soil C:P ratio and P concentration were the major factors of the C, N, and P stoichiometries in the early growth stage, whereas the soil pH and P concentration were the major factors of the C, N, and P stoichiometries in the late growth stage. Compared with rare species, the C:N:P stoichiometry of common species was medium (neither very high nor very low) which was similar to the average trait value of the entire community. Moreover, the intraspecific variation in the aboveground part N:P ratio and the belowground part C concentration showed a positive correlation with species relative abundance, which indicating that higher intraspecific trait variation might facilitate greater fitness and survival opportunities in environments with high heterogeneity. Our results highlight the importance of intraspecific variation in determining the functional response of plant communities to environmental stress. Whether our results are applicable in a larger scale needs further study. To better understand the adaptive strategies of plant communities to changing environments, further studies should also consider the effect of the climatic factors and determine the C, N, P stoichiometries variations of litter and rhizosphere.
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Precipitation amount and seasonality can profoundly impact ecosystem carbon (C) and water fluxes. Water use efficiency (WUE), which measures the amount of C assimilation relative to the amount of water loss, is an important metric linking ecosystem C and water cycles. However, how increasing precipitation at different points in the growing season affects ecosystem WUE remains unclear. A manipulative experiment simulating increasing first half (FP+) and/or second half (SP+) of growing-season precipitation was conducted for 4 years (2015-2018) in a temperate steppe in the Mongolian Plateau. Gross ecosystem productivity (GEP) and evapotranspiration (ET) were measured to figure out ecosystem WUE (WUE = GEP/ET). Across the four years, FP+ showed no considerable impact on ecosystem WUE or its two components, GEP and ET, whereas SP+ stimulated GEP but showed little impact on ET, causing a positive response of WUE to FP+. The increased WUE was mainly due to higher soil water content that maintained high aboveground plant growth and community cover while ET was stable during the second half of growing season. These results illustrate that second half of growing-season precipitation is more important in regulating ecosystem productivity in semiarid grasslands and highlight how precipitation seasonality affects ecosystem productivity in the temperate steppe ecosystem.
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Introduction

Plants assimilate CO2 from the atmosphere at the expense of water loss during photosynthesis (Lawson and Vialet-Chabrand, 2019). The tradeoff between plant productivity and water use can be quantified by water use efficiency (WUE), the magnitude of carbon (C) gained per unit of water consumption (Beer et al., 2009; Lawson and Vialet-Chabrand, 2019; Bai et al., 2020; Dong et al., 2021). WUE, therefore, represents the coupling of terrestrial ecosystem C and hydrologic cycles (Song et al., 2016; Kang et al., 2020; Zhang et al., 2020b) and is regarded as a vital indicator for characterizing terrestrial ecosystems in response to on-going climate change (Knauer et al., 2017; Li et al., 2018; Zheng et al., 2019). Higher WUE implies that plants can synthesize more C by consuming less water resources (Tarin et al., 2020). Therefore, evaluating of the dynamics of WUE can enhance our understanding of regional energy and mass budgets (Li et al., 2016; Hatfield and Dold, 2019).

Ecosystem WUE is generally estimated as the ratio of gross ecosystem productivity (GEP), net ecosystem CO2 exchange (NEE), or gross primary productivity (GPP) to evapotranspiration (ET) (Hu et al., 2008; Guerrieri et al., 2016; Medlyn et al., 2017). GEP/ET is the most commonly used metric of ecosystem WUE (Beer et al., 2009; Niu et al., 2011; Bai et al., 2020; Volik et al., 2021). Ecosystem WUE is driven by the trade-off between GEP and ET, and thus biotic and climatic factors that affect C assimilation or water loss or both could cause changes in WUE (Leonardi et al., 2012). GEP can be regulated by climate change-induced shifts of limiting resources, as well as variation in species composition because plant species differ in their WUE (Roman et al., 2015). ET is routinely partitioned into vegetation transpiration and soil evaporation, these two components are likely to respond differently to changing environment (Hu et al., 2009; Niu et al., 2011; Yimam et al., 2015; Li et al., 2016; Medlyn et al., 2017).

Climate change is dramatically altering precipitation magnitude and timing in ecosystems globally (Trenberth, 2011; Bernacchi and VanLoocke, 2015; Konapala et al., 2020). Natural ecosystems, especially arid and semiarid regions that are often limited by water availability, are highly sensitive to both precipitation amount and timing (Jongen et al., 2011; Yang et al., 2020). Furthermore, the water requirements of plants can differ greatly throughout the growing season and can be species-specific (Denton et al., 2017). Changes in precipitation magnitude and seasonality are anticipated to alter ecosystem C assimilation and water loss in various ecosystems. For example, both precipitation magnitude and timing can profoundly influence ecosystem productivity (Robinson et al., 2013) and alter ecosystem C and water cycles, with consequent impacts on ecosystem WUE (Eamus et al., 2013; Yang et al., 2016; Zheng et al., 2019).

In arid and semiarid grasslands, water is a key limiting factor restricting ecosystem productivity and ecosystem functioning (Huxman et al., 2004; Gao et al., 2016; Zhang et al., 2021), making C-water relationships are highly subject to shifts in precipitation regime. Substantial variations in both precipitation magnitude and seasonality have been documented in the temperate steppe (Fang et al., 2005; Xu and Wang, 2016). WUE is a crucial indicator of ecosystem productivity, and monitoring and evaluating variation in WUE may provide valuable information for exploring the responses of ecosystem functions to changes in precipitation regimes. Therefore, there is a compelling need to understand how ecosystem WUE responds to changes not only in precipitation amount but also in precipitation timing. As part of a field experiment simulating changing precipitation started in April 2015, this study was designed to investigate the responses of ecosystem WUE to increasing first half and/or second half of growing-season precipitation. The aims of this study were 1) to examine how ecosystem WUE responds to increasing growing-season precipitation, 2) to access which period of precipitation increase is more decisive in determining ecosystem WUE and 3) to identify the factors controlling ecosystem WUE under higher growing season precipitation.



Materials and methods


Study site

This study was performed at the Ecological Restoration Experimental Site of Duolun County (1324 m a.s.l., 42°02′N, 116°17′E), a typical temperate steppe of the southern margin of the Mongolia Plateau. The mean annual air temperature and precipitation were 2.4°C and 382.2 mm, respectively. At this site, 90% of the annual precipitation falls between April and September. The potential evaporation, estimated by the Penman-Monteith equation using the original data acquired from Duolun meteorological station, ranged from 620 mm to 1416 mm (Li and Zhou, 2016). The potential evaporation greatly exceeds precipitation, indicating the study site is water-limited area. The hottest and coldest months are July (mean monthly temperature is 19.1°C) and January (mean monthly temperature is -17.3°C), respectively. Six perennial species including Stipa krylovii, Agropyron cristatum, Potentilla acaulis, Cleistogenes squarrosa, Allium bidentatum, and Artemisia frigida comprise of more than 70% of aboveground biomass. The soil is classified as a Haplic Calcisol according to the FAO classification, with sand, silt, and clay comprising 62.75%, 20.30%, and 16.95%, respectively. The soil aggregate and capillary porosities are 57.16% and 31.10%, respectively, at the depth of 0-10 cm (Su et al., 2021). The average rooting depth is 11.6 cm.



Experimental design

The experiment, which was established in April 2015, used a completely randomized block design. The experiment included 35 plots (4 m × 4 m) with five replicates in each of seven treatments. These treatments comprised of control (C), a 60% decrease (FP-)/increase (FP+) in precipitation during the first half of growing season (from April to June), a 60% decrease (SP-)/60% increase (SP+) in precipitation during the second half of growing season (from July to September), and a 60% decrease (P-)/increase (P+) in precipitation during the entire growing season (from April to September). The treatments of precipitation exclusion (FP-, SP-, and P-) were not included in this study. The level of 60% of ambient precipitation, both for addition and removal, was based on the historical meteorological data over the past 54 years (1961-2014). A buffer zone (width = 1.5 m) was set between neighboring plots.

From April 15th to June 30th, the control and SP+ plots received natural precipitation while the FP+ and P+ plots received 60% additional rainwater that was applied manually and evenly with a water pipe. From July 1st to September 15th, SP+ and P+ plots received 60% additional rainwater while control and FP+ plots received ambient precipitation (Yang et al., 2020). Decreasing precipitation was controlled by slat paneled shelters. Shelters were made by organic plastic sheet. All shelters were removed after the cessation of precipitation management. These shelters followed the design of Gherardi and Sala (2013) and had little effect on temperature, wind speed, and light intensity. The highest and lowest ends of the shelters were 1.2 m and 0.5 m, respectively, the tilt angle was 30°. The size of the shelters was 4 m × 4 m. The outermost 0.5-m band inside each shelter was not sampled to avoid edge effects, while the 3.5 m × 3.5 m area at the center was used for study monitoring. The rainwater added in FP+, SP+, and P+ plots was collected from the EP-, LP-, and P- plots (Figure 1). The insufficient part was supplemented from collected rainwater if there was some water lost during rainwater transport process. We separated the 3.5 m × 3.5 m plot into two portions: the section (2 m × 1 m) at the center was employed for vegetation monitoring, and the other section was employed for water and C flux measurement.




Figure 1 | Monthly precipitation of the four treatments during the growing seasons of from 2015 to 2018. C, control; FP+, increasing first half of growing-season precipitation; SP+, increasing second half of growing-season precipitation; P+, increasing entire growing-season precipitation.



The flowering phenology of common species is the basis of the division of first half (April-June) and second half (July-September) of growing season (Yang et al., 2020; Zhang et al., 2020a). The years with the worst drought in the first half and second half of growing season occurred in 2007 and 2009, respectively. The precipitation data were 59.6% and 55.8% lower than the average precipitation. The years with the maximum precipitation in the first half and second half of growing season happened in 1979 and 1983, respectively. The study site received 74.0% and 43.4% more rainfall than the historical average.



Soil microclimate and vegetation indexes

Volumetric soil water content at a depth of 20 cm was measured using Diviner 2000 (Sentek Pty Ltd., Balmain, Australia) six times per month during the four growing seasons from 2015 to 2018.

Plant community cover was monitored in a permanent quadrat (1 m × 1 m) of each plot. To avoid edge effects, these quadrats were placed more than 0.5 m away from boundary. Measurement was carried out in early September every year when plant biomass was at its peak (Zhang et al., 2020a). The other permanent 1 m × 1 m quadrat in the same plot was clipped to measure aboveground net primary production (ANPP). The collected materials were dried at 65°C for 48 hours and weighed to determine ANPP. Root in-growth method was employed to measure belowground net primary production (BNPP). We excavated two cylindrical holes (50 cm in depth) using a 7-cm soil auger at two diagonal corners in each plot in mid-April. After removing roots and gravel (the diameter of the mesh was 2 mm), we refilled the holes with the sieved soil. The root in-growth samples were collected in October using a soil auger (5 cm in diameter) at the center of the same holes. The total weight of the oven-dried root samples was taken as the BNPP (Kong et al., 2017; Yang et al., 2020).



Ecosystem WUE

In the present study, ecosystem WUE was determined by the division of GEP of ET. In April 2015, a permanent aluminum frame (0.5 m × 0.5 m) was inserted into the soil in each subplot to a depth of about 3 cm. A transparent chamber (0.5 m × 0.5 m in area, 0.5 m in height) affiliated to an infrared gas analyzer (IRGA; LI-6400, LiCor, Lincoln, NE, USA) was placed above the frame to measure ecosystem water and CO2 fluxes. Measurements were taken twice or thrice per month. Two small continuously operating electric fans were employed to mix the air inside the chamber. Nine consecutive recordings of water and CO2 fluxes were taken at 10-s interval during a 90-s period. ET and NEE were computed based on the time courses of water and CO2 fluxes. After these measurements, the chamber was covered with a black lightproof shelter to stop photosysthesis, and the CO2 flux was measured again to determine ecosystem respiration (ER). GEP was the difference between ER and NEE. Positive and negative NEE values refer net carbon uptake by and release from the ecosystem, respectively.



Statistical analysis

The mean values of growing-season ET, GEP, WUE, SM, ANPP, BNPP, and plant community cover were derived from the monthly mean values from April to September. First half (FSM) and second half (LSM) of growing-season soil water contents were the mean values from April to June and from July to September, respectively.

The main and interactive effects of FP+ and SP+ on ecosystem WUE and its components were analyzed using repeated measures ANOVAs. One-way ANOVAs were employed to test the impacts of different precipitation treatments on measured parameters. The relationship between SM, vegetation indexes and ecosystem WUE, GEP and ET were analyzed with linear regression. All statistical analyses were performed with SPSS 19.0 (SPSS Inc., Chicago, IL, USA).




Results


Precipitation and soil moisture

Averaged over the four years, FP+, SP+, and P+ elevated growing season precipitation amount by 50.6 mm (68.7%), 144.2 mm (59.6%), and 194.8 mm (60.0%), respectively, in comparison of the mean precipitation of the first half of, the second half of, and entire growing season of the past 54 years (1961-2014). The SP+ treatment significantly enhanced SSM by 1.71% and SM by 1.29% (absolute change, both P < 0.01), respectively, and marginally elevated FSM by 0.87% (P = 0.088; Figures 2A–C). However, FP+ had little effect on FSM, SSM, and SM (all P > 0.05). Moreover, none of FP+, SP+, and P+ showed significant influence on FST, SST, and ST over the study period (all P > 0.05; Figure 2D–F) No interactive effect of FP+ and SP+ on FSM, SSM, or SM was found (all P > 0.05, Table 1; Figure 2).


Table 1 | Results (P-values) of repeated measures of ANOVAs on the impacts of increasing first half (April-June) and second half (July-September) of growing-season precipitation and their interactions on first half of (FSM), second half of (SSM), entire (SM) growing-season soil moisture, ANPP, BNPP, plant community cover, GEP, ET, and WUE over the four years.






Figure 2 | Effect of increasing first half and late growing-season precipitation on first half of (FSM) (A), second half of (SSM) (B), and entire (SM) (C) growing-season soil moisture, first half of (FST) (D), second half of (SST) (E), and entire (ST) (F) growing-season soil temperature. Different letters indicate significant differences among different precipitation treatments (P < 0.05), the same in Figures 3, 4.





ANPP, BNPP, and plant community cover

Pooling data from 2015 to 2018, FP+ stimulated ANPP and BNPP by 8.4% and 25.2%, respectively. SP+ enhanced ANPP by 12.6% but suppressed BNPP by 12.9%. Although there were large changes in ANPP and BNPP, none of these changes were significant (all P > 0.05, Table 1; Figure 3). FP+ and SP+ substantially enhanced plant community cover by 8.7% and 9.7% (absolute change), respectively. There was no interactive effect of FP+ with SP+ on ANPP, BNPP, or plant community cover (Table 1; Figure 3).




Figure 3 | Aboveground net primary production (ANPP, A) and belowground net primary production (BNPP, B), and plant community cover (C) in response to increasing first half and/or second half of growing-season precipitation.





GEP, ET, and ecosystem WUE

Intense intra-annual variability in GEP, ET, and WUE was detected in Figure 4. GEP and ET were lowest in April, and reached their maxima in July, and then declined in August and September. WUE was also lowest in April, and then increased in the spring and summer, and peaked in September (Figures 4D, E). Averaged over the four years, growing season GEP, ET, and WUE did not respond to FP+ (all P > 0.05, Table 1). SP+ marginally enhanced GEP by 4.8% (P = 0.072), but it did not affect ET (P > 0.05). WUE was significantly stimulated by 14.8% under the SP+ treatments (P < 0.05, Table 1; Figures 4A–C). No interactive effect of FP+ and SP+ on GEP, ET, or WUE was detected (Table 1; Figure 4, all P > 0.05).




Figure 4 | Mean and seasonal dynamics of gross ecosystem productivity (GEP) (A, D), evapotranspiration (ET) (B, E), and ecosystem water use efficiency (WUE) (C, F) in response to increasing first half and/or second half of growing-season precipitation.





Relationship of ecosystem WUE with its driving factors

Across all the treatments and years, ecosystem WUE and GEP had positive correlations with SSM (Figure 5D, E), but there was no relationship between ET and SSM (Figure 5F). In addition, ecosystem WUE, GEP, and ET were unrelated to FSM (Figures 5A–C) and SM (Figures 5G–I). Across all the plots, ecosystem WUE showed a positive linear correlation with ANPP and community cover (Figures 6A, G, both P < 0.01), but not related to BNPP (Figure 6D). GEP showed a negative correlation with BNPP (Figure 6E, P < 0.05), a positive correlation with community cover (Figure 6H, P < 0.01), but no correlation with ANPP (Figure 6B). ET was negatively related to ANPP and BNPP (Figures 6C, F, both P < 0.01), but was not significantly influenced by community cover (Figure 6I).




Figure 5 | Relationships of WUE, GEP, and ET with first half of (FSM) (A–C), second half of (SSM) (D–F), and entire (SM) (G–I) growing-season soil water content. Each point represents the average of each plot, the same in Figure 6.






Figure 6 | Relationships of WUE, GEP, and ET with ANPP (A–C), BNPP (D–F), and community cover (G–I).






Discussion


Effects of FP+ on WUE

Precipitation in the first half of growing season is critical for plant growth (Chelli et al., 2016). Higher first half of growing-season precipitation has been reported to enhance plant productivity (Bates et al., 2006; Peng et al., 2013; Denton et al., 2017). A wetter early growing season can promote plant activity and leaf development, which may subsequently increase C and water fluxes between leaves and the atmosphere through stomata. However, the anticipated positive effect of FP+ on ecosystem WUE did not occur in our study, is due to tiny change in both GEP and ET in the FP+ treatment.

The lack of significant response of WUE to FP+ in this study is inconsistent with the increase in WUE in a meadow steppe (Dong et al., 2011). Differ climate conditions and soil water storage capacity between the two sites may explain the differences in responsiveness of WUE. On one hand, the lower temperature and weaker solar radiation during the first half of growing season at our study site may hinder plant growth, and the added rainwater cannot effectively promote C sequestration. On the other hand, lower water storage capacity of sandy soil in the study site (Niu et al., 2011) and the abundance of immature plant roots in the first half of growing season mean that rainwater is ineffectively intercepted and absorbed, and much of the rainwater may rapidly infiltrate into deeper soil. Most plants are shallow-rooted, additional water seeping into deeper soils may not be utilized by plants (Ru et al., 2018). In contrast, plants in the meadow steppe have more developed root systems and the clay soil has higher water storage capacity, and thus the increased spring rainfall would be absorbed and utilized by plants and stimulate C sequestration.



Effects of SP+ on WUE

Water is a strong controlling factor of primary productivity, particularly in ecosystems with little water availability (Ru et al., 2018; Zhang et al., 2021). Across ecosystems, precipitation seasonality can forecast plant community productivity more accurately than precipitation amount (Robinson et al., 2013). In our study, a large increase in ecosystem WUE under the SP+ treatment resulted from an increase in GEP but no effect on ET. SP+ significantly enhanced SSM, while SSM was positively correlated with GEP but not with ET. At this study site, root growth reached peak in August. Therefore, the alleviation of water stress during the second half of growing season ensured plants could fully exploit water and nutrients. Meanwhile, temperature and solar radiation, which can directly stimulate leaf area and GEP through their promotion effects on photosynthetic area and capacity (Guerrieri et al., 2016) and indirectly enhance leaf stomatal conductance and nutrient supply (Zhang et al., 2017), are better in the second half than in the first half of growing season, which. In addition, the well-developed roots of the second half of growing season are more capable of absorbing water. Together, these factors produced favorable conditions for plant growth and microbial activity, which can enhance water and nutrient acquisition (Trivedi et al., 2020), and thus accelerated plant gas exchange and subsequently exacerbated the promotion effect of increasing precipitation on C input in comparison with other periods.

Nevertheless, elevated second half of growing-season water supply did not stimulate ET. One possible reason is that ET includes the water fluxes from both plant canopy transpiration and soil evaporation (Nie et al., 2021). Higher precipitation during second half of growing season could enhance plant community cover and stomatal conductance, which leads to greater canopy transpiration and photosynthesis. Meanwhile, great canopy cover would reduce exposure of bare soil, and subsequently suppress soil evaporation (Zheng et al., 2019). At the ecosystem scale, the increase in canopy transpiration may offset the decrease in soil evaporation, resulting in no net change in ET under SP+ treatments.

The greater dependence of GEP rather than ET on second half of growing season water supply supports previous results showing that the impact of precipitation on ecosystem WUE is determined by C processes rather than water processes (Reichstein et al., 2002; Niu et al., 2011; Zhang et al., 2017; Bai et al., 2020). This pattern is consistent with observations that ecosystem WUE enhanced with increasing precipitation in semiarid zones (Niu et al., 2011; Zhang et al., 2018; Bai et al., 2020). The positive dependence of ecosystem WUE on ANPP and plant community cover provide further support for the above argument (Figure 4). Increases in plant community cover can enhance photosynthetic area. Along with increased photosynthesis, plants can proportionally uptake more C, and finally led to higher GEP under SP+ treatments. This semiarid grassland is dominated by herbaceous plants, whose metabolic activities are strongly dependent on soil water availability. During the 4-yr study period, the second half of growing season accounted for 73.5% of entire growing-season precipitation, so increasing the precipitation magnitude of second half of growing season may alleviate water stress more effectively than that of first half of growing season. A field experiment that shifted the timing of growing-season precipitation peak in this grassland demonstrated that precipitation amount in July and August was more important in regulating C release than any other period in the growing season (Ru et al., 2018). In this study, July, August, and September were the second half of growing season. The synchronization of greater soil water availability, higher temperature and stronger solar in this period could stimulate the growth of herbaceous plants and the metabolism of microbial enzyme, and subsequently contribute to increase in ecosystem WUE.

Second half of growing-season precipitation contributed to the majority of entire growing-season precipitation, the promotion effect of SP+ on soil water availability may last for a long time, it may even extend into the next year. However, the sandy soil of the study site cannot store too much water, most unutilized water would be lost, SP+ only slightly increased FSM. Meanwhile, FSM had no correlation with GEP, ET, or ecosystem WUE. Therefore, the legacy effect of SP+ on first half of growing-season C and water cycles can be ignored.



Implications for ecosystem WUE under shifting precipitation

Our findings provide valuable implication for forecasting ecosystem C and water fluxes in response to shifting precipitation in semiarid grasslands. With increasing frequency of extreme precipitation events, the changes in C sequestration and water loss are predicted to cause corresponding change in ecosystem WUE because C sequestration and water loss respond differently to precipitation timing in the growing season.

Increasing precipitation in the second half of growing season presented a larger positive influence on ecosystem WUE than increasing precipitation in the first half of growing season. Enhancing water availability in the second half of growing season increased GEP but did not affect ET, resulting in an increase in ecosystem WUE. In our study site, the second half of growing-season precipitation was much more than the first half of growing-season precipitation in our study site, which may exaggerate the effects of changing precipitation at fixed ratio, so if we want to verify the effects of precipitation timing on WUE, we need to design more reasonable experiments to consider both precipitation amount and timing. For example, we can choose areas where or years when the first half and second half of growing-season precipitation amounts are close.




Conclusions

Ecosystem WUE is an important metric linking plant physiological processes and environmental change. A better forecasting of how ecosystem WUE respond to shifting precipitation regimes and their intrinsic driving mechanism will help clarify how ecosystems adapt to ongoing climate change. Using a 4-yr field experiment in a semiarid temperate steppe in Northern China, we examined the impact of increasing precipitation magnitude at different periods of growing season on ecosystem WUE and its components. Although increasing first half of growing season precipitation had little effect on ecosystem WUE and its components, increasing second half of growing season precipitation enhanced ecosystem WUE by stimulating C assimilation process (GEP) but with no changes in water loss process (ET). The relationship between ecosystem WUE and precipitation amount at different periods in the growing season indicated that the temperate steppe in Mongolian Plateau may sequester C more effectively when there is ample water in the second half of growing season. These findings provide key insights into the consequences of shifting precipitation regimes and acquire a more thorough cognition of C and water cycles.
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This study was aimed to clarify the effects of stumping on root and leaf traits as well as the tradeoffs and synergies of decaying Hippophae rhamnoides in feldspathic sandstone areas, and to select the optimal stump height that contributed to the recovery and growth of H. rhamnoides. variations and coordination between leaf traits and fine root traits of H. rhamnoides were studied at different stump heights (0, 10, 15, 20 cm, and no stumping) in feldspathic sandstone areas. All functional traits of the leaves and roots, except the leaf C content (LC) and the fine root C content (FRC), were significantly different among different stump heights. The total variation coefficient was the largest in the specific leaf area (SLA), which is therefore the most sensitive trait. Compared to non-stumping, SLA, leaf N content (LN), specific root length (SRL) and fine root N content (FRN) all improved significantly at stump height of 15 cm, but leaf tissue density (LTD), leaf dry matter content (LDMC), leaf carbon to nitrogen ratio (LC : LN), fine root tissue density (FRTD), fine root dry matter content (FRDMC) and fine root carbon to nitrogen ratio (FRC : FRN) all decreased significantly. The leaf traits of H. rhamnoides at different stump heights follow the leaf economic spectrum, and the fine roots show a similar trait syndrome to the leaves. SLA and LN are positively correlated with SRL and FRN and negatively with FRTD and FRC : FRN. LDMC and LC : LN are positively correlated with FRTD and FRC : FRN, and negatively correlated SRL and RN. The stumped H. rhamnoides changes to the ‘rapid investment–return type’ resource trade-offs strategy, and the growth rate is maximized at the stump height of 15 cm. Our findings are critical to the prevention and control of vegetation recovery and soil erosion in feldspathic sandstone areas.




Keywords: leaves, fine root, plant economics spectrum, stump height, conservation



Introduction

The feldspathic sandstone zones of Inner Mongolia are one of the regions with the most severe soil erosion on the Loess Plateau. Feldspathic sandstone is characteristic of a low degree of diagenesis and can be easily invaded to form sand. The construction of artificial vegetation is an important measure of eco-environmental rehabilitation in this region. Hippophae rhamnoides is a critical soil and water-conserving plant in arid and semi-arid areas. With well-developed roots, it has strong tillering and germinating abilities and can rapidly spread out to produce large biomass. It has excellent soil water conservation abilities and is extremely dominant in the feldspathic sandstone areas of Inner Mongolia (Liu et al., 2022). However, artificial forests of H. rhamnoides in this region that grow to 10 years old will suffer a massive decline in growth and a decrease in productivity (Yang et al., 2014b; Cao et al., 2016), indicating that effective conservation is needed at this age. Since stumping will change functional traits, stumped shrubs can compensationarily recover and grow, and are stimulated to grow more sprouts and branches and thereby improve the net photosynthetic rate and primary productivity, changing the resource intake and use strategies of roots, and preventing the decay of shrub forests (Yang et al., 2020; Liu et al., 2022; Liu et al., 2023). The sprouting effect of stumping is affected by multiple factors, including the controllable stump height (Giambalvo et al., 2011; Langworthy et al., 2019).

Functional traits are used as the response indices of plants to environmental changes and can characterize the survival and resource utilization strategies of plants under unfavourable conditions (Dyer et al., 2001; Reich et al., 2003). The functional traits of leaves play a critical role in the assimilation of carbon, the relationships of moisture, and the energy balance of plants (Ackerly et al., 2002), and the traits of roots decide the absorption of nutrients and moisture that are essential for the survival and growth of plants (McCormack et al., 2015; Sun et al., 2018). However, existing research on plant functional traits is focused on forests and grasslands (He et al., 2008; Hosseini et al., 2019; Cui et al., 2022), and the root and leaf traits of H. rhamnoides before and after stumping in feldspathic sandstone areas are still unclear.

The spectrum theory of plant economics (Wright et al., 2004; Freschet et al., 2010) holds that there are associations in functional traits, biomass, construction consumption, and resource absorption between the aboveground and underground parts of plants living under the restrictions of environmental selection and biological–physical factors. This theory also demonstrates the tradeoff between rapid acquisition and resource saving for plants (Reich et al., 1999; Osnas et al., 2013). Apparently, there is a tradeoff and synergy among the functional traits of the leaves. Unlike the leaf trait syndrome, the traits of fine roots belong to be a more complex multidimensional economic space that reflects the diverse evolution pressures and tradeoffs in the underground part (Kong et al., 2014; Xia et al., 2021; Ning et al., 2022). The large specific root length, small diameter and low tissue density of fine roots are related to the high respiration rate and high turnover rate, and such trade-off is similar to the economic spectrum of leaves (Caplan et al., 2019; Laughlin et al., 2021). Other research shows that the traits of fine roots are mutually independent to a large extent. Furthermore, it is unclear whether the trait syndromes of the leaves and roots in H. rhamnoides exist before and after stumping.

To achieve the economic spectrum, the traits of different organs (e.g., leaves, roots) have to coordinate in accordance with the evolution and biophysical restraints (Reich, 2014; Weemstra et al., 2016). As reported, similar leaf and root traits are interrelated among species in the grasslands of the Inner-Mongolia Plateau or the Qinghai-Tibetan Plateau (Geng et al., 2014). Compared to forest species, species in arid areas tend to acquire underground resources rather than ground resources (Liu et al., 2010; Bardgett et al., 2014). However, it is unknown whether the existing theory applies to H. rhamnoides grown in feldspathic sandstone areas. In addition, there is little research on coordination in chemical tissue traits and morphological traits between the leaves and fine roots of H. rhamnoides in feldspathic sandstone areas.

For these reasons, in this study targeted at H. rhamnoides grown in feldspathic sandstone areas of Inner Mongolia, we analyzed the variation traits of roots and leaves at different stump heights as well as the tradeoffs and synergies between them. Specifically, we tested three hypotheses: (1) the leaf-trait syndrome in H. rhamnoides at different stump heights is in line with the global prediction of LES and is in parallel with the root-trait syndrome; (2) functional traits related to nutrient content and resource absorption are closely coordinated between leaves and fine roots; (3) stumped H. rhamnoides change to the ‘rapid investment–return type’ resource trade-off strategy.



Materials and methods


Experimental sites

The study area is located in the soil-water conservation science and technology demonstration zone in the feldspathic sandstone zone in Nuanshui Village Jungar Banner, Ordos, Inner Mongolia (Figure 1). This region (39°42’N -39°50’ N, 110°25’E -110°48’ E, 96 km2) has complex terrains with extensive gullies and fluctuating girders, and suffers soil erosion and soil-water loss. It has an average altitude of 800 - 1590 m, a precipitation of 400 mm (concentrated in July and August), a duration of sunlight duration above 3000 d, an evaporation of 2093 mm, and a temperature of 6.2-8.7°C on the annual average. The vegetation of this region is dominated by artificial vegetation, including H. rhamnoides, Pinus tableulaeformis, Caragana korshinskii, Medicago sativa and Prunus sibirica.




Figure 1 | Geographical positions of the study area.





Experimental design

In the demonstration zone, we chose H. rhamnoides plantation land that had basically consistent site conditions and forest compositions and were in the decaying stage as the experimental site, which were under the northwest slope face at slope of 4°. On the same slope face, H. rhamnoides were planted at the row space 0f 2m × 4m, and its tree age was 10 years. H. rhamnoides were stumped at early March 2020 in the experimental site. The stump heights (the stumping distance from the ground) were 0, 10, 15 and 20 cm, which corresponded to the treatments H1, H2, H3 and H4, respectively (Figure 2). A stump-free plantation site was established as a control (CK). All treatment sample plots were 50m×50m in area. Each treatment was carried out in triplicate. Stumping was performed using electric saws and pruning shears, which ensured that the incisions were flat and smooth without burrs. The overall stumping mode was adopted. To decrease plant moisture dissipation, we painted stumped sites after stumping.




Figure 2 | Schematic diagram of different stump heights treatment of H. rhamnoides.





Sample collection and processing

The leaf and fine root traits in five samples from the plots treated at different stump heights were measured in the middle growing season (middle June to lower August) of 2022 (The growth of H. rhamnoides at different stump heights was listed in Table 1). A sample involved at least five representative and healthy plants under basically consistent growth status. From each plant, 10 healthy leaves in medium size were collected and used to measure morphology, C and N concentrations. Fine roots were collected by the digging method. The weeds and litter around the basal of each chosen sample were cleaned away. After the surface soils were mostly cleaned, the peri-root soils were carefully cleared away to find the main roots. When root branches were encountered in the growing direction of the main roots, we further dug along the branch roots until we reached the end of the root system. During sampling, the loss of terminal low-level roots was avoided to ensure root completeness. Then fine roots in diameter smaller than 2 mm were chosen (Cornelissen et al., 2003; Mitchell et al., 2017).


Table 1 | Growth of H. rhamnoides at different stump heights.



The roots collected as they were put in labeled preservation bags, which were then placed in a refrigerator at 2-3° C on the same day and taken back to our laboratory. The leaves and fine roots were washed with deionized water and scanned using an 11000XL scanner (Epson, Tokyo, Japan). Together with WinRHIZO Pro 2012b (Regent Instruments Inc., Quebec City, Canada), leaf areas, leaf volumes, total fine root length, and fine root volumes were measured. Subsequently, the leaves and roots in each sample were placed in water and stored away from light at 4°C for 24 h (Ning et al., 2022). After the water was saturated, the surface water of the leaves or fine roots was sucked using absorbent paper, and then the saturated fresh weight of the leaves or fine roots was measured. Then the leaves and fine roots were dried at 60°C for 48 h, and the dry weight of the leaves and the dry weight of the fine roots were monitored at constant weight (Cui et al., 2019).

Then the specific leaf area (SLA), leaf dry matter content (LDMC), leaf tissue density (LTD), specific root length of fine roots (SRL), fine root dry matter content (FRDMC), and fine root tissue density (FRLTD) were computed. SLA and SRL are the ratio of area to dry weight of leaves and the ratio of area to dry weight of fine roots respectively. LDMC and FRDMC are the ratio of dry weight to saturated water weight of leaves and the ratio of dry weight to saturated water weight of fine roots, respectively. LTD and FRTD stand for the ratio of dry weight to volume of leaves, and the ratio of dry weight to volume of fine roots respectively (Jiang et al., 2021). The dried leaves and fine roots were ground into powder using a PULVERISETTE 5 high flow ball milling system (Fritsch, Munich, Germany), which was passed through a 0.149 mm sieve for chemical analysis. Carbon and nitrogen content in fine roots and leaves were measured using a Vario MACRO cube elemental analyzer (Elementar, Hanau, Germany), and the carbon and nitrogen ratios in roots and leaves were determined.



Data processing

Data were analyzed in SPSS 26.0. The data of leaves and fine roots were sent to descriptive statistics and analysis of the variation coefficient (variation coefficient =standard deviation/mean value ×100%). Differences in the traits of leaves and fine roots of H. rhamnoides among different stump heights were statistically analyzed by one-way analysis of variance (ANOVA). Significance was tested using Fisher’s least significant difference method at the level p < 0.05. The leaf and fine root variation characteristics at different stump heights, the Pearson heatmaps of fine roots and leaves, and the PCA of root and leaf coordination were plotted in Origin 2021.




Results


Variation of leaf and fine root traits

Neither leaf C content (LC) nor fine root carbon content (FRC) was significantly different among different stump height treatments (p > 0.05) (Table 2; Figure 3). SLA, LTD, LDMC, LC, leaf nitrogen content (LN), leaf carbon to nitrogen ratio (LC : LN), SRL, FRID, FRMDC, FRC, fine root nitrogen content (FRN) and fine root carbon to nitrogen ratio (FRC : FRN) were very significantly different between treatments (p < 0.001).


Table 2 | Analysis of variance of leaf and fine root functional traits.






Figure 3 | Variation traits of leaves (A) and fine roots (B) at different stump heights. Specific leaf area (SLA), Leaf tissue density (LTD), Leaf dry matter content (LDMC), Leaf C content (LC), Leaf N content (LN), Leaf C:N ratio (LC : LN), Specific fine root length (SRL), Fine root tissue density (FRTD), Fine root fry matter content (FRDMC), Fine root C content (FRC), Fine root N content, Fine root C:N ratio (FRC : FRN).



The total coefficient of variation among different stump heights was 1.05%–19.26%. Total coefficients of variation in SLA, FRN, FRC : FRN, and SRL were greater than 10%, with a maximum in SLA (19.26%). The total coefficients of variation in LN, LC : LN, RDMC, RTD, LDMC, LTD, FRC, and LC were all larger than 10%, with the minimum values of 1.05% in LC and 3.22% in FRC. The total coefficient of variation among different treatments was classified as SLA > FRN > FRNC : FRN > SRL > LN > LC : LN > FRDMC > FRTD > LMDC > LTD > FRC > LC. The coefficients of variation in all indices of H1, H2, H3, H4 and CK were all lower than 10% (Figure 3).

The SLA, LTD, LDMC, LC, LN, LC : LN, SRL, FRID, FRMDC, FRC, FRN, and FRC : FRN were all significantly different between H2 and H3 (p < 0.05). Compared to CK, SLA, LN, SRL and FRN improved significantly after stumping, but LTD, LDMC, LC : LN, FRTD, FRDMC and FRC : FRN significantly decreased. SLA, LN, SRL and LN ranked as H3 > H2 > H1 > H4 > CK. The changing rules of LTD, LDMC, LC : LN, FRTD, and FRDMC were the opposite and ranked as H3 < H2 < H1 < H4 < CK (Figure 4).




Figure 4 | The traits of leaves (A–F) and fine roots (G–L) at different stump heights. Error bars represent ± SE of the mean. Significant differences are indicated by different lowercase letters at p < 0.05. (All abbreviations are shown in (Figure 3).





Trait correlations in leaves and fine roots

The leaf traits and the fine root traits were both significantly correlated among different stump heights (Figure 5). SLA in CK was negatively correlated with LTD, LDMC, and LC : LN, and positively correlated with LN. LDMC in CK was positively correlated with LTD and LC : LN (p < 0.05), and very significantly negatively correlated with LN (p < 0.01).The LN and LC : LN in CK were very significantly negatively correlated (p < 0.01, Figure 5E). The correlations of SLA with LTD and LDMC were weakened after stumping, but the correlation between SLA and LN or LC : LN was enhanced. In particular, the SLA in H1, H3 or H4 was highly significantly correlated positively with LN (p < 0.01) and negatively with LC : LN (both p < 0.01). After stumping, LTD was positively correlated with LDMC and negatively with LN (p < 0.05), and LN was very significantly positively correlated with LC : LN (p < 0.01, Figures 5A–D).




Figure 5 | Correlations of leaf traits and of fine root traits at different stump heights (A–E). Correlations of leaf properties at 0, 10, 15, 20 cm and no-stumping (F–J). Correlations of fine root properties at 0, 10, 15, 20 cm and without stumping. (All abbreviations are shown in Figure 3).



SRL in CK was negatively correlated with RTD and FRC : FRN (p < 0.05), and was very significantly positively correlated with FRN (p < 0.01). FRN and FRTD in CK were positively correlated with FRDMC (p < 0.05), and were very significantly negatively correlated with FRC : FRN (p < 0.01, Figure 5J). SRL after stumping was negatively correlated with RTD and FRC : FRN (p < 0.05), but SRL in H1 or H3 was very significantly negatively correlated with FRC : FRN (p < 0.01). The FRN and FRTD after stumping were both positively correlated with FRDMC (p < 0.05), and the FRTD and FRDMC of H1, H2, H3 were positively correlated with FRC : FRN (p < 0.05).The FRN was still very significantly negatively correlated with FRC : FRN after stumping (p < 0.01, Figures 5F–I), and the correlation was unchanged. Clearly, the correlations between leaf traits and between fine root traits differ at different stump heights.



Coordination between leaf and fine root traits

There was a significant correlation between the leaf and fine root traits of H. rhamnoide (Figure 6, p < 0.05).SLA is negatively correlated with LTD, LDMC and LC : LN, and positively with LN. LTD is positively correlated with LDMC and LC : LN, and negatively correlated with LN. LN and LC : LN are very significantly positively correlated (p < 0.01). SLA and LN are both positively correlated with SRL and FRN and negatively correlated with FRTD and FRC : FRN. LDMC and LC : LN are positively correlated with FRTD and FRC : FRN respectively, and are both negatively correlated with SRL and RN. The correlations of the fine root traits are similar to those of the leaves. SRL is negatively correlated with FRTD and FRC : FRN, and very significantly positively with FRN (P < 0.01). Both FRTD and FRDMC are negatively correlated with FRN and positively with FRC : FRN. FRN and FRC : FRN are negatively correlated.




Figure 6 | Correlations between leaves and fine roots. (All abbreviations are shown in (Figure 1).



The accumulative contribution rates of variance on axis 1 and axis 2 in the PCA at different stump heights were both above 80%, which can well reflect the relationship between the functional traits of leaves and fine roots. CK PC1 is a structural axis decided mainly by SLA, LN, LDMC, FRC : FRN, and LTD, and its PC2 is defined by LC, FRC, and FRTD. The closest correlations in CK were found between LC : LN and LN, between FRN and SRL, and between FRC : FRN and SLA (Figure 7E). The indices in H1, H2, H3 and H4 after stumping did not change much on the PC1 axis, but LC and FRC axis 2 in all indices and the correlations between root and leaf traits were enhanced. In particular, the associations of SLA or SRL with LN, LC : LN, FRN, and FRC : FRN were closer (Figures 7A–D). Although the confidence groups overlapped slightly at different stump heights, the root and leaf traits after different treatments aggregated and were mutually separated. The CK root and leaf traits were mainly distributed in the right half of axis 2, and the root and leaf traits of H1, H2, H3 and H4 shifted along axis 2 from right to left, and H3 was mainly distributed in the right half of PC2 (Figure 7F).




Figure 7 | Coordination of root and leaf at different stump heights (A–E). Principal component analysis of leaves and fine roots at 0, 10, 15, 20 cm and without stumps respectively. (F) is the analysis of the principal component of the leaves and fine roots at different stump heights. (All abbreviations are shown in Figure 3).






Discussion


Variation in root and leaf morphological traits

The results showed that stumping significantly affected the morphological traits of both roots and leaves (Table 2). The coefficients of variation in the functional morphological traits of the roots and leaves at different stump heights fell within 3.47%–19.25%, which were all smaller than 20%. The coefficients of variation in SLA and SRL were large and very significantly different among different stump heights. These results indicate that these functional traits are very sensitive to stumping. The tissue densities and dry matter content of both roots and leaves are relatively stable variables on the resource acquisition axis, and thus the coefficients of variation are small (Figure 3).

According to leaf and root economics spectra (LES and RES respectively), SLA and SRL are two key traits reflecting the resource strategies of plants (Wright et al., 2004; Cheng et al., 2016). Specifically, the species with larger SLA had higher LN, leaf P content, faster photosynthetic rate, shorter leaf longevity, and lower LTD, which indicates the resource-acquisitive strategy. On the contrary, the species with lower SLA were conservative. The fine roots with large SRL, small diameter, low RTD and high N content are related to the low construction cost, fast respiration rate and high turnover rate. This pattern is similar to that of leaf trait correlations (Caplan et al., 2019; Reich, 2014).

The specific leaf area reflects the light receiving and capturing area per unit of leaf dry weight and indicates the abilities of plants to use environmental resources and to store the acquired resources. It is closely related to the rate of assimilation rate and the survival countermeasures of plants (Fajardo and Siefert, 2016). The specific fine root length is an important morphological structure that decides the water and nutrient absorption capacity of roots (Wang et al., 2019; Wang et al., 2020). Generally, the specific leaf area is larger in a resource-rich environment. Plants subjected to nutrient restriction or interspecific competition will increase the specific root length and root specific surface area to improve the acquisition capacity or competitiveness of nutrients (Kraft and Ackerly, 2010; Yang et al., 2014a). A decrease in tissue density or dry matter content in roots or leaves can rapidly accelerate plant growth turnover, so the loss of moisture and nutrients will decreased, thus improving the efficiency of use of moisture and nutrient and improving the defense force (Laughlin et al., 2021; Ning et al., 2022).

Our results showed that compared to CK, the SLA and SRL of H. rhamnoides were increased significantly after stumping, and LTD, LDMC, RTD, and RDMC were reduced (Figure 4), which are basically consistent with previous research. The reasons are that during compensationary recovery and growth after stumping, the resource acquisition conditions of H. rhamnoides are altered, as the cost of leaf construction is lowered. Consequently, the evaporation of vegetation decreases and the root branching ability and the soil nutrient absorption ability are enhanced, which promotes H. rhamnoides to adjust the adapting strategy to enhance its viability and to provide moisture and nutrients for the growth and metabolism of plants (Yuan et al., 2020; Liu et al., 2022), forming a growing strategy of high SLA and SRL and low LTD, LDMC, RTD and RDMC. This validates our first hypothesis. SLA, LN, SRL and LN all rank as H3 > H2 > H1 > H4 > CK. The changing rules of LTD, LDMC, LC : LN, FRTD, and FRDMC are the opposite and rank as H3 < H2 < H1 < H4 < CK (Figure 4).This compensation recovery and growth strategy was optimized at the stump height of 15 cm, above which the promoting effect was lowered.



Variation in chemical tissue traits in roots and leaves

The C element is the substrate and energy source of various physiological-biochemical processes of plants, and is the most important step to connect the external inorganic environment and organisms. C is also the basic framework of all organisms and is closely related to the photosynthesis and respiration of plants (Xu et al., 2018). N, a basic nutrient element of plants, and is an important compositional element and adjustment substance of diverse proteins and genetic materials (Cui et al., 2022). The C:N reflects the carbon assimilation ability of plants during the absorption of nutrient elements and indicates the use efficiency of nutrient elements. Generally, low C:N suggests that a plant grows fast (Hu et al., 2022).

We found that stumping significantly affected both N and C:N of leaves and roots, but leaf C contents were not significantly different among different stump heights (Table 2), and the root and leaf C contents were highly stable (Figure 3). This was because the organic carbon in the organs of plants is usually not directly involved in production activities, but acts as skeleton to provide plant activities with energy, and thus the organic carbon content in vivo is large and stable with low variation (Wang et al., 2018). Our results showed that the C : N was always larger in roots than in leaves at all stump heights, and the C : N in both leaves and roots was not significantly different among different stump heights (Figure 4), indicating the rate of N utilization is larger in roots than in leaves. The C and N contents in leaves are always larger than in roots regardless of the stump height, which is because the efficiency of C and N use of leaves is lower than that of roots. Hence, when cell division occurs rapidly due to the rapid growth of the leaves, the leaves demand largely for nutrient. Consequently, the C produced from photosynthesis gradually accumulates, and the roots transport more N to leaves, which is used in the synthesis of proteins and nucleic acids (Craine, 2006; Morales et al., 2015), so the C and N contents in the leaves of H. rhamnoides are higher.

Leaf nitrogen is a key factor for photosynthetic material metabolism and plant growth, and is an important component for the synthesis of chlorophylls and relevant photosynthetic proteins. Leaves with high N contents usually have fast photosynthetic rate (Jaikumar et al., 2013). Our results showed the leaf and root N contents after treatments H1, H2, H3, and H4 were all significantly larger compared to the CK (Figure 4). This was because the metabolism of roots was enhanced after the stumping, which promoted the nitrogen fixation ability of root nodules and improved the absorption and transportation of nitrogen nutrient elements by fine roots from the soils. As a result, the nitrogen contents in roots and leaves were significantly improved to maintain the rapid recovery and growth of plants (Yang et al., 2020; Liu et al., 2022; Liu et al., 2023). In addition, leaf area is an indicator of the photosynthesis ability of leaves. A larger leaf area is favorable for the interception of more solar light to produce organic matter (Osnas et al., 2013). Our calculations showed the leaf areas after stumping were significantly larger compared to CK. The increased leaf area and the increase nitrogen transport to leaves through roots after the stumping jointly promoted the efficiency of plant photosynthesis and accelerated the synthesis of abundant chlorophyll and photosynthetic proteins in leaves, which once again increased the leaf N content (Craine, 2006; Morales et al., 2015). This again validates our first hypothesis.

The C: N ratios in the roots or leaves after treatments H1, H2, H3, and H4 were all significantly lower than those without stumping (Figure 4), suggesting H. rhamnoides at the stump height of 15 cm can grow faster. In all, stumping can not only control the external growing morphology of plants to some extent, but can also indirectly change the internal physiological processes by adjusting the needed resources and environment, which will considerably affect plant growth.



Root and leaf trait coordination

The functional traits of plants are not mutually independent, but are coordinated or traded off to promote plant growth. Then the correlations among the leaf functional traits were compared between CK and H1, H2, H3 or H4. Commonness was found, as SLA and LN were positively correlated, and LC : LN was negatively correlated with both SLA and LN. It is speculated the coupling between the 2 above traits is the most stable among the leaf functional traits of H. rhamnoides.

The correlations of SLA with LTD and LDMC were weaker after the stumping, and the correlations between SLA and LN, and between LC : LN and LN were strengthened (Figures 5A–E). These correlations between traits are similar to the findings on leaf functional traits in accordance with the leaf economics spectrum (Wright et al., 2004; Marechaux et al., 2020), which reflects that the associations between the leaf functional traits are universal. However, we found the correlations among leaf morphological traits were weakened after the stumping, and the correlations with chemical characteristics of the tissue were enhanced. Adjusting leaf morphological structure, growing pattern and nutrient element allocation strategy after stumping will alter the correlations between traits, so the stumped plants can rapidly recover the lost aground branches, which will improve the nutrient absorbing capacity of roots and the nutrient transport ability to leaves (Yang et al., 2020; Liu et al., 2022). The morphological traits of leaves and the absorption of nutrient resource by leaves are directly and closely associated (Ackerly et al., 2002; Wright et al., 2004). This is also the reason for the increased. correlations between the leaf morphological traits and chemical tissue traits after the stumping. The change between morphological traits may be indirect after the chemical tissue traits of leaves affect a certain morphological trait. Therefore, during the compensationary recovery and growth of leaves, the correlations between the morphological traits of the leaves are weakened.

We found the correlations between fine root traits of H. rhamnoides were similar to the correlations between leaf traits, especially SRL and SLA that reflect the resource acquisition abilities of fine root and leaves respectively (Reich, 2014; Laughlin et al., 2021). The results showed that SRL was negatively correlated with RTD, and FRC : FRN, and very significantly positively correlated with FRN. FRTD and FRDMC were both positively correlated with FRN. FRN and FRC : FRN were very significantly negatively correlated (Figures 5F–J). All of these results basically consistent with previous studies. The correlations of root morphological traits after the stumping with FRN, and FRC : FRN were enhanced, which is consistent with the correlations between leaf traits after the stumping.

In a dry environment, the functional traits related to nutrition contents and resource absorption are closely coordinated between leaves and fine roots. This is because the moisture and nutrient restrictions for plant growth require that the functions of fine roots (namely, moisture and nutrient absorption) must match the functions of leaves (namely photosynthesis and transpiration) (Carvajal et al., 2019). Our root and leaf correlation analyzes prove this view: SLA and LN are both positively correlated with SRL and FRN, and negatively correlated with FRTD and FRC : FRN. LDMC and LC : LN are positively correlated with FRTD and FRC : FRN respectively, and negatively correlated with SRL and RN (Figure 6). Namely, nutrient absorption by the ground and underground organs is strongly associated. These results further prove that the aground traits and underground traits of H. rhamnoides are coordinated to some extent. Our results are consistent with previous studies on temperate grasslands (Craine et al., 2005), forests (Holdaway et al., 2011) and lawn (Liu et al., 2010; Zhao et al., 2016). This validates our second hypothesis.

According to the plant economics spectrum theory, functional traits of plants are important indices for measuring environmental resource trade-off strategies of plants (Reich et al., 2003; Freschet et al., 2010). When LTD, LDMC, RTD, RDMC, and C: N are low, SLA and SRL are large, and when the N contents in roots and leaves are large, the plants usually have a rapid photosynthetic rate and growth rate and become the ‘rapid investment–return’ type; otherwise, they approach the ‘slow investment –return’ type (Jiang et al., 2021; Pérez-Ramos et al., 2012). Compared with CK (Figure 7E), the LTD, LDMC, FRTD, FRDMC, LC: LN, and FRC : FRN significantly decreased, SLA, and SRL significantly rose, and LN and FRN were large after the stumping (Figures 4, 7A–D). It is indicated H. rhamnoides in an environment with limited resources is indicated to optimally allocate resources between the functional traits of leaves and roots by using a trade-off strategy. Compared with CK, the root and leaf economics spectra of stumped H. rhamnoides are closer to one end of ‘rapid investment–return type’ species (Figure 7F), which indicates the shift to the resource trade-off strategy of ‘rapid investment–return type’. This validates our third hypothesis. Our findings are significant for the prevention and control of revegetation and soil erosion in feldspathic sandstone areas.




Conclusions

The variation and coordination between the traits of the roots and leaves were analyzed at different stump heights. The results show that the leaf traits of H. rhamnoides at different stump heights agree with the global prediction of LES, and are in parallel with the root-trait syndrome. The H. rhamnoides after stumping has a high SLA, SRL, LN, and FRN, and low LTD, LDMC, LC : LN, FRTD, FRDMC, and FRC : FRN. It is indicated that H. rhamnoides in an environment with limited resources can optimally allocate resources between functional traits of leaves and roots using a trade-off strategy, and thus H. rhamnoides shifts to the resource trade-off strategy of ‘rapid investment-return type’. The coordination between the leaves and the fine roots is stronger in terms of the chemical tissue traits compared to the morphological traits. Generally, stumped H. rhamnoides can grow faster compared to unstumped shrubs, and the optimal stump height is 15 cm. Thus, to improve the decaying of H. rhamnoides forests in feldspathic sandstone areas, shrubs can be stumped at a height of 15 cm.
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Many carbon-related physiological questions in plants such as carbon (C) limitation or starvation have not yet been resolved thoroughly due to the lack of suitable experimental methodology. As a first step towards resolving these problems, we conducted infusion experiments with bonsai trees (Ficus microcarpa) and young maple trees (Acer pseudoplatanus) in greenhouse, and with adult Scots pine trees (Pinus sylvestris) in the field, that were “fed” with 13C-labelled glucose either through the phloem or the xylem. We then traced the 13C-signal in plant organic matter and respiration to test whether trees can take up and metabolize exogenous sugars infused. Ten weeks after infusion started, xylem but not phloem infusion significantly increased the δ13C values in both aboveground and belowground tissues of the bonsai trees in the greenhouse, whereas xylem infusion significantly increased xylem δ13C values and phloem infusion significantly increased phloem δ13C values of the adult pines in the field experiment, compared to the corresponding controls. The respiration measurement experiment with young maple trees showed significantly increased δ13C-values in shoot respired CO2 at the time of four weeks after xylem infusion started. Our results clearly indicate that trees do translocate and metabolize exogenous sugars infused, and because the phloem layer is too thin, and thus xylem infusion can be better operated than phloem infusion. This tree infusion method developed here opens up new avenues and has great potential to be used for research on the whole plant C balance and its regulation in response to environmental factors and extreme stress conditions.




Keywords: 
13C-labelled glucose, exogenous sugars, carbon limitation, carbon physiology, methodology, tree infusion



1 Introduction

Trees rely on photosynthesis to gain carbon, which is a core resource allocated among different tissues to grow, reproduce, defend, and maintain metabolic functions (Körner, 2006; Maguire and Kobe, 2015; Hartmann and Trumbore, 2016). Photosynthetic carbon may be passively (Sala et al., 2010) or actively (Li et al., 2018) stored in the form of sugars and starch as nonstructural carbohydrates (NSC) in response to environmental stress, thus the plant tissue NSC levels reflect the balance between C-gain (or supply) and C-utilization (or demand) (Chapin et al., 1990; Kozlowski, 1992; Li et al., 2002; Hoch et al., 2003; Körner, 2003; Dietze et al., 2014; O’Brien et al., 2014; Hartmann and Trumbore, 2016; Martínez-Vilalta et al., 2016; Sapes et al., 2021). If plant’s C demand exceeds the C supply, the plant’s C storage will be depleted with time and the plant may suffer from a carbon deficit, which may result in decreasing growth rate and increasing mortality of plants.

In the debate about either the alpine treeline formation or the drought-induced forest mortality, carbon shortage or carbon starvation has been proposed and are still being debated as the underlying physiological mechanisms. Studies based on natural experiments suggested carbon source limitation (Wardle, 1993; Li et al., 2002; Li et al., 2008a; Li et al., 2008b; Li et al., 2018; Wang et al., 2021) or growth sink limitation (Körner, 1998; Hoch and Körner, 2009; Harsch and Bader, 2011) as the possible physiological mechanisms for tree growth under low temperature at the alpine treelines. Similarly, hydraulic failure and carbon starvation have been proposed as possible physiological mechanisms to explain the water deficit-caused forest dieback (McDowell et al., 2008; McDowell et al., 2011; Mcdowell et al., 2016; Choat et al., 2018). The carbon starvation or limitation hypothesis assumes that mortality of drought- or low temperature-stressed trees occurs because trees’ carbon production of photosynthesis cannot meet its minimum demand for survival (Li et al., 2008b; McDowell and Sevanto, 2010). Measurements of tissue NSC levels reveal, however, inconsistent results. For example, as Hoch and Körner (2003) did not find any carbon shortage in treeline trees, other studies clearly indicated a carbon limitation in roots of plants at their upper limits (Li et al., 2008a; Li et al., 2008b; Genet et al., 2011; Li et al., 2018; Wang et al., 2021) and under water deficit (Galvez et al., 2013; Sevanto and Dickman, 2015; Hagedorn et al., 2016; Joseph et al., 2020; Schönbeck et al., 2020). Moreover, in both the treeline and drought cases, carbon limitation may occur with growth limitation (treeline) or hydraulic failure (drought) together (Adams et al., 2017), and thus, we actually don’t know which one is the primary and which is the following secondary mechanisms leading to mortality. If non-structural carbohydrates could be introduced into stressed trees, and if trees can accept, distribute and metabolize such exogenous sugars added, it is then possible to distinguish carbon limitation from growth limitation or hydraulic failure.

We therefore ask whether plants, analogously to nutritionally deficit sick humans and animals, can accept and use exogenous sugars infused, because sugars in the nature are merely produced by plant photosynthesis (endogenous sugars)? If yes, we, then, can develop a new methodology (i.e. exogenous sugar addition) to open up new avenues for research on the whole plant carbon balance and its regulations, and potentially improve vitality of historic and landmark trees suffering from severe damage in the practice.

Since more than 50 years, some previous activities have tried to develop plant injection methods and techniques to inject chemical substances into tree’s stem for pests control (Feng, 1972; Feng, 1979; Eggers et al., 2005; Feng and Ji, 2009; Zeng et al., 2010; Hijaz et al., 2020), which has been recently reviewed by Li and Nangong (2022). Injection of plant nutrients (Grabau et al., 1986; Schon and Blevins, 1987) and hormones (Philipson, 1985; Ross and Bower, 1991; Eriksson et al., 1998; Smith, 1998; Kong et al., 2008) for growth regulations has also been applied. Other authors demonstrated the possibility of supplying albino corn plants (Spoehr, 1942) and tomato plants (Went and Carter, 1948) with sucrose, or feeding trees (Picea abies [L.] Karst) with amino acids (Gessler et al., 2003) through the cut ends of the leaves.

Overall, there are only a few studies worldwide that injected (fast, short time treatment) or infused (slow, longer time treatment) sugars into plant stems, and these very limited experiments concentrated only on a few agricultural species, i.e. soybean (Hayati et al., 1995; Abdin et al., 1998; Zhou et al., 2000), corn plants (Zea mays L.) (Boyle et al., 1991a; Boyle et al., 1991b; Ma et al., 1994; Zhou and Smith, 1996; Zhou et al., 1997), sweet and grain sorghum (Tarpley et al., 1994), and chickpea (Cicer arietinum L.) (Khan et al., 2017). They generally found that sugar injection or infusion increased yield but decreased plant photosynthesis. On the other hand, probably due to the hardness and rigidity of wood and bark, the possibility and methodology of sugar infusion or injection with woody plants have rarely been studied, tested only in Quercus alba (McLaughlin et al., 1980) using the circumferential trough technique (Auerbach et al., 1964), Citrus unshiu (Iglesias et al., 2003) with a low-pressure injection system (Iglesias et al., 2001), and in Quercus virginiana (Martinez-Trinidad et al., 2009) using the so-called macro-injection system (Eggers et al., 2005). They did not trace the transport and allocation of the injected/infused sugars within a tree, and thus, we actually do not know how the exogenous sugars added are transported and allocated in plants.

It is well known that water movement in xylem is unidirectional upwards from roots to aerial parts of trees, whereas the movement of photosynthetic carbon products in phloem is bidirectional both downwards and upwards from source (leaves or storage) to sink. As many studies indicated that carbon shortage occurs mainly in roots (Li et al., 2008a; Li et al., 2008b; Genet et al., 2011; Galvez et al., 2013; Sevanto and Dickman, 2015; Hagedorn et al., 2016; Li et al., 2018; Joseph et al., 2020; Schönbeck et al., 2020; Wang et al., 2021) mentioned above, it is thus reasonable that sugar addition into phloem may be more effective than into xylem of stressed trees, to improve the root carbon supply and balance.

We therefore, carried out the present pilot study to test whether trees take up, translocate and metabolize infused exogenous sugars. Using common infusion method and equipment for human and animals, we experimentally tested to infuse 13C-labelled glucose through either phloem or xylem into bonsai trees (Ficus microcarpa) in greenhouse, and also into adult Pinus sylvestris trees in the field in 2021. Three and ten weeks after infusion started, we took samples to analyze the δ13C values in organic matter. We hypothesize that xylem infusion increases the δ13C values in leaves and wood above the infusion point due to unidirectional upward transport in xylem, whereas phloem infusion increases the overall δ13C values of plants due to bidirectional movement in phloem (Hypothesis I). This, in other words, means that trees do take up infused exogenous sugars. Moreover, we expect that xylem infusion will works better than phloem infusion (Hypothesis II) because the latter may be very difficult to be operated due to the very thin phloem layer. Based on the results gained above in 2021, we conducted a third experiment with young Acer pseudoplatanus trees in 2022. We first infused the trees with 13C-labelled glucose, and then measured the shoot dark respiration four weeks after infusion started, to test our third hypothesis that plants use the infused exogenous sugars for respiration (Hypothesis III) to provide energy for physiological processes and growth of trees.



2 Methodology development: Materials, equipment, and methods


2.1 Greenhouse experiment with bonsai plants

We selected bonsai trees of Ficus microcarpa potted in 21 cm (upper diameter) x 18.5 cm (height) x 15 cm (bottom diameter) pots filled with Ficus Mix soil (SYBotanicA, Bemmel, The Netherlands) for a greenhouse experiment at the Swiss Federal Institute for Forest, Snow and Landscape Research WSL, Birmensdorf, Switzerland (
Figure 1A
). Bonsai trees of F. microcarpa were selected because they are thick enough with thick xylem and especially thick bark, so that both phloem (
Figure 1B
) and xylem (
Figure 1C
) infusion may be possible. One week prior to sugar infusion treatment, ~85% of the leaves from each of the 27 F. microcarpa plants were removed (i.e. only ~15% of leaves in the upper crown were left intact; 
Figure 1A
) to limit photosynthesis and thus to create a carbon shortage in plants.




Figure 1 | 
Glucose infusion experiment with Ficus microcarpa bonsai plants in WSL greenhouse (A). Each of the three treatments, i.e. phloem infusion (B), xylem infusion (C), and control, had 9 plants. The infusion set consists of a 20 mL-syringe, a 120 cm-long rubber tube with a flow regulator and two thin infusion needles for phloem infusion (B), or one thick plastic needle for xylem infusion (C).




On April 11-12, 2021, the sugar solutions were prepared. We dissolved 10 g 13C-labeled D-glucose powder (13C6, 99 atom % 13C, Sigma-Aldrich, Buchs, Switzerland) in 20 mL distilled water as 13C-labelled glucose solution (~1:2 for sugar: water). We also dissolved 2 kg non-labelled D-glucose powder (Carl-Roth, Karlsruhe, Germany) in 3 L distilled water as non-labelled glucose solution (~1:1.5 for sugar: water). The δ13C value of the non-labelled D-glucose is –26.00‰ ± 0.015‰, and is thus very close to the natural 13C abundance (–26.00‰ δ13C) in European trees (Taylor et al., 2003; Zeller et al., 2007). This ensures that any 13C-labelling effects of the study should thus be solely derived from the 13C-labelled glucose. The solution was filtered aseptically in an aseptic platform before infusion.

The infusion set consists of a 20 mL-syringe, a 120 cm-long rubber tube with a flow regulator and two thin infusion needles (size 0.65 x 19 mm; Venofix® Safety G23, Venipuncture set) for phloem infusion (
Figure 1B
), or one thick plastic needle (size 4 x 20 mm; Henan Zhengzhou Green Cube Garden Engineering Co., Ltd., China) for xylem infusion (
Figure 1C
). Before infusion started, we first poured 15 mL non-labeled glucose into each syringe (
Figure 1A
). Nine plants were randomly selected for one of the three treatments, i.e. control, phloem infusion (
Figure 1B
), and xylem infusion (
Figure 1C
) on April 13, 2021. For phloem infusion, the thin, sharp needles were directly inserted into the phloem parallel to the stem surface (
Figure 1B
). For xylem infusion, we first used an electric drill (Bosch Professional GSR 12V-15, Germany) to drill a hole (~10 mm in depth, and 3.5 mm in diameter) in a 45° angle into the stem, and then the thick plastic infusion needle was inserted into that hole (
Figure 1C
), and the whole contact surface was immediately sealed with an adhesive layer (Cementit Universal adhesive, Switzerland). To effectively use the expensive, limited 13C-labelled glucose, we used a 1 mL-syringe to inject 1 mL 13C-labelled glucose into the lower segment of the rubber tube of each infusion set one day later (April 14, 2021), and the hole on the rubber tube was immediately sealed with an adhesive layer. The initial level of sugar solution in each syringe was marked on the syringe and recorded. The controls were kept intact to measure the natural 13C abundance.

We took leaves, shoots and fine roots (<2 mm in diameter) samples twice during the infusion process: the first sampling date was three weeks later (May 4, 2021) when a visible reduction in the initial level of sugar solution in syringes was observed, and the second sampling date was ten weeks later (June 22, 2021) after infusion started. Leaves, shoots that emerged acropetally above the infusion point and fine roots with white color were collected from each sample plant and immediately transferred and stored at -20°C. We hypothesized that most of the thin white colored roots may be of post-infusion origin, and therefore that they most likely utilized and incorporated the infused exogenous sugars. To collect fine roots, we carefully pulled out the plants from pots, cut the outer white-colored roots, and carefully put the plants back into the pots. Samples were taken only from the bonsai trees, on which the syringe showed a visible lower level of the sugar solution compared to the initial level marked. Only 3 to 5 individuals out of the 9 replicates showed a visible decreased sugar solution level, and the decreasing velocity was normally < 3 mL within the 1st 3 weeks and < 5 mL within the 10 weeks. Thus, the replicates for laboratory and statistical analyses were n=3–5 (see 
Figure 2
).




Figure 2 | 
Effects (n = 3 – 5, mean value ± 1 SE) of xylem infusion (orange color) and phloem infusion (blue) with 13C-labelled glucose into Ficus microcarpa bonsai trees compared to controls (grey) under greenhouse conditions (see Figure 1). Samples were taken three (A) and ten (B) weeks after the infusion started. The dashed lines correspond to the average natural 13C abundance (~ -26‰ δ13C) in European trees (Taylor et al., 2003; Zeller et al., 2007). Different lowercase letters indicate significant differences in δ13C values of tissue (i.e., leaves, shoots, or roots) among the treatment xylem infusion, phloem infusion and controls (P < 0.05).





2.2 Field experiment with adult pine trees

The field study was carried out in a mature Scots pine (Pinus sylvestris L.) forest located in a dry valley Pfynwald (~600 mm precipitation per year; 46° 18′ N, 7° 36′ E, 615 m above sea level), Valais, Switzerland. Eighteen Scots pine trees (~120 years old, ~11 m in height and ~30 cm in diameter at breast height) grown in similar ambient condition were selected, six out of the 18 trees were randomly assigned for one of the three treatments, i.e. phloem infusion (
Figure 3B
), xylem infusion (
Figure 3C
), and intact controls.




Figure 3 | 
Glucose infusion experiment with adult Scots pine (Pinus sylvestris) trees (A), for phloem infusion (B) and xylem infusion (C) in Pfynwald, Valais, Switzerland. For phloem infusion (B), a hole (~20 mm in depth, and 3.5 mm in diameter) between the bark and xylem, parallel to the stem surface, was drilled with an electric drill, then the thick plastic infusion needle was inserted into that hole. For xylem infusion (C), we also used an electric drill to drill a hole (~20 mm in depth, and 3.5 mm in diameter) in a 45° angle into the stem, and then the thick plastic infusion needle was inserted into that hole.




The infusion set consists of a 1.5 L tree infusion bag, a 70 cm-long rubber tube and a thick plastic needle (size 4 x 20 mm; Henan Zhengzhou Green Cube Garden Engineering Co., Ltd., China; 
Figure 3
). Both the non-labelled and the 13C-labelled glucose solutions used here were prepared as those used in the greenhouse experiment described above. Each infusion bag was filled with 150 mL non-labelled glucose solution. Phloem infusion (
Figure 3B
) and xylem infusion (
Figure 3C
) started on June 28-29, 2021. For phloem infusion, we first used an electric drill (Bosch Professional GSR 12V-15, Germany) to drill a hole (~20 mm in depth, and 3.5 mm in diameter) between the bark and xylem, parallel to the stem surface, then the thick plastic infusion needle was inserted into that hole (
Figure 3B
), and the whole contact surface was immediately sealed with an adhesive layer (Cementit Universal adhesive, Switzerland). For xylem infusion, we also used the electric drill to drill a hole (~20 mm in depth, and 3.5 mm in diameter) in a 45° angle into the stem, then the thick plastic infusion needle was inserted into that hole (
Figure 3C
), and the whole contact surface was immediately sealed with an adhesive layer (Cementit Universal adhesive, Switzerland). The infusion point (position) was at the stem height of 80-100 cm (
Figure 3A
). One week later (on July 7, 2021), we used a 1 mL-syringe to inject 0.8 mL 13C-labelled glucose solution into the lower segment of each 70 cm-long rubber tube, and the hole on the tube was immediately sealed with an adhesive layer. Thus, the 13C-labelled glucose of 0.8 mL was not diluted in the 150 mL non-labelled glucose solution but concentrated in the lower segment of the rubber tube close to the infusion point. The initial level of sugar solution in each infusion bag was marked on the bag and recorded. The controls were kept intact to measure the natural 13C abundance.

Similar to sampling in the greenhouse experiment described above, we took samples also two times during the infusion process. The 1st sampling date was also three weeks later (July 28, 2021) and the 2nd sampling date was ten weeks later (September 15, 2021) after 13C-labelled glucose was added. Samples collected included phloem and the very outer xylem layer, which we assume to be the most active xylem wood. The phloem and xylem samples were taken with treering increment borers (1 cm in diameter, Haglöf Sweden) from the stem height of ~30 cm above (above-sample) and below (below-sample) the infusion point at the 1st sampling date, and of ~50 cm above and below the infusion point at the 2nd sampling date for each infused tree. For the controls, we collected samples at ~1 m (1st sampling) and ~1.3 m (2nd sampling) stem height of each control tree. To obtain materials necessary for 13C analysis, 3-5 cores (~1 cm long each) were collected from each stem height level for each sampling date. The bark was removed, and the phloem and xylem were separately collected. Collected samples were kept in polybags in an ice-box carrier, transported to the laboratory and stored at -20°C. Samples were taken only from the treated trees, on which the infusion bag showed a visible lower level of the sugar solution compared to the initial level marked. Only 3 individuals out of the 6 replicates showed a visible decreased sugar solution level (the decreasing velocity could not be estimated due to lack of scale on the bags), and thus, the replicates for laboratory and statistical analyses were n=3 (see 
Figure 4
).



2.3 Respiration measurement experiment with maple saplings

A third experiment with Acer pseudoplatanus young trees (170 – 200 cm in height, 1.0 – 1.5 cm in diameter at breast height) infused with 13C-labelled glucose was conducted, to test whether plants use the infused exogenous sugars for respiration to provide energy for physiological processes and growth. Using the same infusion set and methods including sugar solutions mentioned above for the field experiment, 3 maple trees were infused with 13C-labelled glucose into xylem, and 3 trees were used as controls. Each infused tree was treated with 1 mL 13C-labelled glucose plus 30 mL non-labelled glucose, with the same procedure as the field experiment described above. The infusion started on April 14, 2022. Four weeks after infusion started, we tightly wrapped up the upper crown (incl. leaves and small branches) above the infusion point with a black plastic bag (70 L) connected with an input and an output rubber tube. These tubes were then tightly connected to a G2131‐i isotopic‐CO2 gas analyzer (Picarro, USA), to measure the dark respiratory 13CO2 of the upper crown for 20 minutes each (Picarro, 2011).



2.4 Laboratory analysis

The bulk 13C content of dried and ground samples was analyzed with an elemental analyzer (IsoEarth, Sercon, Crewe, UK) and isotope ratio mass spectrometer (HS2022, Sercon, Crewe, UK) in the WSL stable isotope lab (https://www.wsl.ch/en/about-wsl/instrumented-field-sites-and-laboratories/laboratories/isotope-laboratory.html). The resulting isotope ratios were converted to δ13C in per mil by reference to the international standard VPDB with a precision of better than 0.2‰ (Brooks et al., 2022).



2.5 Data analysis

After the data normality test, we first analyzed the effects of treatment, sampling date (time), and their interaction on tissue δ13C levels for the greenhouse experiment with bonsai trees and the field experiment with adult pine trees, respectively. The results showed that the sampling date had significant effects on the tissue δ13C levels in 4 out of 7 cases (see 
Tables 1
, 
2
). We, therefore, tested the treatment effects for each experiment within each sampling date separately. We used one-way ANOVA to analyze the treatment (control, xylem infusion, phloem infusion) effects on δ13C values within each tissue type (leaves, shoots, roots) for each sampling date for the greenhouse experiment (
Figure 2
), while we performed two-way ANOVAs to test the effects of treatment (control, xylem infusion, phloem infusion), tissue position (above or below the infusion point), and their interaction on δ13C values within each tissue type (xylem, phloem) for each sampling date for the field experiment (
Figures 4
). One-way ANOVA was used to test the difference in the dark respiratory 13CO2 of the upper crown between the controls and trees infused with 13C-labelled glucose (
Figure 5
).


Table 1 | 
Effects of treatment (control, xylem infusion, phloem infusion) and sampling date (3 weeks and 10 weeks after the infusion started), and their interaction on δ13C values in leaves, shoots and roots of bonsai Ficus microcarpa trees, using the linear mixed-effects models.





Table 2 | 
Effects of treatment (control, xylem infusion, phloem infusion) and sampling date (3 weeks and 10 weeks after the infusion started), and their interaction on δ13C values in xylem (sampled above and below the infusion point) and phloem (above and below the infusion point) of adult Pinus sylvestris trees, using the linear mixed-effects models.







Figure 4 | 
Effects of 13C-labelled glucose infusion into phloem and xylem tissues of adult Pinus sylvestris trees compared to controls (n = 3, mean value ± 1 SE). Tissues were collected from positions above (red color) and below (green) the infusion point at the time of three weeks (A, C; leaf panel) and ten weeks (B, D; right panel) after the infusion started. Note different capital letters indicate significant differences in δ13C values among ‘above’-samples and controls, and different lowercase letters indicate significant differences in δ13C values among ‘below’-samples and controls. * (P < 0.05) and *** (P < 0.001) denote significant differences in δ13C values between ‘above’ and ‘below’-samples within a treatment.







Figure 5 | 
Carbon isotopic composition (δ13C) in shoot dark respirated CO2 in non-treated Acer pseudoplatanus young trees (controls) and trees xylem-infused with 13C-labelled glucose (n = 3, mean value ± 1 SE). Δδ13C (‰) = shoot dark respirated δ13C (‰) minus the ambient air δ13C (‰). *** (P < 0.001) denote significant differences in Δδ13C values between xylem infusion and control.






3 Results


3.1 Greenhouse experiment

Infusion treatment significantly affected leaf δ13C values (P = 0.005) but not root δ13C values (P > 0.05), while the infusion treatment interacted with sampling date to significantly affect shoot δ13C (P = 0.018; 
Table 1
). Across the experiment period, the δ13C values in the control plants corresponded to the average level of the natural 13C abundance of ~ -26‰ (δ13C) in European trees (
Figures 2A, B
). Three and ten weeks after the start of the xylem infusion, δ13C values significantly increased in leaves and shoots but not in roots, compared to controls (
Figures 2A, B
). Compared to control plants, phloem infusion did not change the overall δ13C level in bonsai trees three weeks after the infusion started (
Figure 2A
), but it tended to increase the tissue δ13C level ten weeks after infusion started (
Figure 2B
).



3.2 Field experiment

Infusion treatment significantly affected the δ13C values in both xylem and phloem collected from both above and below the infusion point (all P < 0.05; 
Table 2
). Only “below-” phloem δ13C significantly varied with time (P = 0.007; 
Table 2
), and ‘below-’ xylem δ13C was marginally significantly affected by time (P = 0.065; 
Table 2
). Three weeks after the infusion started, both xylem and phloem infusion tended to increase (P > 0.05) the δ13C values in xylem and phloem tissue below and above the infusion point compared to controls (
Figures 4A, C
). Ten weeks after the infusion started, the xylem and phloem δ13C values did not differ between phloem and xylem infusion (
Figures 4B, D
), but both xylem and phloem infusion increased or tended to increase the δ13C values in xylem and phloem tissues taken from the positions both above and below the infusion position, compared to the controls (
Figures 4B, D
). Moreover, ten weeks after the infusion started, the ‘above-’ xylem and ‘above-’ phloem tissues had significantly higher δ13C values than the respective ‘below-’ xylem and ‘below-’ phloem tissues for both phloem and xylem infusion (
Figures 4B, D
).



3.3 Respiration experiment

Compared to controls, xylem infusion of 13C-labelled glucose highly significantly increased the Δδ13C values of shoot dark respiration (
Figure 5
), indicating that exogenous sugar was metabolized and used by trees for respiration to produce adenosine triphosphate (ATP) for the physiological processes and tree growth.




4 Discussion


4.1 Trees take up, translocate, and metabolize infused exogenous sugars

Our results clearly demonstrated that the infused exogenous sugars were taken up and translocated to above- and belowground tissues within a tree (
Figures 2
, 
4
), and the respiration experiment confirmed that the exogenous sugars were further metabolized and respired, potentially to provide energy for the physiological processes and tree growth (
Figure 5
).

The present study aimed to develop a method for slowly, longer-lasting addition (i.e. infusion) of exogenous sugars to stressed trees. So far there have been only very few limited (probably 3 only) previous experiments with trees for sugar addition (McLaughlin et al., 1980; Iglesias et al., 2003; Martı́nez-Trinidad et al., 2009) mentioned above in the section introduction. Those studies, unlike the present study, attempted to fast inject sugars into trees through a hole drilled into a tree trunk or a trough drilled around a tree trunk, and filled with sugar solutions (McLaughlin et al., 1980; Iglesias et al., 2003; Martı́nez-Trinidad et al., 2009). They all, however, indicated that trees seemed to accept the exogenous sugars. For instance, McLaughlin et al. (1980) introduced 14C-labelled sucrose into the stem of a Quercus alba tree (~15 cm in diameter at breast height) and subsequently detected and measured the 14CO2 respiration from soils around that tree, indicating that the 14C-labelled sucrose was accepted by the tree and downward allocated to the roots. Iglesias et al. (2003) injected sucrose into stems of Citrus unshiu trees and found that sucrose supplementation promoted citrus fruit set by >10%. Martı́nez-Trinidad et al. (2009) found that trunk sugar injection decreased the stress and improved the growth and vitality of mature (16-20 cm in diameter at breast height) Quercus virginiana urban trees under stressful conditions. Sugar injection into crop plants also generally led to increased yield and stress-tolerance (Boyle et al., 1991a; Boyle et al., 1991b; Ma et al., 1994; Tarpley et al., 1994; Hayati et al., 1995; Ma et al., 1995; Zhou and Smith, 1996; Zhou et al., 1997; Abdin et al., 1998; Zhou et al., 2000; Khan et al., 2017). Sorochan (2002) stated that exogenous sugars added can mix with the endogenous carbohydrate pool and be utilized for metabolic processes. Our study suggests that the newly developed methodology will open up new avenues for research on the whole plant C balance and its regulation, and have important implications for practice (e.g. providing additional sugars to historic and landmark trees suffering from severe damage) and future research areas.

It is also worthy to mention that, in the field experiment carried out in the Swiss dry valley Pfynwald (~600 mm precipitation per year), samples taken on September 15 (ten weeks after the infusion started) showed somewhat lower δ13C levels than those taken on July 28 (three weeks) (
Figures 4B, D
). For instance, the control trees showed higher δ13C levels in tissues sampled on July 28 (-26.1‰ – -26.2‰; 
Figures 4A, C
) than those in tissues sampled on September 15 (-26.5‰ – -26.6‰; 
Figures 4B, D
). The higher δ13C in July (less negative) is a result of summer drought-induced stomatal closure, and the somewhat lower δ13C in September is related to decreased temperature and improved soil water conditions, and thus increased openness of stomata (Ehleringer et al., 1992; Eilmann et al., 2010; Timofeeva et al., 2017).

Reduced stomatal conductance or stomatal closure in response to drought stress in July led to reduced CO2 concentration in intercellular cavities of leaves (C
i) (Schulze, 1986), relative to atmospheric CO2 concentration (C
a), and thus to decreased leaf (C
i/C
a), which have been found to be closely correlated with increases (less negative values) in δ13C of newly formed photosynthates (Brugnoli et al., 1988; Farquhar et al., 1989).



4.2 Xylem infusion vs. phloem infusion

Xylem infusion but not phloem infusion led to increased tissue δ13C levels in the greenhouse experiment with bonsai Ficus trees (
Figure 2
), and the respiration experiment with young maple trees showed also highly significant effects of xylem infusion on the Δδ13C values of shoot dark respiration (
Figure 5
). These results suggest that xylem infusion is more effective than phloem infusion (see 
Figures 4
–
5
), especially for young trees with very thin phloem layer (see 
Figures 2
, 
5
). This point will be further discussed below in section 4.4. (Advantages and limitations).

Phloem infusion significantly increased δ13C values in xylem tissues collected above the infusion point (
Figure 4B
), and it significantly enhanced the δ13C values in phloem tissues collected both above and below the infusion point (
Figure 4D
), indicating both upward and downward movement of the infused sugars in phloem. This result is reasonable because phloem consisting of living cells can carry materials both up and down the plant body (Ciffroy and Tanaka, 2018), to allocate photosynthetic carbon products bidirectionally from carbon source (leaves or storage) to sink. In the present study, we might have created a strong C source at the point of C infusion and thus transport in both directions is explainable.

Interestingly, xylem infusion tended to increase the δ13C values in roots (
Figure 4B
) and in xylem tissues collected below the infusion point (
Figures 3B, D
), indicating a downward movement of the sugars infused in xylem. Theoretically, this result should not occur since the xylem sap flows unidirectionally upwards (Dixon and Joly, 1894). However, in agreement with our results, bidirectional movement and exchange of many compounds in xylem have also been demonstrated (Gessler et al., 2003; Hijaz et al., 2020). Tattar and Tattar (1999), and Tattar (2009) found both upward and downward movement of xylem-injected mobile dye solution in 8 different tree species with 5 cm to 25 cm in stem diameter at breast height, and they explained those as results caused by the tension break of the water column in the xylem due to the injection wound, which may force the injected solution to move in both upward and downward directions. This explanation may also be valid for our experiment (see 
Figure 3
), leading to a ‘dysfunctional’ water movement. Moreover, xylem and phloem streams are neighbored and connected, and thus a diffusive exchange may occur between the two transport systems (Gessler et al., 1998; Gessler et al., 2003; Ciffroy and Tanaka, 2018), which may lead to or contribute to the increased δ13C values in roots under xylem infusion (
Figure 2B
) and in xylem below the xylem infusion point (
Figures 4B, D
). On the other hand, the results may also reflect an infusion time-dependent effect. This is when the xylem infusion time is long enough, the δ13C signals may move upwards along with the xylem sap flow to leaves firstly, and then downwards along with the phloem sap flow from leaves to roots. It has also been proposed that this two-way movement may be related to the season-dependent leaf transpiration and stress: during the active growing seasons or suitable conditions stem injection may show stronger upward movement, while injections in fall, winter or strong stress (e.g. drought) may result in more downward movement for temperate deciduous trees (Tattar and Tattar, 1999). All these raise the urgent necessity of further studies to explain the theoretical background and the implementation of infusion or injection.



4.3 Experiments with young trees vs. adult trees

The labelled δ13C values in the young bonsai trees (
Figure 2
, see also 
Figure 1
) were much higher (up to +160‰) than those in the adult pine trees (
Figure 4
, see also 
Figure 3
), which, certainly, is a result of the dilution effects. We added 1 mL 13C-labelled glucose to each infusion set for each small Ficus bonsai tree (
Figure 1
), whereas we added only 0.8 mL 13C-labelled glucose to each infusion set for each large pine tree (
Figure 3
). The 13C concentration is diluted by the large biomass (Li et al., 2001), leading to lower δ13C values in tissues of the large pine trees compared to those in the small bonsai Ficus trees.

In the greenhouse experiment with small bonsai Ficus trees, the leaves had much higher δ13C levels than the shoots (
Figure 2B
). This is due to the fact that leaves always have much higher levels of mobile carbohydrates and thus higher δ13C levels (Li et al., 2001). Moreover, in a defoliation experiment with Pinus cembra trees, Li et al. (2002) found a compensatory mechanism that the defoliated trees prioritize to allocate mobile carbohydrates (thus higher δ13C levels) for formation and expansion of new foliage, to compensate for the foliage defoliated and to restore the photosynthesis. In the field experiment with adult pine trees, both phloem infusion and xylem infusion resulted in significantly higher δ13C levels in ‘above-’ tissues than ‘below-’ tissues ten weeks after the infusion started (
Figures 4B, D
), indicating a prevailing upward movement of the sugars infused, which has been detailly discussed above in section 4.2 (Xylem infusion vs. phloem infusion).



4.4 Advantages and limitations

Here we successfully developed a new technique to infuse exogenous (13C-labelled) sugar solution into xylem and phloem tissues of young and mature trees using common infusion equipment for human and animals. However, only 40% (greenhouse experiment) and 50% (field experiment) of the infused trees showed a visible reduction in the initial level of sugar solution after three and ten weeks of infusion, which raises the urgent necessity of further improvement of the infusion method and equipment. Our results indicated that xylem infusion is more feasible and effective than phloem infusion for woody plants (
Figures 4
–
5
). It is very difficult to exactly and successfully insert the very thin infusion needle (see 
Figure 1B
) into the very thin phloem layer on the one hand, and on the other hand the pinhole of such very thin infusion needles can very easily be blocked during the infusion process. Compared to the very thin phloem layer, the thick xylem structure allows to be easily operated with infusion on the one side, and on the other side xylem infusion is also more effective than phloem infusion, to infuse a significant amount of sugars into big trees.

The limitations of the present study are that we, using the current equipment, could not control the infusion velocity, and thus do not know the effects of infusion velocity on the infusion effectiveness. Because the price of 13C-labelled sucrose is very expensive (> 6200 CHF/g), we did not compare the difference in uptake effectiveness of glucose with sucrose in the present pilot study, although sucrose is the typical form of sugars that is used to translocate carbon and energy in plants. Moreover, the present study did not try to understand the physiological mechanisms for uptake and allocation of the infused sugars and its relations to environmental stress and growth. Our further experiments will consider these limitations for in-depth understanding of the functioning of carbon in stressed trees.




5 Prospects and conclusions

The experiments conducted in the present study clearly indicated that trees do take up, translocate and metabolize the exogenous sugars infused, and xylem infusion can be better operated than phloem infusion (especially for young trees), which fully support our three hypotheses (see Introduction). This methodology developed in the present study allows to “feed” trees with sugars, and the tracer allows to study when and where the exogenous carbon is utilized, which can be used to study ecophysiolgoical processes related to carbon starvation or source-sink carbon balances. The method could also be combined with 18O, 15N, and/or 2H-labelling to trace carbon, nutrient, and water movement simultaneously, which will open up new avenues for research on the whole plant resource balance and its regulation in relation to environmental stress, and have great potential for future physiological research areas.
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Determining response patterns of plant leaf elements to environmental variables would be beneficial in understanding plant adaptive strategies and in predicting ecosystem biogeochemistry processes. Despite the vital role of microelements in life chemistry and ecosystem functioning, little is known about how plant microelement concentrations, especially their bioconcentration factors (BCFs, the ratio of plant to soil concentration of elements), respond to large-scale environmental gradients, such as aridity, soil properties and anthropogenic activities, in drylands. The aim of the present study was to fill this important gap. We determined leaf microelement BCFs by measuring the concentrations of Mn, Fe, Ni, Cu and Zn in soils from 33 sites and leaves of 111 plants from 67 species across the drylands of China. Leaf microelement concentrations were maintained within normal ranges to satisfy the basic requirements of plants, even in nutrient-poor soil. Aridity, soil organic carbon (SOC) and electrical conductivity (EC) had positive effects, while soil pH had a negative effect on leaf microelement concentrations. Except for Fe, aridity affected leaf microelement BCFs negatively and indirectly by increasing soil pH and SOC. Anthropogenic activities and soil clay contents had relatively weak impacts on both leaf microelement concentrations and BCFs. Moreover, leaf microelement concentrations and BCFs shifted with thresholds at 0.89 for aridity and 7.9 and 8.9 for soil pH. Woody plants were positive indicator species and herbaceous plants were mainly negative indicator species of leaf microelement concentrations and BCFs for aridity and soil pH. Our results suggest that increased aridity limits the absorption of microelements by plant leaves and enhances leaf microelement concentrations. The identification of indicator species for the response of plant microelements to aridity and key soil characteristics revealed that woody species in drylands were more tolerant to environmental changes than herbaceous species.



Keywords: Northern China, aridity, leaf microelements, bioconcentration factor, indicator plant species

1  Introduction

All 14 essential elements including 6 macroelements and 8 microelements, are important for plant ontogenetic processes such as growth, maintenance and reproduction (Marschner, 2012; Luo et al., 2016). Although there are numerous studies on the variation in concentrations of both plant and soil macroelements and on their impacts on plant growth and functions (Delgado-Baquerizo et al., 2013; Jiao et al., 2016; Li et al., 2022), little is known on how the concentrations of plant and soil microelements respond concomitantly to an environmental gradient.

Microelements play vital roles in plant ontogenetic growth and functions by influencing enzyme activities of biochemical reactions in organisms (Huang et al., 2020). For example, more than 35 enzymes, which are involved in different physiological functions and redox reactions, are activated by manganese (Mn) (Kabata-Pendias and Szteke, 2015). As a redox active metal, iron (Fe) is essential for many biological processes, including photosynthesis, mitochondrial respiration, nitrogen assimilation, and hormone biosynthesis (Marschner, 2012). Nickel (Ni) is needed for many prokaryotic enzymes and is involved in nitrogen (N) metabolism, while copper (Cu) is indispensable for photosynthesis, carbon (C) and N metabolism, oxidative stress protection and cell wall synthesis (Hänsch and Mendel, 2009). Zinc (Zn) is an essential component of enzymes and is involved in protein synthesis, energy production, and maintenance of the structural integrity of bio-membranes (Marschner, 2012). Ni, Cu and Zn are heavy metals in the soil (Qin et al., 2021), and either excessive or deficient contents can constrain plant growth, and physiological and metabolic processes (Mohamed et al., 2003; Sardar et al., 2013).

Recent studies have focused on the bioconcentration factor (BCF) of elements in plants to determine the capacity of plants to absorb metallic elements (Lin et al., 2016; Bonanno et al., 2017; Thanh-Nho et al., 2019; Zhang et al., 2019; Akram et al., 2021). The capacity of plants to absorb metallic elements is dependent not only on the plants, but also on soil temperature, texture, cation exchange capacity, organic matter, and the concentrations of available elements (Gupta et al., 2019). Furthermore, aridity can also affect the soil available elements in drylands indirectly through its effects on soil pH, organic matter and clay content (Moreno-Jiménez et al., 2019). Increasing aridity due to climate change, therefore, can have a strong influence on global biogeochemical cycles and ecosystems (Jiao et al., 2016), but its effect on the concentration and BCF of metallic elements in plants remains unclear. Additionally, anthropogenic activities related to agriculture and industry, and climate change are major drivers of global environmental change (Delgado-Baquerizo et al., 2016), which further modifies nutrient element cycling in an ecosystem. However, little is yet known on the effects of aridity and anthropogenic activities on the absorption of metallic elements by plants. It was reported that anthropogenic activities can have a positive impact on the atmospheric deposition of potassium (K), while aridity can have a negative effect on K absorption by plants in drylands (Sardans and Peñuelas, 2015).

Aridity has increased in the past decades in many drylands (Huang et al., 2016), which is of concern, as drylands are fragile and sensitive to climate change and human activities (Hu et al., 2021). Previous studies examined the effects of water, salinity and temperature stress on plants in drylands (Perri et al., 2018; Peguero-Pina et al., 2020). However, metallic elements, including microelements, in soil are usually very rich to cause stress on plant ontogenetic growth and function in drylands because of the serious soil salinization. Therefore, an understanding of microelement cycling would be beneficial in maintaining and improving the plant community structure and ecosystem functions of the terrestrial biosphere under global change (Cai et al., 2017).

Site-specific environmental factors can influence concentrations and thresholds of biological tolerance of plant nutrient elements (Ren et al., 2019). Determining the variations in leaf microelement concentrations and BCFs along environmental gradients enables the calculations of ecological thresholds, and, thereby, to understand abrupt shifts in ecological responses of microelements (Groffman et al., 2006). Generally, there is a shift in dominant plant species from herbaceous to desert shrub species with increasing aridity in dryland ecosystems (Yao et al., 2021b). Herbaceous plant species, with faster growth rates, typically grow in nutrient-rich environments, and display less tolerance to environmental stresses than woody plant species (Rebele, 2013). Woody species, with slower growth rates, tend to grow in nutrient-poor environments, and display a higher tolerance to environmental stresses than herbaceous species (Sun et al., 2020). Consequently, in a harsh environment, Xiong et al. (2021) found that species with weak stress tolerance can serve as negative indicators, while stress-tolerant species can serve as positive indicators of leaf C, N and P concentrations along an increasing environmental stress gradient. Nevertheless, it remains unclear whether leaf microelement concentrations follow the same pattern in drylands.

We selected 33 sites and 111 plant samples from 67 species across the drylands of northern China to determine the response of plant leaf microelement (Mn, Fe, Ni, Cu and Zn) concentrations and BCFs to environmental gradients. Based on previous studies, we hypothesized that: (1) leaf microelement concentrations are maintained within relatively normal ranges to satisfy the basic requirements of plants to survive and reproduce; (2) leaf microelement concentrations and BCFs are mediated by aridity, human impact index (HII), soil physical properties and soil chemical contents; (3) environmental gradients cause abrupt shifts in the response of plant element concentrations to the ecological environment; that is, there are thresholds for plant leaf microelement concentrations and BCFs along major environmental gradients; and (4) as adaptation strategies to environmental stress differ among plant taxa (Xiong et al., 2021), woody species could serve as positive indicators and herbaceous species as negative indicators for leaf microelement concentrations and BCFs along aridity and soil pH gradients; whereas, herbaceous species could serve as positive indicators and woody species as negative indicators along SOC gradients.


2  Materials and methods

2.1  Site description, collection of samples

Thirty-three sites were selected across Xinjiang, Inner Mongolia, Gansu, and Qinghai provinces in northern China (Figure 1). The region extends between 33.67°N to 50.70°N and 76.38°E to 121.68°E, with elevations ranging between 194 and 3567 m above sea level (Figure 1). Mean annual precipitation ranges between 35 and 474 mm, mean annual temperature ranges between -3.8 and 12.1 °C, and aridity [1 – aridity index, where aridity index = precipitation/potential evapotranspiration (Delgado-Baquerizo et al., 2018)] ranges between 0.28 and 0.98. The main vegetation types in the sample sites included desert, desert grassland, typical grassland and alpine grassland. There were 14 types of soil, including cambisols, chemozems and calcisols.



Figure 1 | Distribution of the 33 sampling sites in drylands of northern China. The background map is aridity index (AI; generated by ArcGIS 10.3). Inset map shows China with the study area in blue.



Leaves and soils were sampled during the growing seasons (June to September) from 2013 to 2017, using standard protocols described by Deng et al. (2006) and Chen et al. (2019). At least three representative and relatively homogeneous vegetation quadrats, each 30 m × 30 m, were selected randomly at each site. Dominant plant species were identified in each quadrat, and at least 5 mature individuals of each species were collected. In total, there were 67 species, belonging to 57 genera and 25 families. Five core soil samples at a depth of 0-20 cm were collected randomly in non-vegetated areas (bare land) and under the canopy of dominant plant species in each quadrat. The five soil samples of each type were combined.


2.2  Data sources and chemical analyses

An in-situ portable global positioning system recorded the coordinates of each site. Aridity data were extracted from the WorldClim 2.0 database (https://www.worldclim.org). Human influence index (HII), ranging from 0 to 100 (0 is the minimum and 100 the maximum HII value) was obtained from Last of the Wild (v2) (Wildlife Conservation Society (WCS) and Center for International Earth Science Information Network (CIESIN) at Columbia University, 2005). Soil clay content was acquired from WISE30sec database (Batjes, 2016).

Soil samples were air-dried, and stones, roots, leaves and debris were removed. After homogenization, the soil was sieved through a 2 mm nylon mesh for measurements of soil variables. For the determination of soil Mn, Fe, Ni, Cu and Zn contents, a portion of the soil was ground in an agate mortar, sieved through a 0.074-mm nylon mesh, and stored in a desiccator. Intact leaves were collected from the dominant plant species, rinsed three times with double-distilled water to remove dust and soil, oven-dried at 60 °C for 72 h to constant weight, ground to a fine powder, and kept in a desiccator before measurements.

Soil pH and soil electrical conductivity (EC) were determined by the soil: distilled water method using a ratio of 1:2.5 and 1:5, with a pH meter (Sartorius PB-10, Göttingen, Germany) and EC meter (DDSJ-318, Yantai Stark Instrument, Yantai, China), respectively. Soil organic carbon (SOC) concentration was determined by the wet oxidation method: 0.5 g soil was digested with 5 mL K2Cr2O7 and 5 mL concentrated H2SO4 at 180 °C for 30 min, and then titrated with 0.5 M FeSO4 till endpoint.

To determine concentrations of Mn, Fe, Ni, Cu and Zn in soil and plant samples, different digestion procedures were used. For soil samples, an ultrapure mixture of HNO3 (6 mL) + HF (2 mL) + HCl (2 mL) was used, and for plant samples, an ultrapure mixture of HNO3 (6 mL) + H2O2 (2 mL) was used. Each sample (0.0500 g) was solubilized in a 50 mL Teflon tube, sealed, placed in a high efficiency anti-corrosive tube sheath with polytetrafluoroethylene (PTFE) coating, and digested at 192 °C for 1.5 h. The solution was evaporated to dryness, driven away by HNO3 acid, diluted with Milli-Q water to 50 g, and stored at 4 °C for further analysis. The concentrations of elements in the soil and plant samples were determined by inductively coupled plasma mass spectrometry (VG PQ ExCell; Thermo Elemental). The concentrations of the microelements are expressed as molar mass per unit dry mass (mol/kg).

Bioconcentration factor (BCF), the capacity of the plant to accumulate microelements in the leaf from soil (Pavel et al., 2014; Yang et al., 2015), was calculated as follows:

	

where Cleaf and Csoil represent the concentrations of the same microelement in the leaf and soil, respectively.


2.3  Detection of phylogenetic signals of traits

To determine the influence of phylogeny on the accumulation of microelements by dryland plants, K-statistics were used to detect the phylogenetic signals (K-values) in relation to the leaf microelement concentrations and BCFs. K-statistics are based on the ‘Brownian motion’ model to estimate the relationship between the total variation and the random expectation of the variance of the traits (Blomberg et al., 2003). When K > 1, the trait is controlled mainly by phylogeny, as the phylogenetic signal of the trait is stronger than the Brownian motion model; however, when K < 1, the trait is influenced mainly by environmental factors. When using phylogenetic signals to measure functional traits, species in phylogenetic trees are usually arranged randomly 999 times, and a K-value is calculated each time. If the observed value is greater than the K-value of the null model (α < 0.05), then the phylogenetic signal of the trait is significant; however, if the observed value is lesser than the K-value of the null model (α > 0.05), then the phylogenetic signal is weak (Blomberg et al., 2003). The concentrations and BCFs of microelements were treated as continuous traits. Species mean values were used and analyses used ‘ape’ (Paradis et al., 2004) and ‘picante’ (Kembel et al., 2010) packages in R.


2.4  Data analyses and statistics

The data were tested for normality and homoscedasticity, and, where necessary, were log10-transformed before analysis. Subsequently, we used a variance inflation factor (VIF) to test for multi-collinearity, and accepted variables with a VIF < 10 (Montgomery et al., 2012).

To identify the main driving factors of the leaf microelement concentrations and BCFs, regression models using climate (aridity), human influence impact (HII) and soil variables (pH, EC, SOC and soil microelement concentrations) were generated based on Akaike Information Criterion (AIC), with leaf microelement concentrations and BCFs as response variables by the all-subset regression analysis. Best models were selected according to the lowest value of AIC, and the standardized coefficient of each factor was used to compare the relative importance of each in explaining the variations in the leaf microelement concentrations and BCFs. For both the leaf microelement concentrations and BCFs, aridity, HII, soil clay content, EC, SOC and soil pH were reserved (Supplementary Tables 2, 3; Supplementary Figures 2, 3). The analyses used the ‘leaps’ package in R (Lumley and Miller, 2020).

Structural equation models (SEMs) determined the relative importance of variables reserved by the all-subset regression for the leaf microelement concentrations and BCFs. The rationality of a causal model was examined, which was based on priori information on the relationships among the variables, the direct and indirect effects that one variable may have on another were partitioned, and the strengths of the multiple effects were estimated (Grace, 2006). Before modelling, the bivariate relationships between all variables were tested for linearity. The BCFs of Ni, Cu and Zn in leaves were affected curvilinearly by aridity, and these relationships were well described by a second-order polynomial (Supplementary Figure 4). To include polynomial relationships, the square of aridity was introduced into the model using a composite variable approach for the BCFs of leaf microelements. Then, priori models were established that were based on the known effects and relationships among leaf microelement concentrations and BCFs and were considered as factors (Supplementary Figures 5, 6). To test the priori model, the χ2-test (the model has a good fit when 0 ≤ χ2 ≤ 2 and 0.05 < P ≤ 1.00) and the root mean square error of approximation (RMSEA; the model has a good fit when 0 ≤ RMSEA ≤ 0.05 and 0.10 < P ≤ 1.00) were used. Since some variables were not distributed normally, the fit of the model was confirmed using the Bollen–Stine bootstrap test (the model has a good fit when 0.10 < bootstrap P ≤ 1.00) (Delgado-Baquerizo et al., 2013). The priori models provided a good fit to the data. To identify the dominant drivers for leaf microelement concentrations and BCFs, the direct and indirect effects of each variable affecting leaf microelement concentrations and BCFs and the total effect (summing the direct and indirect effects) for each variable were calculated. All SEM analyses used AMOS 21.0 (Amos Development Corporation, IBM SPSS, Chicago, IL, USA).

The functional threshold and indicator species of the leaf microelement concentrations and BCFs along environmental gradients were detected using threshold indicator taxa analysis (TITAN; Baker and King, 2010) with R package ‘TITAN2’. Indicator values (IndVal) of leaf microelement concentrations and BCF were first calculated for each plant species, which were obtained from the product of the relative concentrations and BCFs of microelements between groups and the frequency of occurrence of species within the group. The IndVal was used to identify the points of change in microelements and BCFs of species along the environmental gradient. The middle value of each two environmental gradients was then used as a candidate change point, and the gradients were iteratively divided into two groups. The environmental gradient corresponding to the maximum value of IndVal for each group on either side of the candidate change point was considered to be the threshold value for the species. The z-score was obtained by normalizing the IndVal score according to the mean and standard deviation, and, thus, the z-score distinguishes between negative (z-) and positive (z+) responses of each species to the environmental gradient (Baker and King, 2010). The cumulative values of z- and z+ scores for a species within a community assessed the negative and positive responses of the community to environmental gradients, respectively. The value of the environmental gradient corresponding to the maximum value is considered the threshold for the community (Baker and King, 2010). Species with less than three samples were not considered. Taxa leaf microelement concentrations and BCFs were log10(x+1)-transformed (Xiong et al., 2021).



3  Results

3.1  Leaf and soil microelement concentrations and leaf microelement BCFs

Mean concentrations of the five microelements in leaves and soils varied greatly. Microelement concentrations ranged from 3.75E-5 mol/kg for Ni to 0.026 mol/kg for Fe in leaves, and from 2.99E-4 mol/kg for Cu to 0.51 mol/kg for Fe in soil. Leaf microelement BCFs ranged from 0.05 for Fe to 0.65 for Zn (Table 1; Supplementary Figure 1). There were significant positive relationships between soil microelement concentrations, as well as between leaf microelement concentrations and BCFs. Leaf microelement concentrations were correlated weakly with their respective soil microelement concentrations (Figure 2).

Table 1 | Variations of leaf and soil total microelement concentrations and leaf microelement bioconcentration factors (BCFs).





Figure 2 | Pearson’s correlation matrix for aridity, HII, soil properties, leaf microelement concentrations and bioconcentration factors (BCFs). HII, human impact index; SOC, soil organic carbon; EC, soil electrical conductivity. Blue squares are positive correlations and red squares are negative correlations. *P< 0.05, **P< 0.01, ***P< 0.001.




3.2  Drivers of microelement concentrations and BCFs of leaves

Leaf microelement concentrations and BCFs of angiosperm species were combined to calculate the Blomberg’s K-value (Supplementary Table 1). The K-values were less than 1 and not significant, indicating that none of the traits revealed significant phylogenetic signals. Consequently, the influence of phylogeny was not considered in subsequent analyses on the microelement concentrations and BCFs.

The SEM model explained 13.1%, 37.3%, 13.3%, 10.7% and 18.4% of the variance in the concentrations of Mn, Fe, Ni, Cu and Zn in leaves, respectively (Figure 3). Aridity affected the concentrations of leaf Mn, Fe and Ni positively (Figures 3A–C), while soil pH affected leaf Mn and Zn negatively (Figures 3A, E). Concentrations of leaf Fe, Cu and Zn were affected positively by HII (Figures 3B, D, E), and Fe and Zn concentrations were affected positively by EC (Figures 3B, E). The SEM explained 20.0%, 28.2%, 24.9%, 49.2% and 21.7% of the variance in the BCFs of Mn, Fe, Ni, Cu and Zn in leaves, respectively (Supplementary Figure 7). BCFs of Mn, Ni, Cu and Zn were affected negatively by soil pH and SOC (Supplementary Figures 7A, C–E), while the BCF of Fe was only affected negatively by soil pH (Supplementary Figure 7B). Aridity had negative effects on the BCFs of leaf Ni and Cu (Supplementary Figures 7C, D), but a positive effect on the BCF of leaf Fe (Supplementary Figure 7B).



Figure 3 | Effects of aridity, human impact index (HII), soil clay content, pH, electrical conductivity (EC) and organic carbon (SOC) on the concentrations of leaf Mn (A), Fe (B), Ni (C), Cu (D) and Zn (E). Numbers adjacent to arrows are standardized path coefficients (analogous to relative regression weights) and indicative of the effect size of the relationship. Continuous, red arrows indicate positive relationships, and dashed, grey arrows indicate negative relationships. The width of the arrows is proportional to the strength of path coefficients. R2 denotes the proportion of variance explained. Goodness-of-fit statistics for each model are shown in the lower right corner (df, degrees of freedom; RMSEA, root mean squared error of approximation), and all five of them are same. The priori model was refined by removing paths with non-significant relationships (see the priori model in Supplementary Figure 5). *P< 0.05, **P< 0.01, ***P< 0.001.



The direct and indirect drivers of the microelement concentrations and BCFs in leaves were identified by SEM (Figure 4; Supplementary Figure 8). Aridity had the greatest direct positive effect and soil pH had the greatest direct negative effect on leaf microelement concentrations. SOC and EC were strong drivers of leaf microelement concentrations (Figure 4). Aridity had a direct, slight, negative effect on BCF of leaf Mn, a strong, positive effect on the BCF of leaf Fe, and an indirect, negative effect on BCFs of leaf Ni, Cu and Zn. Soil pH and SOC had strong, direct, negative effects on BCFs of leaf Mn, Fe, Ni, Cu and Zn (Supplementary Figure 8). HII and clay content had minor effects on both leaf microelement concentrations and BCFs.



Figure 4 | Total, direct and indirect effects based on the structural equation model (SEM) for the concentrations of leaf Mn (A), Fe (B), Ni (C), Cu (D) and Zn (E). Standardized total effects (direct plus indirect effects), and direct and indirect effects of aridity, human impact index (HII), soil clay content, pH, electrical conductivity (EC) and organic carbon (SOC) on the concentrations of leaf Mn, Fe, Ni, Cu and Zn. The yellow column is the total effect, the green column is the direct effect, and the purple column is the indirect effect.




3.3  Threshold levels and indicators along environmental gradients

Environmental thresholds of microelement concentrations and BCFs were determined in leaves by cumulating z− and z+ change points. Aridity, soil pH and SOC had the strongest impacts on leaf microelement concentrations and BCFs, and, therefore, the thresholds and indicator species along aridity, soil pH and SOC gradients were assessed further. Based on TITAN, both leaf microelement concentrations and BCFs did not differ significantly along the SOC gradient, so they are not presented. There was an obvious peak for the leaf microelement concentrations and BCFs along the aridity gradient for both sum (z-) and sum (z+) at 0.89 (Supplementary Figure 9), and along the soil pH gradient at 7.9 and 8.9 (Figure 5).



Figure 5 | Leaf microelement concentrations and bioconcentration factors (BCFs) in response to soil pH. (A) Mn (B) Fe (C) Ni (D) Cu and (E) Zn. Black and red symbols present accumulative negative (sum z-) and positive (sum z+) responses, respectively. Vertical dashed lines indicate pH gradient thresholds corresponding to maximal sum (z).



For the aridity gradient, z− of leaf microelement concentrations and BCFs were the woody species Artemisia halodendron and the herbaceous species Stipa capillata and Corispermum mongolicum, and the z+ for the woody species Reaumuria soongorica (Supplementary Figure 10). For soil pH, all z− were herbaceous species (Stipa capillata and Corispermum mongolicum), and all z+ were woody species (Haloxylon ammodendron, Salsola abrotanoides and Reaumuria soongorica) (Figure 6).



Figure 6 | Threshold Indicator Taxa Analysis (TITAN) of leaf microelement concentrations and bioconcentration factors (BCFs) in response to soil pH. (A) Mn and the BCF of Mn, (B) Fe and the BCF of Fe, (C) Ni and the BCF of Ni, (D) Cu and the BCF of Cu and (E) Zn and the BCF of Zn. Black and red symbols represent accumulative negative (sum z-) and positive (sum z+) responses, respectively. Symbol size is in proportion to z scores (magnitude of response). Horizontal lines represent the 95% bootstrap confidence intervals. Woody and herbaceous species are shown in red and in black fonts, respectively.





4  Discussion

4.1  Leaf and soil microelement concentrations and BCFs in leaves

In the present study, the concentrations of leaf and soil Mn, Fe, Ni, Cu and Zn and the leaf BCFs of these elements were determined in the drylands of northern China. Leaf microelement concentrations were within the normal range of mature leaf microelements [CNEMC (China National Environmental Monitoring Centre), 1990], which supported our first hypothesis. The concentration of leaf Mn was similar to leaf Fe concentration, but was slightly greater than concentrations in leaves in Chinese terrestrial plants (Han et al., 2011), while Mn, Ni, Cu and Zn concentrations in leaves were similar to leaf Fe concentration, but were slightly greater than concentrations in leaves in forests of eastern China (Zhao et al., 2016). Leaf Mn, Fe, Cu and Zn concentrations were similar to those reported in the dominant herbaceous plant species in the Alxa Desert (He et al., 2016).

The soil total microelement concentrations in the present study were generally below the national Chinese levels [CNEMC (China National Environmental Monitoring Centre), 1990]. Concentrations of Mn, Ni, Cu and Zn were on average lesser and of leaf Fe concentration was greater than concentrations of these elements in six land use types in southeast China (Ren et al., 2019). In addition, soil Fe, Cu and Zn concentrations were similar to the soil Mn concentration, but was lesser than concentrations in the Taklamakan Desert (Zhang et al., 2022), while soil Mn and Zn concentrations were greater and of soil Fe and Zn concentrations were similar to soil concentrations in the Alxa Desert (He et al., 2016).

Significant correlations emerged among soil total microelement concentrations, probably because of the strong sorption capacity of microelement oxides to other microelements. For example, microelements in soil can be adsorbed and co-precipitated with Mn/Fe oxides, which leads to increased correlations among soil microelement concentrations (Suda and Makino, 2016). There were also significant positive relationships among the leaf microelement concentrations and BCFs. This occurrence might be due, at least in part, to the positive synergistic interactions among leaf microelements (Kabata-Pendias, 2011). The weak relationships between leaf and soil microelement concentrations may be the result of the dilution effect of plants in water-limited ecosystems. Increasing aridity may result in a greater element uptake by the plant than needed, making the plant less dependent on soil elements (Luo et al., 2016).

Desert plants rely on internal nutrient cycling and require mineral elements within specific ranges for optimal growth and functions (Sardans et al., 2015; Huang et al., 2018). These plants possess a certain degree of stoichiometric flexibility to respond to the stress of deficient water and soil nutrients in drylands (He et al., 2016). The homeostasis strategy of plants to maintain normal nutrient ranges enables their growth even under nutrient stress (Sterner and Elser, 2002).


4.2  Factors influencing leaf concentrations and bioconcentration factors of microelements in drylands

The all-subset regression analysis and structural equation modeling indicated that leaf microelement concentrations and BCFs were regulated by aridity, HII, and soil physical properties, which partially supported our second hypothesis. Among these variables, aridity, soil pH and SOC were the strongest drivers of both leaf microelement concentrations and BCFs. The large direct positive effect of aridity on leaf Mn, Fe, Ni, Cu and Zn concentrations could be attributed to the low concentration of soil microelements compared with the background value. Due to concentration effects and regulation of plant growth equilibrium, nutrient concentrations do not decrease when plants grow slower under drought, even with reduced nutrient absorption (Sardans and Peñuelas, 2004). Furthermore, interactions between shrubs and herbs may result in different responses to drought. In more xeric sites, the deep roots of shrubs could mitigate drought stress through hydraulic and nutrient lift effects, and, thus, increase nutrient availability in the topsoil for neighboring herbs. This promotes a greater uptake of soil nutrients by herbaceous plants, resulting in increased nutrient concentrations (Wang et al., 2019).

The current study provided empirical evidence that aridity reduces BCFs of leaf Mn, Ni, Cu and Zn, but increases the BCF of Fe. How can these patterns be explained? Drought can reduce element uptake of plants by reducing mineralization or decreasing the diffusion and flow rates of soil elements (He and Dijkstra, 2014). However, with aridity-induced water deficit and high soil temperature, ferrihydrite (Fe (OH)2) and goethite (α-FeOOH) are converted to haematite (α-Fe2O3), that is, a form of Fe that is more recalcitrant and less mobile in soils (Moreno-Jiménez et al., 2019), resulting in reduced availability of soil Fe. With a deficiency in soil Fe, dicotyledonous and non-gramineous plants and gramineous plants use two different strategies to chelate Fe ions from the soil. Dicotyledonous and non-gramineous plants obtain Fe ions by acid-solubilizing and reducing Fe3+ from the rhizosphere and then absorbing Fe2+ into the cells through a high-affinity Fe transport system (strategy I). In contrast, gramineous plants obtain Fe ions by absorbing Fe3+ from soil on the basis of chelation (strategy II) (Marschner, 2012).

Among the soil properties that affect the uptake of plant elements, soil pH plays the most important role in determining element speciation, metal surface solubility and migration, and, ultimately, metallic element bioavailability (Zeng et al., 2011; Fijałkowski et al., 2012). The pH mediates acid-base equilibrium directly, and affects the complexation of metal cations and ion exchange in soil (Janoš et al., 2010). Microelements are generally easiest available to plants in a pH range of 5 to 7, and less so outside this optimal range (McCauley et al., 2009). The pH in the present study was greater than 7 in most areas. A high soil pH causes metals to precipitate as hydroxides and combine preferentially with ionized functional groups of solid soil components (Sposito, 2008; Hamid et al., 2020). A decrease in metal solubility reduces the content of available metallic elements in the soil, restricts plant absorption of elements (Sacristán et al., 2015), and, thereby, reduces the leaf microelement concentrations and BCFs.

SOC also affected soil metal availability and mobility, as organic matter: (1) provides organic chemicals to soil solutions, which are used as chelates to increase the utilization of metals by plants; and (2) retains more metals by adsorption or forming stable complexes with humus, resulting in an increase in total metal content and decrease in metal availability in soil (Zeng et al., 2011; Niesiobedzka, 2012). Humus can fix metals on solid materials in an arid soil environment (Chen et al., 2016), which could partially explain the negative correlation of leaf BCFs and SOC in the current study. In addition, organic matter has high selectivity for cations of microelements (Kwiatkowska-Malina, 2018), and most of the transition cations (Pb, Cu, Cr, Ni, Co, Zn, Al, Fe and Mn) are adsorbed to a greater extent than alkali metal cations (Violante et al., 2010). As a result, organic matter retains more microelements and limits the absorption of microelements by plants (BCFs).

Interestingly, the effect of EC (an approximate representation of soil salinity) was stronger on leaf microelement concentrations than on the BCFs. A possible mechanism for the stronger direct and positive effects of EC on leaf microelement concentrations is that salinity causes an increase in reactive oxygen species (ROS), with deleterious effects on cell metabolism. However, ROS is usually detoxified by superoxide dismutases (SODs) containing Mn, Fe, Cu or Zn metals for survival in saline soils (Slater et al., 2008; Patel et al., 2009). Additionally, the relatively weak direct and positive effects of anthropogenic activities on leaf microelement concentrations indicate that these activities increase the metallic elements released into soil, water and atmosphere and, thus, enhance leaves absorbing and accumulating microelements (Kabata-Pendias, 2011). The small effect of clay content on both the leaf microelement concentrations and BCFs may be due to the coarse texture and poor development of dryland soils (Dregne, 1976), which minimize soil weathering and the formation of active sites on minerals, thereby, reducing their influence on metal availability (Moreno-Jiménez et al., 2019).


4.3  Thresholds and indicators of leaf microelement concentrations and BCFs with aridity and soil pH gradients

Soil pH and SOC (as also reported by Hu et al., 2020) and aridity were key environmental variables in the absorption and accumulation of plant elements in the present study. We then determined ecological thresholds and indicator species for the leaf microelement concentrations and BCFs along gradients of these variables. In support of our third hypothesis, there were abrupt shifts of leaf microelement concentrations and BCFs along the aridity and soil pH gradients, with a key tipping point for aridity at 0.89, and key tipping points for soil pH at 7.9 and 8.9. However, there was no obvious tipping point along the SOC gradient. Supporting our fourth hypothesis, indicator species for the soil pH gradient were clearly separated between herbaceous and woody species: leaf microelement concentrations and BCFs of woody species (Haloxylon ammodendron, Salsola abrotanoides and Reaumuria soongorica) and herbaceous species (Stipa capillata and Corispermum mongolicum) were positive and negative indicators, respectively. Along the aridity gradient, Reaumuria soongorica was a positive indicator, while Artemisia halodendron, Stipa capillata and Corispermum mongolicum were negative indicators.

Soil pH, aridity and EC were correlated positively, which indicates that areas with high aridity also had high soil alkalinity and salinity. To cope with drought, desert woody plants tend to allocate more photosynthate to roots than shoots. This results in higher root: shoot ratios and enables the plant to absorb more water and minerals (Chen et al., 2019). Moreover, desert plant species have other distinct adaptive strategies for survival (Akram et al., 2020; Yao et al., 2021a). For example, Haloxylon ammodendron developed water storage tissue in assimilating branches to increase water retention and water absorption capabilities and, thus, to better tolerate drought (Gong et al., 2019). Crystal cells in water storage tissue not only alter the osmotic pressure of the cells, but also accumulate excess salt to avoid salt toxicity (Grigore and Toma, 2021). Reaumuria soongorica possesses salt glands on the leaf surface, which secrete excess ions, regulate ion balance and maintain osmotic pressure stable to minimize drought and salt-alkaline stress (He et al., 2019). Consequently, shrub species can serve as positive indicators of aridity and soil pH.

The herbaceous plant species Stipa capillata is widespread in Eurasia and is distributed in montane steppe where only it can be dominant (Li et al., 2020). Corispermum mongolicum is a typical sandy species distributed widely in deserts, and acts mainly as a pioneering species in sandy arid environments (Wang et al., 2009). Herbaceous plant species are sensitive to soil biota (Kulmatiski et al., 2008), and, in comparison to woody plant species, tend to grow faster but have higher nutrient requirements (Poorter, 1989; Gong et al., 2020). These species act primarily as positive indicators for soil metallic elements and nutrients, and as negative indicator for aridity and soil pH (Xiong et al., 2021). In addition, some herbaceous plant species have inherent characteristics that cause them to exhibit a weaker ability to resist stress than woody plant species. For example, Corispermum mongolicum acts as a mesophyte, and has a thin leaf cuticle and poorly developed xeromorphic structures, which results in a high transpiration rate, a low water holding capacity (Wang et al., 2004), and poor resistance to water deficits.



5  Conclusions

Our results demonstrated that leaf microelement concentrations can be maintained within the normal ranges to satisfy growth requirements, regardless of their concentrations in soil (homeostasis), which supports our first hypothesis. Supporting our second hypothesis, leaf microelement concentrations and BCFs were regulated by aridity, HII and soil properties, where aridity, soil pH and SOC were the main drivers of both the microelement concentrations and BCFs of leaves, while EC was also important for leaf micronutrient concentrations. In support of our third hypothesis, there were shifts in leaf microelement concentrations and BCFs at an aridity of 0.89 and soil pHs of 7.9 and 8.9. These results suggest that leaf microelement concentration and BCF thresholds, combined with local aridity and soil pH, can be used as predictors of plant responses to future climate change. Finally, as hypothesized, woody species, with a strong tolerance of arid and alkaline environments, were positive indicators of leaf microelement concentrations and BCFs, while herbaceous species, with a lesser tolerance of arid and alkaline environments, were mainly negative indicators along aridity and soil pH gradients. The identification of indicator species for leaf microelement concentrations and BCFs along environmental gradients can be beneficial in understanding species-specific biogeochemical processes and adaptation strategies of dryland plants.
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Introduction

The biological soil crust, a widespread phenomenon in arid and semi-arid regions, influences many ecological functions, such as soil stability, surface hydrology, and biogeochemical cycling. Global climate change has significantly altered winter and spring freeze-thaw cycles (FTCs) in mid and high-latitude deserts. However, it is unclear how these changes will affect the biological soil crust and its influence on nutrient cycling and soil enzyme activity.





Methods

We conducted this study in the Gurbantunggut Desert, a typical temperate desert, using the moss crust as an example of an evolved biological soil crust. Simulating the effects of different FTC frequencies (0, 5, and 15 times) on soil carbon, nitrogen, phosphorus-related nutrients, and extracellular enzyme activities allowed us to understand the relationship between soil environmental factors and nutrient multifunctionality during FTC changes.





Results

The results showed that recurrent FTCs significantly increased the accumulation of carbon and phosphorus nutrients in the soil and decreased the effectiveness of nitrogen nutrients. These changes gradually stabilized after 15 FTCs, with available nutrients showing greater sensitivity than the previous full nutrient level. FTCs inhibited carbon, nitrogen, and phosphorus cycle-related hydrolase activities and promoted carbon cycle-related oxidase activities in the crust layer. However, in the 0–3 cm layer, the carbon and phosphorus cycle-related hydrolase activities increased, while peroxidase and urease activities decreased. Overall, the nutrient contents and enzyme activities associated with the carbon, nitrogen, and phosphorus cycles were lower in the 0–3 cm layer than in the crust layer. In addition, the multifunctionality of nutrients in the soil decreased after 15 FTCs in the crust layer and increased after 5 FTCs in the 0–3 cm layer. Structural equation modeling showed that FTC, soil water content, pH, available nutrients, and extracellular enzyme activity had opposite effects on nutrient multifunctionality in different soil layers. The change in nutrient multifunctionality in the crust layer was primarily caused by changes in total nutrients, while soil water content played a greater role in the 0–3 cm layer. Regardless of the soil layer, the contribution of total nutrients was much higher than the contribution of available nutrients and extracellular enzyme activity. In conclusion, it is essential to consider different soil layers when studying the effects of global climate change on the nutrient cycling of the biological soil crust.





Keywords: climate change, biological soil crusts, soil nutrient multifunctionality, biogeochemical cycles, temperate deserts




1 Introduction

The freeze-thaw cycle (FTC) is an intricate series of events brought on by phase changes in soil moisture due to diurnal temperature fluctuations that result in variations in soil temperatures above and below 0°C. It is a relatively common natural phenomenon in temperate, mid-latitude, and high-altitude ecosystems during winter and spring (George et al., 2021). Seasonal FTC affects about 55% of the Northern Hemisphere’s land area, and the variability of FTC patterns (intensity, frequency, duration, etc.) depends mainly on the local climatic conditions (Gao et al., 2021a). Over the past 120 years, climate change has prompted a 1.59°C increase in land surface temperature, particularly in temperate desert regions where the warming effect is most pronounced (IPCC, 2021). Temperate deserts are extremely arid and mono-biodiverse and are among the typical global ecologically fragile areas sensitive to climate change (Li et al., 2021a). Scientists have predicted that global warming will reduce the volume and duration of snow cover and increase the frequency of FTC in deserts over the next 30 years (Mellander et al., 2007; Ji et al., 2014). Snow acts as an insulating layer, and its absence exposes the soil to diurnal temperature variations, increasing the intensity, frequency, and duration of FTC (Bokhorst et al., 2013). There is growing evidence that these changes in FTC patterns can affect the soil ecosystem. FTCs alter soil structure (Zhang et al., 2016; Zhang et al., 2021), water cycling (Wang et al., 2021; Li et al., 2021b), gas emission (Hamamoto et al., 2020; Yang et al., 2022a), and litter decomposition (Pelster et al., 2013). Studies have also shown that FTCs affect microbial community structure and function (Liu et al., 2021; Sang et al., 2021) and plant root dynamics (Tierney et al., 2001; Sorensen et al., 2016).

FTC impacts soil nutrient cycling through both physical and biological mechanisms. Through repeated expansion and contraction of water in the soil, FTCs physically break down soil aggregates and humus and increase soil nutrient content (Oztas and Fayetorbay, 2003; Hui et al., 2022). Soil particle fragmentation increases soil porosity and surface area (Ma et al., 2019), improving the sorption capacity of soil microorganisms and plant roots while increasing the risk of nutrient leaching (Campbell et al., 2014; Zhang et al., 2016). Moreover, ice crystals can kill or dissolve microorganisms and release cell contents, especially monosaccharides and amino acids, in the early stage of FTC (Song et al., 2017; Gao et al., 2021a). Freezing decreases the activity and effectiveness of soil microorganisms and plant roots in utilizing nutrients, resulting in soil enrichment (Tierney et al., 2001; Sorensen et al., 2018). At the same time, changes in soil nutrients further affect nutrient utilization and vegetation growth in the post-thaw growing season, causing continuous effects on ecosystem structure and function (Urakawa et al., 2014). Ice crystals in soil trap denature soil extracellular enzymes and limit their activity (Miura et al., 2019). From the perspective of extracellular enzymes, their ability to respond rapidly to changes in the soil environment is considered a good indicator for studying biochemical processes and nutrient limitations in soil ecosystems (Allison et al., 2007). The results of research on the impact of FTC on soil extracellular enzyme activity, however, have been inconsistent, mainly promoting (Sistla and Schimel, 2013; Okonkwo et al., 2022; Yang et al., 2022b), inhibiting (Tan et al., 2014; Hamamoto et al., 2020; Li et al., 2020), or having no discernible impact (Miura et al., 2019). This may be due to differences in soil substrate concentration, soil pH, and response to environmental changes corresponding to the different enzymes. Recently, many studies have focused on how FTC affects soil nutrient cycling in the tundra, plateau, forest, grassland, wetland, and farmland ecosystems, but research for desert ecosystems is lacking (Yu et al., 2011; Gao et al., 2021b).

Water is the limiting factor for ecosystems in temperate desert regions where rainfall is insufficient and cannot support the distribution of large areas of vascular plants, creating a distinctive landscape of drought-tolerant shrubs and biological soil crusts (Zhang et al., 2007). Biological soil crusts, which are common in arid and semi-arid regions and can sometimes cover up to 70% of the surface, are complexes made up of algae, lichens, mosses, and other soil microorganisms (Belnap et al., 2008; Rodriguez-Caballero et al., 2018; Weber et al., 2022). As the ‘engineers’ of ecosystems, they play crucial ecological roles in promoting the establishment of vascular plants, stabilizing soils, regulating hydrological processes, and cycling nutrients (Bowker et al., 2018; Xiao et al., 2022). In contrast to many vascular plants of cold temperate drylands, biological soil crusts are more active during winter snowpack and spring freeze-thaw periods, particularly during the latter when they can store up to 49% of the year’s carbon (Su et al., 2013; Yin and Zhang, 2016). Therefore, biological soil crusts can withstand low temperatures, and the freeze-thaw period is critical for their growth. However, previous studies have mainly focused on soil carbon, nitrogen, and phosphorus levels during changes in winter snow accumulation and not on the response pattern of biological soil crusts to freeze-thaw cycles and their role in nutrient cycling.

In summary, we pose the following scientific question: how does the frequency of freeze-thaw cycles affect carbon, nitrogen, and phosphorus cycling in desert moss crust soil, and does this effect vary between different soil layers? In light of these issues, we put forward the following scientific hypothesis: (1) Fragmentation of soil aggregates, structural changes, and cell lysis of microorganisms and plant roots by FTCs promote the uptake of soil nutrients such as carbon, nitrogen, phosphorus, and the corresponding enzyme activities. (2) As a result of the insulating properties of the moss crust, the lower soil temperature is comparatively stable, and the lower layer of the crust is less affected by freeze-thaw cycles than the crust layer is. This study chose the typical temperate desert Gurbantunggut as the study area and the moss crust at an advanced stage of biological soil crust development as the research object to test the above scientific hypotheses. By simulating different numbers of freeze-thaw cycles (0, 5, and 15), we investigated the impact of freeze-thaw cycles on nutrient cycling in the crust layer and the 0-3 cm soil layer below the crust. We also analyzed the key factors and pathways affecting the change of soil nutrient multifunctionality in different soil layers.




2 Materials and methods



2.1 Study area

Gurbantunggut Desert, the largest fixed and semi-fixed desert in China, is situated in the hinterland of the Junggar Basin in northern Xinjiang (44.18°-46.33° N, 84.52°-90.00° E). Here, the average annual precipitation is less than 150 mm, and annual evaporation exceeds 2000 mm. The average annual temperature is 6–10°C with extremes of 40°C or more, the annual cumulative temperature of 3000–5000°C in years ≥10°C, and average relative humidity of 50%-60%, with May through August typically below 45% (Zhang et al., 2007). The basic landscape features of the desert are linear and dendritic longitudinal dunes, and the vegetation is a shrub and small tree communities consisting of Haloxylon persicum, Haloxylon ammodendron, Ephedra przewalskii, Calligonum mongolicum, and other sandy plants (Zhang, 2020). Unlike other desert ecosystems, the Gurbantunggut Desert has a stable snow cover of 15–30 cm in winter, which accounts for 25% of annual precipitation and provides a suitable environment for the development of biological soil crusts in this desert. Depending on the predominant taxa, biological soil crusts are of three types: algal, lichen, and moss crusts. Moss crusts indicate an advanced stage of succession, and Syntrichia caninervis is the predominant species.




2.2 Experimental design

Samplings were conducted in September 2019. We created a 50 m × 50 m sample plot in the interhall lowlands of the hinterland of the Gurbantunggut Desert and selected well-developed and uniform habitat patches of Syntrichia caninervis. Undisturbed columnar soil profiles were then collected using homemade PVC pipes (10 cm in diameter and 15 cm in height). Before sampling, the humus on the surface of the crust was removed, Syntrichia caninervis was sprayed wet, and the PVC pipe was inserted vertically to prevent further harm to the structural integrity of the crust and soil. They were carefully removed, sealed with nylon mesh, and returned to the laboratory. Before processing, all collected samples were dried for 10 days at a moderate temperature (25°C) in a sunroom to prevent differences in water content and other factors.

The finished samples were randomly divided into three groups for simulated FTC experiments in a constant-temperature incubator. Based on the water equivalent of the natural winter snowpack in Gurbantunggut Desert, a snowpack equivalent to 15 mm of rainfall was added to each sample separately to simulate stable snow events in winter. A comparative experiment with fewer FTCs was designed in light of the sensitive response of desert regions to ongoing global warming, particularly the higher warming in winter than in summer (IPCC, 2021). For each group, three treatments of 0, 5, and 15 FTCs were performed with five replicates each. Each FTC consisted of 24 h: 12 h freezing at –10°C and 12 h thawing at 10°C. After incubation, the temperatures of the 0 and 5 FTCs were raised to 10°C and maintained there for 15 days (Yin et al., 2021). After the completion of experiments, the moss crust was peeled off, and 30 soil samples were collected using a ring knife to scrape the soil from beneath the crust’s 0–3 cm layer and filter it through a 2-mm sieve. Each soil sample was divided into two portions, placed in the freezer at –20°C, and allowed to dry naturally before testing.




2.3 Analysis of the physical and chemical properties of the soil

Fresh soil was dried to constant weight at 105°C for 48 h and then weighed to determine soil water content (SWC). The pH was determined by the potentiometric method at a water-soil ratio of 1:2.5. Electrical conductivity (EC) was determined using the AC conductivity method at a water-soil ratio of 1:5 (Bhattacharyya et al., 2021). Total carbon (TC) and organic carbon content (SOC) in soil were determined using a carbon and nitrogen analyzer (Multi 3100C/N, Analytik Jena AG, Germany) by the combustion method and HCL titration-combustion method, respectively. The nutrient levels in the soil were measured using a fully automatic flow-through analyzer (Bran Luebbe, AA3, Germany): (1) total nitrogen (TN) and total phosphorus (TP) after ablation with concentrated sulfuric acid, perchloric acid, and hydrofluoric acids; (2) ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3–N) after leaching with 0.01 mol/L CaCl2 solution; and (3) available phosphorus (AP) after leaching with a 0.5 mol/L NaHCO3 solution. We also estimated total nitrogen by the Kjeldahl method, ammonium nitrogen by indophenol blue colorimetry, nitrate nitrogen by phenol disulfonic acid colorimetry, and total and available phosphorus by molybdenum antimony anti-colorimetric method (Edwards and Jefferies, 2013).




2.4 Analysis of extracellular enzyme activity

We analyzed soil enzymes associated with the carbon, nitrogen, and phosphorus cycles. Enzyme activities were estimated colorimetrically at different wavelengths (see below):

Carbon cycle: β-glucosidase (BG), which catalyzes p-nitrophenyl-β-D-glucopyranoside to form p-nitrophenol (PNP), was measured colorimetrically at 405 mm. Sucrase (SR), which catalyzes the reaction of sucrose with 3,5-dinitrosalicylate to form a colored compound, was measured colorimetrically at 540 nm. Peroxidase (POD) and Polyphenol oxidase (PPO), which catalyze the conversion of gallic acid to purple gallic acid, were measured colorimetrically at 430 nm.

Nitrogen cycle: Soil urease (UA), which catalyzes the reaction of urea with hypochlorite and phenol to form indophenol blue, was measured colorimetrically at 578 nm. Nitrate reductase (NR), which catalyzes the conversion of nitrate in the soil to nitrite, was measured colorimetrically at 540 nm.

Phosphorus cycle: Alkaline phosphatase (AKP), which catalyzes the formation of yellow PNP products from phosphoric acid to nitrate, was measured colorimetrically at 405 nm. Phytase, which hydrolyzes sodium phytate to produce inorganic phosphorus, was measured colorimetrically at 700 nm.




2.5 Statistical analysis

All data were tested for normality and chi-square using SPSS 19.0 software, and a two-factor ANOVA was performed for FTC, soil layer, and the interaction between the two. One-way ANOVA was used to analyze the nutrient levels of carbon, nitrogen, and phosphorus and the associated enzyme activities for different FTC frequencies and soil layers. Significant differences between treatments were determined using Tukey’s test and plotted using Origin 2018 software.

Soil multifunctionality (SMF) is a comprehensive index for evaluating the ability of soils to maintain multiple ecological functions simultaneously, and the most common calculation methods include the mean method, multiple threshold method, single function method, and single threshold method. The mean method is widely used in multifunctionality studies and provides an intuitive and easily interpreted measure to better assess the ability of soils to maintain multiple functions (Maestre et al., 2012; Byrnes et al., 2014). This study used the mean method to calculate 15 indicators of soil nutrient ecological functions, encompassing the carbon cycle, nitrogen cycle, and phosphorus cycle. The Z-score was used to standardize the data, and the soil nutrient multifunctionality index was determined by averaging all the indicators, which ensured that the data were on the same scale.

The “innerplot” function of the “plspm” package was used in R 4.2.1 to investigate the direct and indirect relationships between the number of FTCs, soil water content, pH, electrical conductivity, total nutrients, available nutrients, extracellular enzyme activity, and soil nutrient multifunctionality. Before modeling, the “varclus” function of the “Hmisc” package was used to remove redundancy and multicollinearity from the ANOVA. Total nutrients (TC, SOC, TN, TP), available nutrients (NH4+-N, NO3–N, AP), and extracellular enzyme activities (BG, POD, SR, PPO, UA, NR, AKP, phytase) in the model set were determined by multiple regression. This model was designed to explore the effects of direct or indirect pathways of each factor and to further identify the key factors affecting changes in soil nutrient multifunctionality and their possible influence pathways.





3 Results



3.1 Physicochemical properties of soil

FTC, soil layer, and their interaction significantly altered the water content, pH, and conductivity of moss crust soil (P < 0.05, Table 1, Figure 1). The water content of the soil increased gradually with an increase in the FTC number. The pH and electrical conductivity first increased and then decreased after five FTCs. In the different soil layers, pH increased significantly while electrical conductivity decreased significantly at different freeze-thaw frequencies in the 0–3 cm layer compared to the crust layer. However, water content increased significantly only in the absence of freeze-thaw.


Table 1 | Two-way analysis of variance for physicochemical properties of the soil.






Figure 1 | Effect of FTC on water content, pH, and electrical conductivity in different soil layers. Results are mean ± SE of five independent replicates. Different lowercase and uppercase letters indicate significant differences between the FTC treatments (P < 0.05), **(P < 0.01), and ns (P > 0.05).






3.2 Soil nutrient variation

Two-way ANOVA analysis showed that FTC and soil depth significantly affected the nutrient levels, namely, total carbon, total nitrogen, total phosphorus, organic carbon, nitrate-nitrogen, ammonium-nitrogen, and available phosphorus in the soil (P < 0.05, Figure 2). The interaction between the two factors had significant effects only on organic carbon, ammonium-nitrogen, and available phosphorus (P < 0.01, Table 1). As the number of FTCs increased, total carbon and phosphorus in different soil layers showed an increasing trend followed by a decreasing trend, nitrate and ammonium-nitrogen showed a decreasing trend, and available phosphorus showed an increasing trend. However, organic carbon first decreased and then increased in the crust layer while gradually increasing in the 0–3 cm layer. Except for total phosphorus and available phosphorus, all nutrient indicators of carbon, nitrogen, and phosphorus were significantly higher in the crust layer than in the 0–3 cm layer (P < 0.05, Figure 2).




Figure 2 | Effect of FTC on soil nutrients in different soil layers. Results are mean ± SE of five independent replicates. Different lowercase and uppercase letters indicate significant differences between the FTC treatments (P < 0.05), *(P < 0.05), **(P < 0.01), and ns (P > 0.05).






3.3 Changes in the activity of extracellular enzymes in soil

The activities of β-glucosidase, polyphenol oxidase, sucrase, peroxidase, urease, nitrate reductase, alkaline phosphatase, and phytase were significantly altered by FTC, soil layer, and their interaction (P < 0.01, Table 1, Figure 3). FTC had no discernible effect on sucrase, and neither soil layers nor freeze-thaw interaction had any effect on urease activity. As the number of freeze-thaws increased in the different soil layers, the trends of every soil enzyme indicator related to the carbon, nitrogen, and phosphorus cycles also started varying considerably. In the crust layer, β-glucosidase, sucrose, and phytase showed a decreasing trend; polyphenol oxidase, peroxidase, and nitrate reductase showed an increasing trend; and urease and alkaline phosphatase showed an increasing trend, followed by a decreasing trend (Figure 3). In the 0–3 cm layer, β-glucosidase, sucrose, and phytase showed an increasing trend; polyphenol oxidase, urease, and phytase showed a decreasing trend; and peroxidase and alkaline phosphatase showed an increasing trend followed by a decreasing trend (Figure 3). Compared to the crust layer, the activities of all soil enzyme indicators were significantly decreased in the 0–3 cm layer.




Figure 3 | Effect of FTC on soil enzyme activity in different soil layers. Results are mean ± SE of five independent replicates. Different lowercase and uppercase letters indicate significant differences between the FTC treatments (P < 0.05), *(P < 0.05), ** P < 0.01), and ns (P > 0.05).






3.4 Soil multifunctionality and factors affecting its variability

Two-factor ANOVA showed that FTC, soil depth, and the interaction of the two factors significantly affected soil nutrient multifunctionality (P < 0.01, Table 1, Figure 4). The trends of soil nutrient multifunctionality were opposite in different layers of soil. As the number of FTCs increased, soil nutrient multifunctionality decreased in the crust layer while it increased in the 0–3 cm layer. Overall, soil nutrient multifunctionality decreased with decreasing soil depth.




Figure 4 | Effect of FTC on soil nutrient multifunctionality in different soil layers. Results are mean ± SE of five independent replicates. Different lowercase and uppercase letters indicate significant differences between the FTC treatments (P < 0.05), **(P < 0.01).



Results from the PLS-PM model revealed that the factors in the crust layer factors explained 38% of the variation in SMF (Figure 5). The total amount of nutrients in the soil had a direct positive effect on SMF. Despite the fact that soil water content directly affected SMF negatively, it still had a significant positive effect on SMF indirectly through its effects on pH and total nutrients. In addition, available nutrients and pH both had a significant detrimental impact on SMF. Overall, total nutrients, soil water content, and available nutrients were the three most important factors affecting SMF in the crust layer.




Figure 5 | Partial least squares pathway model (PLS-PM) of soil nutrient multifunctionality (SMF) and environmental factors. The model illustrates the effects and pathways of FTC, soil water content (SWC), pH, total nutrients, available nutrients, and extracellular enzyme activity on soil nutrient multifunctionality. The blue solid and brown dashed arrows depict the direct positive and negative effects of causality (P < 0.05), and the gray solid and dashed arrows show the direct positive and negative effects of causality (P > 0.05), respectively.



In contrast, factors at the 0–3 cm layer explained 82% of the variation in SMF (Figure 5). The largest indirect and overall positive impact on SMF was provided by soil water content. Total nutrients and FTC also had strong positive effects on SMF. Overall, soil water content, total nutrients, and FTC were the three most important factors affecting SMF changes in the 0–3 cm layer.





4 Discussion



4.1 Effect of FTC on soil nutrients

The results partially confirmed our scientific hypothesis 1 that increasing FTC significantly increased the total carbon, organic carbon, total phosphorus, and available phosphorus content of moss crust soils, with the increase in available phosphorus content being particularly significant. There are several main reasons for the increase in soil carbon and phosphorus. First, the drastic physical effects of FTC significantly altered soil structure (Zhang et al., 2016). The repeated expansion and contraction of water caused by FTCs leads to the fragmentation of coarse-grained soils, large agglomerates, and organic and inorganic colloids and promotes the reduction of soil grain size (Oztas and Fayetorbay, 2003). Compared with coarse particles, the increase of fine soil particles promotes the accumulation and concentration of available phosphorus in the soil (Qian et al., 2013; Xiao et al., 2019; Shen et al., 2020). Second, the high concentrations of organophosphate and polyphosphate in soil microbial cells (Makarov et al., 2002) and ice crystals produced during FTC can perforate microbial cells and result in the accumulation of carbon and phosphorus nutrients (Larsen et al., 2002). Finally, FTC increased the mortality of overwintering plant roots and the input of plant apoplast, especially moss crusts and pseudoroots, which weakens the fixation of soil nutrients by plants and further promotes the accumulation of organic matter and nutrients (Tierney et al., 2001).

Contrary to the initial hypothesis, many previous studies suggested that increased FTC could promote higher soil nitrogen accumulation and efficacy (Christopher et al., 2008; Song et al., 2017; Gao et al., 2018). However, the changes in N content in this study were the opposite, with ammonium and nitrate content decreasing with increasing FTCs, which might be related to the increased physiological activity of moss crusts under FTCs (Su et al., 2013; Yin and Zhang, 2016). In a study by Yin et al. (2021) that examined the effects of FTCs on the physiological activity of moss crusts, it was discovered that inorganic nitrogen was the only direct nitrogen source required for moss crust growth, and the physiological activity of moss crusts increased with increasing FTCs. The activity of moss crusts and their symbiotic nitrogen-fixing microorganisms may also be limited in the early stages of FTC with reduced nitrogen fixation (Wang et al., 2013). Moreover, the emission and leaching of nitrogenous gases such as N2O is also important reason for the decrease in inorganic nitrogen. According to previous studies, water freezing prevents oxygen diffusion and makes soils susceptible to an anaerobic environment, which promotes denitrification and accelerates soil nitrogen loss (Teepe et al., 2001; Pelster et al., 2019). Water infiltration brought on by snowmelt also increases the risk of inorganic nitrogen loss, causing a further decrease in the inorganic nitrogen content. In addition, total carbon, total nitrogen, total phosphorus, nitrate nitrogen, and available phosphorus content of the soil stabilized after 15 FTCs. It suggests a time lag in the adaptive mechanisms of soil microorganisms in the face of disturbances to the soil environment by FTCs (Jansson and Hofmockel, 2020). In a study of biological soil crusts in the Kubuqi Desert, Wang et al. (2015b) found similar results. The total carbon and total nitrogen contents of the algal crust in the soil reached an equilibrium after 4–5 days of FTCs, which may be related to the decrease in microbially available substrates.

The soil carbon, nitrogen, and phosphorus-related nutrient contents in the subcrustal layer were significantly lower than in the crust. In addition, FTC had a higher impact on nutrients in the crust. The crust layer is exposed to the soil surface and mediates snow melting, making it vulnerable to FTCs. In addition to the physical effect of FTC, soil nutrients in the crust layer were also influenced by the biological effect of the moss crust itself. The findings of this study revealed that the crust layer was the only one where FTC had an impact on the contents of total nitrogen, total phosphorus, and ammonium nitrogen; the three did not change significantly as the number of FTC treatments increased in the 0–3 cm soil layer. It may be related to the insulating effect of moss crusts, which reflect only half of the surface light compared with bare sand or cyanobacterial crusts, thus reducing the surface energy flux and increasing the surface temperature (Belnap, 1995). Even in cold winter, moss crusts can increase soil temperature in the 0–5 cm layer by about 8°C (Xiao et al., 2016). However, studies in exposed sands of desert ecosystems have revealed that FTC significantly affects soil nutrients in the top 10 to 20 cm of soil (Zhao et al., 2008; Hu et al., 2015). It may imply that moss crusts can mitigate the disturbance of soil nutrients by FTC (Wang et al., 2015b). In addition, the available phosphorus content did not vary significantly with soil depth but increased significantly in the 0–3 cm layer with increasing FTCs relative to the crust, which could be due to leaching and loss of available phosphorus due to the downward migration of water after snowmelt (Shen et al., 2020).




4.2 Effect of FTC on soil extracellular enzyme activity

Soil extracellular enzymes mediate many biochemical processes in soil, such as organic matter decomposition, nutrient cycling, and energy flow, and are considered sensitive indicators of ecosystem function (Yao et al., 2006; Ghiloufi et al., 2019). The main sources of soil secretions are microorganisms, plant roots, and soil animals (Ghiloufi et al., 2019), while a variety of biotic and abiotic factors, such as moisture, temperature, and nutrient content, influence soil enzyme activity (Sardans et al., 2008). As a result, the FTC-induced change in the soil’s temperature and moisture level significantly impacts the activity of soil enzymes (Miura et al., 2019). In this study, the decomposition and transformation processes of various soil nutrients of moss crust were examined in the context of selected hydrolases and oxidases associated with the carbon, nitrogen, and phosphorus cycle. The results refuted the initial hypothesis 1 that FTC inhibits the activities of soil enzymes, with the exception of carbon cycle-related oxidases and nitrate reductases. However, the results between the different soil layers essentially confirmed hypothesis 2 that the insulating effect of the moss crust provides a suitable environment for the increase of extracellular enzyme activities in the soil below the crust.

Freeze-thaws had a significant impact on the carbon cycle enzymes’ activities. In the crust, FTCs decreased hydrolase activity (β-glucosidase and sucrase) but increased oxidase activity (peroxidase and polyphenol oxidase). However, in the 0–3 cm layer, carbon cycle-related enzymes showed an opposite trend. β-Glucosidase and sucrase hydrolyze disaccharides into monosaccharides for plant uptake and are essential for carbon cycling. With the increase of FTCs, β-glucosidase and sucrase showed a decreasing trend in the crust layer. Consistent with previous studies, FTC altered soil microbial structure and function, and reduced microbial biomass and hydrolase activity (Sorensen et al., 2018; Li et al., 2020; Liu et al., 2021; Gao et al., 2021a). In addition, low soil temperatures, reduced water availability, and depletion of dead microbial substrates may limit microbial and enzymatic activities, thereby affecting carbon decomposition by soil microorganisms (Koponen et al., 2006; Sorensen et al., 2018; Wang et al., 2021). However, peroxidase and polyphenol oxidase, involved in the oxidation and degradation of reactive lignin, cellulose groups, and phenolics (Burke and Cairney, 2002; Toberman et al., 2008), showed an increasing trend in the crust layer with increasing FTCs. Peroxidase and polyphenol oxidase are produced in greater amounts in the crust layer as a result of the buildup of difficult-to-degrade materials like plant roots, apoplastic material, and moss pseudoroots due to FTCs (Pind et al., 1994; Bai et al., 2021). This may account for the increased activity of these two enzymes. Remarkably, β-glucosidase, sucrose, and peroxidase showed opposite trends in the 0–3 cm layer compared to the crust layer. The environmental differences in the different soil layers of the moss crusts affected the changes in soil enzymes during the freeze-thaw period. Unlike sandy areas, the darker color and dense structure of moss crusts blocked the direct effects of snow and strong wind on the soil and maintained relatively high soil temperatures (Xiao et al., 2016). Several studies have confirmed the temperature dependence of extracellular soil enzymes (Lang et al., 2000; Sistla and Schimel, 2013; Okonkwo et al., 2022) and the significant increase of β-glucosidase and sucrase in the 0–3 cm layer might be due to the early thawing of the soil (Bell et al., 2010). In addition, peroxidases in the 0–3 cm layer decreased rapidly after the onset of FTC, probably because low temperatures inhibited their activity (Freeman et al., 2001). This suggests that the hydrolases of the carbon cycle have a higher cold tolerance and sensitivity to temperature fluctuations compared to the oxidases.

FTC significantly inhibited urease activity in the soil nitrogen cycle and promoted nitrate reductase activity, resulting in soil nitrogen loss. Urease and nitrate reductase in soil mediate the conversion process between organic, ammonium, and nitrate nitrogen, thus influencing soil nitrogen accumulation and effectiveness (Zornoza et al., 2006; Wang et al., 2015a). In the desert moss crust, decreased soil urease activity and increased nitrate reductase activity with increasing FTC resulted in a significant decrease in ammonium and nitrate nitrogen. Previous studies have also reported negative effects of FTC on urease activity, with similar trends for ammonium nitrogen (Miura et al., 2019; Hou et al., 2020). The low temperature might inhibit the decrease in urease activity (Cao et al., 2003). In addition, the increase in nitrate reductase is closely linked to the enhancement of denitrification. Studies on the effects of FTC on N2O emissions have shown that freeze-thaw increases the expression of denitrification genes and their microbial activity, thereby enhancing the release of N2O gas (Muller et al., 2003; Sharma et al., 2006). One of the mechanisms is that the denitrification process and the soil oxygen content have a negative correlation, and the gradual increase in water content following the thawing of snow cover in the soil decreases the availability of oxygen (Morkved et al., 2006). Moreover, the ice layer that forms after surface freezing blocks oxygen exchange, intensifying the anaerobic environment of the soil and boosting the activity of the microbial organisms involved in the denitrification process, which in turn stimulates nitrate reductase activity (Uchida and Clough, 2015).

Due to FTCs, the activities of soil enzymes related to phosphorus cycling were inhibited in the crust layer and promoted in the 0–3 cm layer. Phosphatases and phytases catalyze the mineralization process of organic phosphorus in soils; thus, their activity levels directly affect soil phosphorus efficacy (Turner et al., 2002; Condron et al., 2005; Rocky-Salimi et al., 2016). Since much of the phosphorus in soil is organically bound but unavailable to plants, the mineralization of organic phosphorus by phosphatases and phytases directly affects nutrient availability for plants and microorganisms (Nannipieri et al., 2002). With increasing FTC, alkaline phosphatase decreased along with phytase in the crust and increased in the 0–3 cm layer. Studies have shown that the structure of the soil, temperature, pH, and substrate content and type affect the activity of alkaline phosphatase and phytase (Staddon et al., 1998; Vinjamoori et al., 2004). Their decrease in the crust layer contrasts with the increase in available phosphorus because the accumulation of available phosphorus may reduce the demand of soil microorganisms for elemental phosphorus hydrolases (Bai et al., 2021). The lower temperature of the crust layer and the competition between mosses and microorganisms for nutrients may also decrease alkaline phosphatase and phytase activities (Champion et al., 2000; Terefe et al., 2004; Azeem et al., 2015). In addition, the changes in alkaline phosphatase and phytase were not identical, and we found a significant increase in alkaline phosphatase after 5 FTCs, which could be due to the availability of sufficient substrate and a more suitable pH environment for alkaline phosphatase in the early FTC soils (Dick et al., 2000). The significant increase in phytase activity in the 0–3 cm layer was also more consistent with the change in available phosphorus, which may indicate that phytase is more important than phosphatase for the sequestration of available phosphorus in the soil during the freeze-thaw period in desert.




4.3 Effect of FTC on the multifunctionality of soil nutrients

In general agreement with scientific hypothesis 2, the variability of the different FTC frequencies affected the changes in soil nutrient multifunctionality in the different soil layers of the moss crusts. Specifically, with the increase in FTC frequencies, the soil nutrient multifunctionality in the crust layer decreased significantly after fifteen cycles, while it increased significantly in the 0–3 cm layer after five cycles. This indicates the negative effect of heavy FTC (15 cycles) on the soil environment in the crust layer, while light FTC (5 cycles) promoted the soil function of the lower layer. Similar outcomes were obtained by Liu et al. (2022) for 0–7.5 cm soils in temperate forest ecosystems at the same latitude in China, where the soil multifunctional index gradually increased before FTC treatment, peaked at seven cycles, and then significantly decreased. However, the thickness of the naturally removed moss crust layer was only about 1.5–2.5 cm (Belnap, 2003b). In this study, the change in nutrient multifunctionality reversed only in soils 3 cm below the crust layer and increased significantly in the early stage of FTC. The above results indicate the potential role of moss crusts in maintaining the stability of nutrient multifunctionality in the topsoil. The insulating effect of moss crust regulates several ecosystem processes and functions, such as water evaporation, microbial activity, nutrient cycling efficiency, and plant nutrient availability (Belnap, 2003a). In addition, the resistance of moss crusts to weathering erosion and their physiological-ecological adaptations during FTC complicates the multifunctional changes in soil nutrients (Zhang et al., 2010; Yin et al., 2021; Zhang et al., 2022).

The response of soil nutrient multifunctionality to various factors of FTC regulation was also different in different soil layers. Results from the SEM model results showed contrasting effects of soil water content, pH, available nutrients, and extracellular enzyme activity on nutrient multifunctionality in different soil layers. Soil water content was the biggest limiting factor in the crust layer, while in the 0–3 cm layer, it positively affected nutrient multifunctionality. It suggests that in addition to adequate moisture, water availability during the freeze-thaw period is also critical (Hui et al., 2022). Compared to the lower layer, the exposed crust layer froze first and thawed relatively late in the cold, which limited microbial and plant root activity and reduced water availability (Man et al., 2019). FTC had an indirect positive effect on nutrient multifunctionality in both the soil layers, but the direct effect was reversed, reducing the overall effect of FTC in the crust layer. FTC causes soil structure reorganization, agglomerate fragmentation, temperature fluctuations, and recurrent phase changes of water, all of which increased water availability, nutrient accumulation, and nutrient redistribution (Oztas and Fayetorbay, 2003; Cornelissen et al., 2007; Song et al., 2017; Sang et al., 2021; Wang et al., 2021). All these effects, in turn, indirectly result in changes in the multifunctionality of soil nutrients. The direct negative impact of the crust layer may result from the limitation of microbial activity due to low temperature, inhibition of the physiological activity of moss crust, and damage to the root system by prolonged FTC, thus negatively affecting the multifunctionality of the soil. In addition, total nutrients were the dominant factor in changes in soil nutrient multifunctionality in both the crust layer and the 0–3 cm layer, indicating that total nutrients are more significant in the soil functional environment than available nutrients and extracellular enzyme activity.





5 Conclusion

FTC significantly affected carbon-, nitrogen-, and phosphorus-related nutrients, extracellular enzyme activities, and nutrient multifunctionality in the soil. The results showed that FTC increased the levels of carbon and phosphorus-related nutrients and decreased the efficacy of nitrogen nutrients. However, soil nutrient changes gradually stabilized after 15 FTCs. Soil enzymes catalyzing the conversion of various carbon, nitrogen, and phosphorus were inhibited by frost, low temperature, and anaerobic conditions and showed a decreasing trend. Remarkably, the changes in extracellular enzymes mediating the degradation of various substances in the different soil layers of moss crusts varied greatly with increasing FTC and even showed opposite trends. It explains the complex effects of FTC-induced changes in the soil environment on various microbial functional groups and nutrient cycling processes. The multifunctionality of soil nutrients decreased in the crust layer and increased in the 0–3 cm layer due to changes in soil nutrients and enzyme activities. Water also significantly improved the multifunctionality of nutrients in the 0–3 cm layer compared to the crust layer. It may indicate that the higher soil temperature and water availability under the moss crust layer promote soil microbial activity and nutrient cycling and storage, suggesting a possible role for the moss crust in mitigating the negative effects of FTC on desert topsoil. The importance of biological soil crusts may eventually increase with climate changes related to global warming and changes in FTCs and patterns having even greater impacts on the soil nutrient environment.
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How crop domestication mediates root functional traits and trait plasticity in response to neighboring plants is unclear, but it is important for selecting potential species to be grown together to facilitate P uptake. We grew two barley accessions representing a two-stage domestication process as a sole crop or mixed with faba bean under low and high P inputs. We analyzed six root functional traits associated with P acquisition and plant P uptake in five cropping treatments in two pot experiments. The spatial and temporal patterns of root acid phosphatase activity were characterized in situ with zymography at 7, 14, 21, and 28 days after sowing in a rhizobox. Under low P supply, wild barley had higher total root length (TRL), specific root length (SRL), and root branching intensity (RootBr) as well as higher activity of acid phosphatase (APase) in the rhizosphere, but lower root exudation of carboxylates and mycorrhizal colonization (MC), relative to domesticated barley. In response to neighboring faba bean, wild barley exhibited larger plasticity in all root morphological traits (TRL, SRL, and RootBr), while domesticated barley showed greater plasticity in root exudates of carboxylates and colonization by mycorrhiza. Wild barley with greater root morphology-related trait plasticity was a better match with faba bean than domesticated barley, indicated by higher P uptake benefits in wild barley/faba bean than domesticated barley/faba bean mixtures under low P supply. Our findings indicated that the domestication of barley disrupts the intercropping benefits with faba bean through the shifts of root morphological traits and their plasticity in barley. Such findings provide valuable information for barley genotype breeding and the selection of species combinations to enhance P uptake.
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1 Introduction

Phosphorus (P) often limits plant growth, due to its low bioavailability and low mobility in most soils (Hinsinger, 2001). Under P deficiency, plants have evolved various strategies to improve P acquisition (Vance et al., 2003; Lambers et al., 2008). Diverse root functional traits underpin these strategies, including a) changes in root morphology and architecture to enhance soil exploration, such as higher specific root length (SRL) and longer and denser fine roots (Lynch, 2011; Richardson et al., 2011); b) increased release of root exudates to mobilize inorganic and organic P fractions (e.g., carboxylate or phosphatase as typical P-mobilizing exudates; Hinsinger et al., 2003; Wen et al., 2020); and c) strengthened symbiosis with mycorrhizal fungi to increase the soil volume accessible to the roots beyond the nutrient-depletion zone (Smith and Read, 2008). All the adjustments in these root functional traits contribute to increase plant P uptake, but they are also associated with significant carbon cost (Westoby and Wright, 2006; Liu et al., 2015). Thus, carbon cost may limit all these root functional traits being folded into one species or genotype because of inherent trade-offs between resource acquisition and resource conservation (Denison, 2012; Wen et al., 2019). Indeed, numerous lines of evidence showed that significant variation in root functional traits exists among and within plant species, resulting in a unique resource acquisition strategy and/or nutrient niche for a given species or genotype.

Combinations of species with different root traits and resource strategies could promote soil nutrient acquisition (e.g., P) and crop over-yielding (Hinsinger et al., 2011; Tang et al., 2021). The dissimilarity in root traits in consideration of the core elements reduces the intra-/interspecific competition through niche complementarity and promotes facilitation on P acquisition in species mixtures (Loreau et al., 2001; Li et al., 2014). It is generally accepted that species with P-mobilizing traits (e.g., root exudates for P mobilization) could facilitate the species without the traits when grown as mixtures, especially at low P condition (Yu et al., 2021; Yu et al., 2022). For example, P uptake benefits are significantly higher in cereal combination with faba bean and chickpea than with soybean based on the results of a meta-analysis (Tang et al., 2021). Overall, these results suggested that selecting the species with a good match in root functional traits for combinations is critical for the improvement of the P uptake benefits at the system level.

Plant domestication affected root functional traits through recurrent breeding selection to obtain traits that are regarded as favorable by humans (Eshed and Lippman, 2019; Preece and Peñuelas, 2020). Because of the high nutrient input and requirements of crop yields of modern agriculture, the outcome of domestication is crops obtained through resource acquisition strategies (Milla et al., 2014; Isaac et al., 2021). There is increasing evidence that crop domestication has profoundly altered root functional traits, such as SRL and root diameter, contributing to their successful adaption in agricultural conditions (e.g., N; Meyer et al., 2012). Aside from root morphological traits, root exudates between modern genotypes and their wild relatives have been reported (Gioia et al., 2015; Iannucci et al., 2017). Martín-Robles et al. (2018) reported that wild relatives of 27 crops benefited from arbuscular mycorrhizal fungi (AMF) colonization irrespective of P levels, while domesticated species relied on AMF only under P limitation conditions. However, how crop domestication affects the root trait syndromes and the potential trade-offs on root P acquisition strategies is still unclear.

Plant species can adjust their root functional traits (i.e., trait plasticity) to respond not only to the soil abiotic environment (e.g., P availability) but also to the presence of neighboring plants (Hodge, 2004; File et al., 2012). Root trait plasticity in response to neighbor species may also be shaped by the plastic capacity and particular neighbor species or genotypes (Abakumova et al., 2016; Henn et al., 2018). For example, Streit et al. (2019) reported that eight faba bean genotypes employed different root proliferation and distribution patterns in soil profile when wheat was grown as the neighboring plant. Lepik et al. (2012) found that the differential capacity of species in modulating their response to different neighboring genotypes is not uniform. This raises the question of whether and how crop domestication affects the root responses of the target plant (root trait covariation and plasticity) to neighboring plants. Specifically, do wild and domesticated genotypes respond to neighboring plants uniformly or differentially regarding root functional traits?

Barley (Hordeum vulgare) is the fourth most important cereal globally, with the longest course of domestication dating ~10,000 years (Bulgarelli et al., 2015). Growing mixtures of barley with legumes is a promising practice with efficient P uptake, although it depends on species combinations and P management (Darch et al., 2018). The P uptake benefits of barley–legume mixtures stem from the contrasting root exudation and morphological trait responses to P deficiency. Greater plasticity of specific traits could enhance the performance of species in mixtures (Yu et al., 2020). The authors found that species have greater root phenotypic plasticity in response to root exudates released by the P-mobilizing species under low P supply when grown in a mixture. The root traits of barley cultivars and legume species vary in response to different P inputs (Giles et al., 2017), but how the selected plants respond to their neighbors and the specific trade-offs in the expression of such root traits when grown in combinations was overlooked. Thus, we hypothesized that barley genotypes with greater root morphological trait plasticity to neighbors would have enhanced P uptake in barley–legume mixtures.

To address the above issues, we conducted a study with two genotypes of spring barley that represent two stages in the domestication process, namely, modern genotype Baudin (H. vulgare ssp. vulgare) and its wild relative CN4027 (H. vulgare ssp. spontaneum). Faba bean (Vicia faba L.) was selected to be grown in mixtures with barley under two contrasting P treatments (low P: severely limiting P without P addition; high P: adequate soil P availability). We aimed to 1) clarify how systemic changes and trade-offs affected root functional traits for P acquisition of the two genotypes representing different domestication stages; 2) evaluate how crop domestication shaped root morphological traits, exudation, and mycorrhizal colonization in response to faba bean grown as neighbors; and 3) assess whether domestication of barley affected root functional trait plasticity in governing P uptake benefits of the two mixtures.




2 Materials and methods



2.1 Plant materials and soil origin

The two barley genotypes were selected as test plant materials: spring barley modern genotype Baudin (H. vulgare ssp. vulgare) and its wild relative CN4027 (H. vulgare ssp. spontaneum). The P deficiency tolerance of wild barley (WB) was stronger than CN4027. The P acquisition efficiency in domesticated barley (DB) was bigger than in WB, while the P utilization efficiency in WB was bigger (Guo, 2017). The cultivar of faba bean (Vicia faba L.) was Qizi No. 7.

The tested soil was collected from the top 10 cm of a long-term P fertilizer field trial located in Beijing (39°59′N, 116°17′E) and sieved to 5 mm. The trial comprised two P regimes: P0 (low P, i.e., no P fertilization) and P80 (high P, i.e., 80 kg P ha−1 year−1). We collected the soil samples 20 years after the start of the field trial. The soil is a calcareous Cambisol (FAO-UNESCO, 1989). The low P soil had a pH (water) of 7.59, 7.6 g kg−1 of soil organic matter, 1.3 mg kg−1 of Olsen-P, 13.5 mg kg−1 of available N, and 70.0 mg kg−1 of NH4OAc-K. The high P soil properties were as follows: pH (water) 7.43, soil organic matter 13.5 g kg−1, Olsen-P 22.6 mg kg−1, available N 23.7 mg kg−1, and NH4OAC-K 98.8 mg kg−1.




2.2 Experimental setup



2.2.1 Experiment 1

A pot experiment with five cropping treatments under two contrasted P levels was conducted to investigate how the root traits of the wild and domesticated barley respond to faba bean growing as a neighbor plant (Supplementary Figures 1A, C). The cropping treatments included WB, DB, and faba bean (FB) grown alone and two barley genotypes mixed with faba bean (WB/FB and DB/FB) in three replicates (30 pots in total). Each pot was filled with 2.5 kg of pre-prepared soil. When grown alone, barley was sown at four seeds per pot and faba bean was sown at two seeds per pot. To maintain the principle of substitution, the density of each species in the mixture was only half that of the sole crops. All the pots were arranged in a completely randomized design, with weekly randomization during the experiment.




2.2.2 Experiment 2

A rhizobox experiment was conducted to investigate rhizosphere acid phosphatase of barley in different genotypes grown alone and with faba bean. The design of the 30-cm × 30-cm × 1.5-cm Perspex boxes with a removable side (Supplementary Figure 1B) allowed access to the roots to observe the spatial and temporal patterns of acid phosphatase with zymography (methods modified from Spohn and Kuzyakov, 2013). The soil properties and weight, choices of barley and faba bean, and cropping pattern in Exp. 2 were the same as in Exp. 1 (Supplementary Figure 1A), with five replicates (50 rhizoboxes in total). Each rhizobox was inclined at a 45° angle to encourage root growth over the soil surface. The water content in the rhizoboxes was maintained at 60% of field water-holding capacity throughout the experiment by weighing the rhizoboxes weekly.

To ensure that the soil nutrients can meet the needs of plant growth, the basic elements were added as a nutrient solution (mg kg−1) for both experiments: N-CO(NH2)2 200, K-K2SO4 100, Ca-CaCl2·2H2O 200, Mg-MgSO4·7H2O 50, Fe-EDTA-FeNa 5, Mn-MnSO4·4H2O 5, Zn-ZnSO4·7H2O 5, Cu-CuSO4·5H2O 5, B-H3BO3 0.68, and Mo-Na2MoO4·5H2O 0.12. No additional sources of phosphorus were applied. Both experiments were conducted simultaneously from 15 January to 16 February 2022 in a glasshouse at Sichuan Agricultural University (30°57′N, 104°06′E). The temperature range was 25°C–30°C during the day and 18°C–22°C at night, and relative humidity was 60%–80%.





2.3 Harvest and measurements

Plants were harvested 30 days after sowing in Exp. 1. We collected all visible roots in each pot and carefully distinguished them for different species in the plant mixtures. For soil samples, we collected both the rhizosphere and bulk soil according to the definition and methods of Hinsinger (2001).

We measured seven root functional traits (Supplementary Table 1) associated with P acquisition and P mobilization. Root morphological traits included total root length (TRL), root branching intensity (RootBr), specific root length (SRL), and average root diameter (RootDiam). Root functional traits for P mobilization included the amounts of carboxylates and acid phosphatase activity in the rhizosphere (APase). Root colonization by AMF (MC) was also determined.



2.3.1 Root morphological traits

The root samples were washed with deionized water and kept at 4°C for analysis. TRL and average RootDiam were analyzed with the software WinRHIZO 2009 (Regent Instruments Inc., Quebec, QC, Canada), based on the scanned images of the whole root system of each plant using a root scanner (ScanMaker i800 Plus, Microtek, USA). More than 10 intact root samples composed of first and second order roots were chosen randomly for RootBr measurements (Freschet and Roumet, 2017). The details of measuring and calculation of the root branching intensity are described by Wen et al. (2019) and Kong et al. (2014). SRL was calculated as the ratio of root length of the whole root system and its dry mass.




2.3.2 Root exudation traits

Roots with rhizosphere were then transferred to a vial containing 50 ml of 0.2 mМ CaCl2 and gently shaken to determine carboxylate and acid phosphatase exudation (Pearse et al., 2007). The root exudates of carboxylates and APase activity were analyzed following the methods of Neumann (2006) and Shen et al. (2003).




2.3.3 Root colonization by AMF

Thirty root segments (1-cm-long) were randomly selected and cleared with 10% (m/v) KOH solution in a 90°C water bath for 50 min, acidified with 2% (v/v) HCl for 5 min at room temperature, and then stained with Trypan blue reagent in a 90°C water bath for 30 min (Philips & Hayman, 1970). Then, the root segments were observed under a light microscope (Vierheilig et al., 1998). The colonization of AMF (%) was calculated according to the method of Trouvelot et al. (1985).




2.3.4 Plant biomass and nutrient analysis

The shoots and roots were oven-dried at 105°C for 30 min and then at 65°C to a constant weight and weighed for mass determination. The dried plant samples were crushed and sieved, digested by H2SO4-H2O2, and the P content was determined by vanadium-molybdenum yellow colorimetry (Johnson and Ulrich, 1959).




2.3.5 Soil P availability analyses

Both the rhizosphere and bulk soil subsamples were air-dried and ground to <2 mm. Soil available P was extracted with NaHCO3 (0.5 M, pH = 8.5) and then acidified with 37% (v/v) HCl to precipitate organic matter. The phosphorus content in the extract was determined by the malachite green method at 630 nm wavelength (Ohno and Zibilske, 1991).




2.3.6 Soil zymography

Zymography, as an in-situ non-destructive technique, was performed to test the spatial and temporal patterns of acid phosphatase (ACP) as affected by genotypes and plant interactions at 7, 14, 21, and 28 days after plant sowing in the rhizobox experiment. The measurement of soil enzyme activity was at a consistent location throughout the study, as we labeled the tested root zone between plants. The fluorescently labeled substrate 4-methylumbelliferyl-phosphate (MUF) (Sigma-Aldrich, Germany) (Spohn and Kuzyakov, 2013) was dissolved in MES buffer (C6H13NO4SNa0.5) (Sigma-Aldrich, Germany) to a concentration of 10 mM (Koch et al., 2007). The membrane (0.45 μm pore size, 20 cm diameter) was completely saturated with the substrate solution and then dried in a shade. The rhizoboxes were opened, and the soil surface was covered with the membrane in the root observation area for 1 h (Razavi et al., 2016). Afterward, the membrane was placed in a dark box, the UV lamp was turned on, and fluorescent photographs were taken at 8 s exposure; all filming conditions were consistent during the experiment. Root-associated area analysis (as described by Spohn and Kuzyakov, 2013) was used to measure the root-associated enzyme activity. The details of image analysis were described by Schofield et al. (2019).

A calibration curve was established to relate the enzyme activity to the fluorescence intensity of the images. The calibration curves were prepared by soaking the membranes (2 × 2 cm) in the increased MUF concentrations (0, 0.01, 0.05, 0.1, 0.5, 1, 3, and 6 mM), using the same procedure as in the experiment. The amount of MUF absorbed on the membrane was calculated based on the concentration and volume of the solution (Liu et al., 2017).





2.4 Statistical analysis

For Exp. 1, we first tested whether P levels, cropping system (sole vs. mixture), and barley genotype (wild vs. domesticated) affected root functional traits using linear models. Then, we tested whether root functional traits were influenced by barley genotypes within the P level with Student’s t-test (p ≤ 0.05). To characterize the plasticity of seven root functional traits of the two genotypes of barley (wild vs. domesticated) in response to faba bean grown as a neighboring plant, we calculated the response ratio (RR) of each root trait (Valladares et al., 2006; Li et al., 2019). The RR was defined as the extent of root response grown as a sole crop and mixtures, using the following equation:

	

Where Ri’ j’ and Rij are the root traits of species grown as a mixture and sole crop, respectively. The i′ and i represent the given species grown as a mixture and sole crop. The j′ and j are two randomly selected individuals from three replicates of the same genotype in the mixture and sole crop, respectively. The n is the number of Ri’ j’-Rij values. The difference (p ≤ 0.05) in RR values between the two genotypes of barely grown with faba bean was tested with Student’s t-test.

In Exp. 2, differences in the hotspot of APase activity between two P level treatments and between wild and domesticated barley grown as sole or mixture with faba bean were tested with the analysis of variance (ANOVA).

To test whether domestication of barley influenced plant growth and P uptake benefits in the barley and faba bean mixture, we calculated land equivalent ratio (LER) and net effect (NE) in plant biomass (LERB and NEB) and P uptake (NEB and NEP) and tested the differences between the two mixtures using Student’s t-test. The equations and the definition of LER and NE calculation are shown in the Supplementary Information (S1-Eq. 1, 2).

To clarify how domestication of barley determined the effectiveness of root traits in plant growth and P uptake, principal component analysis (PCA) was performed to determine the multivariate ordination of seven plant traits of two barley genotypes in two mixtures and under two P conditions. Pearson’s correlation analysis was conducted to test the relationships among root functional traits. The analyses were performed with Origin (OriginPro, Version 2023. OriginLab Corporation, Northampton, MA, USA).





3 Results



3.1 Plant growth and P uptake benefits in the species mixture

At the harvest, WB had significantly higher biomass than DB grown either as a sole crop or in mixture under low P (Figure 1A). In contrast, DB had better plant performance than WB both in sole crop and mixture at high P condition (Figure 1A). Faba bean grown with WB had 1.23-fold higher biomass than grown with DB under low P, while faba bean with DB had higher biomass than grown with WB under high P (Figure 1B). As for P uptake, DB had significantly higher uptake than WB when grown as sole, while WB had 1.15-fold higher P uptake than DB in the mixtures under low P (Figure 1C). We observed higher P uptake for faba bean grown with WB than with DB under low P (Figure 1D).




Figure 1 | Biomass (A, B) and P uptake (C, D) for barley and faba bean grown as sole crops and mixtures under contrasting P conditions. The open and closed bars represent plants grown as soles and mixtures, respectively. Values are the means of three replicates. The error bars represent the standard deviation (SD) of the mean. Within the P treatment, asterisks denote a significant difference between the wild and domesticated barley or faba bean grown with them (significance: *, p< 0.05; **, p< 0.01; ***, p< 0.001; ns, not significant). FB(WB), faba bean in FB/WB; FB(DB), faba bean in FB/DB; Sole, WB, DB, and FB grown alone; Mix, faba bean grown with WB and faba bean grown with DB.



In the low P treatment, we found benefits in the plant biomass (LERB, NEB) and P uptake (LERP, NEP) for both WB/faba bean and DB/faba bean, whereby LERB and LERP were higher than 1 and NEB and NEP were higher than 0 (Table 1 and Supplementary Table 1). The WB/faba bean had better performance in biomass and P uptake than DB/faba bean (1.1-fold for each LERB and LERP and 44.9 and 0.21 mg pot−1 for NEB and NEP, respectively). Under P sufficiency, no plant biomass and P uptake benefits were observed for the two species mixtures (Table 1 and Supplementary Table 1).


Table 1 | Land equivalent ratio (LER), net effect (NE) based on plant biomass and P uptake, and competitive balance index (CBI) of barley (wild barley or domesticated barley)/faba bean intercropping under two contrasting P inputs.






3.2 Root functional traits in response to neighbors under two P levels

The genotypes of barley (wild vs. domesticated) and phosphorus (P) levels significantly affected the root functional traits of barley (p< 0.01; Table 2 and Figures 2, 3). Under P deficiency, WB had significantly higher TRL, SRL, and RootBr than DB (Figures 2A, C, E). The rhizosphere exudation of APase was 1.45-fold higher in WB than DB at low P (Figure 2C). When P supply was sufficient, faba bean had significantly higher SRL (Figure 2E) and rhizosphere APase (Figure 3C), but lower rhizosphere carboxylates than DB (Figure 3A). The sufficient soil P availability significantly increased the amount of rhizosphere carboxylates in barley (Figure 3A) but decreased the remaining five root functional traits of barley and faba bean grown either as a sole crop or as mixtures (Supplementary Table 3 and Figures 2, 3).


Table 2 | The p-values of the linear model analyzing six root functional traits.






Figure 2 | Total root length (TRL; A, B), root branching intensity (RootBr; C, D), and specific root length (SRL; E, F) for barley and faba bean grown as sole crops and mixtures under contrasting P conditions. The open and closed bars represent plants grown as soles and mixtures, respectively. Values are the means of three replicates. The error bars represent the standard deviation (SD) of the mean. Within the P treatment, asterisks denote a significant difference between the wild and domesticated barley or faba bean grown with them (significance: *, p< 0.05; **, p< 0.01; ***, p< 0.001; ns, not significant). FB(WB), faba bean in FB/WB; FB(DB), faba bean in FB/DB; Sole, WB, DB, and FB grown alone; Mix, faba bean grown with WB and faba bean grown with DB.






Figure 3 | The amount of rhizosphere carboxylates per dry weight (A, B), activity of acid phosphatases (C, D), and mycorrhizal colonization (MC; E, F) for barley and faba bean as sole crops and mixtures under contrasting P conditions. The open and closed bars represent plants grown as sole crops and mixtures. Values are the means of three replicates. The error bars represent the standard deviation (SD) of the mean. Within the P treatment, asterisks denote a significant difference between the wild and domesticated barley or faba bean grown with them (significant level: *, p< 0.05; **, p< 0.01; ***, p< 0.001; ns, not significant). FB(WB), faba bean in FB/WB; FB(DB), faba bean in FB/DB; Sole, WB, DB, and FB grown alone; Mix, FB grown with WB and FB grown with DB.



The response pattern of root functional traits to neighbors could be assessed by RR (Figure 4). Both WB and DB showed a positive response to faba bean grown as a neighboring plant in root morphology, root exudation, and mycorrhizal colonization under low P treatment (Figure 4A). The values of RR for DB were close to zero, except for carboxylates (Figure 4A). The domestication of barley significantly affected the magnitude of RR to faba bean: WB had a significantly higher increase in RTL, RootBr, and SRL than DB (1.3-, 2.6-, and 2.0-fold, respectively), whereas DB had significantly increased higher exudation (1.45-fold) and mycorrhizal colonization (2.75-fold) than WB. The response patterns indicated that WB had a high plasticity of root morphological traits, whereas DB had a high plasticity in root exudation and mycorrhizal colonization in response to faba bean. For faba bean, the only negative RR value was for TRL, and the RR values of RootBr, SRL, and MC approached zero (Figure 4B). We assumed that faba bean had low plasticity in root morphological traits and mycorrhizal colonization. When faba bean was mixed with WB, it had a positive RR value of carboxylate exudation (significantly higher than that in the faba bean/DB mixture) (Figure 4B). The RR values of six functional traits (except mycorrhizal colonization) for barley and the SRL for faba bean were positive (but close to zero), indicating low plasticity of root traits under sufficient P supply (Figures 4C, D).




Figure 4 | The response ratio (RR) of six root functional traits of wild and domesticated barley (A, C) and faba bean mixed with barley (B, D) under low P (A, B) and high P (C, D). Asterisks denote a significant difference in the given functional traits between the wild and domesticated barley or faba bean grown with them in the given functional traits based on Student’s t-test (significant level: *, p< 0.05; **, p<0.01; ***, p< 0.001; ns, not significant). Data are the means + standard deviation (n = 9). Trait abbreviations: MC, colonization by arbuscular mycorrhizal fungi; APase, acid phosphatase activity; SRL, specific root length; RootBr, root branching intensity; TRL, total root length.



The hotspots of APase activity were the highest and nearest to the root axis, as indicated by the brightest area (Supplementary Figures 3, 4). At high P, the APase activity pattern remained constant, with only a slight increase at 21 days across all the treatments (Figures 5B, D; Supplementary Figure 4 and Supplementary Table 3). There was no significant difference in APase activity between the different genotypes of barley and faba bean grown as a sole crop or as mixtures under sufficient P (Figures 5B, D). By contrast, the hotspots of APase were more dispersed and increased with time both around the root axis and away from the root at low P (Figures 5A, C; Supplementary Figure 4 and Supplementary Table 2). For barley, the hotspots of APase were significantly higher for WB than DB at 14, 21, and 28 days (1.38-, 1.48-, and 2.0-fold, respectively) (Figure 5A). However, this difference disappeared in the mixtures with faba bean at 14 days (Figure 4A). The APase activity pattern of faba bean was similar regardless of whether it was grown with WB or DB from 7 to 21 days. On day 28, faba bean grown with DB had slightly but significantly increased APase activity relative to faba bean grown with WB (p< 0.05) (Figure 5C).




Figure 5 | Enzymatic hotspot areas of acid phosphatase activities in soil under low (A, C) and high P (B, D) inputs. Significant differences between two barley genotypes or faba bean grown with them are indicated by asterisks (significance: * p< 0.05, ** p< 0.01, *** p< 0.001). Significant differences between sampling times are shown in Supplementary Table 2. FB(WB), faba bean in FB/WB; FB(DB), faba bean in FB/DB; Sole, WB, DB, and FB grown alone; Mix, FB grown with WB and FB grown with DB.






3.3 Multivariate coordination

As for WB/faba bean at low P, PCA based on nine plant traits explained 94.6% of the variation. The first principal component (PC1) was primarily determined by AMF colonization, two P-mobilizing exudation traits, and shoot P content, accounting for 78.2% of the total variation. The second principal component (PC2) accounted for 16.4% of the total variation and was determined mainly by shoot biomass, TRL, root branching intensity, and SRL (Figure 6A). WB and faba bean grown alone or as a mixture were clustered and distinctly separated, indicating dissimilar patterns in root functional traits in response to low P among species and cropping patterns. By contrast, we only observed DB and faba bean distinctly separated into two groups at low P (Figure 6B). Figure 6B shows that TRL, RootBr, and SRL scored high on the PC1 (73.2%) and the root exudate-related parameters and shoot P content accounted for the PC2 (10.5%; Figure 6B). Barley was in the direction of TRL, RootBr, and SRL, whereas faba bean was clustered and scattered in the direction of the root exudation trait for the two combinations under low P conditions.




Figure 6 | The first two principal components from PCA based on shoot growth, shoot P uptake, and seven root functional traits for two cropping mixtures under low P (A, B) and high P (C, D) treatments.



In WB/faba bean at high P, PC1 dominantly comprised the root morphological trait parameters, accounting for 63.7% of the variability; PC2 represented 31.8% of the variance and mainly included AMF symbiosis, two P-mobilizing exudation traits, and shoot P content (Figure 6C). In DB/faba bean at high P, PC1 and PC2 represented 78.5% and 10.5%, respectively. The mycorrhizal colonization and root morphological traits were mainly on the first axis, whereas carboxylate exudation, RootDiam, shoot P content, and biomass scored high on the second axis (Figure 6D).





4 Discussion



4.1 Root trait variation between wild and domesticated genotypes

The shifts in root functional traits with domestication were illustrated when we compared the root traits between wild and domesticated barley (Figures 2–4). Specifically, wild barley was characterized by higher TRL, SRL, RootBr, and APase activity under low P conditions (Figures 1, 2). The contrasting patterns in root functional traits represent different P acquisition strategies between WB and DB, which may result from their distinct environment of habitat/growth. Wild relatives usually grow under conditions with nutrient (including P) constraints and/or with high heterogeneous nutrient distribution (Lambers et al., 2008), while the modern genotypes were commonly selected in soils rich in available nutrients (Martín-Robles et al., 2019; Isaac et al., 2021). Thus, wild relatives with higher SRL and root branching intensity (i.e., competitive root morphological traits) may enable their survival in the wild conditions by a fast resource foraging strategy (Kembel et al., 2008). In addition, differing from intensive agricultural landscapes with high chemical fertilizer inputs, soil nutrients in natural habitats of wild relatives were rich in organic forms (e.g., P), and sparingly soluble organic P cannot be absorbed by plants without hydrolyzing to soluble inorganic phosphate (Richardson et al., 2011); thus, increased root exudation of acid phosphatases may contribute to enhance the mobilization of soil organic P for wild barley.

Both WB and DB in this study benefited from AMF colonization grown as a sole crop under low P, which is in line with the study of Martín-Robles et al. (2018) who found that wild progenitors relied on AMF regardless of deficient or sufficient P in comparison with 27 crop species. However, the domestication of barley is more mycorrhizal-responsive than wild genotypes, which were characterized by a fine root system. The higher mycorrhizal colonization and root carboxylate exudation under low P conditions in DB indicated that the lack of functional traits (i.e., rapid root growth and APase exudation) caused shifts to other traits (carboxylate exudation and mycorrhizal colonization in this study) with complementary functions under low P conditions. This supported the finding that domestication might have led to the evolution toward resource-acquisitive strategies under higher resource input (Martín-Robles et al., 2018). The strength and direction of the response of mycorrhizal colonization to soil P availability were similar for the two barley genotypes. These traits may, however, have high carbon cost, and their development may be downregulated if the respective function is not required (Raven et al., 2018). Under adequate soil P availability, the importance of mycorrhizal colonization was reduced in domesticated barley. Our result showed that both the wild and domesticated barley, based on inherent trade-offs of root functional traits, develop a complementary capacity to acquire P present at different availabilities. However, the effect of domestication on root traits shifts and the trade-off is diverse.




4.2 Domestication of barley mediated root trait plasticity in response to neighbors

Our hypothesis that domestication shapes the plasticity of root traits has been proven, indicated by barley variation in terms of plasticity of root traits in response to faba bean grown as a neighboring plant under low P conditions (Figure 3). WB exhibited greater root plasticity in root morphological traits, while DB had a greater increase in root exudation of carboxylates and mycorrhizal colonization (Figure 3A). Except for APase activity, the remaining five root functional traits of barley, namely, TRL, RootBr, SRL, carboxylates, and MC, displayed appreciable positive responses to neighboring faba bean (Figure 3A). These changes in root morphological traits in WB might improve the ability of the roots to forage for bioavailable P in the soil and reduce energy use in construction consumption, which help wild barley to adapt to soil containing a low concentration of readily exchangeable inorganic phosphate (Lynch, 2019). In our study, we found that WB had higher P uptake than DB with neighboring faba bean, which increased P availability via root exudation (Figure 1B and Supplementary Figure 1). We assumed that the variation in root traits in response to the neighbor was due to inherent plasticity, and this study proved that it weakened in the course of domestication and affected P uptake. Understanding root plasticity is important for plant nutrient acquisition either grown as a sole crop or in mixtures at the species or genotypic level, due to the soil nutrient heterogeneity (Wang et al., 2020). Therefore, more studies are required to reveal the potential genetic basis of the plasticity of barley root during domestication for breeding to enhance nutrient use efficiency in the modern agricultural ecosystem.

Faba bean exhibited larger plasticity in P-mobilizing exudation than in root morphology when grown in mixtures (Figure 3B). This is in line with previous studies on 20 chickpea genotypes (Wen et al., 2020). Wild barley, as a neighboring plant (Callaway et al., 2003; Abakumova et al., 2016; Garlick et al., 2021), induced greater carboxylate exudation of faba bean than DB. However, when the P supply was sufficient, root trait plasticity in response to neighboring plants can be ignored for both WB and DB, with RR values near zero (Figures 3C, D). This indicated that nutrient availability mediated the magnitude of root trait plasticity in response to neighboring plants.

Our hypothesis that WB and DB grown with neighboring faba bean would have different spatial and temporal patterns of APase activity was not supported in the present study. We found the hotspots of APase activity increased steadily with time and in a similar pattern across all species (Figure 4). Hence, it seemed that plant–plant interaction did not change the temporal and spatial dynamics of APase activity. Schofield et al. (2019) also found that the temporal dynamics of soil enzyme activity was influenced only by the intracultivar plant–plant competition. Thus, we surmised that the inherent stability of the species was greater than the influence from neighboring species.




4.3 Phosphorus uptake benefits in two mixtures as influenced by the domestication of barley

We hypothesized that barley/faba bean intercrop only has plant growth and P uptake benefits at low P conditions. Substantial enhancement of resource use efficiency of the barley/faba bean intercropping system regardless of the genotype of barley was indicated by the land equivalent ratio for biomass (LERB = 1.43 ± 0.05; 1.30 ± 0.01) and the net effect for biomass (NEB = 323.8 ± 18.2; 278.9 ± 3.2) for WB/faba bean and DB/faba bean, respectively, at low P (Table 1). This is consistent with previous studies, where barley/legume intercropping showed advantages in P uptake, but only under P limitation (Darch et al., 2018; Strydhorst et al., 2008; Tang et al., 2021). This indicated that P fertilizer input levels played crucial roles in P uptake benefits by mixtures through positive rhizosphere interactions.

Based on the mechanisms of enhanced P uptake in cereal/legume intercrop (Li et al., 2014; Yu et al., 2022), our hypothesis was that faba bean, as a species with stronger P mobilization activity, grown with greater root morphological plasticity barely could exhibit higher P uptake benefits. The hypothesis was supported by WB/faba bean exhibiting significantly higher benefits in P uptake and plant biomass than DB/faba bean (Table 1). The relatively higher P uptake benefits of WB/faba bean can be attributed to two reasons. Firstly, greater positive root responses in TRL, RootBr, and SRL of wild barley enabled its higher P uptake, indicated by a positive correlation between shoot P content and root morphological traits in the WB/faba bean combination (Figure 6A). Secondly, higher P availability in the rhizosphere of the WB/faba bean mixture amplified such benefits (Supplementary Figure 2A), which was attributed to more exudation of carboxylates by faba bean grown with wild barley than with domesticated barley (Figure 6B; Hinsinger et al., 2011). Such plastic response of root traits in the WB/faba bean mixture is complementary to accessing more P under P deficiency. This is in line with previous studies in maize/faba bean (Zhang et al., 2016; Zhang et al., 2020) and steppe species combinations (Yu et al., 2020). The authors found that maize proliferated roots in the proximity of faba bean roots that had greater P availability in the rhizosphere (Callaway and Li, 2019; Zhang et al., 2020), resulting in higher P uptake by the maize/faba bean mixture. As for the DB/faba bean combination, shoot P content and biomass relied predominantly on the root exudation traits of faba bean rather than that of barley (Figure 6B). This indicated that greater root plasticity in exudates of carboxylates was functionally redundant for the mixture when the neighboring faba bean could release greater carboxylates than barley. In addition, the greater root plasticity in carboxylate and mycorrhizal colonization was associated with higher carbon consumption compared with the root morphological changes (Wagg et al., 2015). Thus, non-P-mobilizing species with greater plasticity in nutrient-foraging traits are of great importance when grown with P-mobilizing species to enhance P uptake. Therefore, aside from the species-specific P acquisition strategies, it is also important to consider root functional plasticity, especially for non-P-mobilizing species, to achieve P facilitation in the species mixtures under low P supply.

Furthermore, domesticated barley and wild relative showed contrasting mixture effects with neighboring plants (i.e., faba bean), suggesting that crop domestication disrupts intercropping benefits. The general conclusion on how domestication affects yield and P uptake benefits in intercrops requires testing using a wider range of crop species and genotypes. Recent studies have proposed a “back to the roots” or “a return to the wild” framework to explore the microbiome assembly traits or root exudate traits of wild relatives of crop species which have been undermined during plant domestication (Pérez-Jaramillo et al., 2016; Preece and Peñuelas, 2020). The intercropping system, as a promising option to enhance resource use efficiency in intensive agriculture (Tilman, 2020), root morphological functional traits, and plasticity, should not be neglected in the framework of barley breeding for intercropping with legumes to enhance P uptake.





5 Conclusion

We focused on how the domestication of barley affects the root functional traits in response to contrasting soil P availability and neighboring faba bean. WB was characterized by root morphological traits with low carbon cost, including higher TRL, SRL, and RootBr to get access to P economically and efficiently. Furthermore, in response to neighboring faba bean, WB exhibited a large plasticity in root morphological traits (including TRL, SRL, and RootBr), whereas DB showed greater plasticity in root exudates of carboxylates and colonization by AMF. Finally, faba bean facilitated more P uptake when intercropped with wild barley, due to its larger root morphological plasticity than domesticated barley under low P supply. Overall, our study presented here can be a valuable addition to the understanding of domestication effects on root trait inherent trade-offs and its plasticity response to neighbors when selecting species combinations for enhanced P acquisition.
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Shrubs are the main species in desert ecosystems. Better understanding shrubs fine root dynamics and its contribution to soil organic carbon (SOC) stocks can improve the accuracy of carbon sequestration estimation and provide basic data for the calculation of carbon sequestration potential. The ingrowth core method was used to investigate the fine root (< 1 mm in diameter) dynamics of Caragana intermedia Kuang et H. C. Fu plantation with different age (4-, 6-, 11-, 17-, and 31-year-old) in Gonghe Basin of the Tibetan Plateau, and the annual fine root mortality was used for calculation the annual carbon input to SOC pool. The results showed that fine root biomass, production, and mortality first increased and then decreased as the plantation age increased. Fine root biomass peaked in 17-year-old plantation, production and mortality peaked in 6-year-old plantation, and turnover rate of 4- and 6-year-old plantations were significantly higher than other plantations. Fine root production and mortality were negative correlated with soil nutrients at depth of 0–20 and 20–40 cm. The variation range of carbon input by fine root mortality across different plantation age at 0–60 cm soil depth was 0.54–0.85 Mg ha-1 year-1, accounting for 2.40–7.54% of the SOC stocks. C. intermedia plantation has a strong carbon sequestration potential from long time scale. Fine roots regenerate faster in young stands and lower soil nutrients environment. Our results suggest that the influences of plantation age and soil depth should be taken into account when calculating the contribution of fine root to SOC stocks  in desert ecosystems.
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1 Introduction

The carbon storage in arid and semi-arid sandy areas accounts for a small proportion of the total organic carbon storage in terrestrial ecosystems, but due to its wide distribution, it has a very important impact on the global carbon cycle (McCormack et al., 2013; Lai et al., 2017). Under the global trend of climate change, the implementation of vegetation restoration measures for desert ecosystems in arid and semi-arid areas can restore degraded land and increasing the carbon sequestration potential. Enhanced desertification control plays an important role in the global carbon cycle and in addressing the rise of CO2 in the atmosphere. Shrub is an important vegetation type for ecosystem restoration in desert areas. As global climate change becomes more and more serious, people have paid more attention to the shrubs that are widely distributed in arid and semi-arid areas in recent years (Lai et al., 2016; Liu et al., 2021; Nie et al., 2022).

Soil carbon pool is the most active component of desert ecosystem carbon pool in arid and semi-arid regions, which plays an important role in regulating regional ecosystem carbon cycle and mitigating global climate change. Fine root, which connects plant and soil, is not only the main component of underground ecosystem carbon pool but also an indispensable part of the carbon cycle. Moreover, the contribution rate of fine root to soil carbon storage may be much greater than that of above-ground litter (Majdi et al., 2008). Previous studies indicated that approximately 30–80% of SOC content is provided through the rapid turnover and decomposition of fine root (Ruess et al., 2003). The production and turnover of fine root are very susceptible to genetic and environmental factors, such as stand age, soil temperature, soil water content, soil chemical, and physical properties (Batkhuu et al., 2021; Jiang et al., 2021; Song et al., 2022). However, due to the invisibility of fine roots, it is difficult to sample, observe, and analyze, resulting in researches on the contribution of fine root to soil carbon pool are much less than those on aboveground parts (Finér et al., 2011). At present, although a large number of studies have estimated the contribution rate of fine root turnover and decomposition to SOC storage, most of them focus on forest, grassland, and farmland ecosystems, and few studies have focused on desert ecosystems with large area in arid and semi-arid areas (Ruess et al., 2003; Lai et al., 2017). Therefore, the study of fine root dynamics is essential for further understanding of their role as a source of litter and SOC storage in soil for desert ecosystems in arid and semi-arid regions.

Caragana spp. plants are perennial leguminous shrubs, distributed all over the world, most of which are important constructive species in arid and semi-arid regions of Eurasia (Ji et al., 2019). Caragana spp. plants have strong cold and drought-resistant, barren-tolerant ability, and regeneration activity. They play an important role in wind prevention and sand fixation, soil and water conservation, and ecosystem degradation prevention in arid and semi-arid desert areas of northern China (Ji et al., 2019). The Gonghe Basin is located in the northeast of the Qinghai-Tibet Plateau; it is an important ecological barrier for China. The ecological environment of this region is fragile, and it is one of the regions seriously affected by desertification. Vegetation restoration measures have been carried out in the Gonghe Basin since 1958 and have obtained good results. Caragana intermedia Kuang et H. C. Fu is the main species for vegetation restoration on moving sand dunes in this region. At present, C. intermedia plantations are widely distributed on sand dunes. Better understanding the fine root dynamics and its contribution to SOC stocks during C. intermedia plantation development in alpine sandy land can improve the accuracy of carbon sequestration estimation and provide basic data for studying the carbon sequestration potential of desert ecosystem on a larger scale. Therefore, we performed a sampling campaign in different age of C. intermedia plantations to answer the following scientific questions: (1) How fine root biomass, production, mortality, and turnover rate changes with the plantation age? (2) What are the main factors influenced fine roots dynamics? (3) How much does the fine root mortalities contribute to SOC accumulation?




2 Materials and methods



2.1 Study area

This study was conducted at the Desertification Combating Experimental Site of the Qinghai Gonghe Desert Ecosystem Research Station (99°45′–100°30′E, 36°03′–36°40′N, and altitude 2871 m). The climate belongs to the transition zone of alpine arid desert and semi-arid grassland. The mean annual air temperature is 2.4°C. The mean annual precipitation is 246.3 mm, and the mean annual potential evaporation is 1716.7 mm. The mean annual frost-free period is 91 days, and the total solar radiation is 6631.69 MJ·m-2·a-1. The mean annual number of windy days is 50.6 days, and the maximum wind speed reaches 40 m·s-1. The main vegetation type of the study area is sand-fixing plantations, dominated by the tree species Populus cathayana Rehd and Populus simonii Carr. and the shrub species C. intermedia, Caragana korshinskii Kom., Salix cheilophila Schneid., Salix psammophila C. Wang et Chang Y. Yang, and Hippophae rhamnoides Linn. The zonal soil is chestnut soil, and the azonal soils are eolian sandy soil, meadow soil, and bog soil (Li et al., 2019). The soil of C. intermedia plantations in this study is eolian sandy soil.




2.2 Experimental design and sampling

The ingrowth core method can directly determine fine root growth (Yuan and Chen, 2012). Therefore, in this study, the ingrowth core method was used to investigate the fine root biomass, annual fine root production, mortality, and turnover rate. The study was carried out in May 2018. Three replicate plots (20 m × 20 m) were established for sampling in 4-, 6-, 11-, 17-, and 31-year-old C. intermedia plantations; the distance between each plot was greater than 20 m. All selected plantations were sown in lines with line spacing of 2 m. Within each plot, four shrubs were randomly selected for sampling. Samples for each shrub were taken from two points (at 50 and 100 cm from the center of the shrub). The soil cores were collected using an 8-cm-diameter and 20-cm-length steel soil corer from surface down to 60 cm depth, which included 82% of root biomass (Zhang et al., 2018). The soil core samples were divided into three soil depths of 0–20, 20–40, and 40–60 cm. The soil samples for each depth were passed through a 0.45-mm sieve; root samples were placed into plastic bags and transported to an ice-filled cooler to the laboratory and stored at −4°C until later processing for fine root biomass estimate (a total of 120 sampling points and 360 samples). The root-free soils for each depth were retained separately for ingrowth cores method. The disturbance associated with installation of ingrowth cores bag may impact new root growth (Bauhus & Messier, 1999). To avoid this impact, in this study, the ingrown core method uses a labeling method (Figure 1). We cut the PVC pipe (outside diameters 90 mm, wall thickness 4.3 mm) into 5-cm-long rings, and each PVC ring was fix with three iron wires on the sampling point for marking, then root-free soils were filled back at the corresponding depth. One year later, in May 2019, the ingrowth cores were collected using an 8-cm-diameter steel soil corer, and the soil samples for each depth were passed through a 0.45-mm sieve, root samples transported to an ice-filled cooler to the laboratory and stored at -4°C until later processing for annual fine root production, mortality, and turnover rate (a total of 120 sampling points and 360 samples).




Figure 1 | The C. intermedia plantation plot and sampling points.



The soil water content and soil temperature in different depth (0–20, 20–40, and 40–60 cm) at different plantation ages were monitored continuously by ECH2O soil moisture monitoring system. As environmental factors, average monthly soil water content and soil temperature during the growing season from May to October were used. Soil bulk density (SBD) was estimated using the core method (a cylindrical metal 100 cm3 corer).




2.3 Laboratory analysis

In the laboratory, root samples obtained in 2018 were washed free of adhering soil, then discard roots larger than 2 mm in diameter. The fine roots (diameter ≤ 2 mm) were divided into two diameter classes (1 mm < diameter ≤ 2 mm and diameter ≤ 1 mm) and dried at 65°C to a constant mass, then weighed to the nearest 0.001 g to obtain fine root biomass. The ingrowth core root samples (obtained in 2019) were also washed free of adhering soil, and there were no roots larger than 2 mm in diameter. Therefore, the fine roots were divided into two diameter classes (1 mm < diameter ≤ 2 mm and diameter ≤ 1 mm) and then separated into living and dead roots based on morphological features (resilience, elasticity, and periderm color) (Brassard et al., 2009). We found that few of fine roots larger than 1 mm were found in the root samples, especially for dead roots, so this study only analyzed the fine roots smaller than 1mm (< 1mm in diameter). All root biomass was determined after oven-drying at 65°C till constant mass. Dried dead root samples were ground and sieved through a 100-mesh sieve, and the carbon concentrations were quantified using the induction furnace method with a CHNOS elemental analyzer. Soil organic carbon (SOC) was determined by potassium dichromate and sulfuric acid method. Soil total nitrogen (STN) was determined by Semimicro-Kjeldahl Method. Soil total phosphorus (STP) and soil total potassium (STK) were obtained with the HF-HCLO4 -HNO3 digestion method using a 6300 ICP-AES (Forestry industry standard of the People's Republic of China, 1999). The samples were tested at the State Key Laboratory of vegetation and environmental change, Chinese Academy of Sciences.




2.4 Calculations and statistical analysis

Fine root production of C. intermedia plantations was calculated by balancing the living and dead fine root mass compartments according to the decision matrix method posed by Fairley and Alexander (1985). In the ingrowth core technique, fine root production was calculated as the sum of the live and dead root biomass (Sun et al., 2015). Fine root turnover rate (year-1) was calculated as the ratio of fine root production (g m-2 year-1) to fine root biomass (g m-2). The annual carbon input to SOC pool related to the fine roots was calculated by multiplying the annual fine root mortality by root carbon content (Huang et al., 2012).

The effects of plantation age and soil depth and their interactions on fine root biomass, production, mortality, and turnover rate of C. intermedia plantations were analyzed by two-way analysis of variance (ANOVA). Comparisons of the above parameters among five plantations and three soil depths were tested by one-way ANOVA and Duncan’s multiple range test. The relationship between fine root biomass, production, mortality, and turnover rate of C. intermedia plantation and plantation age was analyzed using a quadratic regression model. The relationship between fine root biomass, production, mortality, and turnover rate of C. intermedia plantation and environmental factors (SOC, STN, STP, STK, SBD, average monthly soil water content during the growing season from May to October, average monthly soil temperature during the growing season rom May to October) were evaluated by redundancy analysis (RDA). The statistical significance was tested by the Monte Carlo permutation method based on 999 runs with randomized data. All statistical analyses were conducted using SPSS 17.0 software and CANOCO 4.5 software.





3 Results



3.1 Fine root biomass, production, mortality, and turnover rate

Fine root biomass, production, mortality, and turnover rate of C. intermedia plantation were significantly affected by both stand age and soil depth (P < 0.001) (Table 1). The quadratic regression analysis showed that the fine root biomass and turnover rate had a relatively higher fitting degree with the plantation age (Figure 2). At 0–60 cm depth, the fine root biomass, production, and mortality first increased and then decreased as the plantation age increased, and the fine root turnover rate first decreased and then slightly increased as the plantation age increased (Table 2). The fine root biomass peaked in 17-year-old plantation (692.16 ± 57.31 g m-2), the fine root production and mortality peaked in 6-year-old plantation (406.99 ± 32.53 and 217.36 ± 17.15 g m-2 year-1, respectively). The fine root turnover rates of 4- and 6-year-old plantations were significantly higher than other plantations (P < 0.05). At 0–20 cm and 20–40 cm depth, the trends of fine root biomass, production, and mortality changed with plantations age was in consistent with 0–60 cm depth. At 40–60 cm depth, the fine root biomass significantly increased as the plantation age increased (P < 0.05); the fine root production and mortality peaked in 11-year-old plantation.


Table 1 | Effects of plantation age, soil depth, and their interactions on fine root biomass, production, mortality, and turnover rate.






Figure 2 | Fine root biomass, production, mortality, and turnover rate in relation to plantation age.




Table 2 | Fine root biomass, production, mortality, and turnover rate of C. intermedia plantations (mean ± SE, n = 12).



Fine root biomass, production, mortality, and turnover rate of different age plantations changed with soil depth were inconsistent. In 4- and 6-year-old plantations, fine root biomass at 0–20 cm and 20–40 cm depth were significantly higher than that of 40–60 cm depth (P < 0.05); fine root production and mortality first increased and then decreased as soil depth increased, peaked at 20–40 cm depth. In 11-year-old plantation, fine root biomass at 20–40 cm depth was significantly higher than that of 0–20 cm and 40–60 cm depth (P < 0.05); fine root production and mortality significantly increased as soil depth increased (P < 0.05). In 17-year-old plantation, fine root biomass significantly decreased as soil depth increased (P < 0.05); fine root production and mortality increased as soil depth increased. There was no significant difference in fine root biomass, productivity, mortality, and turnover rate of 31-year-old plantation with the increase of soil depth (P > 0.05). Fine root turnover rate of 4-, 6-, 11-, and 17-year-old plantations significantly increased as soil depth increased (P < 0.05).




3.2 Relationship between fine root biomass, annual fine root production, mortality, turnover rate, and environmental factors

The relationship between fine root biomass, production, mortality, turnover rate, and environmental factors at different depths was assessed through RDA (Figure 3). At depth of 0–20 cm, fine root biomass had a significant negative correlation with SBD and positive correlation with SOC and STN content. Fine root production had a significant negative correlation with STP and positive correlation with soil temperature of July and June. Fine root mortality had a negative correlation with STP. Fine root turnover rate had a positive correlation with soil water content of September.




Figure 3 | Ordination diagram of RDA on fine root biomass, production, mortality and turnover rate with environmental factors at different soil depths. B, fine root biomass; M, fine root mortality; P, fine root production; T, fine root turnover rate; SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorus; STK, soil total potassium; SBD, soil bulk density; W5-W10, average monthly soil water content during the growing season from May to October; T5-T10, average monthly soil temperature during the growing season from May to October.



At depth of 20–40 cm, fine root biomass had a positive correlation with STN and STP content, fine root production and turnover rate had a significant negative correlation with STP and STN content, and fine root mortality had a negative correlation with SOC.

At depth of 40–60 cm, fine root biomass had a significant positive correlation with SOC, STN, and STP content, soil water content of May and July, and negative correlation with soil temperature of June and July and SBD. Fine root turnover rate had a significant negative correlation with STP, STN and SOC content, soil water content of May, and positive correlation with soil temperature of June and July and SBD. There was no significant correlation between fine root production, mortality, and environmental factors.




3.3 Contribution of fine root mortality to SOC stocks

The variation range of carbon input by fine root mortality across different plantation age at 0–60 cm soil depth was 0.54–0.85 Mg ha-1year-1, accounting for 2.40–7.54% of the SOC stocks, first increased, and then decreased as the plantation age increased, peaked in 6-year-old plantation (Figures 4, 5). The percentage of carbon input from fine root mortality accounting for the SOC stocks of 31-year-old plantation was obviously lower than other plantations. Comparing the three soil depths, carbon input from fine root mortality of 4- and 6-year-old plantations at 20–40 cm soil depths were more than other soil depths, while carbon input from fine root mortality of 11-, 17-, and 31-year-old plantations increased as the soil depth increased. The percentage of carbon input from fine root mortality accounting for the SOC stocks of the three soil depths have the same trend.




Figure 4 | Carbon input from fine root mortality at different soil depths of C. intermedia plantations of different ages.






Figure 5 | The percentage of carbon input from fine root mortality account for the SOC stocks at different soil depths of C. intermedia plantations of different ages.







4 Discussion



4.1 Fine root dynamics

The fine root biomass (except for 4-year-old plantation) and production for C. intermedia plantation were higher than the average fine root biomass (332 g m-2) and production (250 g m-2 year-1) (< 2 mm in diameter) for European forests (Neumann et al., 2019). Fine root biomass for 17- and 31-year-old plantation were similarly to the fine root biomass (< 2 mm in diameter) for boreal forest (5.28 Mg ha−1, n = 765), and fine root production for 4-, 6-, and 17-year-old plantations were higher than fine root production (< 2 mm in diameter) for the boreal forest (2.83 Mg ha−1year-1) (Yuan and Chen, 2010). The fine root biomass and production were also higher than Salix psammophila (189.96 g m-2 and 310.22 g m-2 year-1), Hedysarum mongolicum (21.58 g m-2 and 37.54 g m-2 year-1), and Artemisia ordosica (41.09 g m-2 and 35.48 g m-2 year-1) (fine root < 2 mm in diameter) in northwest China (Lai et al., 2016). Our result reveals that the fine root biomass and production (< 1mm in diameter) of C. intermedia plantation in alpine sandy land were similarly or higher to some forest, it has a strong carbon sequestration potential.

Fine root biomass, production, and mortality first increased and then decreased as the development of plantation. Plantations with lower age have higher fine root production, mortality, and turnover rate. All these results indicating that fine roots in young stands had a faster metabolism. Finér et al. (2011) also reported that fine root turnover rate declined with stand age in their meta-analyses. With the development of plantations, how fine root biomass changes and when it reaches to peak may depend on ecosystem types (Yuan and Chen, 2010). Mund et al. (2002) reported that, along a chronosequence of spruce forest in central Europe, fine root (< 2 mm) biomass increased from 16- to 112-year-old stands and then decreased at an age of 142 years. In Southern Ontario, Canada, with the development of four white pine plantations (2-, 15-, 30-, and 65-year-old), fine root biomass firstly increased with stand age and reached to a peak in the 30-year-old stand (6.2 t ha-1), then it decreased in the 65-year-old stand (3.5 t ha-1) (Peichl and Arain, 2007).

With the C. intermedia plantation development, fine roots biomass decreased with the soil depth increased; conversely, fine root production and mortality increased with the soil depth increased. Lai et al. (2016) reported that fine-root production of S. psammophila was mostly concentrated in the 0–20 cm depth interval; H. mongolicum and A. ordosica in all soil depths were evenly distributed in northwest China. Some studies found that the highest amount of necromass occurred close to surface soil, and the dead fine roots mass decreased with soil depths (Wang et al., 2015; Lai et al., 2016). Wang et al. (2015) reported that the live and dead fine roots mass of Pinus koraiensis forest dramatically decreased with soil depths in northeastern China. The differences in vertical distribution of fine roots production and mortality among studies suggested that different species might have different adaption mechanisms to their environment, especially when resources are limited. Some studies revealed that the distribution patterns of fine root production in different soil profiles were different due to heterogeneity of soil nutrients and water (Wang et al., 2014). In this study, the fine roots in deep soil were more active and had a faster metabolism.




4.2 The relationship between fine root dynamics and environmental factors

Fine root production and mortality were negative correlated with soil nutrients (especially STP) at depth of 0–20 and 20–40 cm. Leguminous plants need a large amount of phosphorus to form or maintain a symbiotic system, and rhizobium nitrogenase also needs a large amount of phosphorus in the nitrogen fixation process (Vitousek et al., 2002). Inagaki et al, 2009 reported that legume species demand more P than non-legume species. C. intermedia is a leguminous shrub, and the fine root dynamics may be more susceptible to the influence of STP content. The cost-benefit hypothesis states that favorable conditions increase fine root life span, whereas stress reduces fine root life span (McCormack and Guo, 2014). Lack of soil fertility in desert ecosystems may cause plants to allocate more carbon to root systems and form a denser fine root network (Loiola et al., 2016). However, some studies have shown that N addition had no effect on root biomass (Wang et al., 2020). In the early period of vegetation restoration, with increasing aboveground production, litter accumulated resulting in a higher nutrient in surface soil (Wang et al., 2018a), fine roots in sub-soil accelerated metabolism for absorbing limited nutrients. With the plantation age increased, the nutrient conditions of the sub-surface soil were also improved (Li et al., 2019), fine roots in deeper soil accelerated metabolism for absorbing limited nutrients, resulting the fine roots active soil layer transitions to the deeper soil layer with the plantation development. Our result indicating that, in the cold, arid and barren sandy land ecosystem, fine root production, and mortality were greater, and metabolism was faster in lower soil nutrients environment.

At depth of 0–20 cm, fine root production was positive correlated with soil temperature of July and June. The temperature in July and June in the study area is relatively high, and the plant growth is more vigorous at this time. Surface soil is more susceptible to temperature, and the soil temperature increases can promote the fine root production (Wang et al., 2014). Wang et al. (2015) reported that, in a mixed mature Pinus koraiensis forest in northeastern China, monthly fine root production was associated with current month air temperature.




4.3 SOC input from fine root mortality

Fine roots not only store a large amount of organic carbon but also transfer organic carbon from dead roots to the soil by fine root turnover. Therefore, fine root production and turnover are an important part of carbon and nutrient cycles in terrestrial ecosystems (Gill and Jackson, 2000). Many studies have reported the importance of fine root mortality for SOC in forest soils (Clemmensen et al., 2013; Prietzel & Christophel, 2014; Wang et al., 2018b). In the arid ecosystems of Xinjiang, China, SOC input from fine root mortality at 0–60 cm soil depth was 42. 68 g·m–2·year –1 for Tamarix ramosissima community; the percentage of SOC input from fine root mortality account for the SOC stocks was 2.12% (Wang et al., 2014). In this study, the variation range of carbon input from fine root mortality at 0–60 cm soil depth was 0.54–0.85 Mg ha-1year-1 for different age C. intermedia plantation, accounting for 2.40–7.54% of the SOC stocks. Although the SOC input from fine root mortality only accounts for a small part of the SOC stocks, the fine root is more conducive to the long-term accumulation of SOC in desert ecosystems.

With the development of plantation, carbon input to soil from fine root mortality first increased and then decreased, and increased as the soil depth increased. Some studies reported that fine root mortality was higher at surface soil, and decreased with soil depths (Wang et al., 2015; Lai et al., 2016; Du et al., 2019). The contribution of fine root mortality to SOC stocks will be significantly underestimated if we calculate the carbon input to soil only using the fine root mortality at surface soil, especially in mature plantations (11-, 17-, and 31-year-old plantations). Therefore, we suggest that the influences of plantation age and soil depth should be taken into account when calculating the contribution of fine root mortality to SOC stocks.





5 Conclusions

In C. intermedia plantation in alpine sandy land, the fine root biomass and production were similarly or higher to some forest; it has a strong carbon sequestration potential. Fine root production, mortality, and turnover rate were higher in young stands. With the development of plantation, the fine roots in deep soil were more active and had a faster metabolism. Fine roots regenerate faster in lower soil nutrients environment. The soil temperature increases could promote the fine root production in surface soil. The variation range of carbon input by fine root mortality across different plantation age at 0–60 cm soil depth was 0.54–0.85 Mg ha-1year-1, accounting for 2.40–7.54% of the SOC stocks. The fine root is more conducive to the long-term accumulation of SOC in desert ecosystems.
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The intercropping practice has been regarded as a practical land-use selection to improve the management benefits of Bletilla striata plantations. The reports about the variety of economic and functional traits of Bletilla pseudobulb under intercropping systems were limited. The present study investigated the variation of economic and functional traits of Bletilla pseudobulb under different intercropping systems (the deep-rooted intercropping system: B. striata - Cyclocarya paliurus, CB; and the shallow-rooted intercropping system: B. striata - Phyllostachys edulis, PB). The functional traits were analyzed through non-targeted metabolomics based on GC-MS. The results indicated that the PB intercropping system significantly decreased the yield of Bletilla pseudobulb while significantly increasing the total phenol and flavonoids compared with the control (CK). However, there were no significant differences in all economic traits between CB and CK. The functional traits among CB, PB, and CK were separated and exhibited significant differences. Under different intercropping systems, B. striata may adopt different functional strategies in response to interspecific competition. The functional node metabolites (D-galactose, cellobiose, raffinose, D-fructose, maltose, and D-ribose) were up-regulated in CB, while the functional node metabolites (L-valine, L-leucine, L-isoleucine, methionine, L-lysine, serine, D-glucose, cellobiose, trehalose, maltose, D-ribose, palatinose, raffinose, xylobiose, L-rhamnose, melezitose, and maltotriose) were up-regulated in PB. The correlation between economic and functional traits depends on the degree of environmental stress. Artificial neural network models (ANNs) accurately predicted the variation in economic traits via the combination of functional node metabolites in PB. The correlation analysis of environmental factors indicated that Ns (including TN, NH4+-, and NO3--), SRI (solar radiation intensity), and SOC were the main factors that affected the economic traits (yield, total phenol, and total flavonoids). TN, SRI, and SOC were the main factors affecting the functional traits of the Bletilla pseudobulb. These findings strengthen our understanding of the variation of economic and functional traits of Bletilla pseudobulb under intercropping and clarify the main limiting environmental factors under B. striata intercropping systems.
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1 Introduction

Bletilla striata (Thunb.) Rchb. f. (Orchidaceae) is a perennial flowering pseudobulb herb primarily distributed in eastern Asia, including the Yangtze River basin and the Qingling Mountains of China, Japan, Korea, and northern Myanmar (He et al., 2017; Ji et al., 2020). B. striata is a shade-tolerant plant that prefers moist and fertile sandy loam soils and is naturally distributed on hillsides, gullies, and sparse woodlands, demonstrating intolerance for photooxidation (Zhang et al., 2019; Jiang et al., 2021). The dried pseudobulb of B. striata has been widely applicated in traditional Chinese medicine (TCM) for thousands of years and is officially included in the Pharmacopeia of P. R. China, serving as a hemostatic, detumescent, and body-strengthening agent (Chen et al., 2018a; Ji et al., 2020). It has been documented that the Bletilla pseudobulb contains multiple phytochemical constituents, including polysaccharides, glycosides, bibenzyl, dihydrophenanthrene, phenanthrene, and quinone derivatives (Xu et al., 2019). Modern pharmacological research has revealed that B. striata possesses various physiological functions, including hemostatic and wound healing properties, anti-oxidative stress, anti-cancer, anti-viral, and antibacterial properties (He et al., 2017; Ji et al., 2020; Jiang et al., 2021). Due to the valuable applications of B. striata, its market demand in medical, pharmaceutical, and cosmetology fields gradually expanded, while its wild resources have been nearly depleted. Artificial cultivation programs are essential for the sustainable development and utilization of B. striata resources. Based on its growth habits and requirements of the ecological environment, companion trees or forest resources were attempted intercropping with B. striata, which has developed as a critical option and development direction for B. striata cultivation in the mountainous areas of eastern China (Zhang et al., 2019).

In recent decades, many researchers have published qualitative and systematic reviews on intercropping. Compared to traditional monoculture, intercropping has shown many advantages, for instance, optimizing crop utilization of natural resources such as solar radiation, water, and nutrients (Brooker et al., 2015; Jensen et al., 2020). Besides, intercropping could help maintain ecological stability by improving pest management, decreasing farmer reliance on pesticides, promoting soil erosion control, and increasing biodiversity (Etchevers et al., 2006; Lopes et al., 2016; Chi et al., 2021). The most crucial advantage of intercropping was that crops could acquire and convert available resources more efficiently, increasing productivity and yield (Gitari et al., 2018; Stomph et al., 2020; Feng et al., 2021). The most common and classic application of intercropping was tall C4 cereals intercropped with short C3 legumes. The spatio-temporal and functional complementarity of C3 and C4 plants could improve light and water conversion efficiency (Ton, 2021; Zhang et al., 2022). An additional advantage is the extra nitrogen acquisition from air and soil (Rodriguez et al., 2020).

However, not all intercropping systems demonstrated net favorable (facilitative) interactions (Brooker et al., 2015). Ecologically, the interspecific connections between the coexisting species in the intercropping systems could be described as the antagonistic interactions of competition or positive interactions of mutualism and complementarity (Stomph et al., 2020). Resource complementation implies a reduction in overlap and competition for ecological niches across species, allowing species to access a more excellent range and number of resources in intercropping than in monoculture. Conversely, the overlapping ecological niches may result in the extinction of one species or the separation of ecological niches, ultimately resulting in antagonistic interaction effects (Terradas et al., 2009; Paknia and Schierwater, 2015). On the other side, when plants are stressed, they may accumulate secondary metabolites called “phytoalexins” to withstand external pressures and provide a source of active ingredients for medicinal plants. As a result, medicinal plants may have better quality under moderate environmental stress (Mahajan et al., 2020). Previous studies have shown that medicinal herbs were often subjected to the combined effects of multiple environmental stresses simultaneously during growth, which played a crucial role in accumulating secondary metabolites (Jiang et al., 2020). Excessive stress affects plant resource acquisition, inevitably impacting the plant’s primary metabolism and ultimately altering secondary metabolic accumulation (Guo et al., 2020). Therefore, it is necessary to consider both the yield and the content of medicinal components of B. striata under intercropping. Here we used the dry biomass of pseudobulbs to represent the yield of B. striata and the total polysaccharides, flavonoids, and phenols to represent the content of medicinal components. We hypothesized that the intercropping groups have better economic traits, including higher yield or medicinal components. The specific results depend on whether intercropping enhance resource sharing and ecological niche complementarity.

Plant functional traits have been extensively employed to characterize plant life history trade-offs, community composition, species interactions, and ecosystem processes (Chelli et al., 2019; Joswig et al., 2022; Walker et al., 2022), especially the trade-off strategy among species in intercropping systems (Zhu et al., 2015; Ajal et al., 2022). The classical and most commonly used plant functional traits could be categorized as soft and hard. Soft traits usually refer to plant traits that are easy to measure quickly, e.g., propagule size, shape, leaf area, SLA, and tree height, while the hard traits refer to traits that more accurately represent the response of plants to external environmental changes, e.g., photosynthetic rate, leaf carbon (C), nitrogen (N), and phosphorus (P) contents (Liu and Ma, 2015). These functional traits could indicate, individually or in combination, the response of an ecosystem to environmental change and strongly affect ecosystem processes (Perez-Harguindeguy et al., 2013; Liu and Ma, 2015). Nevertheless, plant functional traits were not perfect proxies for physiology as a collection of multiple physiological processes in plants, each of which may be differentially limited by evolutionary history and environmental factors. Moreover, the frequency of measurements of classical functional traits was often insufficient to capture variation in plant function on short-time scales. Although plant functional traits were the core of describing plant functions, a large part of unexplained variations in plant ecological processes remains, which limits the possibility of complete insights into plant ecosystem processes.

Plants are exceptional organic chemists, with tens of thousands to hundreds of thousands of tiny compounds in their metabolomes (Kosmacz et al., 2020). These metabolites, the substrate products of enzyme reactions, function as a mechanical link between plant physiology and ecological processes (Ghatak et al., 2018; Carrera et al., 2021; Walker et al., 2022). Briefly, environmental variation over the lifetime of an individual plant will result in modifications to the metabolites, directly affecting its function and adaptation. Consequently, the metabolome is an enormous repository of functional traits of plants. Introducing metabolomes into functional traits may improve the power of functional traits to explain the mechanisms behind plant and ecosystem functioning (Walker et al., 2022). Many reports have convincingly shown how plants respond to abiotic stresses (e.g., temperature, water, light, and nutrient limitation). In general, abiotic stresses rapidly stimulate the production of various signaling molecules, amino acids, proteins, and secondary metabolites (Obata and Fernie, 2012; Ghatak et al., 2018; Singh et al., 2020). However, metabolomics remains at the margins of ecology, and few attempts have been made to integrate metabolomics with plant functional traits, especially in interspecific relationship trade-offs in intercropping systems. Here, we introduced non-targeted metabolomics to plant functional traits to assess differences in functional traits of B. striata under different intercropping systems. Due to the differences in the superstructure of intercropping systems, we hypothesized that B. striata might adopt different functional strategies to cope with interspecific competition under intercropping systems. We still hypothesized that functional traits could strongly influence the variation of economic traits.

This study established a field experiment with two representative intercropping systems: B. striata were intercropped with shallow-rooted bamboo and deep-rooted broadleaf trees, respectively. The operational objectives were to reveal the variations in the response of the economic traits and functional traits of the Bletilla pseudobulb under intercropping. We hope to provide the ecosystem processes information of B. striata under intercropping through metabolism-based functional traits. Further analysis of the correlations between environmental factors and economic traits and functional traits of B. striata was conducted to identify the limiting environmental factors under intercropping, thus providing reasonable suggestions for the biomimetic cultivation of B. striata under forests.




2 Materials and methods



2.1 Growth conditions, experimental design, and sampling

The field trial of the experiment was located at Qiucun of Guangde City, Anhui, China (31°01′49″N, 119°23′37″E). The fundamental meteorological parameters for the experimental site were compiled from prior investigations. Briefly, the area was classified as a monsoon climate zone in the northern subtropics, with an average annual temperature of 15.4 °C and average annual precipitation of 1328 mm (Chen et al., 2017). The soil type at the site is Alfisol (FAO/UNESCO classification), with a sandy loam texture (Chen et al., 2018b). According to our investigation, the B. striata plantation was established in 2012 with 220 hectares, and native subtropical woods and bamboo forests originally covered the experiment sites.

The intercropping experiment field was established in April 2018, containing Phyllostachys pubescens (Moso bamboo) intercropped with B. striata (PB) and Cyclocarya paliurus intercropped with B. striata (CB), which represents shallow root and deep root companion species intercropping with B. striata, respectively. C. paliurus was planted during the establishment of the plantation and has been cultivated for eight years. It currently stands at a height of approximately 4 m. Ph. pubescens is the native forest that has been modified through thinning to form a belt, and it currently stands at around 12 m. The adjacent B. striata monoculture plantation was considered as control (CK). In the experimental intercropping plantation, the B. striata were planted on parallel strips (30 m long, 0.9 m wide, 0.3 m high), and each strip was 0.3 m wide apart, with a plant density of 160,000 ha -1. For every three B. striata planting strips, a parallel strip of Ph. pubescens or C. paliurus was set aside (1 m wide), with a planting density of 3000 and 600 per hectare, respectively (Figures 1B, C). The planting pattern of CK was identical to those for intercropping (Figure 1A). The B. striata in all plantations employed the same management (e.g., planting age, density, irrigation, and pest control), and the B. striata had been planted for three years and had yet to be harvested before the sampling.




Figure 1 | The schematic of B. striata cultivation modes: (A) monoculture, (B) C. paliurus intercropping with B. striata, (C) Moso bamboo intercropping with B. striata. The economic traits of B. striata variations among monoculture and intercropping modes: (D) biomass content, (E) total polysaccharide, (F) total phenol, and (G) total flavonoids, different small letter in the same column indicates significant difference (p < 0.05) among groups.



The samples were collected on October 20, 2020. For each plantation, B. striata were collected from 6 adjacent strips on an S-shaped pattern, resulting in 6 replicates per treatment (each replicate was formed by merging three individuals of B. striata). There were 18 replicates in total (6 replicates/PB + 6 replicates/CB + 6 replicates/CK). The environmental variables, including rhizosphere soils and solar radiation intensity (SRI) of B. striata, were sampled and recorded paired with each plant sample. The plant samples were fresh with dry ice, delivered to the laboratory immediately, and stored at -80°C for further non-targeted metabolomics and phytochemical measurements. The soil samples were air-dried to determine soil physicochemical properties, concluding soil pH, soil water content (SWC), soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), and soil available nutrients, including ammonium-nitrogen (NH4+-N), nitrate-nitrogen (NO3--N), available potassium (AK), and available calcium (ACa).




2.2 Environment variables analysis

The contents of SOC and TN were determined by CN Analyzer (EA 3000, Vector, Italy) using 10 mg of dried powder samples. Soil samples for TP were pretreated by Micro-Kjeldahl digestion (HNO3: HClO4 at 3:1) and determined using a flow injection auto-analyzer (FIA Star 5000, FOSS, Denmark). The NH4+-N and NO3--N were extracted by 50 mL of 1 mol L-1 KCl from 30-g fresh soil samples and determined by a flow injection auto-analyzer (FIA Star 5000, FOSS, Denmark). The AK, ACa, and AMg were extracted by 100 mL of 1 mol L-1 NH4Cl from 0.5 g dried soil samples and determined by an atomic absorption spectrophotometer (AA-6300, Shimadzu, Japan). The solar radiation intensity (SRI) was measured with an illuminance meter (TES-1339, TES, China), and the value was recorded at 2:00 p.m., 30 cm above the top of the B. striata. In this study, soil chemical properties and SRI were regarded as environmental information, and the results were presented in Table 1.


Table 1 | Environmental factors properties among B. striata plantations.






2.3 Determination of functional traits based on metabolome



2.3.1 Metabolites extraction and derivatization

The 20-mg freeze-dried powder samples were transferred into a 2 mL tube and soaked in an extraction solvent containing 450 μL of 80% methanol and 10 μL of 0.5 mg mL −1 internal standard adonitol. Samples were vortexed for 30 s and homogenized with a tissue grinder for 4 min at 35 Hz to adequately extract the metabolites. The samples were centrifuged at 4 °C for 15 min at 10000 rpm, then 260 μL of the supernatant was transferred to a fresh tube. The QC samples were combined from 50 μL of each sample. After evaporating in a vacuum concentrator for 6 h, the 50 μL of 20 mg mL −1 methoxyamination hydrochloride in pyridine was added and then incubated at 80 °C for 30 min. The Silylation reaction was performed by adding 70 μL of derivatization reagents (99% BSTFA+1% TMCS; Supelco) at 70 °C for 1.5 h. After gradually cooling the samples to room temperature, 3 μL of 500 mg mL −1 alkane in hexane (C7-C40; Anpel) was added to the QC samples. Finally, all samples were analyzed by gas chromatography coupled with a mass spectrometer (GC-MS). The raw data of metabolites were deposited in the MetaboLights database (Accession Number: MTBLS4752).




2.3.2 Metabolite profiling based on GC-MS

The metabolite profiling was performed using a Thermo triple quadrupole tandem MS (TRACE1310 & TSQ8000, Thermo Scientific, United States). The GC separations were carried out using a TG-5SILMS (Thermo Scientific, United States) capillary column (30 m× 0.25 mm× 0.25 µm). Sample volumes of 1 µL were injected with a splitless mode. The front injection temperature was set at 280 °C, the transfer line temperature was set to 280 °C, and the ion source temperature was set at 260 °C, respectively. Helium was the carrier gas with a 1 mL min −1 constant flow rate. The GC temperature program was set isothermally at 50 °C for 1 min, ramped from 50 to 310 °C at a rate of 5 °C min −1, and finally held at 310 °C for 6 min. All mass spectra were acquired in electron impact ionization (EI) mode (70 eV) with a full-scan range of 50-550 m/z at 9 scans per second after a solvent delay of 9 min.





2.4 Determination of economic traits



2.4.1 Determination of total polysaccharide content

The total polysaccharide content was determined using the Phenol-Sulfuric acid method, and the absorbance was measured at 490 nm with a UV-visible spectrophotometer (Lambda 750s, PerkinElmer, United States). The standard curve was prepared using glucose as the x-axis and absorbance as the y-axis. The linear regression equation obtained was: , with an R² value of 0.999.

B. striata polysaccharides were extracted using the ethanol precipitation method, following the procedure of Lu et al. (2021). Powdered samples (100 mg) were dissolved in pure water at a material ratio of 1:50 (w/v) and refluxed at 90 °C for 2 h. The extraction was repeated twice, and the extracts were combined. The 95% ethanol was added to the extract with the extract ratio of ethanol 1:5 (v/v) for precipitation. The precipitate was centrifuged at 5000 rpm for 6 min after storage in a refrigerator at 4 °C for 12 h. The resulting precipitate was diluted to 10 mL with pure water, and 1 mL of the diluted solution was used to calculate the total polysaccharide content using the standard curve.




2.4.2 Determination of total flavonoids content

The aluminum nitrate colorimetric method was used to determine the total flavonoids content. The absorbance was measured at 510 nm using a UV-visible spectrophotometer. The standard curve was prepared using Rutin (≥ 95.0%; Aladdin) as a reference, with the linear regression equation obtained as , and an R² value of 0.999, where Rutin was the x-axis and absorbance was the y-axis.

Following a previously reported method with slight modifications (Lu et al., 2021), the samples were precisely weighed at 300 mg and dissolved in 90% methanol with the material ratio to liquid 1:50 (w/v). The ultrasonic extraction parameters were set at 640 W for 25 min. The supernatant was collected after centrifugation at 4000 r min −1 for 15 min. The extraction was repeated once more, and the extracts were combined. The supernatant was evaporated, and the volume was adjusted to 10 mL with 90% methanol. From the extraction solution, 1 mL was taken, and the total flavonoids content was calculated using the standard curve.




2.4.3 Determination of total phenol content

The total phenol content was determined using the Folin-Ciocalteu method. The standard curve was prepared using gallic acid (≥ 95.0%; Aladdin) as a reference, with the linear regression equation obtained as y = 5.3502x+0.017, and an R² value of 0.999, where gallic acid was the x-axis and absorbance was the y-axis. The extraction method for total phenol was the same as that for total flavonoids, and total phenol content was calculated using the standard curve.





2.5 Statistical analysis

The pre-processing of GC-MS raw tags was conducted in Tracefinder software. Data cleaning processes were calculated on the R package “MetaboAnalyst”. The clean data matrix was imported into SIMCA-P software for multivariate statistical analysis. The differential metabolites were screened based on the partial least squares-discriminant analysis (PLS-DA) model according to the thresholds of VIP > 1 and p < 0.05. The National Institute of Standards and Technology (NIST) mass spectra library identified most differential metabolites based on mass spectral matching. The n-alkanes retention index (RI) of metabolites was further qualitatively identified based on the RI provided by the Golm Metabolome Database (GMD). The KEGG Pathway Analysis module on the MetaboAnalyst platform calculated differential metabolic pathways, and Arabidopsis thaliana was selected as a reference.

The permutational multivariate analysis of variance (PERMANOVA) was employed to detect the significant differences among groups in the functional traits. The correlation between environmental variables and economic trait components was conducted using the Spearman correlation coefficient and the R package “pheatmap” for visualization. The Mantel test calculated the correlation between environmental variables and functional traits, and environmental variables were presented in the distance-based redundancy analysis (db-RDA). The variation partitioning analysis (VPA) module of the R package “vegan” was employed to quantify the relative contributions of environmental variables to functional traits. The chemical and biochemical relationships of metabolite-metabolite relationships were calculated from online databases (http://metamapp.fiehnlab.ucdavis.edu/), and the interaction network was constructed using Cytoscape software (Guan et al., 2021). The artificial neural networks (ANNs) were performed using the R package “neuralnet”, which contained a three-layered (input layer, hidden layer, and output layer) BP network topology structure (Liu et al., 2020).





3 Results



3.1 Variation of economic traits under intercropping

The economic traits of Bletilla pseudobulb (e.g., yield, total polysaccharide, total flavonoids, and total phenol) were investigated (Figure 1). The result showed that the pseudobulb yield (dry biomass) significantly (p < 0.05) decreased in the PB group than in CK and CB groups. In contrast, the CK and CB groups exhibited no significant difference. The content of total polysaccharides showed no significant differences among the three modes. The PB group had the highest total flavonoids and phenol concentration, averaging 6.55 mg g −1 and 5.07 mg g -1 (DW), respectively. Overall, significant differences (p < 0.05) in yield, as well as main medicinal components (total phenol, total flavonoids), were observed between PB and CK. On the contrary, no significant differences existed in economic traits between CB and CK.




3.2 Variation of functional traits profiles under intercropping

The PCA score plots were established to observe the functional traits profile variations among PB, CB, and CK groups. All samples from groups were contained in the 95% confidence interval (Figure 2). The PCA separated the functional traits profile of all cultivation modes into three groups. Subsequence PERMAVONA analysis further confirmed the significant differences among the three groups in statistics (p < 0.05 for each group; Figure 2). The PLS-DA models with UV scaling were established to probe into the differential metabolites of Bletilla pseudobulb under intercropping vs. monoculture. Based on the first principal component, the PLS-DA score plots of PB vs. CK and CB vs. CK showed great separation from CK (Figures S1A, C). The parameters of the cross-validation plot permutation (n = 200) tests were evaluated to test the accuracy of CB vs. CK mode (R2 = 0.992, Q2 = 0.222; Figure S1B) and PB vs. CK mode (R2 = 0.969, Q2 = 0.199; Figure S1D), and the results indicated that the models were credible with no evidence of overfitting.




Figure 2 | PCA score scatter plot derived from the functional traits for all samples: C. paliurus intercropping with B. striata (CB), Moso bamboo intercropping with B. striata (PB), and monoculture (CK).



The differential metabolites of CB vs. CK and PB vs. CK were screened based on the PLS-DA model, and we observed that the total 47 differential metabolites (VIP > 1 and p < 0.05) were annotated in CB vs. CK, with 20 and 27 being up- and down-regulated, respectively. In the comparison groups of PB vs. CK, a total of 59 differential metabolites (VIP > 1 and p < 0.05) were identified, including that 29 and 30 were up- and down-regulated, respectively (Table S1). The heatmaps were generated to acquire an outline of differential metabolites among the samples (Figure 3). All groups’ differential metabolites were mainly categorized as amino acids and derivatives, organic acids, fatty acids, carbohydrates, flavonoids, and alkaloids. The differential metabolites were much more in PB groups than in CB groups, indicating that the PB intercropping had a more significant effect on the functional traits of the pseudobulb of B. striata.




Figure 3 | Heat map visualization of identified differential metabolites from the Bletilla pseudobulb in intercropping vs. monoculture. (A) indicates the C. paliurus intercropping with B. striata (CB) vs. Control and (B) indicates the Moso bamboo intercropping with B. striata (PB) vs. Control.






3.3 Enrichment analysis of differential metabolites in KEGG metabolic pathways

The related metabolic pathway analysis was carried out on the differential metabolites of two pairwise comparison groups using the Pathway Analysis module of MetaboAnalyst platform retrieval from KEGG. The pathway enrichment results (Table S2) showed that 31 and 36 differential metabolic pathways were enriched in CB vs. CK and PB vs. CK, respectively. The distribution of differential metabolic pathways in the Venn diagrams (Figure 4A) demonstrated that CB vs. CK and PB vs. CK groups shared the most differential metabolic pathways, indicating that the two intercropping systems encompass a common impact on the metabolism of Bletilla pseudobulb. Besides, the PB vs. CK group had a more abundant unique differential metabolic pathways relative to CB vs. CK, indicating that PB intercropping exerted a more significant effect on the functional traits of Bletilla pseudobulb.




Figure 4 | Enrichment result of differential metabolites in KEGG metabolic pathways. (A) Venn diagram showing the unique and shared differential metabolites from the Bletilla pseudobulb of intercropping vs. monoculture. The bubble map of metabolite pathway enrichment analysis in the Bletilla pseudobulb of intercropping vs. monoculture, (B) indicates the C. paliurus intercropping with B. striata (CB) vs. Control; (C) indicates the Moso bamboo intercropping with B. striata (PB) vs. Control.



Among all of these differential metabolic pathways, 3 significant (p < 0.05 and -ln(p) > 1; Figure 4B) differential metabolic pathways were enriched in the comparison group of CB vs. CK, including starch and sucrose metabolism, galactose metabolism, aminoacyl-tRNA biosynthesis, and glyoxylate and dicarboxylate metabolism. In the comparison group of PB vs. CK, 6 significant (p < 0.05 and -ln(p) > 1; Figure 4C) differential metabolic pathways were enriched, including aminoacyl-tRNA biosynthesis, starch and sucrose metabolism, carbon fixation in photosynthetic organisms, glyoxylate and dicarboxylate metabolism, arginine biosynthesis, and valine, leucine, and isoleucine biosynthesis. In addition, 2 significant (p < 0.05 and -ln(p) > 1) differential metabolic pathways were found in both CB vs. CK and PB vs. CK groups, including aminoacyl-tRNA biosynthesis and starch and sucrose metabolism.




3.4 Metabolite-metabolite interaction (MMI) networks analysis

To obtain information on the interaction network of intercropping-responsive metabolites involved in KEGG pathways and determine the critical metabolites, the interaction network of differential metabolites was developed in the Cytoscape. The results revealed that the metabolites interacted and coordinated the regulation of multiple metabolic pathways. Almost all metabolites were presented in the same metabolic pathway in these metabolites in CB vs. CK (Figure 5A) and PB vs. CK (Figure 5B). However, the intercropping-responsive differential metabolites in the groups of PB vs. CK showed a more complex interaction, and comprehensive metabolite network in the MMI network compared to CB vs. CK.




Figure 5 | The metabolite-metabolite interaction network (MMI) of significantly different metabolites that participated in KEGG pathways. (A) indicates the C. paliurus intercropping with B. striata (CB) vs. Control and (B) indicates the Moso bamboo intercropping with B. striata (PB) vs. Control. The node indicates the correlated metabolisms in these networks, and the lines between the two nodes represent the biological relationships between two metabolites. The size of the node indicates the degree value, and the color indicates the log2 FC (red indicates up-regulated and blue indicates down-regulated).



In the MMI network of CB vs. CK, in terms of the complexity of the interactions (degree value), the carbohydrates (D-galactose, cellobiose, raffinose, D-fructose, maltose, and D-ribose) and amino acids (L-valine) played essential roles. In the MMI network of PB vs. CK, the carbohydrates (D-glucose, cellobiose, trehalose, maltose, D-ribose, palatinose, raffinose, xylobiose, L-rhamnose, melezitose, and maltotriose) and amino acids and derivatives (L-alanine, L-lysine, L-ornithine, L-valine, methionine, L-isoleucine and L-leucine, and leucine) exerted significant effects on the change in metabolite levels in terms of the complexity of the interactions. The amino acids and carbohydrates seem to be the functional nodes role of the MMI networks. In the CB vs. CK, carbohydrates were the functional nodes of the MMI network. In contrast, carbohydrates and amino acids were the functional nodes in the PB vs. CK, which indicates that B. striata have adopted different metabolic approaches and coping strategies under different intercropping systems.




3.5 Factors affecting the economic traits and functional traits under intercropping

The Spearman correlation analysis between environmental factors and economic traits of Bletilla pseudobulb was calculated (Figure 6A). The dry biomass has a significant positive correlation with SRI (r = 0.74, p = 0.001), SOC (r = 0.72, p = 0.009), TN (r = 0.77, p = 0.001), and NO3--N (r = 0.65, p = 0.003), while has a significant negative correlation with NH4+-N (r = -0.63, p = 0.005). Both the total flavonoids and total phenol showed a significant negative correlation with SRI (r = -0.51, p = 0.029; r = -0.59, p = 0.010), SOC (r = -0.72, p = 0.001; r = -0.67, p = 0.002), TN (r = -0.62, p = 0.006; r = -0.61, p = 0.007), respectively. Interestingly, the total polysaccharide showed no significant correlation with environmental factors. The environmental factors, SRI, SOC, and Ns (TN, NO3--N, and NH4+-N), were the main elements controlling the variation of economic traits of Bletilla pseudobulb under intercropping systems.




Figure 6 | Effects of environmental factors on economic and functional traits. (A) The correlation (Spearman) between environmental factors and economic character of Bletilla pseudobulb. (B) The metabolic profiles of Bletilla pseudobulb were demonstrated by distance-based redundancy analysis (db-RDA), using environmental factors as explanatory variables; CB: C. paliurus intercropping with B. striata, PB: Moso bamboo intercropping with B.striata, CK: control group. (C) Variance partitioning analysis (VPA) of the effects of environmental factors on metabolic profiles of Bletilla pseudobulb. * p <0.05 and ** p <0.01.



The environmental factors were taken as explanatory variables to determine the correlation with functional traits of Bletilla pseudobulb under intercropping. The results of the Mantel test revealed a positive significant relationship between the functional traits and environmental factors, i.e., TN (r = 0.44, p = 0.001), SRI (r = 0.44, p = 0.001), and SOC (r = 0.34, p = 0.01). Additionally, the db-RDA ordination plots showed that the dbRDA1 and dbRDA2 axis explained 35.68% and 20.97% of the total variation in the composition of functional traits, respectively (Figure 6B). The db-RDA-based VPA was employed to quantify the contributions of environmental factors on functional traits (Figure 6C). According to the VPA result, all the environmental factors explained 46.79% variation of metabolic profiles. TN had a more significant contribution (14.75%) than SRI (14.66%) and SOC (12.04%).




3.6 Correlation analysis between the economic traits and functional traits

Spearman correlation analysis was employed to calculate the correlations between functional node metabolites of MMI networks metabolites and economic traits (Table S3). The result indicated that all functional node metabolites had no significant correlation with economic traits in CB. In contrast, a high correlation was observed between functional node metabolites and economic traits in PB. The amino acid metabolites were mainly negatively regulated biomass and total polysaccharide while positively affecting total flavonoids and phenol. Carbohydrates metabolism mainly positively regulates total flavonoids and total phenol. Traditional prediction methods, such as multiple linear regression, cannot produce valid estimates in the presence of multicollinearity and the absence of linear correlation, but the ANN model does not require any link between the input and output variables. The ANN modes (Figure 7) were established to estimate whether functional node metabolites could explain the variations of economic traits in PB mode, using functional nodes as input (predictive) variables and differential economic traits (biomass, total flavonoids, and total phenol) as the output variable. The multilayer perceptron (MLP) feedforward network was based on 19 inputs (including 8 amino acids and 11 sugars), 10 hidden layers, and 3 outputs. ANN prediction results indicated that the functional nodes metabolites of PB provided reliable predictions for the biomass, total flavonoids, and phenol variation, and the correlation coefficients are 0.987, 0.998, and 0.951, respectively.




Figure 7 | Artificial neural network topology.







4 Discussions

Traditional Chinese medicine (TCM) is a particular crop. Along with the yield of the target crop, the concentrations of secondary metabolites are critical for determining the efficacy and quality of the TCM. As a consequence, the objective of optimal TCM cultivation is to maximize both growth and secondary metabolite contents. Although genetic processes control the generation of active components in TCM, ontogeny, morphogenesis, environmental variables, and agricultural practices also influence secondary metabolite biosynthesis (Yang et al., 2018; Mohammadi Bazargani et al., 2021). Among them, intercropping is an effective agricultural practice that affects the yield and the accumulation of secondary metabolites by changing the interspecific competition or complementarity among crop individuals. In this study, two different intercropping modes were established. The result indicated that intercropping could impact the environmental factors in the plantation through the interspecific interactions of B. striata with the companion species (upper forest), consequently affecting the economic and functional traits of Bletilla pseudobulb.



4.1 Intercropping effects on the economic traits of Bletilla pseudobulb

Intercropping affects environmental factors such as light and soil physicochemical properties in the habitat through interspecific competition or complementarity. Habitat environments were considered critical factors affecting gene expression in the biosynthetic pathway of secondary metabolites in TCM (Mohammadi Bazargani et al., 2021). Although various abiotic stress resulting from plant individual interactions in intercropping could affect the content and quantity of secondary metabolites in TCM, correlations between secondary metabolite levels and external variables may reflect the degree of variation and adaptation to specific environment (Sampaio et al., 2016; Ngwene et al., 2017; Demasi et al., 2018; Li et al., 2020). Different from our hypothesis, the economic traits of B. striata exhibited different responses in different intercropping systems, indicating that B. striata faced different degrees of interspecific competition under intercropping systems.

In the present study, the PB intercropping showed a significant decrease in yield (dry biomass) and a significant increase in quality (total flavonoids and total phenol). These could be related to decreased SRI and soil resources (SOC, TN, NO3--N, and NH4+-N) in the PB intercropping system resulting from intense interspecific competition between Moso bamboo and B. striata. Moso bamboo was considered a dominant species in the interspecific competition, and it was also recognized as an invasive species in the ecological and environmental field (Lima et al., 2012; Shinohara et al., 2019; Xu et al., 2020). The clonal growth habit was critical in promoting competition and invasion of Moso bamboo (Xu et al., 2020). Moso bamboo rhizome has rapid growth and extension (Makita, 2005), thus structuring a vast bamboo rhizome system, forming a rapid distribution front in the forest, and creating solid competition with the neighboring communities. Moso bamboo has greater fine root biomass and total root length than broad-leaved trees, and its fine root development and turnover rates are more extensive than those of broad-leaved trees (Liu et al., 2013). For these reasons, Moso bamboo could change the soil nutrient status through the rapid growth of bamboo rhizomes and greater biomass (Okutomi et al., 1996). A previous study showed that the expansion of Moso bamboo decreased the soil content of SOC and TN (Bai et al., 2016), which was consistent with our findings. Soil nutrient deficiencies, especially N, limit most ecosystems’ total and net primary productivity, thus decreasing the yield of Bletilla pseudobulb. Song et al. (2013) reported that expansion of the Moso bamboo strengthened ammonification and reduced nitrification, thus having the advantage in the ratio of soil NH4+-/NO3- and the soil NH4+-N content. However, the increased NH4+-N content in PB intercropping system did not imply the positive effect of interspecific competition between B. striata and Moso bamboo; instead, it was one of the competitive/invasive strategies of Moso bamboo (Chen et al., 2021). The Moso bamboo has considerable morphological and physiological plasticity in response to NH4+-N. Moso bamboo has significant growth and competitive advantage in NH4+-N-rich soil environments, which could further contribute to its growth rather than the crop species. These results could explain why the yield of Bletilla pseudobulb has a negative relationship with NH4+-N content. The shading effect may be another critical strategy of Moso bamboo to exclude intercropping species in interspecific competition (Lima et al., 2012). The rapid growth of Moso bamboo could increase the canopy closure of the stand in a short period, and our investigation showed that SRI in the PB intercropping system was the lowest among the three modes. Sunlight, a necessary factor for plant photosynthesis, significantly affects primary and secondary metabolism accumulation. The excessive lack of sunlight usually decreases the TCM yield (Guo et al., 2020).

There were no significant differences between all economic traits in CK and CB intercropping systems, which were related to mild interspecific competition between C. paliurus and B. striata. Although soil SOC, TN, and TP contents decreased, they did not differ significantly. Besides, the contents of soil NO3--N and SWC were significantly increased. These results may relate to the growth habit of C. paliurus. As a deep-rooted deciduous broad-leaved tree species, C. paliurus could perfectly complement B. striata at spatio-temporal and functional under the intercropping. The difference in the spatial distribution of tree and crop roots was along with the soil profile. Tree roots distributed below the crop root zone could capture leached nutrients moving down the soil profile, typically for very mobile nutrients such as nitrate (NO3-), thus forming a “safety net” to reduce nutrient loss (Bergeron et al., 2011; Isaac and Borden, 2019). The safety-net process is associated with the “nutrient pumping effect,” which could acquire the mobile and weathered minerals in the deep soil profile and pump the nutrients to the litter tissue. The “new nutrients” were added to the surface soil via the decomposition of the litter. In addition, the SRI in the CB intercropping system was significantly lower than that in the monoculture, which does not mean B. striata in CB intercropping were under shading stress. The relationship between crop yield and light intensity was not linear, but an optimal light intensity range existed. Previous studies demonstrated that the B. striata were a shade-tolerant species, in which pseudobulb yield peaked at the canopy closure from 0.4 to 0.6 in the intercropping modes (Zhang et al., 2019). Notably, the advantages of intercropping were reflected in system unit productivity. Further research, such as the yield of C. paliurus, is needed to supplement to elucidate whether intercropping systems, compared to monoculture, have advantages in terms of overall system productivity.




4.2 Intercropping effects on the functional traits of Bletilla pseudobulb

Non-targeted metabolomics enables the unbiased detection of vast endogenous metabolites (Jorge et al., 2016; Ghatak et al., 2018). It can sensitively detect plants’ responses to the external environment compared with classical plant functional traits. Integrating the metabolites into functional ecology, under abiotic stress conditions, plants can activate signaling molecules such as jasmonic acid (JA), salicylic acid (SA), γ-aminobutyric acid (GABA), and abscisic acid (ABA), resulting in a series of protective mechanisms that lead to the accumulation and production of specific protective metabolites (Ghatak et al., 2018; Ali and Baek, 2020; Singh et al., 2020). These are diverse small molecular-weight osmoprotectants, including amino acids, amines, carbohydrates, polyols, and antioxidants (Obata and Fernie, 2012; Ghatak et al., 2018; Khan et al., 2020). Although the accumulation of these compounds was ubiquitous in plant cells, their concentration depends on the specific microenvironment, developmental state, and the types and duration of abiotic stress (Ghatak et al., 2018). In the present study, as we expected, the functional traits of Bletilla pseudobulb in the three modes were significantly separated, which differed from the findings of economic trait variations.

In CB intercropping, the content of raffinose, D-galactose, cellobiose, and D-ribose was significantly up-regulated. It has been documented that soluble sugars were involved in numerous biological processes and structural components of plant cells. In most plants, soluble sugars are the primary regulators of osmotic balance and accumulate significantly under stress (Sami et al., 2016), protecting plant cells as osmoprotectants (Sengupta et al., 2015). The main types of soluble sugars involved in plant stress responses were monosaccharides (glucose, fructose), disaccharides (sucrose, trehalose), raffinose family of oligosaccharides (RFOs), and fructans (Keunen et al., 2013). Interestingly, in the PB intercropping, the content of cellobiose, palatinose, melezitose, maltotriose, and D-ribose, instead of the common sugar osmoprotectants (D-fructose, D-glucose, trehalose, and raffinose), were significantly up-regulated. Zhang et al. (2018) reported that the response of plant sugar metabolism to different stresses was both convergent and divergent. In addition to RFOs and sucrose, the concentration of some rare sugars increased under stress. Although the concentrations of cellobiose, palatinose, melezitose, and maltotriose were previously observed to increase under abiotic stresses (Li et al., 2017; Xie et al., 2020; Li et al., 2022), the variation of these sugars among different species and under different abiotic stresses lacked commonality, especially under combined abiotic stresses. Carbohydrate metabolism plays a central role in regulating the functional traits of B. striata, and the mechanism of carbohydrate metabolism under intercropping deserves further research.

The amino acids, particularly branched-chain amino acids (BCAAs), played a central role in regulating the functional traits of B. striata in PB intercropping. Previous studies have reported that BCAAs such as valine, leucine, and isoleucine, as well as the amino acids that share synthetic pathways with BCAAs, including lysine, threonine, and methionine, could generally accumulate under abiotic stress (Joshi et al., 2010; Obata and Fernie, 2012). Amino acids contributing to abiotic stress may be related to scavenging reactive oxygen species (ROS), regulating intracellular pH, and osmoregulation (Rizhsky et al., 2004). The up-regulated BCAAs (L-valine, L-leucine, and L-isoleucine), methionine, L-lysine, and serine in PB intercropping mode may indicate that B. striata could better resist interspecific competition. Interestingly, there was no significant fold-change in proline content in this study, although it has been reported that proline content accumulates under the most stressful conditions (Kaur and Asthir, 2015; Meena et al., 2019). Joshi et al. (2010) reported a similar result, stating that plants accumulated more BCAAs than proline under abiotic stress. Regarding metabolic pathways, PB intercropping systems significantly affected the biosynthesis of amino acid metabolism in B. striata. Activating these metabolic pathways could improve plant tolerance to unfavorable external environments. For instance, Aminoacyl-tRNA biosynthesis was a critical pathway for the genetic information processing of translation. Aminoacyl-tRNA synthetases (aaRSs) could increase during stress and serve as a protein pool that directly participates in stress defense through noncanonical activities (Baranašić et al., 2021). Arginine is an essential medium for plant N storage and transport. Arginase (ARGAH) is the key enzyme in arginine metabolism. The expression of ARGAH is usually up-regulated under abiotic stress, which could improve plant N use efficiency and stress resistance (Shi et al., 2013).

Alterations in primary metabolism are the most common response of plants to abiotic stresses, including modifications in the levels of amino acids, sugars/glycols, and the tricarboxylic acid cycle. These metabolite variations exhibit common characteristics and vary by species and stress type (Singh et al., 2020). Our results indicated that B. striata under intercropping adopted different resistance strategies depending on the environmental stresses under different intercropping types. TN, SRI, and SOC were the dominant environmental factors in the change of functional traits of B. striata pseudobulbs under intercropping. Soil nutrient limitation dramatically affects plant growth and metabolism, especially soil macronutrients, such as C, N, P, and sulfur (S), which directly impact metabolism since most organic molecules comprise a combination of these elements (Obata and Fernie, 2012). The C starvation usually leads to an inhibition of plant growth. For example, organic acids and C-containing compounds, such as Myo-inositol, raffinose, glycerate, and fatty acids, were decreased in carbon-starved Arabidopsis seedlings (Osuna et al., 2007). In addition, photorespiration is inhibited when plants are exposed to prolonged shade, which also induces C-starvation. Jänkänpää et al. (2013) investigated the metabolic shifts in Arabidopsis seedlings grown under an illumination gradient. The soluble sugars (fructose, sucrose, glucose, galactose, and raffinose) were decreased under the low-light group, while most amino acids (arginine, asparagine, isoleucine, leucine, lysine, ornithine, tyrosine, and valine) affected by light conditions were accumulated under the low-light group. These findings are consistent with the metabolic shifts in functional traits of B. striata under PB intercropping. Interestingly, amino acid levels generally decreased under N deficiency due to the reduced synthetic substrates (Obata and Fernie, 2012; Hildebrandt, 2018). The increase in amino acid levels in the PB intercropping may be related to the decrease in protein synthesis and the increase in protein hydrolysis in B. striata under combinatorial stress. It is worth stating that the relative concentration of soluble sugars was not inhibited by light in the CB group while increasing as molecular osmoprotectants, mainly because B. striata, a shade-tolerant species, could tolerate moderate shade.




4.3 Correlation of economic traits with functional traits of Bletilla pseudobulb

Under most abiotic stress conditions, plant metabolism is usually disturbed, and the metabolic network must be reconfigured to maintain basic metabolism. Plants perceive stress through cell receptor-like kinase (RLK), which starts transcription factors and signal molecules to help plant hormones respond to stress conditions first (Yadav et al., 2016; Kosmacz et al., 2020). All these initial reactions involve synthesizing and degrading amino acids to produce primary metabolites such as carbohydrates, proteins, and lipids (Singh et al., 2020). The primary metabolism provides the necessary energy and precursor substances for the biosynthesis of secondary metabolites in the final step (Liu et al., 2017; Liu et al., 2021).

In this study, most of the functional node metabolites of PB were significantly correlated with economic traits and could reasonably predict the variation of economic traits. The sugar functional note metabolites (D-Glucose, Trehalose, and Maltose) in starch and sucrose metabolism were decreased and positively correlated with biomass. Starch is an essential factor mediating the abiotic stress response in plants, which typically consume starch to provide energy and carbon when plants are exposed to stress. The released sugars and other derived metabolites could act as regulatory osmolarity protectors to mitigate the effects of environmental stress (Thalmann and Santelia, 2017). Since starch is one of the main components of pseudobulbs of B. striata, inhibiting of the starch synthesis pathway under abiotic stresses of intercropping may further exacerbate the reduced yield of B. striata, which could explain the lower yield of B. striata in PB. The BCAAs and lysine showed a high fold increase under intercropping and were significantly positively correlated with total phenol and flavonoids, providing predictions for increased secondary metabolites in B. striata. It was documented that the BCAAs, aromatic amino acids, and lysine show exceptionally high fold increases under different abiotic stress (Obata and Fernie, 2012). However, this does not imply that BCAAs and lysine were directly involved in synthesizing secondary metabolites of B. striata. The aromatic amino acids (tyrosine, phenylalanine, and tryptophane) were considered precursors of a range of secondary metabolites (Tzin and Galili, 2010). As described in the previous section of the discussion, the increased relative levels of BCAAs acids and lysine may arise from the hydrolysis of proteins under the abiotic stress in intercropping (Hildebrandt, 2018).

All the functional node metabolites of CB were not significantly correlated with economic traits, which may be related to the low level of abiotic stress. Liu et al. (2020) comprehensively analyzed the primary-secondary metabolite network of wild and artificially grown ginseng. The results showed a stronger positive correlation between wild ginseng and secondary metabolite than artificially grown ginseng. It indicated that more primary metabolites were allocated to synthesizing secondary metabolites under complex environmental conditions in the wild plant. The cost of chemical defense in plants is considered to be expensive. Resources allocated to plant secondary metabolite synthesis, storage, and regulation will come at the cost of resources allocated to growth and reproduction (Stamp, 2003). Plants will preferentially produce secondary metabolites only if the defense benefit derived from their production is greater than the benefit derived from their growth (Byers, 2000; Barto and Cipollini, 2005). The differences in the correlation between CB and PB functional node metabolites and economic traits arise from the balance strategy between primary and secondary metabolism in B. striata.





5 Conclusions

In conclusion, the intercropping practice could alter the economic and functional traits of Bletilla pseudobulb. The PB intercropping significantly decreased the yield and significantly increased the total phenol and flavonoids of Bletilla pseudobulb, compared with CK. However, there were no significant differences in all economic traits between CB and CK. The functional traits among CB, PB, and CK were separated and exhibited significant differences. The B. striata, under intercropping, adopted different resistance strategies to the interspecific competition, in which B. striata adopted the strategy of up-regulating soluble sugars in the CB while adopting the strategy of up-regulating soluble sugars and amino acid compounds in the PB. The correlation between plant functional traits and economic traits depended on the environmental stress level. Plant functional traits in the PB group significantly affected economic traits and could accurately predict variation in economic traits. The environmental factors, Ns, SRI, and SOC, were the dominant controls in the variations of economic and functional traits. Therefore, proper management practices, including companion species density control and N fertilizer supplementation, should be taken to reduce the pressure of interspecies competition on B. striata.
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Biological invasions and soil salinization have become increasingly severe environmental problems under global change due to sea-level rise and poor soil management. Invasive species can often outcompete native species, but few studies focus on whether invasive alien species are always superior competitors under increasing stressors. We grew an invasive grass species, Oenothera biennis L., and three native grass species (Artemisia argyi Lévl. et Vant., Chenopodium album L., and Inula japonica Thunb.) as a monoculture (two seedlings of each species) or mixture (one seedling of O. biennis and one native species seedling) under three levels of salt treatments (0, 1, and 2 g/kg NaCl) in a greenhouse. We found that invasive O. biennis exhibited greater performance over native C. album and I. japonica, but lower performance compared to A. argyi, regardless of the soil salinity. However, salinity did not significantly affect the relative dominance of O. biennis. Interspecific competition enhanced the growth of O. biennis and inhibited the growth of I. japonica. Although O. biennis seedlings always had growth dominance over C. album seedlings, C. album was not affected by O. biennis at any salt level. At high salt levels, O. biennis inhibited the growth of A. argyi, while A. argyi did not affect the growth of O. biennis. Salt alleviated the competitive effect of O. biennis on I. japonica but did not mitigate the competition between O. biennis and the other two native species. Therefore, our study provides evidence for a better understanding of the invasive mechanisms of alien species under various salinity conditions.




Keywords: plant invasion, Oenothera biennis, functional traits, plant-plant interactions, salt stress





Introduction

Invasive alien species can have a profound and negative impact on the environment, biodiversity, ecosystem functioning, human health, and economy (Early et al., 2016; Pyšek et al., 2020; Rai and Singh, 2020; Diagne et al., 2021). Some intrinsic characteristics of the alien species may promote their invasiveness (van Kleunen et al., 2010). Since invasive alien species and native species occurring in the same habitats often face similar or even identical environmental selection pressures, the differences in functional traits between invasive and native species may be an important factor, influencing the successful invasion (Čuda et al., 2015; Wang et al., 2018). Two opposing hypotheses about trait values have been proposed to explain the success of alien species. The phenotypic convergence hypothesis is based on habitat filtering mechanisms and states that alien species that are more similar to native communities are more likely to succeed (Ordonez et al., 2010; Drenovsky et al., 2012). The phenotypic divergence hypothesis is based on limiting similarity and suggests instead that the differences in functional traits between invasive and native species contribute to the success of invasive species (MacArthur and Levins, 1967; Ordonez et al., 2010; Guo et al., 2020). An earlier meta-analysis suggested that invasive alien plant species generally have higher values than some native plants for traits reflecting physiology, size, and fitness (van Kleunen et al., 2010). However, another study showed that there were no significant trait differences between invasive species and native species (Lennox et al., 2015). Therefore, a universal conclusion has not been drawn about the success of alien invasive species relying on similarities or differences between invasive and native species.

Plant-plant interactions, including competition, have long been recognized as a key driver of community composition, structure, and dynamics (Yang et al., 2022), especially for determining the success of invasive species (Grainger et al., 2019). Invasive species are usually considered better competitors relative to natives for resources, space, and mutualists (Davis et al., 2000; Reinhart and Callaway, 2006; MacDougall et al., 2009). In addition, the importance of positive interactions (facilitation) in plant communities is also widely recognized (Brooker et al., 2008) and occurs when one species benefits from the presence of another (Brooker et al., 2008; Bimler et al., 2018; Grainger et al., 2019), for example via nutrient accumulation, stress mitigation, and protection from herbivores (Yang et al., 2022).

While there is extensive literature on the interactions between paired invasive alien and native species (Čuda et al., 2015; Legault et al., 2018; Pyšek et al., 2019; Hierro et al., 2022), pair-wise experiments using invasive and native plant species may be biased (Vilà and Weiner, 2004) because the selection of invaders and natives for the study is non-random and tends to favor highly competitive invaders and relatively less competitive natives (Zhang and van Kleunen, 2019). The resident community within the introduced range of the invasive species is composed of multiple native species with different functional traits, and invasive species usually face different competitive pressures from multiple native species (Zhang et al., 2020). However, so far few studies have been conducted to compare the effects of one invasive alien species on multiple native species in the same experiment, especially in the context of climate change.

Extensive studies have been conducted on the effects of salt stress on the morphology and physiology of invasive and native individually (Mao et al., 2016; Baniasadi et al., 2018; Liu et al., 2019). However, little research has focused on whether the competitive effects between invasive and native species are affected by salinity. According to the stress gradient hypothesis, interactions among plants are context-dependent, shifting from competition to facilitation as environmental stress increases (Bertness and Callaway, 1994). Soil salinity plays an important role in promoting or limiting the spread of invasive species and is a determining factor in colonization (Erfanzadeh et al., 2010; Rouifed et al., 2012) because, depending on the species and the salinity level, salinity tolerance constrains plant growth, resulting in significant changes in plant growth, morphological, and eco-physiological characteristics (Mao et al., 2016; Baniasadi et al., 2018; Sogoni et al., 2021). Further, salinity could influence invasion success, i.e., high salinity might increase the relative competitive ability of either native or invasive species depending on their tolerance (Al Hassan et al., 2016). Previous studies have demonstrated that salinity can enhance the replacement of native plants by invasive plants (Liu et al., 2015; Bollen et al., 2016; Legault et al., 2018), but salinity also can inhibit the establishment and performance of some invasive plants (Qi et al., 2017; Liu et al., 2019). Therefore, whether salinity can promote the invasion of exotic species is debatable.

Oenothera biennis L. (common evening primrose, Onagraceae) is an erect biennial native to eastern North America (Steckel et al., 2019). It is widely distributed in temperate regions around the world and is regarded as a severe invader in China, especially in coastal areas (Steckel et al., 2019; Zhang et al., 2021). Oenothera biennis preferentially occupies open and disturbed habitats (e.g. fields, roadsides, and lakeshores) (Puentes and Johnson, 2016), and severely damages the local natural ecosystem (Thijs et al., 2012). Previous studies have confirmed that high leaf area, the reproductive period in late summer, and long roots were key traits for the successful colonization of invasive O. biennis (Stanisci et al., 2010). Three native species, i.e., Artemisia argyi Lévl. et Vant., Chenopodium album L., and Inula japonica Thunb., were selected, as they are common native herb species in the eastern coastal region of China. Artemisia argyi is a perennial herb belonging to the family of Compositae that reproduces primarily by rhizome and small seeds (Ren et al., 2021). Artemisia argyi was chosen because it is widely distributed in the habitats inhabited by O. biennis and can become the dominant species in some native communities. Chenopodium album is an erect annual herb with characteristic goosefoot-shaped leaves and a strong taproot, belonging to the family of Chenopodiaceae. Inula japonica is a perennial herb belonging to the family of Compositae, which has lanceolate leaves and short rhizomes. Both C. album and I. japonica also coexist with O. biennis and share similar habitat types (i.e., coastal, farmland, along roads, and lakeshores) as O. biennis.

To assess the performance and competition effects of an invasive species on selected natives in response to increasing salinity, we conducted a greenhouse experiment using an invasive species, Oenothera biennis and three native species (Artemisia argyi, Chenopodium album, and Inula japonica). The seedlings of O. biennis and the three native species were planted in monocultures and species mixtures respectively. Three levels of salinity were applied to simulate increasing salt stress. The following questions were addressed:

(1) Is O. biennis generally a superior competitor to the three native species (A. argyi, C. album, and I. japonica) under mixed cultivation conditions? If so, what functional traits confer the competitive advantage on O. biennis?

(2) How does mixed culture affect the functional traits of invasive and native species compared to the monoculture?

(3) Does salt stress influence the biological interactions between the invasive species and three native species?





Materials and methods




Study site and plant materials

The experiment was conducted at Qingdao Agricultural University (36°31’N, 120°39’E), Qingdao city, Shandong Province, China. The site has a warm temperate monsoon climate, with an average annual temperature of 12.7°C, and the average annual precipitation is approximately 600−800 mm, most of which falls during the summer. The average temperature was lowest in January (monthly average temperature of - 2°C) and highest in August (monthly average temperature of 25.7°C). The experiment was conducted in the greenhouse at the experimental station to maintain a controlled and homogenous environment. The greenhouse was composed of steel tubes and its frame was covered by plastic film. By rolling up the plastic film on both sides, the greenhouse was kept well-ventilated.

The seeds of O. biennis were purchased from Huinong Seed Industry, Suqian City, Jiangsu Province, China on June 4, 2020, and then soaked in distilled water around 30−50°C for 24 h and stimulated to germinate by storing in a wet gauze tray during the early June of 2020. When the radicles of the seeds extended about 5 mm, they were transferred into a new tray. When the seedlings developed 3−4 true leaves, healthy and uniform seedlings were selected and transplanted into plastic pots (12 cm height × 14 cm diameter). The seedlings of A. argyi with 3-4 true leaves were obtained from Shouguang Xinxinran Horticulture Company, Weifang city, Shandong Province, China in late June 2020. Healthy and uniform growing seedlings of C. album and I. japonica with 3-4 true leaves were collected from the campus of Qingdao Agricultural University in late June 2020. Healthy and uniform seedlings of each species (O. biennis, A. argyi, C. album, and I. japonica) were selected and transplanted into plastic pots (12 cm height × 14 cm diameter) with two seedlings per pot on July 7, 2020. Each pot was filled with a mixture of 2:1:1 (v/v/v) loam, peat, and sand, which was carefully sieved through a 2 mm sieve to remove debris. The total weight of the substrate was 1 kg. During the experiment, water was added until the weight of the soil reached 70% of the filled capacity every day. Weeds and insects were controlled manually.





Experimental design

The seedlings were arranged into seven cultivation types: monocultures with two seedlings of each species (O. biennis, A. argyi, C. album, or I. japonica) and mixtures with one seedling of O. biennis and one seedling of a native species (A. argyi, C. album, or I. japonica). Eventually, we obtained three types of mixtures: O. biennis mixed with A. argyi (Mixture1), mixed with C. album (Mixture2), and mixed with I. japonica (Mixture3). The range of salinity at the coastal shelter forests in Qingdao, China ranges from 1.2‰ to 2.3‰ according to our measurement of soil total salt using gravimetric method (DB37/T 1303-2009). Each cultivation type received three salinity treatments: 0, 1, and 2 g/kg NaCl dissolved in water (designated as S1, S2, and S3). The S1 treatment served as the control, and only water was applied. The S2 and S3 treatments were increased by 0.5g NaCl every week until reaching soil salt content. The S2 and S3 treatments were applied 2 and 4 times, respectively. The three salinity levels were chosen to simulate levels of soil salinity in the coastal shelter forests of Qingdao, China. The salt treatments started on July 17, 2020, and ended on September 17, 2020, lasting for 2 months. There were 21 treatment combinations (7 cultivation types × 3 salinity levels) in total and each combination contained ten pots as replicates. All pots were arranged randomly and rearranged regularly (7 days) during the experiment. During the experiment, mean temperature and mean relative humidity of greenhouse were 24.3 ° and 84.2%, respectively (DL-TH20, Hangzhou Gsome Technology Co., China).





Trait measurements

Descriptions and units for the 16 functional traits measured in the experiment were shown in Table 1. The seedling height (H, from ground level to the terminal bud) and crown area (CA) were measured at the end of the salt treatment. The crown area was calculated as the formula of a diamond-shaped area (Eq. (1)), where “a” and “b” are lengths of the diagonal.


Table 1 | Descriptions of traits and performance measures.



 

Chlorophyll fluorescence parameters were measured with a Pocket PEA (Hansatech Instruments Ltd, King’s Lynn, UK) between 8:30 and 11:30 am on a sunny and cloudless day from 1 to 3 September 2020. Ten fully expanded leaves from the upper shoots were selected in each treatment (one leaf per pot for monocultures and one leaf per species per pot for mixture) and the measurements were conducted alternately among different treatments. Leaves were kept in the dark for 30 min to ensure complete relaxation of all reaction centers before measurements. The maximum quantum yield of photosystem II (Fv/Fm) was measured. Leaves of C. album were too small to measure chlorophyll fluorescence parameters.

Leaf morphology traits were measured from 5 to 7 September 2020. The third or fourth fully expanded leaves from the top per treatment were selected for measurement of the leaf area with a Yaxin-1241 portable leaf area meter (Yaxin Inc., Beijing, China). The leaves were first dried at 105°C for 0.5 h for deactivation of enzymes, and then oven-dried at 85°C for 48 h to calculate the leaf dry weight. Subsequently, the specific leaf area (SLA) was calculated as the SLA formula (Eq. (2)).

 

Chlorophylls a and b were extracted and measured in mid-September 2020, using the ethanol method. Approximately 0.1 g of sheared fresh leaf tissue from the second or third leaf from the upper shoots in each treatment was soaked in 10 ml of 95% ethanol, and 8 replicates per treatment were selected. Chenopodium album had so few leaves that the concentration of chlorophyll could not be measured. After dark treatment for 24 h, the absorbance of the supernatant was determined at 649 nm (D649) and 665 nm (D665) using a UH5300 UV/VIS spectrophotometer (Hitachi, Inc., Tokyo, Japan). Chlorophyll a content (Chl a), chlorophyll b content (Chl b), total chlorophyll content (Chl), and Chlorophyll a/chlorophyll b (Chl a/b) were calculated separately as (Lichtenthaler, 1987):

 

 

 

 

At the end of the experiment, all seedlings were harvested, and the roots were washed carefully with tap water. Each whole seedling was separated into leaf, stem, and root. All seedling parts were first dried at 105°C for 0.5 h for deactivation of enzymes, and then oven-dried at 85°C for 48 h and weighed. Total biomass and biomass allocation were calculated as follows:

 

 

 

The total biomass in monocultures was averaged from the two individuals in the same pot.

After the measurement of biomass, 3 to 8 leaf samples in each treatment were kept for the measurement of leaf nitrogen (LN) and phosphorus (LP) concentrations with the Kjeldahl method and the Molybdenum antimony-D-Isoascorbic-acid colorimetry method, respectively (Barbano et al., 1990). Then, we calculated the ratio of foliar nitrogen to phosphorus (LN/LP). Similarly, we measured soil nitrogen (SN) and phosphorus (SP) concentrations, as well as the ratio of soil nitrogen to phosphorus (SN/SP). In addition, soil electrical conductivity (EC) was measured with the ratio of water to the soil of 5:1 by using a conductivity meter (DDS-307A, LeiCi, Shanghai, China) and automatic temperature correction was set to a reference value of 25°C.

The relative dominance index (RDI) was used to assess the dominance of O. biennis in mixtures. The RDI was calculated according to Eq. (10).

 

(Yuan et al., 2013)





Data analysis

For the RDI of O. biennis at each salinity level, all data were analyzed with a one-sample t-test to test whether these changes differed from 0.5. We calculated the log response ratio (ln R) as the effect size in each of the twelve functional traits to quantify the relative difference of different functional traits between invasive (O. biennis) and native species (A. argyi, C. album, and I. japonica) under three salinity treatments in the mixture. The log response ratio was calculated as ln R = ln (TraitI/TraitN), where TraitI stands for trait values of invasive species in the mixture, and TraitN represents trait values of native species in the mixture. A negative value of ln R indicates the trait favors native species whereas a positive value indicates the trait favors invasive species. Significant effect sizes are indicated by confidence intervals that do not overlap zero.

To better detect the effect size of biological interactions, the values of the natural log of relative yield ln (RY) in functional traits of the indices were calculated as ln (RY) = ln (Yij/Yii) (Keddy et al. 1994), where Yij stands for the value of the traits of species i in the mixture treatment, and Yii represents mean trait values of species i in the monoculture treatment. Ln (RY) > 0 means that species i responds positively to competition with species j. Ln (RY) < 0 means that species i responds negatively to competition with species j. Bias-corrected 95% confidence intervals (CIs) were calculated for each effect size. If the 95% CI did not overlap with zero, the effects were significant at P < 0.05 (Gómez-Aparicio, 2010). All statistical analyses were carried out with SPSS statistics 21.0 (SPSS Inc., Chicago, USA). All figures were drawn with the Origin 9.0 software (OriginLab Co., Massachusetts, USA). To test for differences in performance between plant species, among salinity treatments, and between cultivation types, a principal component analysis (PCA) was used by Origin 9.0 software (OriginLab Co., Massachusetts, USA). Traits that explained at least 30% of PC1 or PC2 were regarded as the main influence factors; these were H, CA, TB, LBR, RSR, Fv/Fm, SLA, Chla/b, Chl, LN, LP and LN/LP (Table S1).






Results




Relative dominance and competitiveness comparisons

The relative dominance index of O. biennis was higher than that of C. album and I. japonica in all salinity levels, while lower than that of A. argyi (Figure 1). No matter which native species it was mixed with, the RDI of O. biennis was not significantly affected by salinity (Mixture 1: F = 0.872, p = 0.433; Mixture 2: F = 0.979, p = 0.392; Mixture 3: F = 0.740, p = 0.489).




Figure 1 | Relative dominance index (RDI) of Oenothera biennis in mixtures at three salinity treatments. Oenothera biennis in mixed culture with Artemisia argyi (Mixture1), Chenopodium album (Mixture2), and Inula japonica (Mixture3). Values are presented as 0.5 ± SE (n = 10 for all treatments). Significant effects are indicated by asterisks: **p ≤ 0.01 and *p ≤ 0.05.



In the comparison of functional trait differences between O. biennis and A. argyi, four out of the twelve traits were significantly changed under S1 and S2 treatments, and six out of the twelve traits were significantly changed under S3 treatment (Figure 2A). Under S1 treatment, the LBR, CA and LP of O. biennis were higher than those of A. argyi, while the SLA was lower than that of A. argyi (Figure 2A). Under S2 treatment, LBR and LN/LP of O. biennis were higher than those of A. argyi, while TB and RSR were lower than A. argyi (Figure 2A). Under S3 treatment, LBR, CA, LP, and LN/LP of O. biennis were higher than those of A. argyi, while TB and RSR were lower than those of A. argyi (Figure 2A).




Figure 2 | Relative difference values of different functional traits between invasive (Oenothera biennis) and native species (Artemisia argyi, Chenopodium album, and Inula japonica) under three salinity treatments in the mixture. The orange triangle illustrates the S1 treatment (control), the green square illustrates the S2 treatment (low salt treatment), and the purple pentagram illustrates the S3 treatment (high salt treatment). The capital letters represent the invasive species O. biennis and their three native species – A. argyi (A), C. album (B), and I. japonica (C) under the mixed cultivations. Error bars are 95% confidence intervals. Significant effect sizes are indicated by confidence intervals that do not overlap zero. Abbreviations have identical meanings as described in Table 1.



When comparing functional traits between O. biennis and C. album, seven out of the nine traits showed significant changes under S1 treatments, four out of the nine traits showed significant changes under S2 treatments, and five out of the nine traits showed significant changes under S3 treatment (Figure 2B). O. biennis had higher TB, LBR, CA, LP, and lower H, LN, LN/LP than C. album under S1 treatment (Figure 2B). O. biennis had higher LBR, CA, and lower H and LN than C. album under S2 treatment (Figure 2B). Under S3 treatment, O. biennis had higher TB, LBR, CA, and lower H, LN/LP than C. album (Figure 2B).

Eight of the twelve traits (TB, LBR, H, CA, SLA, Fv/Fm, Chl, and LN) had greater effect sizes on O. biennis than in I. japonica in the S1 treatment; however, RSR followed the opposite direction (Figure 2C). Under S2 treatment, eight of the twelve traits (TB, LBR, H, CA, SLA, Fv/Fm, Chl, and LN/LP) had greater effect sizes on O. biennis than in I. japonica, while RSR and LP followed the opposite direction (Figure 2C). Under S3 treatment, four of the twelve traits (TB, CA, SLA, and Fv/Fm) of O. biennis were higher than those of I. japonica, while RSR was lower than those of I. japonica (Figure 2C).





Effect size of mixture plantation on invasive species

When mixed with A. argyi, the mixture significantly increased TB and LP of O. biennis, while RSR, Chl a/b, Chl, and LN/LP of O. biennis were reduced under S1 treatment. The mixture significantly increased LN and LP of O. biennis, whereas decreased the RSR of O. biennis under S2 treatment. The mixture significantly increased the LP of O. biennis and decreased the LN/LP of O. biennis under S3 treatment (Figure 3A). Salinity had no significant effect on the trait values of O. biennis when mixed with A. argyi (Figure 3A).




Figure 3 | Effect sizes of mixture plantation (biological interaction) with native species (Artemisia argyi, Chenopodium album, and Inula japonica) on invasive species (Oenothera biennis) traits in three salinity treatments. OA, O. biennis in mixed culture with A. argyi; OC, O. biennis in mixed culture with C. album; OI, O. biennis in mixed culture with I. japonica. The orange triangle illustrates the S1 treatment (control), the green square illustrates the S2 treatment (low salt treatment), and the purple circular illustrates the S3 treatment (high salt treatment). Error bars are 95% confidence intervals. Significant effect sizes are indicated by confidence intervals that do not overlap zero. The asterisk in the figures indicates significant effects of salt stress on different functional traits of O. biennis under interspecific interaction. The capital letters represent the traits of O. biennis when mixed with native species - A. argyi (A), C. album (B), and I. japonica (C) and when monoculture. Abbreviations have identical meanings as described in Table 1.



When mixed with C. album, the mixture significantly increased TB and LP of O. biennis, while decreasing LN/LP of O. biennis under S1 treatment. There was no significant difference in the traits of O. biennis between monoculture and mixture under S2 treatment. The mixture significantly increased TB and LP of O. biennis and decreased LN and LN/LP of O. biennis under S3 treatment (Figure 3B). Salinity significantly increased LN/LP of O. biennis when mixed with C. album (Figure 3B).

When mixed with I. japonica, the mixture significantly increased TB, SLA, Chl a/b, and LP of O. biennis, while decreasing RSR of O. biennis under S1 treatment. The mixture significantly increased TB, SLA, Chl, and LN of O. biennis, whereas decreased the RSR of O. biennis under S2 treatment. The mixture significantly increased TB, SLA, and LP of O. biennis and decreased RSR and LN/LP of O. biennis under S3 treatment (Figure 3C). Salinity significantly decreased RSR and Chl a/b of O. biennis when mixed with I. japonica (Figure 3C).





Effect size of mixture plantation on native species

The H and LN/LP of A. argyi in the mixture were lower than those in monoculture under S1 treatment; the LP in the mixture was higher than that in monoculture, while LN/LP was lower than that in monoculture under S2 treatment; the Chl a/b in the mixture was higher than that in monoculture, but TB, H, and LN/LP in the mixture were lower than those in monoculture under S3 treatment (Figure 4A). Salinity significantly increased Chl a/b but decreased H of A. argyi (Figure 4A).




Figure 4 | Effect sizes of mixture plantation (biological interaction) with invasive species (Oenothera biennis) on three native species (Artemisia argyi, Chenopodium album, and Inula japonica) traits in three salinity treatments. The orange diamond illustrates the S1 treatment (control), the green pentagram illustrates the S2 treatment (low salt treatment), and the purple sphere illustrates the S3 treatment (high salt treatment). Error bars are 95% confidence intervals. Significant effect sizes are indicated by confidence intervals that do not overlap zero. The asterisk in the figures indicates significant effects of salt stress on different functional traits of native species under interspecific interaction. The capital letters represent the traits of three native species - A. argyi (A), C. album (B), and I. japonica (C) when mixed with O. biennis and when monoculture. Abbreviations have identical meanings as described in Table 1.



The LP of C. album in the mixture was higher than that in monoculture, but LN/LP in the mixture was lower than that in monoculture under S1 treatment; the RSR in the mixture was higher than that in monoculture, while LN and LN/LP were lower than those in monoculture under S2 treatment; the RSR and LP in the mixture were higher than those in monoculture, but LN/LP in the mixture was lower than that in monoculture under S3 treatment (Figure 4B). Salinity had no significant effect on the trait values of C. album (Figure 4B).

Numerous traits (TB, LBR, H, CA, SLA, LN, and LN/LP) of I. japonica in the mixture were lower than those in monoculture under three salt treatments. However, RSR of I. japonica in the mixture was higher than that in monoculture under S2 treatment (Figure 4C). Salinity significantly increased the TB of I. japonica (Figure 4C).





Effects of plantation and salinity on soil properties

Overall, salinity increased SP and EC and decreased the SN and SN/SP of both native and invasive plants under both monoculture and mixture (Table 2, Figure 5). The SN and SN/SP of O. biennis in the mixtures of A. argyi or I. japonica were significantly higher than those in other cultivation among most salt treatments (Figures 5A, C). However, the SP in the monoculture of A. argyi was higher than other cultivation under all salt treatments (Figure 5B).


Table 2 | Results of two-way ANOVA for the effects of salinity (S), cultivation (C), and their interactions (S × C) on soil properties.






Figure 5 | Soil nitrogen concentration (SN) (n = 3-5, A), soil phosphorus concentration (SP) (n = 3-5, B), the ratio of soil nitrogen to phosphorus (SN/SP) (n = 3-5, C), and soil electrical conductivity (EC) (n = 3-5, D) after the experiment in monocultures and mixtures (OO, Oenothera biennis in monoculture; OA, O. biennis in mixed culture with Artemisia argyi; AA, A. argyi in monoculture; OC, O. biennis in mixed culture with Chenopodium album; CC, C. album in monoculture; OI, O. biennis in mixed culture with Inula japonica; II, I. japonica in monoculture) under three salinity treatments. Values are presented as mean ± SE. Different lowercase letters denote significant differences at α = 0.05 in Duncan’s post-hoc test. The lowercase letters on top of the bars are presented as “c-e” and “c-f” means “cde” and “cdef”, respectively.







Principal component analysis

The functional traits of invasive species O. biennis and three native species (A. argyi, C. album, and I. japonica, respectively) were separated along the PC1 axis and the two cultivation types were separated clearly along the PC2 axis (Figure 6). When mixed with A. argyi, the first axis (with 33.6% of the variation explained) was associated with TB, RSR, H, CA, LN, LP, and LN/LP (Table S1; Figure 6A). The second axis, accounting for 13.8% of the variation, was mainly affected by LBR, Chl a/b, Chl, and LN/LP (Table S1; Figure 6A). When mixed with C. album, the first axis (with 40.6% of the variation explained) was associated with LBR, H, CA, Fv/Fm, and LN (Table S1; Figure 6B). The second axis, accounting for 19.1% of the variation, was mainly affected by LP and LN/LP (Table S1; Figure 6B). When mixed with I. japonica, the first axis (with 34.2% of the variation explained) was associated with TB, LBR, RSR, CA, SLA, and Chl (Table S1; Figure 6C). The second axis, accounting for 17.1% of the variation, was mainly affected by LN, LP, and LN/LP (Table S1; Figure 6C). The distribution order of invasive species and three native species along the PC2 axis is similar, mainly monoculture and mixture seedlings from positive coordinate to negative coordinate, however, the three salinity treatments were not separated clearly (Figure 6).




Figure 6 | Principal component analysis of Oenothera biennis and three native species (Artemisia argyi, Chenopodium album, and Inula japonica) across three levels of soil salinity and two cultivation types based on 12 functional traits. Abbreviations have identical meanings as described in Table 1.








Discussion

In this study, we examined the performances and competition interactions between the invasive species (O. biennis) and three native species (A. argyi, C. album, and I. japonica) at three salinity levels. The result of our study showed that the total biomass and biomass-based RDI of O. biennis were significantly higher than that of C. album and I. japonica, but lower than A. argyi, regardless of the soil salinity. The results answered our first question and concluded that O. biennis is not generally a superior competitor to the three native species. The competitive dominance of O. biennis is largely associated with the species of native plants, rather than soil salinity. However, salinity influenced the intensity of competition between O. biennis and three native species. Salinity alleviated the competitive effect of O. biennis on I. japonica, but not on the other two native species. Therefore, the invasive species is not always superior competitors in competition with different native species, and the intensity of competition rather than competition outcome between O. biennis and three native species varied with the salinity.




Competition outcomes between O. biennis and three native species

At all salinity levels, the total biomass and biomass-based RDI of O. biennis were significantly higher than that of C. album and I. japonica, but lower than A. argyi. The results suggested that O. biennis is a superior competitor when mixed with C. album and I. japonica, but not when mixed with A. argyi, at least for the population used under the particular conditions of this study for the traits measured. Therefore, we concluded that O. biennis could outcompete some, but not all, native species.

Plant functional traits play a key role in the competition between invasive and native species, including growth rate, biomass allocation, SLA, and photosynthetic traits (Wang et al., 2018; Rathee et al., 2021). In our study, most functional traits of O. biennis were significantly different from C. album and I. japonica suggesting that our results support the phenotypic divergence hypothesis rather than the phenotypic convergence hypothesis (Ordonez et al., 2010; Guo et al., 2020), meaning that O. biennis has significantly advantageous traits compared to the native C. album and I. japonica. According to the results of PCA, invasive species O. biennis and two native species C. album and I. japonica were clearly separated, and besides, the differences in most trait values were different, which also supported the phenotypic divergence hypothesis (Ordonez et al., 2010).

When mixed with C. album, the competitive advantage of O. biennis was mainly attributed to high LBR and CA. Allocation of more biomass to aboveground parts allows invasive O. biennis to compete more effectively for light, which helps O. biennis to compete successfully with C. album. This was consistent with the balanced growth hypothesis, which suggests that plants may increase the biomass allocated to organs involved in resource acquisition when faced with limited resources (Luo et al., 2014). The larger canopy of O. biennis may also contribute to superior competitiveness for light. Although C. album is an annual species that has a fast life history and is taller than O. biennis, it still cannot out-compete O. biennis.

When mixed with I. japonica, O. biennis had higher LBR, H, CA, SLA, Fv/Fm, and Chl and lower RSR, indicating that O. biennis obtained more light energy and accumulated more biomass through aboveground traits, and outcompeted I. japonica. Invasive plants often adopt different biomass allocation strategies in response to environmental changes to create a competitive advantage for themselves (Guo et al., 2020). Allocating more biomass from roots to aboveground parts, O. biennis obtained a higher height and a large canopy than I. japonica, which contributed to capturing light effectively and inhibited the growth of I. japonica through shading (Luo et al., 2014). Additionally, photosynthetic capacity is closely related to chlorophyll content and chlorophyll fluorescence parameters. O. biennis had higher Fv/Fm and Chl than I. japonica, meaning that it tends to synthesize a greater quantity of chlorophyll to improve photosynthetic capacity, thereby enhancing its performance (Guo et al., 2019).

Specific leaf area is a key leaf trait closely related to plant growth and survival strategies (Legault et al., 2018). Our results showed the SLA of O. biennis was higher than that of I. japonica, which is consistent with the results of previous studies that high SLA promotes invasiveness (Dawson et al., 2012; Hajiboland et al., 2020). SLA is a basic defensive trait associated with leaf toughness and is negatively correlated with cell wall quality (Feng et al., 2008). A higher SLA of O. biennis than I. japonica may help O. biennis allocate more resources to photosynthesis and increase light capture, thereby enhancing plant performance in fertile environments.

Except for competitive exclusion, some native species can coexist with invasive species and even dominate the plant community (MacDougall et al., 2009). In this study, most functional traits of O. biennis were not significantly different from A. argyi and the total biomass of O. biennis was lower than that of A. argyi under S2 and S3 treatments, suggesting that more similar traits were observed between A. argyi and O. biennis, and A. argyi is more competitive than O. biennis. Our results support the limiting similarity hypothesis that native species in the community should inhibit the invasion of functionally similar species (Emery, 2007).





The intensity of competition between O. biennis and three native species

The strength of interspecific competition refers to the ability of a species to tolerate and inhibit other species (Zhang and van Kleunen, 2019). The strength of interspecific competition is often used as a substitute for competitive outcomes, in which species will exclude or dominate over other species in the same community (Gibson et al., 1999). In our study, the mixture significantly increased TB of O. biennis under S1 and S3 treatments when mixed with C. album, while TB of C. album grown in the mixture with O. biennis was not different from that of C. album grown in the monoculture in three salt levels. This indicates the interspecific competition promoted the growth of O. biennis, however, C. album was not affected by O. biennis during the experiment. Mixture significantly increased TB of O. biennis and decreased TB of I. japonica in all salt treatments, suggesting that interspecific competition promoted the growth of invasive O. biennis and suppressed the growth of native I. japonica. However, when mixed with A. argyi, the mixture only significantly increased TB of O. biennis under the S1 treatment but did not change it under the S2 and S3 treatments. The TB of A. argyi in the mixture was not different from that in monoculture under the S1 and S2 treatments, while was lower than that in the monoculture under the S3 treatment. In the face of interspecific competition, O. biennis adopted a positive or even maintenance strategy, while A. argyi adopted maintenance or a negative strategy. Thus, although the intensity of interspecific competition may be a critical determinant of competitive outcomes, the two measures are not equivalent (Weigelt and Jolliffe, 2003; Zhang and van Kleunen, 2019).

Under competitive pressure from O. biennis, C. album and I. japonica partitioned more biomass to roots than those in monocultures, while the RSR of A. argyi did not change significantly. This may be because that C. album and I. japonica have rhizomes, which can absorb more nutrients and water. Our results supported the root aggregation theory that plants may gain or maintain exclusivity to limited resources through root proliferation and root aggregation as a defensive response to resist invasion (Yuan et al., 2013). However, the RSR of O. biennis followed the opposite direction when mixed with A. argyi and I. japonica, indicating that O. biennis was able to capture light effectively by allocating more biomass to aboveground parts. Moreover, the mixture significantly increased the SLA of O. biennis when mixed with I. japonica, indicating that O. biennis reduced the allocation of defense structures and increased the allocation of photosynthetic tissues, helping it increase light capture and thus maintaining a high biomass production (Luo et al., 2014). Compared with monoculture, the resource acquisition traits (LBR, H, CA, and SLA) of I. japonica were significantly reduced in the mixture, which may be one of the reasons why I. japonica was inhibited by interspecific competition.

Many studies found that leaf nitrogen concentration is positively correlated with plant photosynthesis capacity (Luo et al., 2014; Wang et al., 2022). In our study, the higher leaf nitrogen concentration of O. biennis mixed with A. argyi and I. japonica may be interpreted as a matter of greater photosynthetic rate in the mixture than that in the monoculture at low salt addition levels. This result was also related to the increase of soil nitrogen concentrations when O. biennis was mixed with A. argyi and I. japonica, and more nitrogen could be allocated to photosynthetic capacity under an abundant soil nitrogen supply. The afore-stated result demonstrated that higher leaf nitrogen concentration is favorable for the invasion of alien species, which was consistent with previous research results (Yuan et al., 2013; Wang et al., 2022). Regardless of mixing with native species, O. biennis had higher LP and lower LN/LP than those of monoculture, suggesting that O. biennis could invest more P in leaf photosynthetic apparatus, thus contributing to the capture and absorption of light resources. Therefore, this strong ability to absorb the resources of invasive species may provide an advantage for their successful invasion.





Effects of salt stress on the biological interactions between O. biennis and three native species

In the present study, the EC of the soil changed greatly due to the addition of salt, suggesting that the salt treatment had successfully created three salinity levels. However, the RDI of O. biennis did not change significantly among various salt levels, indicating that increased salinity did not significantly alter the competitive dominance of A. argyi over O. biennis and O. biennis over C. album and I. japonica. Furthermore, based on the results of PCA, the three salinity treatments were not separated clearly. Therefore, our results demonstrated that increased salt stress did not change the competitive outcome between invasive and native species.

Numerous studies have also confirmed that salinity has detrimental effects on plant growth and development, leading to a reduction of biomass (Guo et al., 2018; Meyerson et al., 2020; van Zelm et al., 2020; Sogoni et al., 2021). However, in this study, salinity had no significant effect on the total biomass of O. biennis, regardless of which native species was mixed with it. Our results did not support the stress gradient hypothesis, that is, interspecific interactions tended to facilitate as salt stress increased (Bertness and Callaway, 1994). One possible explanation is that the amount of salt added in different salt treatments was not sufficient to cause shifts in interspecific competition, and/or the short duration of the experiment. Oenothera biennis usually occurs in open and disturbed sites, such as river banks and coastal areas, thus having certain salt tolerance. However, the salt levels we set may be too low to cause shifts in the biomass of O. biennis. Alternatively, short-term addition of salt may not expose O. biennis to osmotic stress. In terms of native species, the total biomasses of A. argyi and C. album were also not affected by salinity when mixed with O. biennis, because that A. argyi and C. album have certain salt tolerance. Chenopodium album is a halophytic plant species that tolerates salt stress by increasing redox potential associated with a large number of osmolytes and antioxidants (Tanveer and Shah, 2017). The negative impacts of O. biennis on I. japonica were alleviated because in the mixture the total biomass of I. japonica significantly increased while that of O. biennis remained unchanged with increasing salinity. This result suggested that low resource availabilities would increase the relative competitive ability of the native due to a negative relationship between salinity and the availability of water or nutrients (Kolb and Alpert, 2003).

Salt stress generally reduces root allocation and modifies the distribution of different root systems (Mao et al., 2016). The RSR of O. biennis decreased with increasing salinity when mixed with I. japonica, which was associated with the severe reduction of root biomass. This may be caused by the accumulation of soluble salts in the root zone, which limits water uptake by plant roots and results in osmotic stress (Sogoni et al., 2021). Previous studies have shown that salt stress reduced chlorophyll content in leaves through the degrading of chlorophyll structure (Baniasadi et al., 2018). Chlorophyll a is associated with the photosynthetic reaction centers and chlorophyll b with the light-harvesting complex (Guo et al., 2018). The Chl a/b of O. biennis decreased with increasing salinity when mixed with I. japonica, which could be interpreted as a higher investment in the light-harvesting complex and required to cope with salt stress by capturing more light.

Plants obtain mineral nutrients, including nitrogen (N) and phosphorus (P) from the soil, and nutrient cycling is affected by the accumulation of salts in the soil (Miura, 2013). Our results showed that salinity significantly reduced the SN and SN/SP of O. biennis when mixed with A. argyi and I. japonica. Salt stress interfered with biological fixation and uptake of nitrogen, which may reduce soil N sources (Farooq et al., 2017; Sogoni et al., 2021). In addition, soil salinity can also alter nutrient recycling by influencing soil microorganisms (Rath and Rousk, 2015). High salinity may cause hypoxia in plant roots and increase the activity of denitrifying bacteria, which fixed N reenters the atmosphere as N2, leading to the reduction of soil nitrogen (van Zelm et al., 2020; Ding et al., 2021). Phosphorus, another important indicator of soil nutrient status, can be used to regulate some enzymes (phosphorylation), energy transfer, and carbohydrate transport (Miura, 2013; Shi et al., 2021). Soil phosphorus content of O. biennis increased with increasing salinity in monoculture and mixed, which may be because salinity improves the activity of phosphatase on plant roots, thus increasing phosphorus content in the soil (Miura, 2013).






Conclusions

Generally, the success of invasive species is mainly attributed to their high competitive dominance. However, our study has demonstrated that invasive species are not always superior competitors in competition with different native species. In competition with I. japonica, O. biennis obtained a greater competitive advantage by increasing LBR, H, CA, SLA, Fv/Fm, and Chl and decreasing RSR to capture and absorb more resources. When mixed with C. album, native species C. album was not threatened by the invasive species O. biennis, although O. biennis was a superior competitor and grew well in the mixture. In contrast, when competing with A. argyi, O. biennis was not a superior competitor because A. argyi has higher biomass than O. biennis, resulting in that O. biennis being less competitive than A. argyi. With the increase in salinity, the competitive effect of O. biennis on I. japonica was alleviated, but the competitive effects between O. biennis and the other two native species were not affected by salinity. Salinity did not alter the competitive outcome between invasive and native species. However, our experiment was conducted in the greenhouse, which cannot simulate complex natural environments, and the seedlings were treated with salt stress for 2 months, so our results should not be extrapolated arbitrarily to field conditions. Therefore, further studies with field experiments or more long-term experiments are necessary to better understand the invasion mechanisms of O. biennis under global change scenarios.
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Alpine grassland ecosystem supports high diversity of terrestrial flora and fauna species. Despite the ecological importance and economic potential of this unique ecosystem type, it experiences increasing anthropogenic disturbances such as trampling, which impose negative impact on the health and integrity of alpine grasslands. Previous studies of trampling impact on alpine vegetation mainly focus on changes in vegetation cover and taxonomic diversity after trampling disturbance, but rarely test community-level responses of alpine vegetation to trampling from a functional trait perspective. Through the lens of vegetation functional traits, the present study evaluates the impacts of simulated trampling on typical alpine grasslands in Shangri-la, China. The results showed that although increased trampling intensity did not always lead to changes in functional diversity across all three experimental sites, characteristics of community-weighted mean trait values had consistently changed toward plant species with shorter height, reduced leaf area and lower leaf dry matter content, and such strong shifts in functional attributes may further affect ecosystem goods and services provided by alpine grasslands. Therefore, a functional trait approach can help us better understand the mechanisms that drive trait changes, function shifts and vegetation stability following anthropogenic disturbances.
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1. Introduction

With the continuous development of human societies, people’s quality of life has been greatly improved. However, accelerating pace of life and rapid changes in lifestyle also affects our physical and mental health in a negative way. Meanwhile, industrialization and urbanization has caused severe environmental problems, and threatened human health and wellbeing (Farhud, 2015). Therefore, people crave a close contact with nature through recreational and tourism activities, and nature-based tourism is booming worldwide.

Recreational and tourism activities, however, are causing disturbances in natural ecosystems (Pickering and Hill, 2007; Memoli et al., 2019), such as the pollution of air, water, and soil (Zeng et al., 2021; Xiong et al., 2022), the loss of biodiversity (Habibullah et al., 2016), and the degradation of ecosystem functions and services (Pueyo-Ros, 2018). In particular, enormous visitation and tourist activities pose an urgent threat to alpine grasslands, which are known for spectacular scenes, high endemic diversity, irreplaceable social and cultural values, and extreme vulnerability (Körner, 1999; Argenti et al., 2020).

In recent years, measuring the impacts of anthropogenic activities on grassland ecosystems has received increasing attention, and a large number of studies are conducted in temperate grasslands, which focus on the vulnerability of plants using measures of resistance and resilience (Pickering and Hill, 2007; Prescott and Steward, 2022). However, we know less about the impacts of anthropogenic activities on alpine grasslands. Particularly, studies that examine the responses of alpine vegetation to disturbance from a functional trait perspective are very limited. Plant functional traits are defined as the characteristics of plants that affect overall plant fitness via their effects on plant growth, reproduction and survival, and varying driving forces cause functional trait differences (Violle et al., 2007; Carmona et al., 2016). For example, competitive pressure selects for functional traits associated with competitiveness, whereas environmental stresses filter out species with low resistance traits (Reich, 2014; Díaz et al., 2016). Therefore, an analysis of changes in characteristics of disturbed communities can help us better understand the relationship between plant functional traits and disturbances, and offer a mechanistic explanation of disturbance processes and impacts.

Actually, by assessing the links between plant functional traits and disturbances, we can not only capture the response signals of plant communities to anthropogenic disturbances in a timely manner, but also quantify functional diversity, which reflects the value, range, and distribution of functional traits of organisms within a given community (Mouchet et al., 2010; Mouillot et al., 2013). However, such community-level changes may not be reflected in some conventional indexes used to characterize ecological communities, such as the total number of species within a community (specie richness), despite the fact that this community has undergone functional changes after disturbance (Li et al., 2021; Smith et al., 2022). Beside the obvious advantage of using functional diversity to reflect the breadth of the functional space occupied by species in a community, functional diversity provides a more effective way to describe community diversity (Mason et al., 2005), establishes a link between the community and environment (Laureto et al., 2015), and influences the provisioning of ecosystem functions and services (Dı́az and Cabido, 2001; Suding and Goldstein, 2008). Therefore, the use of functional diversity can help facilitate our better understanding of the impacts of anthropogenic activities on plant communities at different organizational levels (e.g., individual, population, community and ecosystem levels), and reveal the complex nature of changes in disturbed communities (Vandewalle et al., 2010; Mouillot et al., 2013).

Located on the southeastern edge of the Tibetan Plateau, Shangri-La, Yunnan Province, China, is dotted with vast alpine grasslands. With high esthetic values, these alpine grasslands have special appeal to urban residents. Each year, tourists travel across the country to enjoy Shangri-La’s beautiful and spectacular grassland scenery. As an important natural resource, alpine grasslands exert an increasingly important role in promoting Shangri-La’s socio-economic development. However, the negative effects brought by tourism are hard to miss. For example, as tourists are admiring the lush and charming alpine grasslands, their hiking behavior inevitably causes disturbance, or even damage to the alpine vegetation. In recent years, although local government and relevant organizational authorities have started to direct more attention to the conservation of alpine grasslands, studies that address the impacts of anthropogenic disturbance on alpine vegetation are still very limited. Particularly, little information is available regarding the impacts of trampling disturbance on alpine grasslands from a functional trait perspective.

Through the lens of vegetation functional traits, the present study evaluates the impacts of simulated trampling on typical alpine grasslands in Shangri-La. Also, we examine the conditions of soil moisture, one type of habitat heterogeneity, across three experimental sites as trampling impacts over vegetation may vary with soil moisture conditions. Our study provides an assessment of trampling disturbance on plant traits and functional biodiversity of alpine vegetation, which complement previous studies that focus on the responses of temperate grasslands to disturbances using measures of resistance and resilience, or solely monitor changes in taxonomic diversity metrics (e.g., species richness) that may only capture part of the mechanisms of disturbance. With the aim of providing some scientific evidence for the conservation and management of alpine grasslands in Shangri-La, we specifically address the following questions: (1) How would functional traits of alpine grasslands change after disturbance? (2) How would functional diversity of alpine grassland change after disturbance? (3) Whether the impact of trampling on alpine vegetation is also affected by soil moisture conditions? We hypothesized that trampling disturbance would significantly affect the functional traits and diversity of alpine vegetation, and high soil moisture would increase the magnitude of trampling impact in addition to high trampling intensity.



2. Methods

Within the territory of Yunnan Province, high-altitude alpine grasslands are mainly distributed in Shangri-La, one of the most important biodiversity conservation areas in China. Shangri-La experiences typical plateau climate. Average annual precipitation is 606 mm, and average monthly temperature ranges from −3.7°C in January to 13.2°C in July (Tian, 2010). We conducted our study at three experimental sites, namely, Bitahai site (27°48′N, 99°59′E, 3560 m a.s.l), Lanyuegu site (27°48′N, 99°39′E, 3270 m a.s.l) and Pudacuo site (27°45′N, 99°56′E, 3460 m a.s.l; Figure 1). Within each site, alpine vegetation is generally distributed in homogeneous landscapes, and initial vegetation cover in the experimental area is close to 100%.
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FIGURE 1
 The location of the three experimental sites.


We conducted simulated trampling experiment following the standardized protocol developed by Cole and Bayfield (1993) to quantify the impacts of trampling disturbance on functional traits and diversity of alpine vegetation. Four experimental blocks were established in the uniform vegetation at each site. Each experimental block consisted of five trampling plots (0.5 m wide and 2.0 m long) separated by 0.5 m wide buffer zones. Following the standardized experimental design by Cole, Bayfield and other researchers (Cole and Bayfield, 1993; Monz, 2002; Roovers et al., 2004; Dumitraşcu et al., 2017), different treatments (25, 75, 250, and 500 passes) were randomly assigned to four plots, leaving one plot as an undisturbed control plot that receives no pedestrian pressure. The trampling experiment was conducted once on a typical sunny summer day. As the weight of the five research participants varied between 60 and 78 kg, each of them completed 5, 15, 50, and 100 passes, respectively, corresponding to treatment lanes assigned to 25, 75, 250, and 500 passes. Each research participant walked at a natural gait, with a completion of 2-m walk counted as one pass.

The first field measurement was performed immediately before the trampling experiment was conducted. Within each plot, species identity, species density, and vegetation coverage were measured and recorded. Same measurement procedures were repeated half a month later after trampling disturbance. Due to the fact that some plant species with small population size are distributed sporadically, we only made measurements of plants that occurred in at least three replicate plots that received the same trampling treatment. Also, a soil profile of 20 cm deep was dug to measure soil moisture conditions at each site, with five representative soil samples randomly collected at this depth. The three experimental sites differed considerably in regard to soil gravimetric water content, among which Bitahai site and Lanyuegu site had the highest and lowest water content, respectively (Figure 2).

[image: Figure 2]

FIGURE 2
 Soil gravimetric water content of the three experimental sites.


To have a clear understanding of the impacts of trampling disturbance on functional traits and diversity of alpine vegetation, we measured plant height, leaf area and leaf dry matter content following the standardized protocols (Garnier et al., 2001; Cornelissen et al., 2003). These traits can reflect the sensitivity (e.g., plant height and leaf area) and resistance (e.g., leaf dry matter content) of plants to physical disturbance (Table 1), and their measurements are relatively independent (Lavorel and Garnier, 2002; Mason et al., 2003; Suding et al., 2008). Plant height was measured directly using a ruler, and four individuals of each species were used to measure plant height. For the measurement of foliar traits, we selected young, intact leaves without the appearance of mechanical damage, as the traits of these leaves can reflect the capacity of alpine plants for acclimation in response to trampling disturbance. For each plant species, 3–5 young, intact but fully expanded leaves were collected to measure leaf area and leaf dry matter content. To avoid dehydration, collected leaf samples were wrapped into damp paper towels, sealed in labeled plastic bags, stored in a heat-insulated container with ice packs, and transported to the laboratory for further analysis. Fresh leaves were first rehydrated for 6 h, then dried to remove surface water and weighted immediately to determine their saturated fresh mass using a sensitive balance. Their dry mass was measured after being oven-dried at 60°C for 72 h. The fully expanded leaf was scanned to measure leaf area, and leaf dry matter content was quantified as the ratio of leaf dry mass to leaf saturated fresh mass. Wet mass of soil samples were determined by the difference between the moist soil and the soil dried at 105°C for 24 h, and gravimetric water content is quantified as the mass of water per mass of dry soil.



TABLE 1 Measured functional traits and associations with different strategies.
[image: Table1]

The community-weighted mean trait values for each trait were calculated for every sample using species mean trait values and species relative abundance, or, in other words, community-weighted mean (CWM) trait values are plot-level trait values weighted by species abundance (Garnier et al., 2004). As to functional trait-based diversity metrics, three functional diversity metrics, including functional richness, functional evenness and functional divergence, were used to collectively quantify the range, distribution and relative abundance of functional traits within a community (Mason et al., 2003; Villeger et al., 2008). Functional richness represents the total amount of functional space filled by the community, and is calculated as the minimum convex hull volume that includes all the species in the community. Functional evenness represents the evenness of species abundance distributions in functional trait space, and is calculated as the average branch length of the minimum-spanning tree that connects all the species in trait space, weighted by each species’ relative abundance. Functional divergence measures how species are distributed within trait space and is calculated as an individual species’ deviation from the mean distance of all species to the centroid of the convex hull of the community (Kuebbing et al., 2018). We also calculated percentage changes (%) in functional traits and diversity of alpine vegetation due to trampling disturbance as changes in functional values of plots receiving trampling treatment plot divided by functional values of the control plots and then multiplied by 100. We speculated that the impact of trampling disturbance on functional traits and diversity of alpine vegetation was stronger in sites with higher soil moisture content, so were percentage changes in these functional values.

All statistical analyses were conducted in the R statistics 3.4.0 platform (R Core Team, 2017). One-way analysis of variance (ANOVA) was used to analyze the impact of trampling disturbance on functional traits and diversity of alpine vegetation, and multiple comparisons were performed using Tukey’s HSD test. To correct for variance heterogeneity and provide heteroscedasticity-consistent estimations of the covariance matrix, a sandwich estimator was applied (Hothorn et al., 2008). FD package was used to calculate functional diversity metrics (Laliberté et al., 2014).



3. Results

Trampling disturbance imposed significant influence over CWM trait values of alpine vegetation at Bitahai site. With an increase in trampling intensity, CWM trait values of plant height (F4,15 = 114.5, p < 0.001), leaf area (F4,15 = 15.83, p < 0.001) and leaf dry matter content (F4,15 = 6.5, p = 0.003) all decreased (Figure 3 and Table 2), among which CWM trait values of plant height and leaf area were significantly lower in plots receiving 250 or 500 passes than other plots, and CWM trait values of leaf dry matter content were significantly lower in plots receiving 500 passes than other plots. Trampling disturbance also imposed significant influence over functional diversity of alpine vegetation at Bitahai site, although its impacts on different functional diversity metrics varied. With an increase in trampling intensity, functional richness (F4,15 = 8.59, p < 0.001) decreased, with the highest and lowest functional richness occurring in plots receiving 0 and 500 passes, respectively (Figure 4 and Table 3). By contrast, functional evenness (F4,15 = 13.99, p < 0.001) and functional divergence (F4,15 = 10.25, p < 0.001) increased with increasing trampling intensity, among which functional evenness was significantly lower in control plots than other plots, and functional divergence was significantly higher in plots receiving 250 or 500 passes than other plots.
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FIGURE 3
 The impacts of trampling disturbance on functional traits of alpine vegetation at three experimental sites. CWM_height, community weighted mean of plant height; CWM_size, community weighted mean of leaf size; CWM_ldmc, community weighted mean of leaf dry matter content.




TABLE 2 The impacts of trampling disturbance on community-weighted traits of alpine vegetation at three experimental sites.
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FIGURE 4
 The impacts of trampling disturbance on functional diversity metrics of alpine vegetation at three experimental sites. Fric, functional richness; Feve, functional evenness; Fdiv; functional divergence.




TABLE 3 The impacts of trampling disturbance on functional diversity metrics of alpine vegetation at three experimental sites.
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Trampling disturbance imposed significant influence over CWM trait values of alpine vegetation at Pudacuo site. With an increase in trampling intensity, CWM trait values of plant height (F4,15 = 374.8, p < 0.001), leaf area (F4,15 = 585.8, p < 0.001) and leaf dry matter content (F4,15 = 29.13, p < 0.001) all decreased (Figure 3 and Table 2), among which CWM trait values were significantly lower in plots receiving 500 passes than other plots. Trampling disturbance also imposed significant influence over functional diversity of alpine vegetation at Pudacuo site, although its impacts on different functional diversity metrics varied. With an increase in trampling intensity, functional richness (F4,15 = 4.32, p = 0.02) decreased, and plots receiving 250 or 500 passes had the lowest functional richness (Figure 4 and Table 3). By contrast, functional evenness (F4,15 = 16.17, p < 0.001) and functional divergence (F4,15 = 3.48, p < 0.001) increased with increasing trampling intensity, among which both functional evenness and divergence was significantly higher in plots receiving 500 passes than other plots.

Trampling disturbance imposed significant influence over CWM trait values of alpine vegetation at Lanyuegu site. With an increase in trampling intensity, CWM trait values of plant height (F4,15 = 103.7, p < 0.001), leaf area (F4,15 = 55.07, p < 0.001) and leaf dry matter content (F4,15 = 50.63, p < 0.001) all decreased (Figure 3 and Table 2), among which CWM trait values were significantly lower in plots receiving 500 passes than other plots. For Lanyuegu site, neither functional richness (F4,15 = 1.41, p = 0.28) nor functional evenness (F4,15 = 1.61, p = 0.22) differed significantly among treatment plots. By contrast, trampling disturbance significantly affected functional divergence (F4,15 = 24.59, p < 0.001), and plots receiving 500 passes had lower functional divergence than other plots (Figure 4 and Table 3).

Percentage changes in functional diversity metrics were statistically significant among three sites (for changes in functional richness, F2,57 = 10.05, p < 0.001; for changes in functional evenness, F2,57 = 4.03, p = 0.02; for changes in functional divergence, F2,57 = 15.02, p < 0.001), with the highest and the lowest percentage changes in functional diversity metrics occurring in Bitahai site (with the highest soil moisture content) and Lanyuegu site (with the lowest soil moisture content), respectively (Figure 5). By contrast, percentage changes in functional traits did not differ significantly among three experimental sites.
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FIGURE 5
 Percentage changes in functional diversity metrics of alpine vegetation at three experimental sites, among which Bitahai site had the highest water content, Lanyuegu site had the lowest water content, and that of Pudacuo site was in between.




4. Discussion

It can be seen from our findings that trampling disturbance significantly affected the functional traits of alpine vegetation. For example, trait characteristics measured in three experimental sites, including plant height, leaf area and leaf dry matter content, all changed after trampling disturbance. In other words, disturbed vegetation consistently exhibited shortened height, smaller leaf area and lower leaf dry matter content. The reduction in plant height and leaf size reflects the effect of mechanical damage to plant tissues by trampling, which compromises photosynthesis efficiency and community productivity. Meanwhile, the decrease in leaf dry matter content suggests that alpine plants might have put low investment in foliar defense after disturbance in order to facilitate recovery. Obviously, changes in functional traits of alpine vegetation reflect the filtering effects of trampling disturbance, which mainly select disturbance-resistance traits, and our findings are in line with several other studies (Pickering and Hill, 2007; Prescott and Stewart, 2022; Smith et al., 2022).

Trampling disturbance also significantly affected functional diversity metrics of alpine communities, although disturbance impacts on different attributes of functional diversity varied. For example, both functional evenness and divergence increased with trampling intensity in Bitahai and Pudacuo experimental sites. An increase in functional evenness after disturbance suggests that the functional distances between species became more even in disturbed plots, probably because disturbance had interrupted resource monopolization by dominant species (Mason et al., 2005). Similarly, an increase in functional divergence after disturbance indicates that competitive pressure is temporarily reduced, and a high degree of niche differentiation exists between species (Eler et al., 2018). By contrast, functional divergence decreased with trampling intensity in Lanyuegu site, suggesting an increase in functional redundancy, or functional homogenization after disturbance (Smith et al., 2022).

In the present study, soil moisture conditions may help explain the varying impacts of trampling disturbance on alpine vegetation across three experimental sites, reflected by a higher degree of percentage changes in functional diversity at Bitahai site, which has a relatively high level of soil water content among all three experimental sites, whereas Lanyuegu site has the lowest soil moisture among these three. Therefore, trampling disturbance might have imposed stronger mechanical stress on plants living at Bitahai site with damp soil environment than plants living at Lanyuegu site with drier soil conditions. One likely explanation is that under wet soil conditions, a pedestrian’s feet tend to sink into the soil, and consequently the structural damage of the footstep to plant tissues is considerably greater than on more compact, dry soils (Gremmen et al., 2003; Conradi et al., 2015). However, percentage changes in functional traits were not associated with soil moisture conditions. This is probably because sources of variation in functional traits are complex, such as species composition, genetic diversity, phenotypic plasticity, geographical and environmental variation (Fyllas et al., 2020), which may mask changes in functional traits caused by trampling disturbance. By contrast, changes in functional diversity may reflect changes of communities in response to disturbance in a more persistent and nuanced manner (Mouillot et al., 2013; Smith et al., 2022). Given that current studies that explicitly test how functional traits and local environment co-determine vegetation responses to disturbances are still very limited, this is a promising area of future research that merits more attention.

Although alpine grasslands exhibit certain resistance to trampling disturbance, excessive levels of trampling can lead to the reduction of vegetation cover, the loss of sensitive endemic species, and the degradation of goods and ecosystems services (Li et al., 2018; Berauer et al., 2019). For example, endemic species with small population size and low resistance are particularly vulnerable to trampling, and thus face the highest risk of extinction (Nomoto and Alexander, 2021). Therefore, anthropogenic disturbances such as extensive trampling can impoverish biological diversity of alpine grasslands, and further dismantle important ecosystem functions (e.g., carbon sequestration, nutrient cycling regulation, soil fertility maintenance), and lead to the collapse of essential ecosystem services (e.g., water quality improvement, food and energy supply) that sustain human society (Verrall and Pickering, 2020). It is worth noting that alpine grasslands are known for high esthetic values, one key component of cultural ecosystem service. However, dramatic reduction in vegetation cover due to trampling disturbance can severely degrade alpine grasslands valued for their esthetic qualities, and increase the risk of loss of touristic attractiveness (Mameno et al., 2022).

The negative impacts of trampling disturbance on alpine grasslands often occur in a short time frame, but the recovery of vegetation after disturbance can take a long time due to the harsh environmental conditions, short growing seasons, and slow rate of biological processes that characterize these high-altitude areas (Willard et al., 2007; Vloon et al., 2022). Therefore, we need to adopt an active protection and management approach, because preventive measures to avoid or mitigate the negative impacts of tourism-related disturbance on alpine vegetation are far more effective than ecological restoration that aims to assist the recovery of alpine ecosystems that have been degraded, damaged, or destroyed. Only on the basis of scientific management can people maintain the health and integrity of alpine grasslands, and utilize alpine natural resources in a reasonable and sustainable way.

In conclusion, trampling disturbance lead to changes in functional traits and diversity of alpine vegetation, and shifts in the functional trait space of the disturbed communities could further alter the provisioning of ecosystem services by alpine grasslands. Therefore, the conservation of high-altitude alpine grasslands with high sensitivity and vulnerability is urgent, especially as multiple environmental and climatic stressors nowadays are bringing unprecedented pressure on them.
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Introduction

Global climate change can affect the sensitivity of tree radial growth to climate factors, but the specific responses of tree radial growth to microclimate along the altitudinal gradient in the long term are still unclear.



Methods

In this study, the tree-ring width chronologies of Pinus tabuliformis Carr. in Shanxi Province of China were studied at three altitude gradients (1200-1300 m (low altitude), 1300-1400 m (medium altitude) and 1400-1500 m (high altitude)) during 1958-2017.



Results

The results showed that (1) the climate background could be divided into two periods based on the Mann-Kendall test analysis: 1958–1996 was a stable period (mean annual temperature (MAT)=10.25°C, mean annual precipitation (MAP)=614.39 mm), and 1997–2017 was a rapid change period (MAT=10.91°C, MAP=564.70 mm), indicating a warming and drying trend in the study region. (2) The radial growth of P. tabuliformis at different altitudes showed inconsistent variation patterns. The tree radial growth at low and medium altitudes (CV=27.01% for low altitude and CV=24.69% for medium altitude) showed larger variation amplitudes during the rapid change period than that in the stable period (CV=12.40% for low altitude and CV=18.42% for medium altitude). In contrast to the increasing trend, the tree radial growth rates at the high altitude showed a decreasing trend across years. (3) In the stable period, the radial growth of P. tabuliformis at the low altitude showed a significantly negative response to temperature and a positive response to precipitation in May and June. The tree radial growth at the medium altitude was positively related to precipitation in June and minimum temperature in February. The tree growth at the high altitude was mainly positively correlated with the temperature in May and August. In the rapid change period, the radial growth of P. tabuliformis at the low altitude was affected by more meteorological factors than that in the stable period. Medium-altitude trees were positively influenced by precipitation in June and minimum temperature in January, whereas high-altitude trees responded positively to wind speed in February. (4) Along altitudinal gradients, tree radial growth was more related to temperature than precipitation in the stable period. The tree radial growth at the high altitude during the rapid change period was only affected by wind speed in February, whereas the tree radial growth at low and medium altitudes was mainly affected by temperature to a similar extent during the two periods.



Discussion

The study indicated that tree growth-climate response models could help deeply understand the impact of climate change on tree growth adaptation and would be beneficial for developing sustainable management policies for forest ecosystems in the transition zone from warm-temperate to subtropical climates.
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1 Introduction

The global warming trend continues (WMO, 2022), and forests will be greatly affected (Bonan, 2008). However, knowledge about how forests have responded to continuous warming since the latter half of the last century has not been well documented (Matías et al., 2017). Therefore, exploring the impact of climate change on forest ecosystems has become an important scientific issue (Babst et al., 2018). With accurate dating, high resolution, long time series and retention of rich tree growth information (Fritts, 1976), tree rings have been widely used by scholars from various countries for paleoclimate reconstruction, assessing the response of tree growth to climate change, and revealing the impact of temperature increase on regional vegetation (Zhang and Qiu, 2007; Liang et al., 2009; Fan et al., 2010; Wang et al., 2017).

Climate warming since the latter half of the 20th century has changed the environmental conditions and growth trends of trees (Rai et al., 2020), as well as the way trees interact with the climate (Babst et al., 2019). It also alters tree physiological processes and ecosystem productivity in an interactive and complex manner (Keenan et al., 2013; Reed et al., 2018). Studies have shown that the threshold effect leads to changes in the relationship between tree radial growth and climate (Jacoby and D’Arrigo, 1995). For example, under the influence of climate change, the changes in tree-ring width showed synchronization with climate factor fluctuations (Shestakova et al., 2016); however, temperature increases caused growth declines in some tropical forests (Feeley et al., 2007). This showed that trees in different climatic zones respond differently to climate change (Zhou et al., 2021). Altitudinal differences also increase the complexity of the response of tree growth to climate change (Zhang et al., 2022).

The altitude gradients are equivalent to natural cooling and humidifying platforms. With increasing altitude, the relationship between tree growth processes and climate factors changes (Salzer et al., 2014). Trees at different altitudes can adopt different ecological strategies to respond wisely to vertical zonal changes in mountain forest climates (Zhang et al., 2022). It is generally believed that the radial growth of trees at high altitudes is mainly limited by temperature, and at low altitudes, it is mainly related to precipitation (Wu et al., 2017). However, with global warming, the limiting effect of temperature on tree growth at high latitudes is gradually diminishing. The effect of precipitation on tree growth is becoming stronger (Büntgen et al., 2008; Loehle, 2009). This may be because there are different response mechanisms of tree radial growth to temperature and precipitation along altitudinal gradients. Therefore, it is important to explore how tree redial growth responds to climate change at different altitudes in the same region.

Currently, under the context of a warming and drying climate, the Qinling Mountains, an important geographic and climate dividing line in China, have attracted the interest of many scholars for their climate change and possible impacts (Li et al., 2022). Similarly, the Zhongtiao Mountains, which belong to the same warm-temperate to subtropical climate transition zone as the Qinling Mountains, are also a sensitive and vulnerable area for tree growth in response to climate change. In addition, P. tabuliformis is an important timber-tree species in North, Northwest and Northeast China, with a wide natural distribution area, which has a prominent strategic position in maintaining regional ecological security and significant economic advantage. Moreover, it is one of the dominant tree species in the Zhongtiao Mountains and the main forestation species in this area. Considering that tree rings have the characteristics of climatic sensitivity, accurate dating, strong continuity and high resolution, they have been widely used in dendroclimatological studies. For example, the tree rings of P. tabuliformis can be used to predict climate trends based on data about January-June precipitation changes over the last 296 years (1724-2019) (Cao et al., 2021) and the annual precipitation since 1686 in Ningwu County of China’s Shanxi Province (Li et al., 2006). However, the relationship between tree rings and micrometeorological factors at different altitudes is unclear. Therefore, it is necessary to explore the radial growth and dynamic response patterns of P. tabuliformis at different altitude gradients under climate change using the tree-ring method.

The aim of this study was to (1) investigate the pattern of radial growth of P. tabuliformis in response to climate factors at different altitude gradients; (2) quantify the contribution of climate factors to the radial growth of P. tabuliformis at different altitudes; and (3) reveal the radial growth trend of P. tabuliformis under the warming climate in the Zhongtiao Mountains. The study may provide sustainable management for forests with climate change in the Zhongtiao Mountains of China’s Shanxi Province.



2 Materials and methods


2.1 Study sites

Zhongtiao Mountain (34°36´-35°53´N and 115°15´-112°37´E) is located in southern Shanxi Province. It is a long, narrow, northeast−southwest trending mountain system, with the southern remnants of the Taihang Mountains on the east and the Yellow River cutting it off from the Huashan Mountains on the west. Lying in the transition zone from warm-temperate to subtropical climate zones, it belongs to a warm temperate continental monsoon climate. It is hot and rainy in summer and cold and dry in winter. According to the meteorological data of the nearest Qinshui County National Weather Station (35°41′ N, 112°11′ E), the mean annual temperature (MAT) was 3-11°C, with the coldest in January (-8.2°C) and the hottest in July (28.8°C). The mean annual precipitation (MAP) was 600-720 mm, mainly concentrated in June, July, August and September, accounting for 69.67% of the annual precipitation (Figure 1).




Figure 1 | Climate records of monthly mean temperature (T), monthly mean minimum temperature (Tmmin), monthly mean maximum temperature (Tmmax), and monthly precipitation (P) during 1958-2017 at the Qinshui County Meteorological Station.





2.2 Tree-ring data and chronologies

In 2018, based on the distribution range of P. tabuliformis in the Zhongtiao Mountains, we selected 18 mature dominant trees as standard trees at low altitude (L, 1200-1300 m, n=7), medium altitude (M, 1300-1400 m, n=5) and high altitude (H, 1400-1500 m, n=6). The north−south direction and the location at breast height (1.3 m) were marked on the tree trunks. After felling, disks approximately 3-5 cm thick were intercepted at breast height (1.3 m) and marked with the standard tree number, north−south direction, etc. In the laboratory, the nonmarked surfaces were sanded and polished until the ring boundary of the disks was clearly visible. The disks were scanned by MICROTEK-3200A3L. Then, the ring width was measured using WinDENDEO (accuracy 0.001 mm) in eight directions. That is, we defined the due south direction as 0 degrees and recorded one core every 45 degrees in a clockwise direction, with a total of eight cores recorded for each disk. Meanwhile, we determined the accurate calendar age of each ring following a cross-dating procedure using the “dplR” package (Bunn, 2008) in R software (R Development Core Team, 2020). The age of each ring with dating errors was remeasured and cross-dated again. The unqualified cores that could not be dated (such as the severely damaged samples) were removed. Finally, 106 cores were used in this study.

The growth of trees is not only influenced by environmental factors but also controlled by their own physiology. To reduce the impact of individual differences between trees, the raw tree-ring width sequence was transformed into a standard and dimensionless ring-width index using the function “detrend” from the “dplR” package (Bunn, 2008) in R software. The standard chronology can accurately reflect the changes in tree growth patterns and the associated climatic factors (Wang and Yang, 2021). Additionally, the detrended tree-ring width indices were averaged using a robust biweight mean, with the function “chron” from the “dplR” package in R, to obtain the standard chronology. The quality of the chronologies was evaluated by several statistical parameters (Table 1). Specifically, mean sensitivity (MS) effectively reflects the interannual variability of the width between successive rings. For example, a high MS value indicates that the ring-width variation is more sensitive to climate than a low MS value. The signal-to-noise ratio (SNR) and expressed population signal (EPS) indicate the representativeness of the sample, with larger values indicating more environmental information for analysis in the chronology. For example, an EPS value above 0.85 generally indicates a qualified and reliable chronology (Wigley et al., 1984). The first-order autocorrelation (AC1) was generally used to identify whether the tree-ring width of the current year has a relationship with the climate factors of the previous year.


Table 1 | Statistical parameters of the standardized chronology of P. tabuliformis at different altitude gradients.





2.3 Meteorological data

In this study, the daily meteorological data during 1958-2017 observed in the Qinshui County National Weather Station were used, as it is close to the study site and the data could represent the climate background in the study area. After calculation, we obtained climate indices, including monthly precipitation (P, mm), monthly temperature (i.e., mean temperature (T), maximum temperature (Tmax), minimum temperature (Tmin), mean maximum temperature (Tmmax), mean minimum temperature (Tmmin), °C), monthly relative humidity (RH, %), monthly sunshine hours (S, h), monthly average wind speed (WS, m/s), and standardized precipitation-evapotranspiration index (SPEI). Specifically, SPEI was calculated by the difference between standardized precipitation and potential evapotranspiration using the “SPEI” package (Beguería and Vicente-Serrano, 2009) in R software. For example, a negative SPEI value indicates a lack of water, which may depress tree growth. Conversely, a positive SPEI value indicates that tree growth can be promoted (Vicente-Serrano et al., 2010). Considering the “lag effect” of climate factors (Fritts, 1976), the climate data from the previous June to the current September during the whole period of 1958–2017 were used to investigate the effects of intra-annual climate factors on tree radial growth.



2.4 Data analyses

The Mann-Kendall test (Gocic and Trajkovic, 2013) was used to analyze the trend of meteorological data during 1958-2017. The correlation coefficient (r) of standard chronologies at different altitudes with monthly climate variables was calculated using the “treeclim” package (Bunn, 2008) in R software. Moreover, according to previous studies (Dormann et al., 2013; Harrison et al., 2018), |r| < 0.7 is an appropriate indicator that the tree’s radial growth at different altitudes is independent. To quantify the effects of climatic factors on tree radial growth, multivariate stepwise regression analysis was performed by the “step” function from the R package “stats” (Zhang et al., 2020) using the tree-ring width index as the predictor variable and climatic factors as explanatory variables to obtain the optimal regression model. Before regression, the values of climatic factors were standardized. To quantify the interpretation rate of tree radial growth by climatic factors, the R2 of each explanatory variable in the regression model was used as the explanatory rate (the sum of the explanatory rates of each factor was the total R2 of the regression model, which could actually reflect the explanatory amount of each factor for tree radial growth), and the percentage of the absolute value of the standardized regression coefficient of each explanatory variable to the sum of the absolute values of the regression coefficients of all explanatory variables was used as the contribution rate of climatic factors to tree radial growth (Le Bagousse-Pinguet et al., 2019). Data analysis was performed in R language, and the significance level was α=0.05.




3 Results


3.1 Climatic trends

According to the results of the Mann-Kendall test analysis of the meteorological data during 1958-2017 in the study area, the mean annual temperature (MAT) increased at a rate of approximately 0.15°C/decade, whereas the mean annual precipitation (MAP) decreased at a rate of 24.27 mm/decade (Figure 2). Additionally, the UF and UB curves of MAT and MAP had crossing points in 1996 and 1969, respectively (Figure 2). We considered 1996 to be an abrupt point in climate change because the UF value of MAT before 1996 was almost less than zero, and 1969 was the initial stage of the study.




Figure 2 | The variation and abrupt change in (A) mean annual temperature and (B) mean annual precipitation during 1958–1996 (red circle) and 1997–2017 (blue square) based on the Mann-Kendall test. UF: sequence of forward test values, UB: sequence of reverse test values.



There was a decreasing trend for MAP in both periods (i.e., 1958-1996 and 1997-2017), which was similar to the MAP of the whole period (Figure 2B). Conversely, there were increasing trends for MAT in the period of 1997-2017 and the whole time, except for 1958-1996 (Figure 2A). Additionally, the MAT of 1997-2017 had a larger coefficient of variation (CV=10.70%) than that of 1958-1996 (CV=3.72%). Collectively, we divided the entire study period into relatively stable (1958-1996) and rapid change periods (1997-2017).



3.2 Chronology characteristics and tree radial growth along altitudinal gradients

In this study, the statistical parameters of the standard chronology had generally similar variation trends at three different altitude gradients (Table 1). For example, the values of first-order autocorrelation (0.826), signal-to-noise ratio (7.499) and expressed population signal (0.882) were the highest at medium altitude, followed by low altitude (0.559, 6.068 and 0.859, respectively), and finally high altitude (0.452, 5.972 and 0.857, respectively).

Comparing the characteristic curves of the ring width index (RWI) changes at different altitude gradients of the two periods, the RWI of low and medium altitudes increased slowly before 1996 (the slopes of the regression line were 9.34×10-4 and 2.64×10-3, respectively) and increased rapidly after 1996 (8.1×10-3 and 8.91×10-3, respectively), while the RWI of high altitude decreased at both periods (Figure 3).




Figure 3 | Tree radial growth of P. tabuliformis in natural forests during 1958–1996 (red circle) and 1997–2017 (blue square) at (A) low altitude, (B) medium altitude and (C) high altitude.





3.3 Response of tree radial growth to climate at different altitude gradients

For the period 1958-1996, the tree radial growth of P. tabuliformis at the low altitude had a significantly negative correlation with monthly mean temperature in May (TC5, p < 0.05), maximum temperature in June (Tmax-C6, p < 0.05) and mean maximum temperature in May (Tmmax-C5, p < 0.01) but had a significantly positive correlation with monthly relative humidity in May (RHC5, p < 0.05) and June (RHC6, p < 0.05), as well as the SPEI in May (SPEIC5, p < 0.01) (Figure 4A). Consistent with low altitude, the tree radial growth at medium altitude had a significantly negative correlation with Tmax-C6 (p < 0.05) and a positive correlation with RHC6 (p < 0.05) (Figure 4B). However, the radial growth at high altitude had a significantly negative correlation with TC5 (p < 0.05), Tmmax-C5 (p < 0.05) and monthly minimum temperature in August of the previous year (Tmin-P8, p < 0.05) but had a significant positive correlation with TC8 (p < 0.01), Tmmax-C8 (p < 0.01), monthly maximum temperature in September of the previous year (Tmax-P9, p < 0.01), monthly mean precipitation in May (PC5, p < 0.05), as well as SPEI in May of the current year (SPEIC5) and September of the previous year (SPEIP9, p < 0.05) (Figure 4C).




Figure 4 | Correlations between the ring width index (RWI) and monthly climatic factors at (A, D) low (L), (B, E) medium (M) and (C, F) high (H) altitudes during (A–C) 1958–1996 and (D–F) 1997–2017. *, p < 0.05; **, p < 0.01. RH, relative humidity; T, monthly mean temperature; P, monthly precipitation; SPEI, standardized precipitation-evapotranspiration index; WS, monthly mean wind speed; S, monthly mean sunshine hours; Tmax, monthly maximum temperature; Tmmax, monthly mean maximum temperature; Tmin, monthly minimum temperature; Tmmin, monthly mean minimum temperature. For the labels on the right, P indicates the previous year; C indicates the current year, and the numbers indicate the month.



Compared with the period of 1958-1996, the radial growth of P. tabuliformis at different altitudes showed more complex relationships with climatic factors during 1997-2017 (Figure 4). In the low-altitude zone, radial growth had a significantly negative correlation with monthly mean sunshine hours (SC5, p < 0.05) and TC5 (p < 0.01) but a positive correlation with RHC5 (p < 0.05), P-5 (p < 0.05), SPEIC5 (p < 0.05), Tmax-C5 (p < 0.05), Tmax-P7 (p < 0.01), Tmmin-C1 (p < 0.05) and wind speed in February of the current year (WDC2, p < 0.01).

Unlike at the low altitude, the radial growth at medium and high altitudes was significantly correlated with only a few meteorological factors (Figure 4). For example, the radial growth at medium altitudes had a significantly positive correlation with P-6, SPEIC6 and Tmmin-C6 but a negative correlation with Tmmin-P8 (p < 0.05, Figure 4E). Additionally, the radial growth at the high altitude only showed a significantly positive correlation with WSC2 (p < 0.01, Figure 4F).



3.4 Contribution of climatic factors to the radial growth of trees

The results of multivariate stepwise regression analysis showed that the influence of temperature and precipitation on the radial growth of P. tabuliformis varied with altitude (Table 2). Moreover, the contributions of temperature and precipitation to the radial growth of P. tabuliformis were different (Figure 5).


Table 2 | Estimates of the multivariate stepwise regression model of the effect of climate factors on the radial growth of P. tabuliformis..






Figure 5 | The contribution of different climatic factors in explaining the tree radial growth of P. tabuliformis at (A, D) low (L), (B, E) medium (M) and (C, F) high (H) altitudes during (A–C) 1958–1996 and (D–F) 1997–2017, respectively, based on the optimized regression model (see Table 2). See Figure 4 for abbreviations of meteorological factors.



During the period of 1958-1996, the current year’s temperature explained 67% (37% for Tmmax-C5 and 30% for Tmmin-C2), and precipitation explained 33% (RHC6) of the variation in radial growth of P. tabuliformis at low altitude, respectively (Figure 5A). For radial growth at the medium altitude, the contributions of temperature (Tmmin-C2) and precipitation (RHC6) in the current year were 49% and 51%, respectively (Figure 5B). At the high altitude, the temperature of the previous and current years explained 79% (34% for TC5, 21% for Tmax-C8 and 24% for Tmin-P8), and the precipitation of the previous year explained 21% (SPEIP9) of the radial growth variation in P. tabuliformis (Figure 5C).

During the period of 1997-2017, the contribution rate of temperature to the radial growth variation of P. tabuliformis at the low altitude was 66% (25% for Tmax-P7, 22% for Tmmin-C1 and 19% for Tmax-C4), and that of wind speed (WSC2) and sunshine hours (SC5) was 13% and 21%, respectively (Figure 5D). At the medium altitude, the contribution rates of temperature and precipitation to the variation in radial growth of P. tabuliformis were 53% (29% for Tmmin-P8 and 24% for Tmmin-C1) and 47% (SPEIC7), respectively (Figure 5E). At the high altitude, the radial growth variation of P. tabuliformis was only significantly affected by the wind speed in February of the current year (Figure 5F).




4 Discussion


4.1 Chronological characteristics and change patterns at different altitudes

In this study, most of the statistical parameters (e.g., SNR, EPS and AC1) of the standard chronology at the medium altitude exhibited higher values than those at low and high altitudes, but the value of mean sensitivity had the opposite trend (Table 1), which was consistent with the findings of previous studies (Fritts, 1976; Shrestha et al., 2017; Panthi et al., 2020). These results indicated that compared with that at low and high altitudes, the tree-ring width at the medium altitude exhibited lower sensitivity to climate change. This may be because the climatic conditions at medium altitudes were suitable, and other topographic or microenvironmental factors had an impact on tree growth (Weemstra et al., 2021).

Previous studies were conducted at sites in the arid zone, where spring precipitation may be the limiting factor for tree growth (Gou et al., 2004). However, our study area is in the transition zone from a warm temperate to subtropical climate zone, with relatively abundant precipitation, indicating that the growth of trees may be less affected by precipitation than other disturbance events. For example, our study area belongs to a warm temperature continental monsoonal climate zone, with cold and dry winters and windy springs. A previous study showed that the average daily wind speed in winter (pre-November to January) was approximately 3 m/s, which can directly cause the trunk and branches of the tree to break; furthermore, the wind also caused snow to accumulate, indirectly causing the breakage of the trunks and branches (Firm et al., 2009). Additionally, physiological drought caused by strong winds may also be a main cause affecting tree growth (Yu et al., 2016). In the present study, the radial growth of P. tabuliformis at high altitudes was more vulnerable to climate change than that at low and medium altitudes (Table 1), which was inconsistent with the previous findings by Zhang et al. (2015). This may be because the lowest elevation in Zhang et al.’s study was 2330 m, while the highest elevation in this study was 1500 m, indicating that tree radial growth at different altitudes was affected by microenvironmental factors.



4.2 Tree growth-climate response models at different altitudes

In this study, the radial growth of P. tabuliformis among the three altitudes had different degrees of variation and inconsistent relationships with climatic factors in the relatively stable (1958-1996) and rapid change periods (1997-2017) (Figure 3).

At the low altitude, the radial growth of P. tabuliformis was inhibited by the maximum temperature in May and June during the stable period (Table 2, Figure 4A), which was consistent with previous studies conducted in the eastern and northern Qinling Mountains (Shi et al., 2012; Sun and Liu, 2016). A study conducted in a lower montane site of the Swiss Plateau (805 m a.s.l.) showed that tree-ring growth had a significantly negative correlation with June temperature (Meyer and Braker, 2001). This may be because the higher temperature of the early growing season accelerated soil moisture loss, and tree roots could not obtain the water required for photosynthesis, leading to tree radial growth restriction (Peng et al., 2011). Furthermore, the radial growth of P. tabuliformis was enhanced by the relative humidity in May and June during the stable period (Table 2, Figure 4A). This is presumably because May and June are early in the growing season, when the water requirement for rapid shoot growth and dry matter accumulation increases (Yang et al., 2004). Meanwhile, the increase in relative humidity of the early growing season helps to replenish the water required for the physiological activities inside the trees and accelerates cell division, which leads to an increase in photosynthetic products and promotes the growth of the tree (Cui et al., 2021). Additionally, we found that tree radial growth at low altitudes was enhanced by the maximum temperature in April during the rapid change period (Table 2, Figure 4D). This phenomenon was also previously found in other regions of China (Yang et al., 2022). This is likely because the moderate warming in April was useful to break dormancy, promote snow melting and increase soil moisture, indirectly enhancing tree growth (Dang et al., 2007).

For the medium altitude, the radial growth of P. tabuliformis showed a significantly positive correlation with minimum temperature in February in the stable period (Table 2, Figure 4B). This was consistent with previous findings on the southern slope of the Qinling Mountains (Liu and Shao, 2003). The reason may be that February is the dormant period of plants, when the minimum temperature can affect the mechanical damage of trees and the reserve of tree water requirements (Liu et al., 2009). Conversely, the relationship between radial growth and the maximum temperature in June during the stable period was significantly negative (Figure 4B). For example, the increase in temperature of the growing season will result in the closure of stomata to reduce transpiration, thereby decreasing the photosynthetic rate and influencing organic matter synthesis and storage, which is detrimental to the growth of trees in the current year and even affects the growth of trees in the following year (Chen et al., 2011). In addition, the elevated summer temperature tended to induce drought events, which caused the embolism of xylem conduits and inhibited tree growth (Silva and Anand, 2013; Subedi and Sharma, 2013; Deslauriers et al., 2014). However, in the rapid change period, tree radial growth had a significant and negative correlation with the minimum temperature in August of the previous year (Figure 4E). A previous study showed that higher temperatures in the growing season caused stronger evapotranspiration, leading to soil water loss and stomatal closure, which in turn affected plant photosynthesis and inhibited the development of cells in the cambium (Tian et al., 2017).

Relative to the low and medium altitudes, tree radial growth at the high altitude during the stable period was affected by the temperature and precipitation of the current year as well as in the previous year (Figure 4C). For example, there was a significantly positive correlation between tree radial growth and the mean and maximum temperatures in August of the current year (Figure 4C). This may be related to the fact that higher temperatures can effectively prolong the length of the growing season in the high-altitude zone (Vitasse et al., 2018). Similarly, a previous study conducted at high altitudes in the Changbai Mountains showed that the higher temperature of the growing season was beneficial to the radial growth of trees (Wang et al., 2013). Moreover, there was a significantly positive correlation between tree radial growth at high altitudes and precipitation and SPEI in May during the stable period (Figure 4C). This may be because more precipitation in the early growing season helps to alleviate soil moisture deficits, increase the photosynthetic rate of trees, and facilitate carbohydrate synthesis and accumulation, thus promoting tree growth (Deslauriers et al., 2016; Chen et al., 2017). However, tree radial growth at the high altitude during the rapid change period was only influenced by the wind speed in February of the current year (Table 2, Figure 4F). One possible explanation is that winter precipitation in the study area mostly occurs in the form of snowfall, and low-temperature winds from the Siberian continent in February help the snowfall serve as an insulation layer for tree roots against frostbite (Reinmann and Templer, 2016).



4.3 Effect of warm and dry climate on the growth of P. tabuliformis

In our study, meteorological data recording showed an increase in temperature (from 10.25°C to 10.91°C) and a decrease in precipitation (from 614.39 mm to 564.70 mm) from 1958-1996 to 1997-2017 (Figure 2), leading to a trend toward a warmer and drier climate.

At the low altitude, the radial growth of P. tabuliformis in warm and dry climates (i.e., 1997-2017) had slightly lower mean values (0.97 vs. 1.00) and a higher coefficient of variation (CV, 27.01% vs. 12.40%) compared to the preclimate change period (i.e., 1958-1996) (Figure 3A). A previous study showed that the 600 mm precipitation isoline distinguished the response of tree ring width to climate, and the temperature south of this isoline significantly affected tree growth (Liu et al., 2019). This may be one reason for explaining our result, considering the area of our study located south of the 600 mm precipitation isoline.

Similar to the low altitude, the radial growth of P. tabuliformis at medium altitude in the period of 1997-2017 had higher CV (24.69% vs. 18.42%) and slightly higher mean values (0.99 vs. 0.97) than that of 1958-2016 (Figure 3B). Most likely, appropriate increases in temperature, within the threshold range of the optimal growth temperature of trees, can promote the absorption of water and nutrients, which in turn stimulates tree growth (Körner, 2007). As our study showed, the contribution of temperature for low (66% vs. 67%) and medium (49% vs. 53%) altitudes was almost equal over the two periods (Figure 5).

In contrast to the findings at medium and low altitudes, the radial growth of P. tabuliformis at the high altitude tended to decrease in both periods (Figure 3). This may be because high-altitude P. tabuliformis grows mainly in sandy and rocky areas with poor water storage capacity, where trees are susceptible to drought stress due to soil moisture being depleted, thus inhibiting tree radial growth (Girardin et al., 2016). Therefore, the negative effects of drought stress caused by rising temperatures on tree growth at the high altitude may be greater than the positive effects of increased precipitation with increasing altitude (Babst et al., 2019).




5 Conclusions

In this study, according to the results of the Mann-Kendall test, the climate background was divided into two periods: a relatively stable period (1958-1996) and a rapid change period (1997-2017). Changes in temperature (from 10.25°C to 10.91°C) and precipitation (from 614.39 mm to 564.70 mm) over the two periods indicated that the climate became warmer and drier in this region.

The radial growth of P. tabuliformis along the altitudinal gradients responded differently to the changing climate. Compared with the tree radial growth during the relatively stable period, the tree radial growth at low and medium altitudes increased faster with increasing temperature during the rapid change period. Conversely, a decreasing trend in radial growth at high altitudes was found throughout the whole period.

Additionally, the relationship between tree radial growth and climatic factors varied with altitude and varied in different climatic periods. For the trees at the low altitude, tree radial growth in the rapid change period was affected by more meteorological factors than that in the relatively stable period, although the temperature was the main influencing factor in both periods. Similar phenomena could be found at medium altitudes. However, tree radial growth at high altitudes during the rapid change period was only affected by wind speed in February, despite the temperature explaining 79% of the variation in radial growth in the relatively stable period.

Therefore, this study indicated that climate response models for tree radial growth along altitudinal gradients will be useful for providing more accurate suggestions for the future implementation of forest management policies in P. tabuliformis plantations under the background of global warming. Furthermore, it is helpful to better understand the dynamic responses of forest ecosystems to climate change, as well as to predict the impact of future global change on terrestrial ecosystems.
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The roots of some coastal and wetland trees grow peculiar vertical protrusions, the function of which remains unclear. Here, using computational simulations based on first-principles fluid and sedimentation dynamics, we argue that the protrusions work together to create an elevated patch of sediment downstream of the tree, thereby creating its own fertile flood-protected breeding grounds for the seedlings. In our simulations, we vary the vertical root diameter, root spacing and total root area and show that there is an optimal vertical root spacing that depends on root thickness. Next, we quantify and discuss the cooperative effects between adjacent vertical root patches. Lastly, by varying vertical root spacing of a patch of trees, we estimate a maximal vegetation density for which vertical-root production has a beneficial geomorphological response. Our hypothesis suggests that vertical roots, such as the ‘knee roots’ of baldcypress trees, have an important role in shaping riparian geomorphology and community structure.




Keywords: regeneration mechanism, flood disturbance, riparian vegetation, cypress knees, mangrove roots, vertical roots, cone roots, pencil roots




1 Introduction

A number of tree species inhabiting coastal and wetland regions exhibit peculiar root structures that grow out of the soil vertically (see Figures 1A–C). Notable examples include the “knee roots” of Taxodium distichium (bald cypress), the “pencil roots” of the Avicennia genus and the “cone roots” produced by various species of Sonneratia and Bruguiera as well as Xylocarpus moluccensis Allen and Duke (2006); Srikanth et al. (2016).




Figure 1 | (A) Baldcypress knee roots (B) Cone roots of Xylocarpus moluccensis. (C) Cone roots of Sonneratia alba. (D) Vertical roots are modeled as circular obstacles in a two-dimensional unstructured mesh of varying resolution from 0.001   around each root to 1.3   far from the vegetation patch. (E) Trees exhibiting vertical roots are native to coastal and riparian environments subject to frequent flooding. Boundary conditions are set to mimic a vegetation patch with flood discharge from left to right with constant water height at each boundary edge. Images courtesy of (A) Jimmy Smith via Flickr available at https://www.flickr.com/photos/98937825@N00/2658124105. (B) Sagar Adhurya (C) Ria Tan “Perepat (Sonneratia alba)” by wildsingapore https://openverse.org/image/b0d46209-fd3c-4885-b057-b20aa91570df/ (E) Shawn Bannon via https://www.youtube.com/watch?v=JCuUpZXQDac.



Pencil roots and cone roots are common across mangroves, a class of species adapted to low-lying coastal areas typically of high salinity. A popular hypothesis is that these protrusions are pneumatophores, i.e. they act as snorkels that provide oxygen to the submerged parts of the root system Chomicki et al. (2014); Srikanth et al. (2016). This hypothesis is plausible due to the presence of specialized features, lenticels and aerenchyma, which allow gas to move into and throughout the plant when the vertical root is exposed Scholander et al. (1955); Armstrong (1979); Purnobasuki and Suzuki (2005); Seago et al. (2005); Arber (2010); Tomlinson (2016); Srikanth et al. (2016).

The function of another kind of vertical root, the “knees” of the bald cypress, is a bigger enigma (Figure 1A). These trees are long-lived conifers native to low-lying areas of southeastern United States and grow in a wide variety of soils along rivers, lakes, and swamps Shankman and Kortright (1994). In these frequently-flooded environments, seeds are primarily distributed by water Schneider and Sharitz (1988), where flood currents carry the seeds downstream and onto embankments or against protruding objects where they become embedded in sediment and germinate in the spring when flood levels have abated Streng et al. (1989); Huenneke and Sharitz (1990). The mechanism for knee formation was suggested to be the exposure of upper roots to the atmosphere during a flood drawdown. This metabolically favorable condition for respiration results in thicker layers of wood on the exposed region, which over time, creates a knee Whitford (1956). Various ideas have been proposed for why bald cypresses grow knee roots, including mechanical support Lamborn (1890), starch storage Brown (1984); Brown and Montz (1986), and gas exchange Kramer et al. (1952); Armstrong (1979); Briand et al. (2000); Martin and Francke (2015); Rogers (2021), however, neither of these explanations are entirely satisfactory. The mechanical hypothesis relies on the assumption that the knees provide support for a network of smaller roots extending downwards, however it was observed that these root networks were often not present Brown and Montz (1986). The starch storage hypothesis does not explain why trees growing in fluctuating wet and dry conditions need such an auxiliary organ and those that grow in constant wet or dry conditions do not.

The gas exchange hypothesis is not entirely satisfactory either. A field experiment concluded that due to the high rates of metabolic activity in cypress knees, the additional oxygen uptake was not great enough to significantly oxygenate the entire root system Kramer et al. (1952). Conversely, a laboratory experiment showed that cypress roots with knees exposed to the atmosphere indeed show increased oxygen levels Martin and Francke (2015), however the authors did leave open the possibility that knees are a response to another evolutionary driving force. The aeration hypothesis does little to explain the observation that cypress knees are not usually seen on trees growing in the most anoxic environments such as in perpetually deep water Kernell and Levy (1990); Briand et al. (2000); Martin and Francke (2015); Middleton (2020) and cypress knees do not show the characteristic aerenchyma and lenticels typical of pneumatophores Briand et al. (2000). Furthermore, if the knees indeed serve to exchange gasses, it is puzzling why the number of knees is inversely correlated with the maximum flood depth of the habitat Yamamoto (1992). Recently, a new but similar hypothesis proposes that rather than the knee’s directly providing oxygen to the root system below, the knee’s act as pumping stations, which due to their exposure to the atmosphere, are able to produce more sap in the emergent inner phloem tissue at the top of the knee which then is dispersed to the roots below Rogers (2021). But ultimately, with conflicting experimental evidence and perplexing field observations, it remains unclear if the knees are for aeration or pumping.

In this paper, we employ computer simulations based on physical first principles describing the fluid dynamics and geomorphodynamics surrounding the vertical roots, to compare the flow and elevation profiles in the vicinity of trees with and without vertical roots to better understand their function. In our simulations, we observe that the vertical root clusters shape the fluid flow around the tree, which in turn leads to substantial sediment accumulation downstream (called a “sand bar”), which we argue is their function / a function. We observe that a closely packed arrangement of vertical roots pulls the sand bar closer to the tree, which we discuss, could be preferential for certain life history strategies. By adding vertical roots in between arrays of trunks with varying density, we establish that vegetation growing at low densities benefit from knee production and vegetation growing at high densities are hindered by it.

We quantify how clusters of vertical roots modify the flow velocity and accumulate sediment, both as a function of the total area of the vertical root cluster, their spacing, and their thickness. We plot the soil erosion as a function of time at various distances away from a tree with vertical roots, and compare these numbers to that near a tree without vertical roots.

Additionally, we show that adjacent clusters of vertical roots operate cooperatively, in the sense that their collective benefit is more than the sum of their individual benefits; thus neighboring trees have an incentive to close the gap between themselves with vertical roots. The cooperative effect also predicts that trees growing in clusters would show significant advantages to isolated trees, thereby demonstrating the importance of spatial density in the dispersal of riparain vegetation. Interestingly, in our simulations, we find an optimal vertical root separation that maximizes the “viable soil area”, i.e. the area of soil whose elevation is above a certain threshold. Moreover, we find the optimal root separation to be largely independent of the threshold chosen, and other physical system parameters, such as the water discharge rate. Remarkably, we find that the optimal value obtained from our simulations agrees with the empirically observed knee separation in bald cypress forests, which supports our hypothesis that vertical roots function as soil collectors.

Lastly, we should emphasize that neither of the available hypotheses (gas exchange, carbon storage, structural stability) explain the observation that baldcypress trees only grow knee roots in environments with fluctuating water levels (where there is flow) and not in persistently dry or submerged conditions, (where there is no flow). However, the hypothesis presented here does.

The sediment accumulation itself might serve multiple purposes, such as (1) the generation of elevated pioneer landforms which increase the ability for local vegetation recruitment by reducing the chance for a seedling to drown Naiman et al. (1993); Ward et al. (1999); Gurnell and Petts (2002); Gurnell (2014); Yagci and Strom (2022). As an additional synergistic effect, the vertical roots (2) slow down the water right at the elevated region downstream, thereby increasing the probability that seeds germinate there both by directing seeds in the downstream direction and stabilizing the elevated region Danvind and Nilsson (1997); Ashworth et al. (2000). There may be additional (possibly less-significant) benefits of the added sediment, such as (3) to better anchor the tree against fast winds (highly common in this habitat), and possibly, (4) to increase the soil nutrition available to both the parent and saplings through the accumulation of fine silts and organic particles Ward et al. (1999); Ashworth et al. (2000); Gurnell and Petts (2002).

As we conclude our introduction, we should emphasize that the implications of our simulations are not exclusive to protrusions that grow upwards from the soil, but also for more typical root structures growing from the trunk or branches into the soil, such as prop and stilt roots. Aerial roots that otherwise help the plant to climb and spread would also have a similar effect. As such, the generic term “vertical root” (and occasionally, the inaccurate shorthand, “knee”) should throughout be understood as any structure above the soil line that is perpendicular to the direction of fluid flow.




2 Materials and methods

While similar numerical investigations exist in the literature, an analysis of the variables influencing the preservation of downstream sediment elevation is lacking. As such, one of the goals of our model is to quantify the downstream sediment patterns after a flood event for a variety of different vertical root configurations. To capture all of the potentially relevant fluid mixing within the ‘root array’, we chose to model the roots via simplified geometrical elements, rather than a porous media model Yamasaki et al. (2021b). Therefore, to incorporate a complex bed geometry into our computational mesh, we utilized the MFlow02 solver available through the International River Interface Cooperative (iRIC) Gamou (2011); Nelson et al. (2016); Shimizu et al. (2020). MFlow02 solves two-dimensional unsteady flow and riverbed variation and due to its use of an unstructured mesh, is practical for the study of geomorphodynamic evolution of complex bed surfaces including the development of sandbars at river confluences, and the geomorphological impact assessment of piers and vegetation Gamou (2011); Nones et al. (2018); Nones (2019); Ali et al. (2019); Shimizu et al. (2020); Liu et al. (2020); Yan et al. (2022). A shortcoming of our study is the use of this two-dimensional flow modeling package, which is likely to over predict the onset of turbulence due to the inverse energy cascade phenomenon of 2-dimensional turbulence Boffetta et al. (2012); Pouquet et al. (2013). Despite this shortcoming, our results agree well with previous experimental and numerical investigations with respect to the position and size of turbulent structures, such as the formation of the Von Karman Vortex Street García (2020). For example, comparison between our model results and the numerical results presented in Nicolle and Eames (2011), gives a 7% difference in the length between the trailing edge of the root array and the formation of the Von Karman Vortex Street for similar model parameters.



2.1 Simulation details

Vertical roots are modeled as circular obstacles within a two-dimensional rectangular domain with an optimized irregular mesh. The mesh was created with the mesh generation tool in the iRIC solver suite. Mesh convergence tests were performed by comparing the sizes of hydrological features in the wake region to those previously published in order to assure model accuracy while minimizing computational cost. The mesh generation tool of the iRIC allows mesh refinement regions to be included allowing much finer mesh resolution around each vertical root than regions far from the root array. After convergence tests to within a 7 percent difference with similar models, the maximum area for mesh elements around each vertical root was set to 0.0006m2 for 10 centimeter and 14 centimeter diameter roots and 0.001m2 for roots 20 centimeters in diameter or larger (see Figure 1 panels d and e for a visual example of the two-dimensional model). The maximum area of mesh elements is then gradually increased to 1.3m2 far from the root array. Minimum angle between cell vertices is set to 20 degrees. This results in the total number of elements in each model to range between 11,000 and 18,000 depending on the number of root refinement regions being used.

For most simulations, root diameter was kept constant at 20cm (root diameters are varied between 10cm and 80cm) and are evenly spaced at the vertices of an equilateral hexagonal array. Initial bed elevation was set to ten meters across the entire model area, and initial water depth is set to one meter. Boundary conditions were selected to simulate a typical hydrologic regime that would be experienced by a riparian tree in a floodplain forest at peak flood levels as depicted in Figure 1E). The blue arrows represent the boundary conditions on each of the four sides of the model. Flood discharge from the left to the right side of the model area was varied between 40m3/sec to 10m3/sec. Boundary conditions on all other three sides were set to a constant water height of 1 meter, allowing both sediment and water movement across the boundary. To achieve results applicable to a variety of soil types, we used a mixed grain diameter sediment model with a ‘well-mixed’ sediment profile consisting of particles in the size range from 0.001mm to 34mm and a D50of 3.2mm. The morphological factor was kept at 1, relative weight of bedload material was set to 1.65, void ratio of bed material was 30 percent, and the exchange layer thickness was 0.5m. Flow was allowed to stabilize for 500 seconds to avoid any effects from initial flood wave motion. Computational time steps ranged from 0.01 seconds to 0.08 seconds depending on the density of the root array and flood time was kept constant at 25000 seconds for a total of 24500 seconds of morphological change. Flood time was determined by allowing the discharge event to continue until the bed elevation reached a steady state.




2.2 Model equations

In MFlow02, water continuity is described by



where   is time,   is the 2-D flow velocity vector, and   is the water depth. The equations describing the momentum of the flow are,

	

	

Here,   is the material derivative,  ,   and   are the flow velocity components in the   and   direction,   is the kinematic eddy viscosity,   is the gravitational acceleration,   is the water surface level (depth + ground elevation),   is a Coriolis parameter,   is the water density, and   are the bottom shear stress component in the   and   direction given by   and  .   is the riverbed friction coefficient given by  . The kinematic eddy viscosity  , is calculated from the standard k-e model as,   where   is the energy dissipation rate, l is the length scale of the turbulence,   is a constant equal to  ,   is the turbulent energy given by,  , where   is the bottom friction velocity given by,  , where, n is the Manning roughness coefficient. and The dimensionless shear stress,   used to calculate sediment discharge is calculated as,  , where s is the submerged specific gravity of the suspended sediment particle and d is the diameter of the particle. Bed load sediment discharge is calculated from the Meyer-Peter-Muller formula,



where   is the sediment grain diameter,  , is the gravel density Meyer-Peter and Muller (1948).   is the critical tractive force calculated from the Iwagaki formula Iwagaki (1956).   is calculated from the Kishi and Itakura formula Itakura and Kishi (1980). The total sediment discharge set by the formula above is divided into a sediment discharge in both the normal (n) and tangential (s) direction of the river flow streamline as,   where   stands for either the n or s direction,  ,   is the static friction factor,   is the kinetic friction factor,   is the height of the river bed, and   is   and   and are the (s) and (n) directional components of the flow velocity near the river bed and are calculated as,   and  .   is the absolute value of the flow velocity near the river bed. Here   is the radius of curvature of the river flow streamline calculated as,



The velocity of buoyancy of suspended sediment is calculated from the Itakura-Kishi formula Itakura and Kishi (1980),   where,   is a constant equal to 0.008,   is a constant equal to 0.14, and   is the sediementation speed calculated from the Rubey formula. The concentration of suspended sediment at the referential level can be calculated using the Lane-Kalinske formula Lane and Kalinske (1941),



where,   is the concentration of suspended sediment,   is a referential height equal to  . The conservation of mass of the depth-averaged concentration of suspended sediment is described by,

	

where,   and   are the diffusion coefficients of the suspended sediment. The change in elevation, z is then,



Where,   and   and  .

A mixed grain diameter model was run, where the accumulation curve of riverbed grains is divided into n hierarchies. A representative grain diameter dk indicates the existence possibility pk of a particular representative grain. Central grain diameter is defined as,  . Additionally, the sheltering effect when calculating the non-dimensional critical tractive force of each grain diameter is calculated as,



The conservation of sediment volume is then expressed as,

	





3 Results

Our solver obtains both the fluid velocity field and the resulting force governing the sediment motion (cf. Materials and Methods). First, we compare the differences in fluid flow and downstream sediment motion around a tree with and without vertical roots. Then, by making variations in vertical root density in the cluster, we determine the optimal root density that would maximize the downstream area above a chosen threshold. We then quantify the peak position of the sediment accumulated downstream, a variable that is important for certain plant life histories. Then, by using vegetation clusters containing two different sizes, we determine the density of vegetation that would benefit from growing knees. Last, we investigate the cooperative effects between adjacent vertical root patches,



3.1 Vertical roots reduce erosion

First we compare the sediment height (Figures 2A, C) and fluid velocity profile (Figures 2B, D) around a tree with vertical roots with one without. When a tree is surrounded by vertical roots, a sediment bar of approximately one meter above the surrounding topography forms between one and eight patch lengths downstream of the tree. When the tree has no vertical roots, no downstream bar is formed. The elevation versus time plot in Figure 2 shows the elevation at 1, 4, and 8 patch lengths downstream for the tree with knees. Only a single curve is given for the tree without knees as no spatial variation in sediment height was observed.




Figure 2 | Comparison of the sedimentation patterns around a tree with and without vertical roots. (A) Elevation pattern downstream of the tree with knees. Length scale provided is given in units of ‘patch length’(1 PL=5m) measured from the downstream edgeof the vegetation patch. (B) Velocity pattern around a tree with knees. (C, D) Elevation pattern downstream, and velocity pattern around the tree without knees. Plot (E) shows the elevation vs. time for the three indicated locations downstream of each vegetation array. Solid/open symbols are for a tree with/without vertical roots respectively. Because of the lack of spatial variation in bed elevation in (C), only one curve is shown in (E) for the tree without vertical roots. Color bar shows elevation and velocity magnitude and arrows show direction of the fluid flow.



The difference in downstream elevation can be explained by the increased drag on the fluid causing a delay in patch-scale turbulence formation due to bleed flow through the cylinder array. A more detailed description of this wake hydrology can be found in Yagci et al. (2016); Chang et al. (2017); Kitsikoudis et al. (2020). This consequence is particularly advantageous for plants whose seeds require deposition onto an exposed surface. As such, vertical roots can be viewed as organs that generate downstream protected microhabitats where the seeds can successfully germinate.




3.2 An optimal vertical root density minimizes sediment loss

To determine how knee density (number per area, ρ=N/A) affects downstream bar production, we position equally sized knees (20cm in diameter) at equal distances from one another at the vertices of a equilateral hexagonal grid. We vary one of the three variables,  ,  ,  , and observing another, while keeping the third variable constant. In Figure 3, panels a and d are the total downstream area above three different threshold depths, and the percent velocity change respectively, for trials holding the patch area constant and varying the density. In panels b and e, we plot the same two quantities, but this time, holding the number of roots constant and varying their separation. Similarly, c and f vary the number of roots, while holding root spacing constant. In Figure 3A), a maximum is observed where an increasing vertical root density stops producing more viable downstream area. This point will be referred to as the optimal root density.




Figure 3 | Summary of downstream area above various elevation thresholds for the three variations of density. (A) Variation of vegetation density while keeping patch area fixed. (B) Variation of vegetation separation while holding stem number fixed. (C) Variation of number of knees while keeping the spacing constant.In each plot, the yellow curve corresponds to the total downstream area above 9.7m, the orange curve is that above 9.84m and the red curve is area above 9.97 meters. Inset images depict the variation in each plot and elevation is given in lower left. (Bottom) Percent velocity change as a function of (D) knee density, (E) separation and (F) number. Colors in the insets correspond to the color bar on the bottom. Percent velocity change was calculated from the ratio of the average velocity directly downstream of the knee root array and the velocity far upstream of the root array.



In previous studies, clump-type vegetation has been modeled as regularly spaced cylinders described by the solid volume fraction,   where   is the number of cylinders,   is the diameter of a cylinder and   is the diameter of the circular patch Tanaka and Yagisawa (2010); Nicolle and Eames (2011); Chang and Constantinescu (2015); Chang et al. (2017). For comparison purposes, we also provide the   values of all the arrangements.

As we see in Figure 3, downstream elevation is best preserved at densities between three and four roots per  (  between 0.12 - 0.14). Percent velocity change was calculated from the ratio of average fluid velocity directly downstream of the root array to the average fluid velocity far upstream of the root cluster. In Figure 4 we show the contour plots of the downstream elevation and fluid velocity around each of the three root clusters denoted by roman numerals in panel d) of Figure 3. We show in Figure 3 that as patch density increases, the percent velocity change for the fluid entering and leaving the root array also increases. For densities lower than the optimal density, fluid leaving the root array is slowed, acting as a wake barrier and preventing the re-connection of the faster outer streamlines. This decreased velocity leads to less erosion and increased sedimentation, resulting in an elevated downstream bar. When the optimal density is reached, the root array begins to generate downstream patch-scale turbulence causing a truncation of the sedimentation region and bringing the elevated region nearer to the root array. As seen in panels c and f, the solid volume fraction   is not always a good predictor of downstream area preservation. The diameter of the patch must also be large enough to separate the flow long enough to create a bar.




Figure 4 | The maximum elevation position downstream from the root patch as a function of vertical root density. Contour plots depicting the downstream elevation after the flood event and the fluid velocity around and downstream of the four knee root arrays marked with roman numerals in Figure 3 are given. Velocity magnitude and elevation are given by the color scale in the upper right. The four color coded curves represent different flood discharges ranging from 10 m3 / secto 40 m3 / sec and are given by the labels in the lower right. The greatest densities have the closest elevated bar region, a consequence that could be advantageous for a life history which requires an adjacent elevated microsite for establishment.



Another interesting feature of our simulation results depicted in Figure 4 is that, further increasing the root density beyond the optima decreases the distance between the root array and the elevated peak. This suggests that trees with less-dispersive propagules would be selected for higher root density as to draw the bars closer, rather than simply maximizing the downstream area for their seedlings.

Species whose vertical roots grow continuously (such as the baldcypress), would start out with a lower root density, encouraging seedling growth farther away from themselves; however, as the tree ages and its knees grow larger and wider, the downstream bar will move closer to itself, ultimately leading to a seedling replacing its parent.

In Figure 4, we observe a transition in the velocity contour plots from a slowed steady wake into patch scale turbulence, which occurs when root density is increased. This trend is consistent with the wake structures experimentally observed in Tanaka and Yagisawa (2010); Chen et al. (2012); Zong and Nepf (2012). Furthermore, the resulting increase in downstream elevation observed in Figure 4 agree with the trend empirically shown in Tanaka and Yagisawa (2010), except, in our simulations, we are able to observe that the total viable soil area stops increasing once the vertical root density hits an optimum value.

Nicolle and Eames (2011) observed that patch-scale turbulence occurred at   values between 0.0884 and 0.1451. The optimal root density that we find here (Figure 3) lies in the same regime. Also, our observed pattern in wake characteristics with increasing   agrees qualitatively with the fully three-dimensional large eddy simulations of Chang and Constantinescu (2015). However, our finer sampling of root density as well as our more detailed description of the downstream elevation profile reveals an optimal peak in soil area as well as the dependence of bar position on root density.

The different colored curves in Figures 3A–C, depict the results for when a different threshold is used during analysis. The red curve depicts the amount of area downstream of the root array that is above a threshold of 9.97m, the orange curve for a threshold of 9.84m and the yellow curve for a threshold of 9.7m. As we see, remarkably, the threshold value does not change the location of the optimal point on the curve.




3.3 Vertical roots are only beneficial for low density vegetation

The root arrays in the previous simulations could just as well be thought of as individual vegetation stems, indicating that an optimal vegetation density for maximal downstream propagation success exists. Vegetation with canopy size comparable to its stem diameter or that have shade tolerance might be able to reach such optimal densities. However, vegetation with large canopies must grow at lower densities and thus would need to produce vertical roots to obtain maximal downstream reproductive success. To determine the cutoff of when it is beneficial for vegetation to produce vertical roots, a series of additional simulations were run where smaller diameter knee roots are added into larger arrays of tree trunks. Tree trunks are modeled as either 40 or 80cm diameter obstacles in the computational mesh and the knee roots are modeled as 10 cm diameter obstacles. For each given trunk configuration, knee roots are added and the area above a 9.71 m threshold is calculated. These data can be seen in Figure 5 as the open symbols and dashed lines. For configurations that are already of significant solid volume fraction, any additional knees results in a decrease in downstream area above the threshold. However, configurations of low density see a large benefit in producing knees. This shows that vegetation growing below the optimal solid volume fraction for their diameter will see a benefit in growing knees, and vegetation able to grow at or above this density would see a decreasing benefit.




Figure 5 | Area above a 9.71 meter threshold as a function of root density for six root diameters indicated by color and symbol. Open symbols and dashed lines indicate trials where smaller 10 centimeter roots were added to the larger trunk configuration. As expected, those configurations to the left of the peak position benefited from the addition of vertical roots and those to the right of the peak saw a decreasing benefit from vertical root growth.






3.4 Adjacent root patches cooperate

Our next set of simulations quantify the cooperativity between neighboring trees, as mediated by their vertical roots. In these simulations, two root patches consisting of 37 twenty centimeter diameter roots at their optimal separation were spaced at varying distances from one another.

The root patches were offset so that the edges of the patches aligned. Figure 6 (left) depicts the downstream area above a 9.71 m threshold for these two adjacent root patches as a function of the distance between the two patch centers. Contour plots of the downstream elevation profile for the labeled data points as well as that of a single patch are given in Figure 6. An increasing cooperative advantage is seen as the patch distance decreases, indicating that trees should seek to close the gap between themselves and their neighbors to reap the maximal cooperative effect. However, a gap up to 3 m will still provide additional cooperative effects. Our theoretical results agree with the experimental flow tank observations, in that the wake interactions between neighboring patches enhance sand bar growth Yamasaki et al. (2021a), and that enhanced downstream deposition is observed for two closely neighboring patches Meire et al. (2014).




Figure 6 | (Left) Normalized area above the 9.75 meter threshold for two adjacent root patches as a function of the gap distance between the two patch edges, measured along the line adjoining their centers. Area is normalized to patch number. Patches are offset to align patch edges. Countour plots of the downstream elevation profile for the labeled data points as well as that of a single patch are shown in the upper right. An increasing cooperative advantage is seen as the patch distance decreases indicating that trees should seek to close the gap between itself and its neighbors to obtain the maximal cooperative effect. (right) Normalized downstream area above a 9.75m threshold demonstrating the cooperative ecology of a patch of young mature trees. Treesgrowing in clumps benefit by having to produce less knees while obtaining more viable area. Trees may self-cooperate by producing vertical roots in clusters, as seen in the image in the lower right. Image: “Cypress knee Circle” by AstronomyGal https://openverse.org/image/56e9e06d-33be-46c9-b09d-90e4fc3c33e3.



In Figure 6 (right), we show how clusters of two and three trees with knees work together to produce considerably more viable area than a single tree. In addition to cooperating with neighboring trees, the vertical roots of an individual tree may also benefit from this cooperativity effect. The inset image in the lower right of Figure 6 shows a knee grouping, which may be a self-cooperating strategy to reduce biomass expenditure while maintaining large sedimentation effects.

Another pattern seen in Figure 6 is that the root patch furthest downstream reaps a greater benefit from the cooperative effect due to sandbar location. Future simulations with more vegetation patches in different arrangement angles could reveal further interesting competitive and cooperative dynamics between multiple root patches.





4 Discussion



4.1 Evolutionary and ecological implications

Figure 4 suggests that a tree can modify its geomorphological influence to suit its life history by altering the density of its vertical roots. By increasing the root density beyond 3.7 roots  , a tree can draw its downstream bar towards itself, which would be more advantageous for trees whose propagules are adapted for close germination, such as bruguiera gymnorhiza which produces cigar shaped propagules that are often viviparous and germinate after sticking into the mud. In contrast, trees whose propagules more readily float and dispersed hydrochorically such as Xylocarpus moluccensis and Sonneratia alba would perhaps benefit from maximizing the overall area suitable for germination. Long lived species like Taxodium distichium may reap both rewards, where early in their life when their knees are of smaller diameter and the vertical root patch is at a lower solid volume fraction, offspring will germinate farther away from the parent. As the tree ages and the knees become larger and the solid volume fraction increases, the downstream bar will move closer towards itself, where one of its offspring can eventually overtake the parent’s spot in the forest.

Our results on the cooperativity between two root patches emphasizes the advantage of having neighbors who also produce vertical roots. In cypress forests, the fluctuating recruitment rate of seedlings often leads to patches of similar aged trees. After an initial competition for access to sunlight, the surviving neighboring trees turn into allies as their combined footprint of knees enhances the amount of fertile germination grounds for their seeds.

Both the aeration and sedimentation properties of vertical roots could be the reason these appendages were selected for in wetland environments. In mangroves, the presence of lenticels and aerenchyma suggest a closer tie to gas exchange, while in baldcypress the lack of these structures suggests a closer tie to sedimentation. In their 150 million years of existence (Taylor and Taylor, 1993: Seward, 2010) baldcypress trees have endured intense flooding events, like those at the end of the quaternary ice age, possibly because of their vertical roots that allowed them to spread into flood scoured plains when other species could not.

It is interesting to note that their close relative, the pond cypress (Taxodium ascendens) appears to be losing their reliance on the production of knees and also have a tendency to grow to smaller dimensions. By reducing canopy diameter, they are able to grow in large density clusters called ‘cypress domes’. It could be the case that this recent speciation is a response to less severe flood patterns. By growing at greater densities they instead alter geomorphology to their advantage at a group (rather than individual) scale, consistent with our simulations and their interpretation, as discussed in the subsection “Vertical roots are only beneficial for low density vegetation”. It would be interesting to test this idea empirically: Trees with greater canopy spreads would need to grow at a lower densities and therefore would be in a greater need of vertical roots, so if our claims regarding knee function is correct, then cypress knee root production should correlate with the canopy spread of the tree.




4.2 Empirical support

The outcomes of this paper are consistent with a number of qualitative and quantitative earlier observations. For example, it was shown earlier that cypress knees lessen the storm runoff capabilities of streams Miroslaw-Swiatek and Amatya (2017) and since baldcypress seeds are most likely to germinate in regions of sediment exposed during flood drawdown Demaree (1932); Titus (1990); Rutherford (2015), an elevated downstream region would act as a prime location for its seeds to germinate. Additionally, baldcypress seedling mortality was tied to the elevation at which they germinate, with seedling death occurring after 60 days of submergence Conner et al. (1986); Souther and Shaffer (2000); Middleton (2000). Here, we showed that a tree with knees is much more effective at producing these downstream protected microsites than a tree without.

The role of vertical mangrove roots on sediment accumulation has also been noted in qualitative empirical observations, particularly in their value in coastline protection Feller et al. (2010); Lee et al. (2014). Interestingly, vertical roots (the pneumatophores) were better at conserving sediment in mangrove forests when compared to stilt roots Krauss et al. (2003). Additionally the amount of oxygen uptake was found to be less in their cone roots than in the stilt roots Kitaya et al. (2002), strengthening our hypothesis.

The bidirectional feedback loops between vegetation coverage and the geomorphodynamics of regions with high hydrodynamic influence is lately gaining increased attention Cornacchia et al. (2019); Larsen (2019); Yamasaki et al. (2021a); Huai et al. (2021) with vegetation found to self-organize itself in environments of hydrologic influence Schwarz et al. (2018); Cornacchia et al. (2020). Vegetation density has been determined to be an important factor in how these ecosystems develop and has led to a range of experimental and computational work on understanding how clump-type vegetation affects hydraulic processes Tanaka and Yagisawa (2010); Chen et al. (2012); Zong and Nepf (2012); Meire et al. (2014). Our findings are consistent with these previous studies and expand upon them by looking more closely at the parameter space which affects downstream sediment bar size and shape.

More recently, flume tank experiments have investigated the drag coefficients of various vegetation arrays Nair et al. (2022), and looked at quantifying the incipient motion of sediment, suggesting an optimal vegetation patch porosity to reduce erosion Kazemi et al. (2021). Because the focus of this study was on the incipient motion of downstream sediment, they gathered data only for approximately one patch length downstream, and used only three sizes of 9 cylinders which provides a porosity resolution too wide to adequately describe the downstream sedimentation characteristics in the flow regime where patch scale turbulence is induced.

Our results suggest that the primary adaptive advantage of vertical roots is to constitute a clump-type vegetative profile to maximize its impact on the fluid flow. This observation deepens our understanding of the vegetation and geomorphology feedback loop. It demonstrates that vegetation does not simply play a passive role in influencing flow patterns, but rather puts energy resources into harnessing geomorphodynamic processes to its own benefit.





5 Conclusion

We have shown that vertical roots can be an advantageous adaptation for species which rely on exposed soil for germination and benefit from elevated ground to minimize the risk of drowning. This is particularly plausible for cypress knees, whose function has remained an open question.

Our data suggests that the knees influence sedimentation and fluid flow to their advantage, emphasizing that vegetation does not always play a passive role in flood hydrodynamics. We propose that cypress knees are a flood adaptation, produced when the tree experiences erosion around the base. Exposure of the upper roots to oxygen during flood draw down provides the metabolic resources needed for rapid growth and explains why knees are mostly seen in habitats with fluctuating wet and dry conditions. We further have shown that the cooperative effects between neighboring trees are significant and that vertical roots can play a crucial function for the downstream spread of pioneer plant species. Finally, we have shown that vertical roots are only evolutionarily advantageous to vegetation that must grow at small densities such as large woody vegetation.
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Introduction

Atmospheric nitrogen (N) deposition has often been considered as a driver of exotic plant invasions. However, most related studies focused on the effects of soil N levels, and few on those of N forms, and few related studies were conducted in the fields.





Methods

In this study, we grew Solanum rostratum, a notorious invader in arid/semi-arid and barren habitats, and two coexisting native plants Leymus chinensis and Agropyron cristatum in mono- and mixed cultures in the fields in Baicheng, northeast China, and investigated the effects of N levels and forms on the invasiveness of S. rostratum.





Results

Compared with the two native plants, S. rostratum had higher aboveground and total biomass in both mono- and mixed monocultures under all N treatments, and higher competitive ability under almost all N treatments. N addition enhanced the growth and competitive advantage of the invader under most conditions, and facilitated invasion success of S. rostratum. The growth and competitive ability of the invader were higher under low nitrate relative to low ammonium treatment. The advantages of the invader were associated with its higher total leaf area and lower root to shoot ratio compared with the two native plants. The invader also had a higher light-saturated photosynthetic rate than the two native plants in mixed culture (not significant under high nitrate condition), but not in monoculture.





Discussion

Our results indicated that N (especially nitrate) deposition may also promote invasion of exotic plants in arid/semi-arid and barren habitats, and the effects of N forms and interspecific competition need to be taken into consideration when studying the effects of N deposition on invasion of exotic plants.
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Introduction

Exotic plant invasion has become a serious global eco-environmental problem, affecting the species composition, structure and function of invaded ecosystems, and even threatening human health (Zhao et al., 2020; Iqbal et al., 2021; Chen et al., 2022). It is important to explore the key factors determining invasion success of alien plant species for develop effective prevention and management (Lau and Schultheis, 2015; Luo et al., 2022). A high competitive ability is one of the key factors facilitating invasion success of exotic plants in the fields (Qin et al., 2013; Zheng et al., 2015; Liu et al., 2018; Zhang and van Kleunen, 2019; Ba and Facelli, 2022). The higher competitive ability of invasive relative to native plants are associated with their higher resource capture ability and utilization efficiency (Davidson et al., 2011; Feng et al., 2011; Liao et al., 2013; Luo et al., 2019), which are often indicated as higher plant height, specific leaf area, total leaf area, photosynthesis, photosynthetic resource-efficiencies, and many other functional traits (Feng et al., 2007a; Feng et al., 2007b; Leishman et al., 2007; Feng et al., 2011; Luo et al., 2019; Huang et al., 2020; Liu et al., 2022).

The competitive relationships between invasive and native plants are not immutable, and may change with environmental factors or global changes (Liao et al., 2013; Qin et al., 2013). As an essential component of global changes, atmospheric nitrogen (N) deposition gradually enhances soil N availability (Zhou et al., 2019; Cao et al., 2021). Many studies have shown that the increased soil N availability promotes the growth of invasive and native plants, especially for the former, enhancing competitive ability of invasive plants (Liu et al., 2017b; Musso et al., 2021). However, some exotic plant species have higher resource utilization efficiencies, and can invade barren habitats (Liu et al., 2017a). In addition, the effects of N forms on exotic plant invasions have received little attention (Sun et al., 2021; Luo et al., 2022; Zhang et al., 2022).

Ammonium and nitrate are the two main N sources that can be directly absorbed by plants from soils, but their relative contents (proportions) in soils are variable with habitats (Sun et al., 2021). The proportion of nitrate N in atmospheric N deposition is increasing gradually (Liu et al., 2013; Yu et al., 2019), which may affect soil N forms, and then plant growth (Sun et al., 2021). Some plants always prefer to absorb a specific form of soil N in nature, and plants perform better under their preferred N form than under other N forms (Rossiter-Rachor et al., 2009; Vu et al., 2021; Luo et al., 2022; Zhang et al., 2022). For example, total biomass of the invasive plant Xanthium strumarium, which prefers nitrate N, was higher under nitrate relative to ammonium N, while those of Flaveria bidentis and X. sibiricum were lower in nitrate relative to ammonium N (Huangfu et al., 2016; Luo et al., 2022). However, most of the related studies that focused on the effects of N forms on the performance of plants were mainly conducted in monoculture, and little attention was paid to the effects in the fields under competitive conditions. It has been demonstrated that interspecific competition changes plants’ preference for N forms (Sun et al., 2021). In addition, most of the competition experiments between invasive and native plants were conducted in pots under controlled conditions, which is difficult to truly reflect the competitive relationship between plants under natural conditions.

The invasive plant S. rostratum and two coexisting native plants L. chinensis and A. cristatum were compared in this study. S. rostratum, an annual herb in Solanaceae, is native to North America and one of the most notorious invasive weeds in northeast China, Inner Mongolia, and Xinjiang. It was first found in Liaoning, northeast China in 1981. It mainly invades barren habitats, especially disturbed grasslands, roadsides and field-sides, seriously affecting the ecological environment and economic development in Liaoning, Jilin and Xinjiang (Feng, 2020). L. chinensis and A. cristatum, perennial herbs in Poaceae, are the dominant or common species in the steppes of northeast China, Inner Mongolia, and Xinjiang, and S. rostratum often infests in the steppes when disturbed.

Due to atmospheric N deposition and other processes, the increased soil N availability and shifted soil N forms may influence the growth and competitive relationships between invasive and native plants, promoting invasion success of exotic plants. Exotic plant invasions have become more and more severe with the increase of atmospheric N deposition (Musso et al., 2021; Luo et al., 2022; Zhang et al., 2022). To investigate the roles of N levels and forms in successful invasions of exotic plants, we compared the invasive plant Solanum rostratum Dunal, which prefers nitrate relative to ammonium N (Luo et al., 2022), and the two coexisting native plants Leymus chinensis (Trin.) TZvel and Agropyron cristatum (L.) Gaertn grown in mono- and mixed cultures under different N levels of nitrate and ammonium N in the field. In this study, we measured the aboveground biomass, total biomass, root to shoot ratio, total leaf area, light-saturated net photosynthetic rate, and competitive ability of each species under each N treatment. We hypothesize that (1) the biomass and competitive ability of S. rostratum are higher than L. chinensis and A. cristatum, which are associated with its stronger resource capture ability; (2) N addition facilitates growth of the invasive and native plants, and its effects are higher for the former, therefore enhancing competitive ability of the invader; (3) growth and competitive ability of S. rostratum are higher under nitrate relative to ammonium N.





Materials and methods




Study sites and species

This study was conducted at the field abandoned for ≈20 years, which is located in the experimental farm of Baicheng Normal University, Baicheng, Jilin Province (45°10′15.6″ N, 122°49′20.9″ E; asl. 180 m). This region belongs to the temperate continental monsoon climate with long winters and short summers. In this area, the annual mean temperature was 5.2 °C, annual mean precipitation was 399.9 mm (mainly from May to September), and the mean annual sunshine was 2915 h (http://www.jlbc.gov.cn/zjbc_3289/zrdl/dlgk/201612/t20161226_55098.html). The soil (sandy) contained 55.71 g kg-1 organic matter, 19.97 g kg-1 total potassium, 0.85 g kg-1 total phosphorus, 6.13 mg kg-1 ammonium N, 35.51 mg kg-1 nitrate N, 372.77 mg kg-1 available potassium and 70.43 mg kg-1 available phosphorus (measured by the Analytical and Testing Center, Shenyang Agricultural University). The soil in the study site was fertile according to the evaluation criteria of soil fertility (Sun et al., 1995). The main vegetation of the study sites included L. chinensis, A. cristatum, Setaria viridis, S. nigrum, Amaranthus apinosus.

The seeds of S. rostratum were collected from multiple plants with more than 20 m apart for one another in Inner Mongolia in autumn of 2020. The seeds of L. chinensis and A. cristatum were purchased from Shenyang Jinfuyou Seed Co., Ltd (Shenyang, Liaoning Province, China).





Experimental design

All plants (including rhizomes) were removed from the study site before the experiment (May of 2021). The soil was turned over (25 cm depth) and leveled, and 1.2 m × 1.2 m plots were setup, which were spaced at a distance of 60 cm apart. The invasive and native plants were grown in the plots in mon- and mixed culture, respectively. In monoculture, 81 individuals of each species were cultivated in each plot (9 rows and 9 columns); in mixed culture, 16 individuals of S. rostratum were planted with 65 individuals of L. chinensis or A. cristatum in each plot (9 rows and 9 columns; Figure S1). Five N treatments were applied: no N addition (control, CK), low ammonium N (LA; 6 g N m-2), low nitrate N (LN; 6 g N m-2), high ammonium N (HA; 24 g N m-2), and high nitrate N (HN; 24 g N m-2). The N fertilizer was added in six sperate applications at an interval of 5 d. In total, 100 plots were built [5 N treatments × 5 planting methods (3 monocultures + 2 mixed cultures) × 4 replicates]. Ammonium N was provided in the form of ammonium chloride (NH4Cl), and nitrate N was provided in the form of sodium nitrate (NaNO3). Both were added as aqueous solutions, while the control was added with an equal amount of water. The nitrification inhibitor dicyandiamide (9.75 g m-2) was added into each plot for inhibiting ammonium N transformed into nitrate N (Zhou et al., 2021). The total amount of N added under low N treatments was set based on the highest atmospheric N deposition in China (Wen et al., 2020).

The seeds of the three plants were stratified in wet sand for 14 d at 4 °C, disinfected with 0.5% potassium permanganate for 30 mins, washed repeatedly with tap water, drained, and then sown at the 81 sites in e plot (15 cm spacing and 0.5 cm depth; Figure S1). Ten seeds were sown at each site, and the seedlings were thinned when growing up to about 4 cm, leaving one seedling at each site. The N addition treatments were applied for the first time after one week of thinning. The plots were managed by routine agronomic practice, with manual weeding and automatic irrigation.





Measurements

In mid-August of 2021, light-saturated photosynthetic rate (Pmax) was measured on a recently matured healthy leaf for each species and treatment per plot using a Li-6400 Portable Photosynthesis Meter (Li-Cor, Lincoln, NE, USA). Light intensity in leaf chamber was set to 1500 µmol m-2 s-1, CO2 concentration of reference chamber was set to 380 µmol mol-1, leaf temperature was set to 27 °C. The leaves were fully induced under saturated light before measurement.

In early September, one plant per species per treatment per plot was randomly sampled, and aboveground parts were collected and divided into stems and leaves. Total leaf area was measured with a LI-3100C Area Meter (LI-COR, NE, Lincoln, USA), then leaves and stems were dried at 60 °C for 72 h and weighed, respectively. Roots were dug out with a shovel (above 30 cm depth), rinsed with tap water, dried at 60 °C for 72 h, and weighed. Total biomass was calculated as the sum of leaf biomass, stem biomass, and root biomass; aboveground biomass was calculated as the sum of leaf biomass and stem biomass; root to shoot ratio was calculated as the ratio between root biomass and aboveground biomass.

To compare competitive ability of the invasive and native plants, the modified relative competitive intensity (RCI) was calculated (Grace, 1995; Zheng et al., 2015).

	

Where Pmix and Pmono represented aboveground biomass or total biomass for individual plants grown in mixed and monoculture, respectively. RCI = 0 indicates no competition between the two species; RCI > 0 indicates that competing species promotes growth of the target species; RCI< 0 indicates that competing species inhibits growth of the target species.





Statistical analysis

Effects of species, N forms, N levels, planting methods, and their interactions on total biomass, aboveground biomass, root to shoot ratio, total leaf area, and Pmax were tested using four-way analysis of variance (ANOVA). One-way ANOVA was used to assess the differences in the parameters and RCI between nitrogen treatments for the same species under the same planting method, and the differences between species grown under the same N addition treatment in monoculture. Significances were tested by least significant difference (p< 0.05). The differences in above parameters and RCI between the invasive species and each native plant under the same N addition treatment in mixed culture were analyzed using independent samples t-test. All statistical analyses were performed using PASW Statistics 18.0 (SPSS Inc., Chicago, IL, USA). Prior to doing statistical analyses, normality and chi-square were checked. Standardized major axis regression (SMA) was used to analyze the relationships between aboveground biomass, total biomass and total leaf area, root to shoot ratio, as well as the differences between the invasive and native plants when grown in monoculture, mixed culture, and both, respectively. Statistical analyses were conducted with R version 3.6.1 (R Development Core Team, Vienna, Austria). Plotting was performed with Sigmaplot version 10.0 (Systat, San Jose, CA, USA).






Results




Growth and competitive ability

Aboveground biomass and total biomass were significantly higher in the invasive relative to the two native plants in either mixed and monocultures, and the magnitude of the differences increased with increasing N levels in most cases (Figure 1). Four-way ANOVA results also showed that aboveground biomass and total biomass were significantly affected by species and their interactions with N levels (Table S1). The aboveground biomass and total biomass of S. rostratum were higher under low nitrate relative to low ammonium treatment in mixed culture (Figures 1B, C, E, F). For L. chinensis and A. cristatum, however, N forms did not significantly affect aboveground and total biomass under any N level in either mixed or monoculture (except A. cristatum under high N level in mixed culture; Figure 1). N addition increased aboveground and total biomass of S. rostratum in both mixed and monocultures (except competed with L. chinensis under low ammonium), but the effects of N addition were not always statistically significant (Figure 1). For the two native plants, N addition increased aboveground and total biomass in monoculture, but the effects were not significant in few cases (Figures 1A, D). In mixed cultures, however, N addition did not significantly increase the aboveground and total biomass for L. chinensis, and even reduced the biomass for A. cristatum (Figures 1B, C, E, F). Compared with monoculture, mixed culture increased aboveground and total biomass of the invader (except competed with L. chinensis under low ammonium), while reduced the biomass of the native plants. These results were consistent with those of our four-way ANOVA (Table S1).




Figure 1 | Aboveground biomass (A–C) and total biomass (D–F) for Leymus chinensis, Agropyron cristatum and Solanum rostratum grown in mono- (A, D) and mixed (B, C, E, F) cultures under different nitrogen treatments. HA, high ammonium; LA, low ammonium; CK, control; LN, low nitrate; HN, high nitrate. Mean ± SE (n = 4). Different upper- (* in mixed culture; independent samples t-test) and lowercase letters indicate significant differences between species under the same nitrogen treatment and those between nitrogen treatments for the same species under the same planting method, respectively (P < 0.05; one-way ANOVA). + indicates significant difference between the mixed and monocultures under the same nitrogen treatment (P < 0.05, independent samples t-test).



In most cases, S. rostratum had significantly higher competitive ability than the two native plants based on their aboveground and total biomass (Figure 2). In most conditions, N addition enhanced the competitive ability of the invader, while reduced that of the two native plants, thus increased the competitive advantages of the invader over the native plants. For the invader, the competitive ability was significantly higher under low nitrate relative to low ammonium treatment, while the effect of N forms on the competitive ability of the two native plants was not significant.




Figure 2 | Relative changes of aboveground biomass (A, B) and total biomass (C, D) in Leymus chinensis, Agropyron cristatum and Solanum rostratum grown under different nitrogen treatments. RCI, relative competition intensity. HA, high ammonium; LA, low ammonium; CK, control; LN, low nitrate; HN, high nitrate. Mean ± SE (n = 4). Different lowercase letters indicate significant differences between nitrogen treatments for the same species (P < 0.05; one-way ANOVA); * indicates significant differences between species under the same N treatment (P < 0.05; independent samples t-test).







Total leaf area, root to shoot ratio and photosynthesis

Total leaf area of the invader was significantly higher than that of the two native plants in mixed culture (except mixed with L. chinensis under CK), but the differences were not always significant in monoculture (Figures 3A−C). Consistently, our four-way ANOVA also showed that species and their interaction with planting method significantly affected total leaf area (Table S1). Compared with CK, N addition increased total leaf area for S. rostratum and L. chinensis, but not for A. cristatum in monoculture. In mixed culture, however, N addition increased total leaf area for the invader, but not for the two native plants, increasing the magnitude of the difference in total leaf area between the invasive and native plants. (Figures 3B, C). Compared with monoculture, mixed culture increased total leaf area for the invader, while reduced total leaf area for the native plants, increasing the differences between the invasive and native plants.




Figure 3 | Total leaf area (A–C), root/shoot ratio (D–F) and light-saturated net photosynthetic rate (G–I; Pmax) for Leymus chinensis, Agropyron cristatum and Solanum rostratum grown in mono- (A, D, G) and mixed (B, C, E, F, H, I) cultures under different nitrogen treatments. HA, high ammonium; LA, low ammonium; CK, control; LN, low nitrate; HN, high nitrate. Mean ± SE (n = 4). Different upper- (* in mixed culture; P < 0.05, independent samples t-test) and lowercase letters indicate significant differences between species under the same nitrogen treatment and those between nitrogen treatments for the same species under the same planting method, respectively (P < 0.05; one-way ANOVA). + indicates significant difference between the mixed and monocultures under the same nitrogen treatment (P < 0.05, independent samples t-test).



Root to shoot ratio was significantly lower in the invasive relative to native plants under all N treatments in both mixed and monocultures (Figures 3D−F). Compared with monoculture, mixed culture reduced root to shoot ratio for the two native plants (except A. cristatum under CK and high ammonium), but not for the invader. The effects of N levels on root to shoot ratio were not significant, which was consistent with the results of our four-way ANOVA (Table S1).

When grown in monoculture, Pmax was significantly higher for the invader than for L. chinensis under CK and high ammonium, but similar for the invader and A. cristatum under all N treatments (Figures 3G−I). When grown in mixed culture, Pmax was significantly higher for the invader than for the two natives under all N treatments except high nitrate. Compared with monoculture, mixed culture promoted Pmax for the invader, but decreased Pmax for L. chinensis (except under CK and low ammonium) and A cristatum under all N treatments. Our four-way ANOVA also showed that species and their interaction with planting method significantly affected Pmax (Table S1).





Effects of total leaf area, root to shoot ratio on growth

Aboveground and total biomass increased significantly with the increase of total leaf area for the invasive and native plants when grown in monoculture, mixed culture or both (Figure 4). In addition, the biomass was significantly higher for the invasive relative to the native plants at the same value of total leaf area. In contrast, aboveground and total biomass decreased significantly with the increase of root to shoot ratio for the invader when grown in monoculture, mixed culture or both (Figure 5). For the two native plants, the aboveground biomass in monoculture, and the aboveground and total biomass in mixed culture were also negatively correlated with root to shoot ratio (Figures 5A, B, E).




Figure 4 | Standardized major axis regressions between aboveground biomass (A–C), total biomass (D–F) and total leaf area for the invasive (solid line) and the two native (dashed line) species grown in mono- (A, D) and mixed (B, E) cultures and both (C, F) under different nitrogen treatments. SL, slope; EL, intercept. *, significant differences (P < 0.05); ns, non-significant differences. Gray symbols, Leymus chinensis; open symbols, Agropyron cristatum; closed symbols, Solanum rostratum. Stars, control; diamonds, low nitrate; squares, high nitrate; triangles, low ammonium; circles, high ammonium. The R2 was indicated on the figure, followed by the P-values.






Figure 5 | Standardized major axis regressions between aboveground biomass (A–C), total biomass (D−F) and root/shoot ratio for the invasive (solid line) and the two native (dashed line) species grown in mono- (A, D) and mixed culture (B, E) and both (C, F) under different nitrogen treatments.  SL, slope; EL, intercept. *, significant differences (P < 0.05); ns, non-significant differences. Gray symbols, Leymus chinensis; open symbols, Agropyron cristatum; closed symbols, Solanum rostratum. Stars, control; diamonds, low nitrate; squares, high nitrate; triangles, low ammonium; circles, high ammonium. The R2 was indicated on the figure, followed by the P-values.








Discussion

Our study showed that the invasive plant S. rostratum had higher biomass and competitive ability than the native plants L. chinensis and A. cristatum under all N levels and in both mixed and monocultures, and N addition enhanced the advantages of the invader under most conditions. The invader’s advantages were associated with its high total leaf area and low root to shoot ratio. Extensive studies have shown that the increase of soil N availability often facilitates invasion success of exotic plants (Liao et al., 2013; Qin et al., 2013; Zhang et al., 2017; Musso et al., 2021). In addition, our study showed that a yearly increase in the nitrate to ammonium ratio of aerially deposited N may also promote the successful invasion of S. rostratum.




Growth and competitive ability

Consistent with our hypothesis, the growth and competitive ability of the invader were superior to those of the native plants in both mixed and monocultures, and N addition was beneficial to the invader. The stronger competitive ability may help the invader to compete for resources, promoting its growth and invasion (Zheng et al., 2015; Liang et al., 2020). In contrast to the invader, N addition did not significantly influence the growth of L. chinensis, and even reduced the growth of A. cristatum in mixed culture, although promoting their growth in monoculture, decreasing their competitive abilities. These findings indicate that planting methods modify the effects of N addition on growth (Liang et al., 2020; Elias and Agrawal, 2021). In mixed culture, the native plants responded to N addition much more weakly than the invader, and also than itself in monoculture, indicating that more added N was used by the invader. In addition, N addition increased total leaf area of the invader, shading the native plants, which may be another reason for the smaller response of the native plants to N addition (Feng et al., 2007b; Zheng et al., 2009). In monoculture, the two native plants had a lower plastic response to N addition than the invader, which might be attributed to their long-term adaptation to arid/semi-arid barren grasslands (Wang et al., 2022).

N addition enhanced the growth and competitive advantages of the invader over the native plants under most conditions, which was consistent with the findings on other invasive plants (Liao et al., 2013; Qin et al., 2013; Jia et al., 2016; Zhang et al., 2017). For example, Zhang et al. (2017) found that N addition enhanced the competitive advantage of the exotic plant Alternanthera philoxeroides over the native plants Oenanthe javanica and Iris pseudacorus. However, these studies are mostly on the exotic plants in humid and fertile habitats, whereas S. rostratum mainly invades arid/semi-arid and barren habitats (Feng, 2020). Our study suggests that the invasion of exotic plants in barren habitats may also increase in the context of global changes such as N deposition. Leishman and Thomson (2005) also found that N addition promoted invasion of exotic plants in low-fertile soils.

Consistent with our hypothesis, growth and competitive ability were significantly higher for S. rostratum under low nitrate relative to low ammonium when mixed with L. chinensis. This result indicate that the invader prefers nitrate relative to ammonium, in line with the result from our research using 15N labeling (data not shown). No N form preference, however, was found for S. rostratum in monoculture, mixed with A. cristatum, and even mixed with L. chinensis under high N. In addition, the growth and competitive abilities of the two native plants were similar under nitrate and ammonium N, showing no N form preference. Similar results were also found for grasses after 6 years of N addition (Song et al., 2012). Song et al. (2012) found that aboveground biomass of grasses were not significant difference between ammonium N and nitrate N after 6 years of N addition. Our results showed that species, soil N levels, planting methods, and competition all affected N form preferences. Plants also have plasticity in N form acquisition (Hu et al., 2019; Zhang et al., 2018; Qian et al., 2021; Sun et al., 2021). For example, the dominant species Kobresia myosuroides in alpine meadow prefers nitrate N in monoculture, but ammonium when mixed with the non-dominant species Mertensia lanceolate (Ashton et al., 2010). Hu et al. (2019) found that the N forms preferred by Chromolaena odorata and Ageratina adenophora shifted from nitrate to ammonium with the increase of their invasion degree. N form preference of S. rostratum disappeared under high N level when mixed with L. chinensis, which may be associated with the compensatory effects of high ammonium for its relatively low uptake rate.





Traits contributing to the superiority of the invader

Consistent with our hypothesis, total leaf area was significantly higher for the invasive relative to the native plants, and the interspecific difference was more pronounced in mixed relative to monoculture. These results demonstrated that the invader had a stronger ability to capture aboveground resources, which may be an essential factor for its successful invasion. In addition, the higher total leaf area was also beneficial to the invader by shading native plants (Feng et al., 2007b). Zheng et al. (2009) also found that total leaf area of the invasive plant A. adenophora was significantly higher than that of its co-occurring native plants. Our study further found that both aboveground biomass and total biomass were positively correlated with total leaf area. In addition, the invader had significantly higher biomass than the native plants at the same value of total leaf area, which may be associated with the higher Pmax of the invader (especially in mixed culture). The higher Pmax of the invasive relative to native plants enabled it to accumulate more biomass under the same leaf area. The positive correlation between biomass and Pmax has also been reported in literatures (Zheng et al., 2009; Honda et al., 2021). High Pmax may be a common feature of invasive plants (Liu et al., 2022).

Compared with L. chinensis, and A. cristatum, the invader had lower root to shoot ratio, which may be another reason for its higher biomass. Low root to shoot ratio can reduce root respiratory carbon consumption (Zheng et al., 2009), and leave more biomass for leaves and support organs, increasing aboveground light energy capture and promoting exotic plant invasions (Zheng et al., 2009; Liao et al., 2013). In addition, low root to shoot ratio can also decrease total root biomass, the amount of organic matter released from roots to soils (He et al., 2017), and thus root carbon loss. Negative correlation between biomass and root to shoot ratio was indeed found in our study. It has been showed that low root to shoot ratio facilitated the invasion by C. odorata in fertile habitats, but adversely affected its invasion in barren habitats (Liao et al., 2013; Qin et al., 2013). In the present study, soil nutrient contents were high (see “Study sites and species”), and thus the lower root to shoot ratio contributed to invasion of the invader. On the other hand, high nutrient of the habitat usually can improve plant water resource uptake and use, which may be benefit for S. rostratum adapt arid/semi-arid and barren habitats.

It has been found that soil nutrient availability affects the effect of N addition (Xu et al., 2014; Ye et al., 2022). Xu et al. (2014) found that the response of plant yield to N addition was higher in barren soil than in fertile soil. Thus, the results of our study conducted in the fertile soil may not truly reflect the response of S. rostratum to atmospheric N deposition in other habitats with relatively low soil nutrients. Further studies on the effects of N addition and related mechanisms are needed for S. rostratum in other habitats with different soil nutrients.






Conclusion

Our study showed that growth and competitive ability were significantly higher for the invasive plant S. rostratum than for L. chinensis, and A. cristatum (natives) in most cases, and N addition increased the advantages of the invader, contributing to its invasion success. Nitrate relative to ammonium was more beneficial to invasion of S. rostratum at low N levels. The growth and competitive advantages of S. rostratum were associated with its higher total leaf area and lower root to shoot ratio. Our results indicated that N deposition, especially nitrate N deposition, may also promote invasions of barren-tolerant exotic plants such as S. rostratum in arid/semi-arid and barren habitats. The effects of N forms and interspecific competition, which can alter not only plant N form preferences but also interspecific differences in functional traits, also need to be taken into consideration when studying the effects of N deposition on the invasiveness of exotic plants.
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Trait plasticity and integration mediate vegetable adaptive strategies. However, it is unclear how patterns of vegetables in root traits influence vegetable adaptation to different phosphorus (P) levels. Nine root traits and six shoot traits were investigated in 12 vegetable species cultivated in a greenhouse with low and high P supplies to identify distinct adaptive mechanisms in relation to P acquisition (40 and 200 P mg kg-1 as KH2PO4). At the low P level, a series of negative correlations among root morphology, exudates and mycorrhizal colonization, and different types of root functional properties (root morphology, exudates and mycorrhizal colonization) respond differently to soil P levels among vegetable species. non-mycorrhizal plants showed relatively stable root traits as compared to solanaceae plants that showed more altered root morphologies and structural traits. At the low P level, the correlation between root traits of vegetable crops was enhanced. It was also found in vegetables that low P supply enhances the correlation of morphological structure while high P supply enhances the root exudation and the correlation between mycorrhizal colonization and root traits. Root exudation combined with root morphology and mycorrhizal symbiosis to observe P acquisition strategies in different root functions. Vegetables respond highly under different P conditions by enhancing the correlation of root traits. Low P supply could significantly improve the direct and indirect ways of mycorrhizal vegetable crops’ root traits axis on shoot biomass, and enhance the direct way of non-mycorrhizal vegetable crops’ root traits axis and reduce the indirect way of root exudates.




Keywords: interspecific variation, intraspecific variation, phosphorus acquisition, root functional traits, root plasticity





Introduction

Phosphorus (P) is one of the major factors limiting primary productivity in natural and agricultural ecosystems (Vitousek et al., 2010; Johnston et al., 2014), because of its low availability and mobility in most soils (Schachtman et al., 1998). In response to P stress, plants have modulated various root mechanisms to facilitate P uptake (Lambers et al., 2008; Shen et al., 2011; Lizbeth Lopez-Arredondo et al., 2014). Typical root morphological changes include increasing specific root length (SRL) and fine root length ratio to simultaneously broaden the detection range of soil volume by roots (Vance et al., 2003; Postma et al., 2014; Haling et al., 2018). Plants can also mine P by raising organic acid anions, phosphatase, and proton secretion (together known as P-activated exudates) to increase the activation of insoluble inorganic P and organic P in the rhizosphere (Hinsinger et al., 2003; Richardson et al., 2011; Pang et al., 2018). Different P acquisition abilities improves the uptake of soil P such as (1) the increase of root/shoot ratio (RSR) and root length; (2) increased SRL and decreased root tissue density (RTD) (Jonathan, 2018); (3) increased phosphatase activity and carboxylates exudation, and changed the pH of rhizosphere soil, thus increasing the availability of P in the rhizosphere soil (Lambers et al., 2006; Jones et al., 2009; Wang et al., 2020). Plants can develop the ability to adapt low P environment through different combinations of root traits, some plants show changes in root morphological traits, and some enhance the secretion capacity of activated P compounds in roots (Li et al., 2019; Wen et al., 2019). Such variations in the combination of root properties were found in distinct plant species and variants of the same species (Comas and Eissenstat, 2009; McCormack et al., 2015; Weemstra et al., 2016), As a result, plants exhibit varying ability to acquire soil P resources (Gu et al., 2011).

Furthermore, P stress can stimulate and accelerate the creation of symbiotic relationships between plant roots and arbuscular mycorrhizal fungi (AMF), which create symbioses with the majority of plant species and accelerate P uptake (Smith and Read, 2008). Outside of the root P depletion zone, the mycelial network can access inorganic P sources (Clark and Zeto, 2000; Smith et al., 2011; van der Heijden et al., 2015). The adaptive regulation of plant root morphology, P-activated exudates and mycorrhizal symbiosis is beneficial to P uptake by plants. Different mechanisms of P uptake among different strategies are existed significantly that may also be different on the basis of input costs (such as resources and energy) and advantageous to roots for every strategy (Lambers et al., 2006; Ryan et al., 2012; Lynch, 2015). The root morphology of grasses like maize and wheat demonstrated a good adaptive response to P stress (Deng et al., 2014; Lyu et al., 2016; Wen et al., 2017). Increasing the rate of P application can dramatically lower the occurrence of AMF infection in maize and wheat (Teng et al., 2013; Deng et al., 2014; Deng et al., 2017). Meanwhile, legume plants showed a limited morphological response to P supply alterations, whereas root exudates showed considerable modifications (Liu et al., 2016; Lyu et al., 2016; Zhang et al., 2016). Till date, no research has been conducted on the root trait, root exudates, and mycorrhizal colonization of vegetable crops under different P levels. As a result, an intriguing and unanswered scientific question arises: how do vegetable crops coordinate root function features (i.e., root morphology, root exudates, and mycorrhizal traits) in response to changes in soil P availability?

Some of the early studies provide tremendous information by comparing the responses of root systems of different crop species to P supply information. In comparison of root physiology, certain plants demonstrated a good adaptive response to P stress (Deng et al., 2014; Lyu et al., 2016; Wen et al., 2017); similarly, solanaceae showed strong root variation ability, broad bean (Vicia faba L.) had limited root morphological responses to varied P supplies, but there were significant alterations in root secretions (Liu et al., 2016; Lyu et al., 2016; Wen et al., 2017). However, root secretions only had a minor inhibitory effect on broad bean roots (Tang et al., 2016). Meanwhile, the recent research has revealed that wheat can improve the plant’s low P tolerance by enhancing the association between above- and below-ground traits under low P conditions, several crops can maximize fitness by enhancing co-variation among root features associated to P acquisition (Wang et al., 2023). It is hypothesized that the soil itself has a low P content in a low P environment, and it requires physiological changes to promote P absorption. As a result, methods such as enhancing the correlation between plant root characteristic are the embodiment of various vegetable species’ low P tolerance. Mycorrhizal colonization was dramatically reduced as P application rate increased, although only slight restriction in broad bean roots was observed (Teng et al., 2013; Deng et al., 2014; Tang et al., 2016; Deng et al., 2017; Wang et al., 2020). These findings revealed that, in response to low P stress, there could be synergies and trade-offs between root function aspects of different plants, culminating in diverse subsurface methods for improving P acquisition by different crop species. However, most previous research has focused on one or two traits among crop root shape, root secretion, and mycorrhizal symbiosis, with only a few vegetable crop species addressed concurrently (Brown et al., 2013; Deng et al., 2014; Lyu et al., 2016; Wen et al., 2017). As a result, it is necessary to monitor and analyze the response qualities of these root functional traits across a large range of vegetable crop species at the same time. This will lead to a better understanding of the interplay between root characteristics in varied soil environments, ultimately enhancing soil P uptake and the performance of vegetable crops.

The purpose of our study is to address: (1) how do vegetable plants coordinate root functional features (i.e., root morphology, root exudates, and mycorrhizal qualities) in response to variations in external soil P availability? (2) the effects of diverse P environments on the correlation of root characteristics in several vegetable species. This study determined the above- and below-ground features by setting the two components 12 vegetable species at two P levels), selected six genera of different crops, under varied P source environment. We primarily evaluated the two hypotheses listed below: (1) there are trade-offs among root morphology, exudates, and mycorrhizal colonization. different types of root functional characteristics (root morphology, exudates, and mycorrhizal properties) respond differently to variable soil P levels within or between vegetable species; (2) the association between root characteristics of vegetable crops is stronger at lower P availability than at higher P availability.





Materials and methods




Experimental design

The experiment was set up as a randomized complete block design, with two factors: (1) vegetable species: 12 vegetable species; (2) P supplies (as KH2PO4): 40 and 200 mg P kg-1 soil. The experiment was carried out with five replicates and total 120 pots were used. To reduce the effects of fixed plant position within blocks, pots within each block were re-randomized weekly.





Vegetable species and soil collection

We selected 12 common vegetable species, nine of the species form a symbiosis with AMF (Amaryllidaceae: allium (Allium fistulosum L., Af), garlic (Allium sativum L., As); Cucurbitaceae: cucumber (Cucumis sativus L.), melon (Citrullus lanatus),; Compositae: lettuce (Lactuca sativa Linn.); chrysanthemum (Chrysanthemum coronarium L.); Solanaceae: pepper (Capsicum annuum), eggplant (Solanum melongena L.), tomato (Lycopersicon esculentum). Three of the species were well-known non-AM (NM) species, Chenopodiaceae: spinach (Spinacia oleracea L.), sugar beet (Beta vulgaris L.); cruciferous: rape (Brassica chinensis Linn.); These were included in the experiment based on their agronomic importance and the fact that their P-acquisition techniques are expected to differ from AM species. The 12 vegetable species show a varied evolutionary lineage and a wide range of variation in root functional properties.

The low-P soil fallow for two years was collected from Sun Gezhuang Village, Xiongxian County, Baoding City, Hebei Province (116°09’ E, 39°05’ N). The 5 mm sieved, air-dried soil was mixed thoroughly. The soil properties were as follows: pH 7.38 (ratio of clay to water was 1:2.5), total nitrogen 1.32 g kg-1, available P 2.29 mg kg-1, available potassium 123 mg kg-1, organic carbon 13.6 g kg-1, and total potassium 19.73 g kg-1. Plastic flowerpots (height: 15 cm, top diameter: 20 cm, and bottom diameter: 12 cm) were filled with 2 kg dry soil per pot.

We used a P supply of 40 mgkg-1 soil for the low-P treatment (LP), and 200 mgkg-1 soil for the high-P treatment (HP), KH2PO4 was used as P resource. soil was also supplemented with basal nutrients at the following rates (mg kg-1): N 100 (NH4)2SO4), K 327 (K2SO4, KH2PO4), Ca 46 (CaCl2), Mg 4.2 (MgSO47H2O), Fe 0.88 (EDTAFe-Na), Na 0.36 (EDTAFe-Na), Mn 1.8 (MnSO4H2O), Zn 2.5 (ZnSO47H2O), Cu 0.57 (CuSO45H2O) to optimize the required nutrient availability. To maintain the same soil K level among all treatments, K2SO4 was supplied at 561 mg K kg−1 soil in the treatments at 40 mg.kg-1 soil. The indigenous AMF colonized the roots of crops cultivated in the native soil, no extra AMF inocula were added.





Plant growth conditions

The experiment was conducted in a light culture room at the west campus of Hebei Agricultural University, Baoding City, Hebei Province (39°04’ N, 116°09’ E). Seeds were surface-sterilized (30 min in a 5.0% (v/v) H2O2 solution), rinsed, and germinated in a growth chamber with a dark and humid environment at 20°C. Depending on species, three to six uniform seedlings were planted per pot, and seedlings were later thinned to the plant number of one. Pots were watered daily by weight to 60% ± 10% field capacity. The room temperatures were maintained at 22-27°C with relative humidity of 45%-55%. All crop varieties begin to grow on July 21st, 2019. Twelve vegetables were harvested on September 15th, 2019, and the remaining two allium vegetables were harvested on October 1st, 2019, because of their initial slow growth of allium. At time of harvest, the visual differences in shoot growth of all 12 vegetables were observed under both LP and HP conditions.





Harvest and measurements

At the time of harvest, the leaves and stem were separated from the root system with scissors. The fresh biomass of the above-ground was measured and stored into the envelope to keep into the oven, which was dried at 105°C for 30 min and 72°C for 48 h. Shoot P concentration was determined by the standard vanado-molybdate method (Murphy and Riley, 1986) after digestion in a H2SO4-H2O2 mixture at 360°C for 2 h. We measured ten root traits in three categories: seven root morphological traits: root biomass, root/shoot ratio, root length and fine roots (root diameter < 0.2 mm) length, root diameter, SRL and specific fine root length (SFRL); and two root physiological traits: carboxylates in the rhizosphere, acid phosphatase activity in the rhizosphere; and mycorrhizal colonization. A full description of every root trait is explained as below.

After sampling the rhizosphere soil, all visible roots were picked out from every pot. Root samples were washed with de-ionized water and frozen at -20°C prior to measurement of root morphological parameters. Cleaned root samples were dispersed in water in a transparent array (30 × 20 × 3 cm) and scanned with an EPSON scanner at a resolution of 400 dpi (Epson Expression 1600 pro, Model EU-35, Japan). The root traits such as length and diameter were determined by analysis of images using WinRHIZO Pro software (Regent Instruments Inc, Quebec, Canada) software. SRL (m g-1) was assessed as the ratio of root length over root weight. After scanning of root samples, the roots were also oven-dried at 70°C for three days and weighed as root biomass to further calculating the root/shoot biomass ratio. In addition, we calculated SRL by root length over root biomass, assuming that roots were perfectly cylinders.

Acid phosphatase activity in the rhizosphere was measured according to (Alvey et al., 2001) using p-nitrophenylphosphate (p-NPP). The roots with tightly adhering rhizosphere soil were transferred into 200-mL vials containing 0.2 mM CaCl2 solution depending on root volume (Murphy and Riley, 1986). The pH value of Na-acetate buffer (200 mM) was adjusted to the average pH values (5.4) of the rhizosphere soil. The rhizosphere soil in the CaCl2 suspension was separated by centrifugation of 10 min at 12,000 × g and dried at 60°C before weighing it. The concentration of p-NPP in the supernatant was measured spectrophotometrically at 405 nm.

Carboxylates in the rhizosphere soil were analyzed using a reversed phase high performance liquid chromatography (HPLC) system according to a previous report (modified from Shen et al., 2003). The chromatographic separation was conducted on a 250 × 4.6 mM reversed-phase column (Alltima C18, 5 Micrometers; Alltech Associates Inc., Deerfield, IL, USA). The mobile phase was 25 mM KH2PO4 (pH 2.25) with a flow rate of 1 ml min-1 at 31°C. Detection of carboxylates was carried out at 214 nm (Zhang et al., 2019).

Root samples were treated with 10% (w/v) KOH solution in a 90°C water bath for 20 min, rinsed with water, acidified with 2% (v/v) HCl for 5 min at room temperature to make it transparent, and then stained with 0.05% (w/v) nonvital Trypan blue in a 90°C water bath for 30 minutes. Stained root fragments were placed in a lactic acid-glycerol-water (v/v/v, 1:1:1) solution overnight to remove excess stain. For each sample, 30 stained root fragments of second-order roots with an average length of 1 cm were selected randomly and observed with light microscope after mounted on two slides. Colonization by AMF (%) was assessed using the method described by Trouvelot et al. (1986).





Data analysis

To find out how two shoot parameters and eleven root features of 12 distinct vegetable species responded to varied P levels, we used a two-way ANOVA with a randomized block to examine the effects of P treatments, two main factors and their interaction on shoot biomass, P concentration, and eleven root traits. Significant differences among means were based on the t-test (P < 0.05). Spearman’s correlation analysis was used to investigate the pairwise associations of root traits in order to examine possible coordination or trade-offs in variance of the two shoot parameters and eleven root traits among 12 vegetable traits. All statistical analyses were performed with the SPSS 26.0 statistical software (IBM Corp., Armonk, NY., USA).

We also used principal component analysis (PCA) to investigate trait interactions and to represent vegetable species in a lower dimensional space. PCA plots were constructed in Origin 2021b (OriginLab, Northampton, MA., USA).

We used linear regression to investigate the associations between root trait, AMF, A-Pase, and carboxylates and shoot biomass. We anticipated that the first root trait axis would contribute to shoot biomass both directly and indirectly through its interactions with AMF, A-Pase, and carboxylates. We focused on the root trait axis rather than individual root traits because we lacked the statistical power to fit causal linkages between root traits, AMF, A-Pase, and carboxylates while meeting model fit parameter criteria.






Results




Shoot trait variations in response to P concentration

The two shoot features showed significant variance among species, as demonstrated by the two-way ANOVA (Table 1). The interaction of P applications and species had a significant effect on root biomass and root P concentration (P < 0.05). Low P treatment reduced the biomass of all parts of vegetables and the variation of different P application in all parts of vegetables under low P condition is consistent with the variation of biomass (Figures 1A–F). At the same time, the biomass and P concentration of fruit vegetables were more significantly responsive to P level changes than that of leaf vegetables. For example, which the change of solanaceae was obvious, compared with high P treatment, root, stem and leaf biomass of eggplant was reduced by 94.7%, 91.1%, and 85.2%, respectively (Figures 1A–C). Meanwhile, the P concentration in different parts of other vegetable crops decreased significantly except that the P concentration in stem of scallion, watermelon, and leaf of pepper increased significantly. For example, stem P concentration in onion increased 46.2% (Figure 1E). Cucumber and watermelon leaf P concentration increased 16.2% and 29.8%, respectively (Figure 1F). The P concentration of non-mycorrhizal plants decreased obviously (Figures 1D–F).


Table 1 | Results of two-way ANOVA for root functional traits among 12 vegetables species and two soil phosphorus (P) treatments.






Figure 1 | The responses of root biomass (A), stem biomass (B), leaf biomass (C), root P concentration (D), stem P concentration (E), and leaf P concentration (F) to soil phosphorus (P) availability among 12 crop species. Each value is the mean ( ± SE) of fifive replicates. * indicates significant difference between different P treatments within each species (based on Tukey’s post hoc analysis, P ≤ 0.05). Species abbreviation: allium (Allium fistulosum L., Af); garlic (Allium sativum L., As); cucumber (Cucumis sativus L., Cs); melon (Citrullus lanatus, Cl); spinach (Spinacia oleracea L., So); sugar beet (Beta vulgaris L., Bv); rape (Brassica chinensis Linn., Bc); lettuce (Lactuca sativa Linn., Ls); chrysanthemum (Chrysanthemum coronarium L., Cc); pepper (Capsicum annuum, Ca); eggplant (Solanum melongena L., Sm); tomato (Lycopersicon esculentum, Le).







Root trait variations in response to P concentration

The eleven root functional properties varied substantially among species (Table 1). Eleven traits also varied significantly with the interaction of P treatment and species (P < 0.05). As a result, the intensity and direction of root trait responses to P supply in different soils diverged between species. All eleven traits varied greatly among all 12 vegetables at two P levels (Figures 2A–F). At the same time, the root structure and root exudates of fruit vegetable species were more sensitive to phosphorus water than those of leaf vegetable species (Figures 2A–F). Under the LP condition, SFRL of two solanaceae vegetables, watermelon and chrysanthemum was significantly enhanced regardless of low or high P application. Eggplant showed the prominent noticeable variation, increasing by 61.1% (Figure 2A). SRL of onion, watermelon, solanaceae plants and spinach were significantly increased under low P condition, compared with the traits under the HP condition. Garlic showed the largest increase by 121% (Figure 2B). RTD of onion, chrysanthemum, pepper, spinach and carrot non-mycorrhizal plants were severely altered by LP except for garden chrysanthemum, RTD of other plants was significantly decreased (Figure 2C).




Figure 2 | The responses of specific fine root length (A), specific root length (B), root tissue density (C), fine root length (D), root length (E), and average diameter of roots (F) to soil phosphorus (P) availability among 12 crop species. Each value is the mean (± SE) of five replicates. * indicates significant difference between different P treatments within each species (based on Tukey’s post hoc analysis, P ≤ 0.05). Species abbreviation: allium (Allium fistulosum L., Af); garlic (Allium sativum L., As); cucumber (Cucumis sativus L., Cs); melon (Citrullus lanatus, Cl); spinach (Spinacia oleracea L., So); sugar beet (Beta vulgaris L., Bv); rape (Brassica chinensis Linn., Bc); lettuce (Lactuca sativa Linn., Ls);chrysanthemum (Chrysanthemum coronarium L., Cc); pepper (Capsicum annuum, Ca); eggplant (Solanum melongena L., Sm); tomato (Lycopersicon esculentum, Le).



Compared with the three root structural traits, the morphological traits of each vegetable root altered more significantly (Figure 2). Under the LP condition, cucumber, spinach, chrysanthemum, pepper and eggplant all showed similar variation of fine root length and root length, which were lower than at HP treatment (Figures 2D, E). The two root morphological traits of eggplant reduced more significantly significant (Figures 2D, E). Compared with HP, fine root length and root length of eggplant at LP were reduced 75.9%, 91.4%, respectively (Figures 2D, E).

LP treatment significantly enhanced mycorrhizal colonization (Figure 3A) for all 10 AM vegetable species, especially for solanaceae crops. Mycorrhizal colonization of eggplant and pepper was increased up to 35.6% and 31.3%. Despite the fact that high P treatment reduced AMF colonization in some crops, allium plants had a higher AMF colonization. For example, allium and garlic had 75.8% and 57.5% mycorrhizal colonization at LP, although HP supply considerably hindered mycorrhizal colonization, they maintained high mycorrhizal colonization (44.1% and 42.9%).




Figure 3 | The responses of mycorrhizal colonization (A), the amounts of carboxylates in the rhizosphere (carboxylates) (B), and acid phosphatase activity in the rhizosphere (A-Pase) (C) to soil phosphorus (P) availability among 18 crop species. Each value is the mean ( ± SE) of fifive replicates. * indicates significant difference between different P treatments within each species (based on Tukey’s post hoc analysis, P ≤ 0.05). Species abbreviation: allium (Allium fistulosum L., Af); garlic (Allium sativum L., As); cucumber (Cucumis sativus L., Cs); melon (Citrullus lanatus, Cl); spinach (Spinacia oleracea L., So); sugar beet (Beta vulgaris L., Bv); rape (Brassica chinensis Linn., Bc); lettuce (Lactuca sativa Linn., Ls); chrysanthemum (Chrysanthemum coronarium L., Cc); pepper (Capsicum annuum, Ca); eggplant (Solanum melongena L., Sm); tomato (Lycopersicon esculentum, Le).



HP supply inhibited the content of carboxylates in the rhizosphere (Figure 3B). The content of carboxylates in the rhizosphere of vegetables was significantly increased (46.4% ~ 457.1%) under the LP condition compared to HP treatment. Both at LP and HP level, only A-Pase activity of onion and garlic was significantly varied (Figure 3C), and LP levels reduced onion A-Pase activity considerably while increasing the A-Pase activity of garlic.





Correlations between shoot P concentration and root traits among 12 vegetables varieties

As indicated in Table 2, the LP treatment considerably increased the correlations between root features when compared to the HP treatment. Mycorrhizal colonization was substantially correlated with SRL and SFRL in the LP condition. Under the LP condition, RTD was substantially associated with mycorrhizal colonization, carboxylaters, and A-Pase as compared to the HP condition.


Table 2 | Phenotypic correlations coefficients among plant traits across 12 vegetables species grown at the high P level (200 mg P kg-1 soil, low-left diagonal) and at the low P level (40 mg P kg-1 soil, upper-right diagonal).



Under LP condition, 24 groups of root traits were noticeably correlated. But at HP treatment, only 4 groups of root traits were significantly correlated. Compared with the LP treatment, the correlation of root traits of vegetable crops decreased by 83.33% at the HP level.





Correlations among eight root traits under HP and LP conditions

PCA results demonstrated that 6 root functional traits of 9 mycorrhizal vegetables species in the HP treatment showed 82.8% variation in the first two components (Figure 4A and Table S1). At the HP level, the first two principal components (PC) made up 49.9% and 32.9% of the total variation (Figure 4A). Root diameter, RTD, SRL and SFRL had a strong contribution to PC1, whereas root length and fine root length mainly contributed to PC2 (Figure 4A). Under the LP condition, the first two PCs made up 47.1% and 32.3% of the total variation (Figure 4B).




Figure 4 | Principal component analysis (PCA) of six root traits for 9 mycorrhizal vegetables species in response to the high P (200 mg kg-1 soil applied; (A), the low P supply (40 mg kg-1 as KH2PO4; (B) and 3 non-mycorrhizal vegetables species in response to the high P (200 mg kg-1 soil applied; (C), the low P supply (40 mg kg-1 as KH2PO4; (D). Trait notations: average diameter of roots (RD), specific fine root length (SFRL), specific root length (SRL) fine root length (FRL), root length (RL), root tissue density (RTD). Species abbreviation: allium (Allium fistulosum L., Af); garlic (Allium sativum L., As); cucumber (Cucumis sativus L., Cs); melon (Citrullus lanatus, Cl); spinach (Spinacia oleracea L., So); sugar beet (Beta vulgaris L., Bv); rape (Brassica chinensis Linn., Bc); lettuce (Lactuca sativa Linn., Ls); chrysanthemum (Chrysanthemum coronarium L., Cc); pepper (Capsicum annuum, Ca); eggplant (Solanum melongena L., Sm); tomato (Lycopersicon esculentum, Le).



PCA based on 6 root functional traits of 3 non-mycorrhizal vegetables species (Figures 4C, D). At the HP level, the first two principal components (PC) made up 50.0% and 32.3% of the total variation (Figure 4C). Root diameter, RTD and SRL had a strong contribution to PC1, whereas root length, fine root length and SFRL mainly contributed to PC2 (Figure 4C). At the LP level, the first two PCs made up 59.4% and 29.5% of the total variation (Figure 4D).





Pathway analysis of root traits, AMF, A-Pase, carboxylates and shoot biomass

In the PCA, more vegetables species preferred axis 1, so axis 1 was taken as the root axis (Figure 4). Under the HP condition, shoot biomass of mycorrhizal vegetables species was indirectly measured by the first axis of root traits through carboxylaters (Figure 5A; RFA; RMSEA < 0.001). In addition, RFA can also direct affect A-Pase activity (path analysis model fit:RMSEA < 0.001). Except for the indirect root axis-carboxylater pathway, the direct root axis pathway was improved under the LP condition (path analysis model fit: RMSEA < 0.001; Figure 5B). Meanwhile, RFA can also directly affect A-Pase activity and mycorrhizal colonization (path analysis model fit:RMSEA < 0.001; Figure 5B).




Figure 5 | Effects of root traits axis, mycorrhizal colonization, (AMF) the amounts of carboxylates in the rhizosphere (carboxylates) and acid phosphatase activity in the rhizosphere (A-Pase) on shoot biomass. First axis of the root economics traits, AMF, carboxylates and A-Pase in path analysis for mycorrhizal vegetables species to the high P (200 mg kg-1 soil applied; (A), the low P supply (40 mg kg-1 as KH2PO4; (B) and non-mycorrhizal vegetables species to the high P (200 mg kg-1 soil applied; (C), the low P supply (40 mg kg-1 as KH2PO4; (D). Red arrows indicate positive relationship, and blue arrows indicate negative relationship. Dark solid line arrow indicates significant relationships (P < 0.01), light-colored line arrow indicates significant relationships (0.01 < P < 0.05) and dashed lines indicate that there is no path association (P > 0.05).



Under the HP condition, shoot biomass of non-mycorrhizal vegetables species was measured indirectly via the first axis of root traits through carboxylates (Figure 5C; RFA; RMSEA < 0.001). In addition, A-Pase activity can also directly affect the shoot biomass (path analysis model fit:RMSEA < 0.001; Figure 5C). Under the LP condition, only the direct pathway in the root axis affect shoot biomass (path analysis model fit: RMSEA < 0.001; Figure 5D).






Discussion




Shoot and root growth traits of 12 vegetable species

P concentration in stem and leaf is not only an important indicator for evaluating P nutrition in plants, but it is also an important method for determining whether P stress inhibits crop yield (Barry and Miller, 1989; Bollons and Barraclough, 1999). In this study, the P concentration in the shoots of 12 vegetables declined at low P level, and the changes in biomass and P concentration in all regions of the vegetables appeared to be constant. Under low P condition, all vegetables showed consistent changes of shoot biomass and P concentration, especially in leaves (Figure 1).

Previous researches revealed that the trade-offs between root traits and mycorrhizal colonization in nutrient acquisition play a significant impact in plant P uptake in natural ecosystems (Lambers et al., 2006; Liu et al., 2015; Chen et al., 2016). According to the results, various vegetable root traits and mycorrhizal colonization demonstrated varied mechanisms for soil P uptake under low P conditions (Figures 2, 3). Generally, low soil P availability and shoot P deficiency improve the regulation of root morphology, the release of P activated exudates, or the alternative strategy: the symbiotic interaction with AMF (Ryan et al., 2012), whereas they are significantly inhibited by high shoot P concentration and high soil P availability (Teng et al., 2013; Deng et al., 2017; Wen et al., 2017). All of these adaptive responses indicated that plants may modify numerous root functional properties to achieve a balance of costs and benefits under varied P conditions (Lynch, 2015; van der Heijden et al., 2015; Weemstra et al., 2016). We found that lettuce, chrysanthemum under low P condition had high RTD and low SRL (Figure 2). Exploration of bigger soil volumes in low P conditions leads to a reduced cost per unit root length (McCormack et al., 2015; Kramer-Walter et al., 2016).

In this study, spinach, beet and rape were all non-mycorrhizal vegetables (Wang and Qiu, 2006; Lambers et al., 2013), and we did not observe mycorrhizal colonization of these vegetable species. Non-mycorrhizal vegetables had more stable root structure and morphological characteristics (Figure 2). Non-mycorrhizal plants did not exhibit stronger root exudation capabilities under low P condition. Most non-mycorrhizal plants adopt a single strategy under low P condition, and non-mycorrhizal plants acquired P by depending on root morphological and structural traits as compared to mycorrhizal vegetable species.

Increasing soil P availability significantly reduced the symbiotic relationship between roots and AMF (Teng et al., 2013). We concluded that increased P levels reduced mycorrhizal colonization in all mycorrhizal plants. It is noteworthy that mycorrhizal colonization of the two alliaceae species were the highest under both low and high P conditions. This result may be due to the shorter root length, finer root length and the smaller root surface area of alliaceae species (Figure 2). In addition, a large number of previous studies have reported that alliaceae plants have a relatively thicker root diameter (Itoh and Barber, 1983; Föhse et al., 1991), probably leading to the weak regulation of root morphology in allium plants. As a result, they rely more on mycorrhizal symbiosis to improve the detection of soil P, even under high P conditions (Wen et al., 2019); for instance, the onion plants in the Netherlands showed high colonization under high P conditions (Galvan et al., 2009).

Most vegetable species did not depend prominently on carboxylates and A-Pase to under low P stress to acquire P (Figures 3B, C). These results were different from the results of Wen et al. (2019), who found under low P condition, fine-rooted plants usually showed lower carboxylater content and A-Pase activity in root sheath. Meanwhile, studies have shown that both root morphology and mycorrhizal colonization are regulated by P level (Lambers et al., 2008; Shen et al., 2011). The release of P-activated secretions (such as organic acid anions) is a “P mining” strategy, but all of these strategies are modulated in favor of P uptake by plants. However, the input costs determined by each strategy may restrict the ability of vegetables to effectively express all strategies (Lynch and Ho, 2005; Ryan et al., 2012; Raven et al., 2018); as a result, the expression form of vegetable root exudates was not important in this investigation.

The results showed that fruit vegetables were more responsive to changes in different P levels (Figures 1A–F, 2A–F). This may be fruit vegetables have different nutrient requirements compared with leaf vegetables. Leaf vegetables require more N throughout the growth cycle and more P at the peak of growth. However, the requirement of N and P of fruit vegetables was high during the whole growth cycle. Thus, the fruit vegetable species could be more inhibited by low P stress than leaf vegetable species.





Correlations and pathway relationship of root functional traits among vegetable species

In this study, we found that only a few root traits were related to shoot P concentration in both P treatments (Table 2), suggesting that plant P uptake was related to root biomass, root length and RTD (Table 2). This result is consistent with the previous study by Kraft et al. (2015). However, the association of each individual trait with shoot growth is based on a complex trait co-variation, especially in the case of P deficiency (Table 2). Therefore, understanding the degree and pattern of trait integration among genotypes under different environmental situations might help us to better comprehend plant adaption methods. Co-variation patterns of traits represent important information about plant adaptation strategies selected under different environmental conditions (Laughlin, 2014; Messier et al., 2017). In this study, there was a strong correlation between root traits under low P condition (Table 2). The results supported our second hypothesis that the correlation between root traits of vegetable crops was enhanced under low P treatment. This suggests that under low P conditions, vegetable crops could improve co-variation between root characteristics, optimizing fitness. These results are consistent with the theory that trait integration generally increases with environmental stress (Damian et al., 2020; Delhaye et al., 2020).

In this study, A-Pase and carboxylates were correlated with root traits lower (Table 2), this is contrary to the findings of Shen et al. (2011), suggesting that vegetable crops can maintain higher phosphatase activity and organic acid content in most combination of root and morphological traits to obtain inorganic P ultimately increasing plant yield. The covariation patterns among root traits were strongly influenced by P supply (Wang et al., 2020). In modern agriculture, plants with high fertilizer inputs are more conducive to P resources (Milla et al., 2015), leading to the decreasing co-variation of traits (Milla et al., 2014; Roucou et al., 2018). Root length and root/shoot ratio have great plasticity. Co-variation of traits with root reduction can potentially result in additional new trait combinations (Laughlin, 2014), to achieve diverse roles and enhance growth in high P environments.

We found that at high P level, vegetable crops depend on the indirect effect of root and carboxylates on crop yield. Though, vegetable crops had increased the direct effect of root at low P level. Meanwhile, mycorrhizal crops use more indirect pathways of influence, such as A-Pase activity-roots and AMF-roots (Figure 5). Root morphology and regulation of AMF belong to “P-scavening” strategy, that enhanced the detection range of soil P in a complementary manner (Lambers et al., 2008; Shen et al., 2011). In contrast, the release of P-activated secretions (e.g., carboxylates) is a “P-mining” technique for increasing soil P availability through coordination of exchange and chelation of insoluble phosphorus sources (Hinsinger, 2001; Ryan et al., 2001; Shen et al., 2011). Therefore, the yield of vegetable crops was significantly affected by the “P-mining” strategy, that is contrary to the research results of Lambers et al. (2015), who demonstrated that “P-mining” strategy was more effective when the P content in soil solution was very low and most of P was adsorbed or fixed by soil particles. We suggest that the occurrence of such phenomena may be because of soil P-mining, and vegetable crops can fully distribute their own required P. Under high P condition, the increase of root nutrient cost promotes the secretion of carboxylates, and dominance of “P-mining” strategy in vegetable crops. At low P level, mycorrhizal vegetables showed that both “P-mining” strategy and “P-scavenging” strategy affected vegetable yield. It demonstrates that vegetables use all means within own cost range to absorb more P. Non-mycorrhizal vegetables, on the other hand, lack mycorrhizal pathway absorption, reduce the cost and only root modifications (“P-scavenging” strategy) affect yield. In conclusion, vegetables can improve their ability to take up P under low P conditions by increasing the correlation of their own traits and boost the influencing pathways. Simultaneously, robust and diverse trait combinations would help vegetables produce more stable yield under varying P conditions.






Conclusions

The present study provides a comprehensive framework for understanding how 12 vegetable species with varying P sensitivity coordinate two shoot traits and 13 root traits to acclimatize to varied P conditions. Our findings revealed that when under P stress, vegetables reduce their own exudation firstly. Non-mycorrhizal plants have relatively stable root traits, whereas solanaceae plants depend more on alterations in root morphological and structural traits. Finally, we revealed that plants were more likely to respond to low P stress by altering their own morphological structure correlation. Meantime, low P stress could significantly improve the direct and indirect ways of mycorrhizal vegetable crops’ root traits axis on shoot biomass, and enhance the direct way of non-mycorrhizal vegetable crops’ root traits axis and reduce the indirect way of root exudates.
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The stoichiometry of key elements such as C, N, and P is an important indicator of ecosystem nutrient status and biogeochemical cycling. Nevertheless, the responses of soil and plant C:N:P stoichiometric characteristics to natural vegetation restoration remain poorly understood. In this study, we investigated C, N, and P contents and stoichiometry in soil and fine roots along vegetation restoration stages (grassland, shrubland, secondary forest, and primary forest) in a tropical mountainous area in southern China. We found that soil organic carbon, total N, C:P ratio, and N:P ratio significantly increased with vegetation restoration and significantly decreased with increasing soil depth, whereas there was no significant effect on soil total P and C:N ratio. Furthermore, vegetation restoration significantly increased the fine root N and P content and N:P ratio, whereas soil depth significantly decreased the fine root N content and increased the C:N ratio. The increasing average N:P ratio in fine roots from 17.59 to 21.45 suggested that P limitation increased with vegetation restoration. There were many significant correlations between C, N, and P contents and their ratios in soil and fine roots, indicating a reciprocal control of nutrient stoichiometric characteristics between them. These results contribute to our understanding of changes in soil and plant nutrient status and biogeochemical cycling during vegetation restoration and provide valuable information for restoration and management of tropical ecosystems.
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1 Introduction

Eco-stoichiometry is a discipline that balances multiple chemical elements and energy flows in their ecological processes and interactions; it is a valuable tool for understanding biological processes from the scale of the organ to the ecosystem (Elser et al., 2000; Zhang et al., 2018). Carbon (C), nitrogen (N), and phosphorus (P) are the fundamental elements that make up living organisms and play a key role in the processes of energy flow and material cycling in the ecosystem (Sistla and Schimel, 2012). Soil and plant stoichiometry (i.e., the C:N:P ratio) has been broadly applied to infer biogeochemical cycling, nutrient limitation, and response to environmental change (Elser et al., 2010; Sardans et al., 2021). Ecosystem structure and function can be greatly altered by shifts in C:N:P stoichiometry induced by stressors such as vegetation degradation, land-use change, and atmospheric N deposition (Ning et al., 2021; Sardans et al., 2021).

The exchange of elements between soils and plants creates a mutual control of their elemental composition. Soil nutrient effectiveness directly affects nutrient uptake and assimilation by plants (Zhang Y. et al., 2019), whereas plants provide substrates for soil biology in the form of root and litter exudates, which drive C, N, and P cycling processes and thus affect soil nutrient effectiveness (Wang and Zheng, 2021). Therefore, soil C, N, and P contents and their stoichiometric ratios are important indicators of soil mineralization, nutrient cycling, and plant nutrient supply (Zhang W. et al., 2019). As an essential link between belowground and aboveground parts of the plant, fine roots (diameter ≤2 mm), which are the main organs for plant uptake, storage, and transport of water and nutrients, play a crucial role in energy flow and material exchange between plants and soil (Sarai et al., 2022). Consequently, the C:N:P stoichiometry of fine roots reflects the response and adaptability of plants to the environment, including the ability of C assimilation during plant growth and the efficiency of nutrient use and can be used to diagnose limiting elements (Nadelhoffer, 2000; Cao et al., 2020). There is a close connection between the plant organs and soil nutrients (Zhang et al., 2018; Dynarski et al., 2023). However, most previous studies have examined C:N:P stoichiometry in leaves (Lanuza et al., 2019; Li et al., 2021), and relatively little is known about root stoichiometry, especially for fine roots (Makita et al., 2011; Wang et al., 2020; Zou et al., 2021), presumably because it is more difficult to collect roots than leaves. Moreover, some current studies focused on the C:N:P stoichiometry of soils (Liu et al., 2022; Huang et al., 2023) or fine roots (Geng et al., 2022; Hu et al., 2022) and less on the nutrient relationships between soils and fine roots (Zhang et al., 2023).

Natural vegetation succession as a restoration mechanism is a common phenomenon in many human-disturbed sites around the world (Brus et al., 2020; Mudrák et al., 2021). Vegetation restoration is a synergetic process of plants and the soil environment that can improve nutrient cycling and soil quality of degraded ecosystems (Xu et al., 2019). The C, N, and P contents of ecosystem components (plant, litter, and soil) and their cycling patterns regulate plant survival and growth and various ecological processes in vegetation restoration (Wang and Zheng, 2021), and C:N:P stoichiometry reflects the feedback between vegetation dynamics and soil nutrients (Zhang et al., 2018). For example, Chen et al. (2018) revealed that fine root C:N:P stoichiometry changes with stand age of Robinia pseudoacacia and Pinus tabulaeformis forests and that the nutrient-use strategy differs between two temperate forest types as age increases. Similarly, Su et al. (2019) found that soil and root C:N:P stoichiometry showed a large response with vegetation succession in a high human-disturbance area in subtropical China. Recent few studies have indicated that soil and root C:N:P stoichiometry influenced by both vegetation type and soil depth (Chen M. et al., 2022; Joshi and Garkoti, 2023). However, our understanding regarding the synergy between the C, N, and P stoichiometric ratios of ecosystem components during vegetation restoration is still limited, especially in several important ecosystems such as tropical forests, which limits our grasp of the response of geochemical nutrient cycling to vegetation dynamics under the stressors of human activities and climate change.

Tropical forests, which are highly biologically complex but less understood ecosystems, play a critical role in protecting biodiversity, maintaining C and N balance, nutrient cycling, and regulating climate change (Wright, 2010; Mitchard, 2018). However, forest degradation and decline in tropics continue globally due to overexploitation, climate change, and land-use change, resulting in the loss of biodiversity and reduction in soil nutrients and carbon (Estoque et al., 2022; Smith et al., 2023). Therefore, restoration of tropical forest ecosystems is widely recognized as one of the most important and urgent challenges facing humanity and influencing climate change (Chazdon, 2019). Tropical soils are more vulnerable to inappropriate land management practices than temperate soils (Zhang et al., 2007). The degraded tropical soil undergoes rapid and irreversible chemical degradation through intense acidification, dissolution of aluminum, P fixation, depletion of cations, and reduction in organic matter (Lan et al., 2017). The majority of degraded forests worldwide are in the process of natural restoration, which aims to improve degraded soils while optimizing ecosystem structure and function (Verdone and Time, 2017).

The tropical mountain region in southern China is one of the world’s biodiversity hotspots (Myers et al., 2000). Dramatic population growth over the past century has increased demand for fuelwood, timber, and food, and intense human activities have destroyed forests with effects such as widespread red soil degradation and erosion, leading to biodiversity loss and forest fragmentation (Ren et al., 2007; Zhu, 2017). The vegetation in Shiwan Mountain in Guangxi Province of southern China is characterized by a typical tropical seasonal rainforest; however, the high human disturbance in recent decades has caused severe forest degradation and soil erosion in this area (Hou et al., 2010). To restore the ecological environment and make sustainable use of natural resources, China has implemented several ecological restoration projects nationwide since the 1970s, such as the Grain to Green Project and the Natural Forest Protection Project (Zhang et al., 2015). In this context, natural vegetation restoration after disturbance represents a general change of land use in southern China (He et al., 2011; Wang et al., 2018). Although the tropical mountains are extremely important providers of ecosystem services, little research has been carried out on the ecological processes of vegetation restoration on Shiwan Mountain. Only a few studies have reported that vegetation restoration significantly improved soil enzyme activity and soil microbial biomass in this tropical mountain area (Sun et al., 2014; Sun et al., 2015). However, it remains unclear how soil and plant stoichiometry respond to natural vegetation restoration in tropical China.

In the present study, we investigated soil and fine root stoichiometry at four vegetation restoration stages on Shiwan Mountain. The main objectives of this study were to (1) explore the shifts of C, N, and P contents and their stoichiometric characteristics in soil and fine roots along natural vegetation restoration in a tropical mountain area and (2) clarify the relationships between soil and fine root stoichiometric characteristics. To the best of our knowledge, this study is the first to analyze the soil and fine root stoichiometric characteristics along vegetation restoration in tropical China.




2 Materials and methods



2.1 Study area

The study area is located on Shiwan Mountain (108°02′E, 21°42′N) in Shangsi County, Guangxi Province, southern China (Figure 1). The study area belongs to the northern tropical monsoon climate zone with annual sunshine of 1,525 h, annual average precipitation of more than 2,900 mm, and an annual average temperature of 21.9°C (Sun et al., 2014). The soil types are red soil and brick-red soil, and the main soil-forming parent rocks are granite, sandstone, and shale. This mountainous area is characterized by a tropical seasonal rainforest, but due to long-term human disturbance, the primary forest has been highly fragmented (Sun et al., 2015). Most of the vegetation types in the sampling sites are secondary forest, shrubland, and grassland. Table 1 describes the four vegetation types in detail.




Figure 1 | Sampling sites on a hillside in a tropical mountainous area in Guangxi Province, southern China.




Table 1 | Information on sampling sites at four vegetation restoration stages in tropical China.






2.2 Experimental design

During the peak growing season (August) in summer 2021, four vegetation restoration stages, namely, grassland, shrubland, secondary forest, and primary forest, were selected on a hillside on Shiwan Mountain (Figure 1) based on the spatio-temporal substitution method (Lu et al., 2022; Wu et al., 2022). Five plots, each of 20 m × 20 m, were established for each stage. The distance between each plot ranged from 50 to 470 m. These plots had similar environmental conditions, such as mean elevation, slope degree, and soil type. Vegetation surveys were conducted within each plot, and the species name, coverage, abundance, and height were recorded.

In each plot, five representative sampling points were selected according to the “S” shape. Soil and fine root samples were collected at three depths of 0–10 cm, 10–20 cm, and 20–40 cm using soil augers with an inner diameter of 10 cm, for a total of 60 samples (4 stages × 5 plots × 3 depths = 60). The samples of the same soil layer from the same plot were evenly combined to obtain a mixed sample for each of the three depths per plot, and the samples were transported to the laboratory. In the laboratory, fine roots (diameter ≤2 mm) in the soil cores were removed with tweezers and dried at 65°C to constant weight for 48 h. The dried fine roots were ground in a ball mill. The soil samples were air-dried in the shade and passed through a sieve with 2-mm mesh size. The soil organic carbon (SOC), soil total nitrogen (TN), and fine root total C and N were measured using a C and N analyzer (Vario MAX, Elementar, Germany). Total phosphorus (TP) of soil and fine roots was measured with a continuous flow analyzer (San ++, Skalar, Netherlands) after digestion with H2SO4–H2O2.




2.3 Statistical analysis

The effects of restoration stage, soil depth, and their interactions on C, N, and P contents and their stoichiometric ratios in soil and fine roots were examined by linear mixed models (LMMs). In the model, restoration stage, soil depth, and their interactions were considered as fixed factors, while plot term was treated as a random factor. One-way analysis of variance (ANOVA) with least significant difference (LSD) test was carried out to analyze significant differences among restoration stages and soil depths. The relationships between C, N, and P contents and their ratios in soil and fine roots were analyzed using Pearson correlation analyses. The analysis of LMMs and ANOVA were performed with SPSS version 21.0 (SPSS Inc., Chicago, IL, USA), and correlation analysis were conducted using the PerformanceAnalytics R package (Peterson and Carl, 2020).





3 Results



3.1 Variation of soil C, N, and P contents and their stoichiometry at four restoration stages

Vegetation restoration stage, soil depth, and their interaction had a significant effect on SOC and TN contents but not on TP content and C:N ratio (Table 2). Meanwhile, restoration stage and soil depth had a significant effect on soil C:P and N:P ratios, but their interaction did not (Table 2). SOC and TN contents and soil C:P and N:P ratios increased with restoration and decreased with increasing soil depth, and the highest contents and ratios were in the topsoil (0–10 cm) in primary forest, whereas the lowest were in the subsoil (20–40 cm) in grassland (Figures 2A, B, E, F; Supplementary Table S1). Soil TP content and C:N ratio did not vary significantly with restoration stage and soil depth (Figures 2C, D).


Table 2 | Results from linear mixed models to evaluate the effects of restoration stage, soil depth, and their interaction on C, N, and P contents and their stoichiometry in soil and fine roots.






Figure 2 | Changes in SOC (A), TN (B), TP (C) and stoichiometric ratios of soil C:N (D), C:P (E) and N:P (F) along four stages of vegetation restoration. Different capital letters above the bars indicate significant differences among restoration stages, and lowercase letters indicate significant differences among soil layers (p < 0.05). Values are the mean ± standard error.






3.2 Variation of fine root C, N, and P contents and their stoichiometry at four restoration stages

Fine root C content was not affected by restoration stage, soil depth, and their interaction, whereas fine root N content and C:N ratio were significantly affected by restoration stage and soil depth but not by their interaction (Table 2). Fine root P content, C:P ratio, and the N:P ratio only differed significantly with restoration stage (Table 2). Fine root N content increased with restoration and decreased with soil depth (Figure 3B; Supplementary Table S1). Fine root P content tended to increase with restoration but did not differ significantly with soil depth (Table 2; Figure 3C). Fine root P content at the three soil depths was significantly lower in grassland than in secondary and primary forest but did not differ significantly from that in shrubland (Figure 3C). Both fine root C:N and C:P ratios decreased with restoration in the same soil layer (Figures 3D, E), whereas fine root N:P ratio tended to increase with restoration (Figure 3F). Fine root C:N and C:P ratios increased or tended to increase with increasing soil depth, but fine root N:P ratio decreased the most with increasing depth in the four restoration stages (Figures 3D–F; Supplementary Table S1).




Figure 3 | Changes in fine root C (A), N (B), P (C) and stoichiometric ratios of fine root C:N (D), C:P (E) and N:P (F) along four stages of vegetation restoration. Different capital letters above the bars indicate significant differences among restoration stages, and lowercase letters indicate significant differences among soil depth (p < 0.05). Values are the mean ± standard error.






3.3 Relationships among the soil and fine root C, N, and P contents and their stoichiometry

Significant positive correlations were found between SOC and soil TN, and between fine root N and fine root P (Figure 4A). Both SOC and soil TN showed significant positive correlations with fine root N and fine root P (Figure 4A). Soil N:P ratio was significantly positively correlated with soil C:P ratio but significantly negatively correlated with soil C:N ratio (Figure 4B). Both soil C:P and N:P ratios were significantly negatively correlated with fine root C:N and C:P ratios, but both were significantly positively correlated with fine root N:P ratio (Figure 4B). Moreover, fine root C:P ratio was significantly positively correlated to fine root C:N and N:P ratios, whereas fine root C:N ratio was significantly negatively correlated to fine root N:P ratio (Figure 4B).




Figure 4 | Correlation coefficients of C, N, and P contents (A) and C:N, C:P, and N:P ratios (B) in soil and fine roots. *p < 0.05, **p < 0.01, ***p < 0.001.







4 Discussion



4.1 Soil C, N, and P contents and their stoichiometry during vegetation restoration

The average contents of SOC, TN, and TP at the topsoil (0–10 cm) in the four restoration stages in this study were 17.92, 1.32, and 0.24 g/kg−1 (Figure 2; Supplementary Table S1), respectively, which were lower than those in the average level in China (24.56, 1.88, and 0.38 g/kg−1, respectively; Tian et al., 2010). Previous studies have shown that soil C, N, and P contents decrease with decreasing latitude in forest ecosystems in China (Zhang et al., 2018; Chen X. et al., 2022). Therefore, the main reason for the relatively low soil C, N, and P contents could be the relatively low latitude of our study area (21.4°N). The C:P ratio (77.86, see Supplementary Table S1) and N:P ratio (5.72, see Supplementary Table S1) of topsoil in our study were higher than those in the average level in China (61 and 5.2, respectively; Tian et al., 2010), but they were more consistent with those of tropical soils on Hainan Island of southern China (79.73 and 5.41, respectively; Hui et al., 2021), which was related to the lower P content in tropical soils. The abundance of Fe/Al minerals in acidic soils results in higher weathering rates and increasing P fixation and leaching by P precipitation and adsorption (Vitousek et al., 2010); thus, soil in low latitude areas is generally P limited.

Our study showed that vegetation restoration significantly increased SOC and TN content, whereas TP content was not significantly affected (Table 2; Figures 2A–C). Natural restoration from grassland to forest results in a larger increase in vegetation productivity, litter production, and root biomass, and thus, a significant increase in both C and N returned to the soil (Xu et al., 2018; Wang and Zheng, 2021; Wu et al., 2022). Furthermore, the restoration of N-fixing tree species (e.g., the Fabaceae tree species Archidendron eberhardtii and Ormosia pachycarpa, see Table 1) also promotes the accumulation of N in the forest soil. Therefore, vegetation restoration could increase SOC and TN through multiple mechanisms such as litter and root turnover and biological N fixation in the study area. The findings from numerous studies are consistent with our results (Xu et al., 2018; Su et al., 2019; Wu et al., 2022). It has been suggested that the vegetation biomass increment leads to an increase in P uptake by plants and therefore a decrease in soil P content (Chen et al., 2000). However, other studies have suggested that increasing soil N stimulates roots to secrete more phosphatase, which promotes the breakdown of ester–phosphorus bonds in soil organic matter, thereby increasing soil P content (Wang et al., 2011). These inconsistent results may be due to the complex abiotic and biotic processes that determine soil P content (Vitousek et al., 2010). Soil P is primarily controlled by weathering and leaching and influenced by soil biogeochemical processes, soil parent material, and climate (Vitousek et al., 2010). In our sampling site, soil parent material, climate, and topography were highly similar among the restoration stages (see Table 1; Figure 1); therefore, the soil TP content remained relatively stable over time. This result is consistent with the recent finding of Lu et al. (2022), who also found that soil TP remains relatively constant along vegetation restoration in subtropical hills, southwestern China.

The soil C:N, C:P, and N:P ratios have been identified as indicators of soil quality and nutrient limitation in terrestrial ecosystems (Izquierdo et al., 2013; Bing et al., 2016). The C:N ratio reflects soil fertility and is used to assess the C and N balance in the soil (Tian et al., 2010). Similar to the results of Fan et al. (2015) and Ma et al. (2020), our results showed no significant effect of vegetation restoration on the soil C:N ratio (Table 2; Figure 2D). The constant C:N ratio in soils may be related to the close temporal coupling of C and N concentrations in the decomposition of litter (McGroddy et al., 2004; Yang and Luo, 2011). The soil C:P ratio is an indicator of soil P effectiveness and a measure of soil P immobilization by soil microorganisms (Tian et al., 2010), and soil N:P ratio is a predictor of N saturation and can be used to evaluate nutrient limitation thresholds (Peñuelas et al., 2012). In the present study, soil C:P and N:P ratios increased significantly with vegetation restoration (Table 2, Figures 2E, F), which is similar to the findings reported in many previous studies (Xu et al., 2018; Lu et al., 2022; Wu et al., 2022). SOC and TN content increased with vegetation restoration, but TP content did not change significantly (Figures 2A–C), leading to the increase in soil C:P and N:P ratios, confirming that the potential of soil microorganisms to release P from mineralized organic matter gradually decreases or remains stable over the different restoration stages. Therefore, vegetation growth is most likely affected by increasing P limitation in our study area.

We observed that SOC, TN, C:P, and N:P decreased with increasing soil depth except soil TP and C:N (Table 2; Figure 2), which is consistent with previous studies in tropical forests (Stone and Plante, 2014), shrublands, and grasslands (Wang et al., 2018; Yu et al., 2018). Litter decomposition process occurs mainly in the topsoil, thereby increasing the accumulation of topsoil nutrients (Xu et al., 2018). With increasing soil depth, the input of organic matter is limited due to the decrease in microbial decomposition activity and root uptake (Stone and Plante, 2014). Therefore, the SOC and TN contents gradually decreased from topsoil to subsoil in the study area. Because the weathering of rocks is extremely slow, the degree of weathering varies little in the 0–40-cm soil layer, resulting in no significant difference in TP content at different depths (Figure 2C). This finding is consistent with that by Su et al. (2019), who also found that soil TP content is independent of soil depth. Soil C:P and N:P ratios decreased with increasing depth (Figures 2E, F), which is also because the surface litter released more nutrients to the topsoil (Lilienfein et al., 2001; Bing et al., 2016).




4.2 Fine root C, N, and P contents and their stoichiometry during vegetation restoration

In the current study, the average C, N, and P contents of fine roots in the four restoration stages were 425.51, 9.09, and 0.47 g/kg−1, respectively, and the C:N, C:P, and N:P ratios were 48.87, 941.77, and 19.80, respectively (Figure 3; Supplementary Table S1). The average C, N, and P contents of fine roots of all Chinese plants were 473.9, 9.2, and 1.0 g/kg−1, respectively, whereas the C:N, C:P, and N:P ratios were 59.15, 522.10, and 14.27, respectively (Ma et al., 2015). We found that the C, N, and P contents and the C:N ratio of fine roots were lower, whereas the fine root C:P and N:P ratios were higher than those in all Chinese plants, which was attributed to the difference in climate, plant type, and soil nutrients in different regions (Zhang et al., 2018; Wang et al., 2020). Another study showed that the fine root C:N, C:P, and N:P ratios in tropical forests were 42.29, 1,035.72, and 22.09, respectively (Wang et al., 2020). These values are nearly identical to our study, indicating that the fine root C:N:P ratios may be well-constrained in the tropics.

We observed that vegetation restoration significantly increased fine root N and P contents, whereas fine root C content was almost unaffected (Table 2; Figures 3A–C). As a basic skeletal element of plants, C maintains good homeostasis in plants (Braakhekke and Hooftman, 1999). Similar to previous studies (Su et al., 2019; Su and Shangguan, 2021; Wu et al., 2022), our study also suggested that fine root C content was not affected by vegetation restoration. The increase in vegetation biomass during restoration caused plants to require more P- and N-rich substances (e.g., enzymes and transported proteins) to take part in metabolic activities, which increased the nutrient uptake by fine roots (Su et al., 2019). Furthermore, herbaceous plants have shallow roots, whereas shrubs and trees usually have deeper roots and are more capable of absorbing nutrients from different sources in the environment. Fine roots of graminoids (e.g., the dominant grass Eragrostis Pilosa and Arundinella hirta, see Table 1) have relatively low respiration rates and metabolic activity (Freschet et al., 2015; Roumet et al., 2016), resulting in reduced nutrient uptake rates in grassland. Moreover, Gao et al. (2019) confirmed that shrubs have stronger capacity than grasses to take up P from the soil. Recent findings based on meta-analysis revealed that plant type is the largest contributor to the shift in fine root C, N, and P contents and their ratios compared to soil and climate factors (Wang et al., 2020). Therefore, fine root N and P contents and their stoichiometric ratio in this study were most controlled by plant growth forms (herbs, shrubs, and trees) and soil features along the vegetation restoration gradient.

In the current study, the fine root C:N and C:P ratios significantly decreased, but N:P significantly increased with restoration (Table 1; Figures 3D–F ). The fine root C:N and C:P ratios indicate plant N and P utilization efficiency and the turnover rate of roots, and the higher ratios indicate a lower fine root turnover rate (Cao et al., 2020). Therefore, our study showed that vegetation restoration promoted the utilization of environmental N and P by plants, and the fine root turnover rate increased gradually. Previous studies have also shown that plant C:N and C:P ratios vary among vegetation types (Fan et al., 2015; Su et al., 2019). It is well known that N and P are the main factors affecting primary productivity and play a crucial role in plant metabolism, physiology, and growth (Güsewell, 2004). Therefore, the plant N:P ratio can characterize the availability of N and P in the soil. Previous studies suggested that plant N:P ratios <14 frequently signify N limitation, and N:P ratios >16 often suggest P limitation (Reich, 2005). In the present study, the average N:P ratio increased from 17.59 in grassland to 21.45 in primary forest, indicating that P limitation increased with vegetation restoration. Our results are similar to those of Huang et al. (2013) and Xu et al. (2018), who reported that the tropical vegetation in southern China is characterized by P limitation over time.

In this study, soil depth had a significant effect on fine root N content and C:N ratio (Table 2; Figures 3B, D). The differential response of fine root C and N contents to soil depth resulted in a decrease in the C:N ratio. Fine root nutrient contents and their stoichiometric characteristics are mainly influenced by the external biotic environment, especially soil nutrients at different depths and fine root morphology (Yuan and Chen, 2010). The finding of Makita et al. (2011) showed that fine root N content in topsoil (0–10 cm) was 1.4–2.5 times higher than in deep soil (40–50 cm), and the heterogeneity of soil nutrients may be the main factor contributing to the variation of fine root N content with soil depth. In this study, soil depth had no significant effect on fine root P content (Table 2; Figure 3C), which related to the fact that there was no significant difference in the vertical distribution of P in the soil profile (Figure 2C). In contrast, fine root C:N ratio increased with soil depth, which may be due to the decrease in soil N effectiveness with increasing depth (Hume et al., 2018).




4.3 Relationships between C:N:P stoichiometry in soil and fine roots

There were significant positive correlations between soil C and N contents and between these and fine root N and P contents (Figure 4A). The atmospheric CO2 is the source of plant C, and thus, soil C was an unlikely influence on plant C (e.g., fine root C). Therefore, there was indeed no significant correlation between soil and fine root C content (Figure 4A). The accumulation and decomposition of organic matter is the main source of soil N supply (Nardoto et al., 2014); thus, soil C content was significantly related to soil N content (Figure 4A). Fine roots are important organs for uptake and transport of soil nutrients, and their nutrient content is directly related to soil nutrient supply capacity (Makita et al., 2011). The accumulation and decomposition of soil organic matter release more available N, which promotes N and P uptake by fine roots with the restoration of vegetation. In addition, the increase in fine root biomass facilitates the release of root exudates and increases the efficacy of nutrients available to rhizosphere microorganisms, whereas the fine root turnover rate is accelerated, both of which contribute to the increase in SOC and TN. Therefore, fine root N and P contents can indicate soil fertility to some extent (Lambers et al., 2008).

In this study, both soil C:P and N:P ratios were significantly negatively related to fine root C:N and C:P ratios (Figure 4B). Soil C:P and N:P ratios increased with vegetation restoration (Figure 2), leading to more pronounced plant P limitation. Therefore, plants maintain normal physiological activities by increasing the amount of P uptake and resorption efficiency, which is one of the reasons for the increase in fine root P content and decrease in fine root C:P and N:P ratios. Both soil C:P and N:P ratios were significantly positively related to fine root N:P ratio (Figure 4B), implying that P fertilizer addition could reduce soil C:P and N:P ratios, thereby reducing fine root N:P ratio and alleviating the P limitation for vegetation in our study area (Mo et al., 2015; Van Langenhove et al., 2020).

Our study demonstrated the relationships between soil and fine root C, N, and P contents and their stoichiometric ratios during vegetation restoration, but these relationships may be modulated by soil extracellular enzymes (Sinsabaugh et al., 2008), soil microorganisms (Sun et al., 2020), and soil physicochemical properties (e.g., pH, moisture, and porosity) (Boudjabi and Chenchouni, 2022). Therefore, further studies are needed to analyze the association of these factors with soil and fine root ecological stoichiometric characteristics.





5 Conclusion

Overall, our study demonstrated that C, N, and P contents and their stoichiometry in both soil and fine roots responded significantly to vegetation restoration in a tropical mountainous area, southern China. Soil organic carbon, soil TN, and soil C:P and N:P ratios increased significantly with restoration and decreased significantly with increasing soil depth, whereas soil TP and C:N ratio were not significantly impacted. Moreover, vegetation restoration had no significant effect on fine root C content, but significantly increased fine root N and P content and N:P ratio and decreased fine root C:N and C:P ratios. Soil C:P and N:P ratios and fine root N:P ratio increased significantly during restoration, indicating that vegetation restoration increased P limitation of the ecosystem. Correlation analyses showed that both SOC and soil TN were significantly correlated with fine root N and fine root P, whereas soil C:P and N:P ratios were significantly correlated with fine root N:P ratio, indicating a reciprocal control of nutrient stoichiometric characteristics between soil and fine roots. Therefore, the application of an appropriate phosphorus fertilizer could reduce soil C:P and N:P ratios and fine root N:P ratio, consequently alleviating P limitation and promoting the restoration and resilience of degraded tropical forests. These results offer important insights into the restoration and sustainable management in tropical ecosystems.
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Introduction

Natural disturbances modify forest structure by affecting regeneration dynamics and can change main ecosystem functions. An ice storm unusually took place in southern China in early 2008, which caused huge damage to forests. Resprouting of woody plants in a subtropical forest has received little attention. The role of survival time and mortality has been assessed for newsprouts after an ice storm.





Methods

In this study, damage types, in addition to the annual number and mortality rates of sprouts for all tagged and sampled resprouted Chinese gugertree (Schima superba Gardner & Champ.) individuals more than or equal to 4 cm in basal diameter (BD), were monitored. A total of six plots (20 m × 20 m) wererecorded in a subtropical secondary forest dominated by S. superba in Jianglang Mountain, China. This investigation had been conducted for six consecutive years.





Results

The results showed that the survival rates of the sprouts were dependent on the year they sprouted. The earlier the year they boomed, the lower the mortality. The sprouts produced in 2008 were of the highest vitality and survival rates. Sprouts of the decapitated trees exhibited a better survival rate than those of uprooted or leaning trees. Sprouting position also plays a role in regeneration. Sprouts at the basal trunks of uprooted trees and the sprouts at the upper trunksof the decapitated trees exhibited the lowest mortality. The relationship between the accumulative mortality rate and the average diameter of new sprouts isaffected by damage types.





Discussion

We reported the mortality dynamics of sproutsin a subtropical forest after a rare natural disaster. This information could serve asa reference for the construction of a branch sprout dynamic model ormanagement of forest restoration after ice storms.





Keywords: branch sprout diameter, damage type, decapitation, ice storm, leaning, mortality rate of sprout, Schima superba, uprooted




1 Introduction

Climate change has been changing the structure and functional components of forest ecosystems at an unprecedented speed (Hof et al., 2021; Achim et al., 2022; Molina et al., 2022; Montoro Girona et al., 2023a), which has affected the function of forests on carbon fixation (Pan et al., 2011; Ameray et al., 2021). The sustainability of this carbon sink is mainly influenced by the frequency and intensity of large extreme events (LEEs) and depends on how quickly damaged forests can recover their photosynthetic capacity (Sun et al., 2012). Currently, our knowledge is limited on the eco-physiological processes controlling post-LEE recovery of the forest photosynthetic capacity, which leads to huge uncertainties in the estimation of net exchanges of terrestrial carbon cycles at different scales. Disturbances in forests can damage mature trees and also create conditions necessary for the reconstruction of new tree groups while creating miniature habitats where new species can settle (Sun et al., 2012).

Natural disturbances such as snow/wind, fire, and insects modify forest structure and can change main ecosystem functions, including net primary production (NPP) (Seidl et al., 2011; Haber et al., 2020; Kwon et al., 2021; Lavoie et al., 2021; Martin et al., 2022; Aakala et al., 2023). An ice storm as a natural disturbance can have significant influences on tree architecture and forest ecosystems (Brommit et al., 2004; Pisaric et al., 2008; Weeks et al., 2009; Turcotte et al., 2012). The canopy gaps caused by damage from ice storms will have various direct and long-term impacts on the structure and species composition of forests, tree regeneration dynamics, resource availability of forests, and so on (Nyland et al., 2016; Li et al., 2018). Ice storms are common in East Asia (Liu et al., 2020), North America, and Central Europe (Rustad and Campbell, 2012; Nyland et al., 2016; Priebe et al., 2018). In some countries where ice storms severely influence forest dynamics, case studies mainly focus on broadleaved forests or coniferous forests in Europe and North America (Nyland et al., 2016; Priebe et al., 2018). Previous studies have mainly studied tree plantations in comparison with natural forests. In the subtropics of China, natural broadleaved forests and natural mixed stands of conifers and broadleaved trees are typical vegetation types. Although ice storms could influence evergreen broadleaved forests, only recently, the importance of ice storms on forest development has been recognized (Zhou et al., 2011; Sun et al., 2012).

Stand regeneration is a key process to ensure the persistence of forest ecosystems, and the high mortality rate of trees or seedlings will hinder the establishment of regeneration (Lavoie et al., 2021). Resprouting, as a key functional trait in plant ecology, is an effective means that allows woody plants to regain their lost biomass after a disturbance and serves as the basis for the persistence niche (Bellingham and Sparrow, 2000; Poorter et al., 2010; Lawes and Clarke, 2011; Pausas et al., 2015; Clarke et al., 2016; Pausas and Keeley, 2017). However, the research on branch resprouting in response to a disturbance like ice storms of one tree species needs to be strengthened. Many studies on resprouting focused on the efficiencies of sprout regeneration, while sprouting growth and regeneration dynamics were less reported (Masaka et al., 2000; Del Tredici, 2001; Montoro Girona et al., 2018). The intraspecific variabilities of resprouting (Beaudet et al., 2007; Moreira et al., 2012; Bravo et al., 2014) and the long-term track records for resprouting mortality and survival rates of different sizes of individuals for a single tree species to a similar disturbance were also reported and needed an increase (Żywiec and Holeksa, 2012).

A previous study showed that the sprouting regeneration ratio was associated with the damage degree (Masaka et al., 2000; Del Tredici, 2001). A rare opportunity to assess branch resprouting ability and its dynamics was made by a heavy ice storm that occurred in early 2008 in China (Zhou et al., 2011; Wang et al., 2016). The ice storm hit southern and central China, a primary region of China’s terrestrial carbon storage, from 10 January to 6 February 2008 (Zhou et al., 2011). In these studies, the types of damage to trees were classified into crown decapitated, stem broken, branch broken, bending, and uprooted. At the stand level, damages ranged from the loss of leaves to the destruction of the entire forest. Approximately 10% of China’s forests were damaged in the ice storm (Zhou et al., 2011; Sun et al., 2012). Forests composed of evergreen broadleaved trees and conifer species cover most of the subtropical regions of southern China (Liu et al., 2020). The Chinese guger tree (Schima superba Gardner & Champ.) is one of the dominant tree species in subtropical evergreen broadleaved forests in China (Da et al., 2004; Wang et al., 2007). It is shade-tolerant and its regeneration is sporadic (Da et al., 2004). This species is valued commercially for its timber and biological traits, which enable this species to resist fires and prevent fire spread. Schima superba heavily sprouts in the canopy layer. The ice storm in 2008 caused disastrous damages which resulted in 92.61% of the forest canopy gaps due to tree falls.

The literature regarding the relationships between regeneration, vigor of sprouts from ice storm-damaged trees, type of damage, and sprout mortality is scarce (Cao et al., 2020). To the best of our knowledge, there are no reports about branch sprout mortality rates on damaged trees during the period of recovery. Therefore, research regarding the resprouting vigor, mortality rates, and survival of S. superba after forest disturbances can be a key in the management of the species’ commercial and ecological interest. This study was conducted in a “natural laboratory,” a subtropical secondary forest formed after the heavy ice storm fall in southern China in 2008. Data were collected for six consecutive years. Three major damage types, stumps of uprooted, leaning, and decapitated trees, were classified. The annual resprouting rate, sprout mortality rate, and survival duration of S. superba were recorded. We aimed to 1) examine the effect of this ice storm on the regeneration ability and sprout vigor of S. superba, (2) examine the variance of sprout mortalities and sprout life spans post-disturbance, and 3) explore the correlation between the accumulative mortality rates and the average diameter of new sprouts. The information gathered had important practical and theoretical values in understanding and managing the recovery of forests and vegetation succession after ice storms (Sun et al., 2012; Cao et al., 2020; Liu et al., 2020).




2 Materials and methods



2.1 Study site

The study area is located in Mount Jianglang Nature Reserve (28°52′26″N, 118°48′37″E), Zhejiang Province, China (Figure 1). The altitudinal range, soil type, annual average temperature, annual average precipitation, natural vegetation, and so on in this study site were elaborated in our previous research (Cao et al., 2020). Below 900 m sea level, the vegetation of the mountain included forests of S. superba, Masson’s pine (Pinus massoniana Lamb.), Chinese fir [Cunninghamia lanceolata (Lamb.) Hook], Moso bamboo [Phyllostachys edulis (Carriere) J. Houzeau], secondary shrubs, and other vegetation types [see Cao et al. (2020)].




Figure 1 | Location of the study area.



In the survey area where the ice storm disaster has caused significant damages, the dominant species of the secondary forests are C. lanceolata, P. massoniana, hardleaf oatchestnut [Castanopsis sclerophylla (Lindl.) Schott.], Castanopsis fabri (Castanopsis fabri Hance), and Oriental white oak [Cyclobalanopsis glauca (Thunb.) Oerst.] (Cao et al., 2020). The damaged forests selected for the permanent plot are located at an altitude height of 350 to 500 m and on a southwest or northwest slope at angles of 28° to 37°. The pedogenic materials featured are sedimentary rocks, and the soils are yellow loams in depth from 70 to 100 cm [see Cao et al. (2020)].




2.2 Method



2.2.1 Plot and tree monitoring

A total of six plots (20 m × 20 m) were set up in April and May of 2008. General surveys were conducted on the types and degrees of damage to different species, including the angle of inclination of a damaged trunk relative to the original upright position (Cao et al., 2020). Montoro Girona et al. (2019) classified dead trees as standing dead, overturned, or broken. In this study, damages to S. superba trees were also categorized into eight types: undamaged, dead, uprooted, leaning, bending, decapitation, branch-broken, and stem-broken [see Cao et al. (2020)]. Trees with a basal diameter (BD) of more than or equal to 4 cm within each plot were tagged and investigated. The damage types, diameters at breast height (DBH), and basal diameters and heights of the tree stumps and crown widths were recorded in 2008 immediately after the ice storm. The forest has an average density of 2,400 trees per ha, a stand basal area of breast height of 27.25 m2 ha−1, and a mean tree diameter at breast height (DBH) of 11.9 cm in the stand with DBH varying up to 25 cm (Table 1) (Cao et al., 2020). There were approximately 69 trees of S. superba and 64 damaged trees of S. superba in each plot (Table 1).


Table 1 | Information of the six sample plots and the growth traits of Schima superba.






2.2.2 Sampled trees and sprout growth measurement

To study the generation of sprouts, fallen trees (uprooted and leaning trees) and decapitated trees were selected for long-term monitoring. Thirty trees of each type were selected and tagged for the entire plots, and the DBH, BD, height of the stump, and the resprouting characteristics, including the total sprout number, new sprout number, BD of new sprouts, total length, and new increment of sprouts, were measured annually since mid-October of 2008 [for the method of sprout investigation along the trunk stem, see Cao et al. (2020)]. The early and later sprouting positions from each damaged trunk and all sprout living positions were recorded.




2.2.3 Sprout mortality rate measurement

For the three damaged types of trees, the annual cumulative sprout mortality rate was calculated according to the number of annual new sprouts and the number of existing sprouts with the following formula:

	

In the formula, Ni represents the number of new sprouts germinated in the i-th year after the disaster, i.e., when i is 0; N0 represents the number of new sprouts that occurred in the disaster year (2008 year); and when i is 1, N1 represents the number of new sprouts that occurred in the second year after the disaster (2009), etc. Nt− i represents the cumulative survival number of new sprouts in the i-th year after the restoration of t years. Mt represents the cumulative mortality rate of new sprouts boomed in the i-th year after restoration of t years (i.e., when i = 0, Ni represents the number of new sprouts in 2008, and so on. Only when i = 0, t = 1, at this time, Nt− i = N1 represents the number of new sprouts in 2008 retained in 2009, and so on; at this time, Mt represents the mortality rate of the new sprouts of 2008 in 2009).




2.2.4 Data analysis

Statistical analyses were made using Microsoft Excel 2003 (11.0, Microsoft Corporation, WA, USA) and SPSS 16.0 (SPSS Corporation, Chicago, USA). One-way analysis of variance (ANOVA) was performed to compare the mortality rate of sprouts among the three damage types (Cui et al., 2022), and multiple comparisons (Tukey and Dunnett’s C methods) were used to analyze the significance of variance among the damaged types.






3 Results



3.1 Annual changes in the mortality rate of sprouts

The mortality dynamics of the sprouts of S. superba were monitored after the ice storm. Figures 2A–E denote the means of annual cumulative mortality rates of the new sprouts of S. superba in each damage type. The annual cumulative sprout mortality rates were evaluated in the first (2008), second (2009), third (2010), fourth (2011), and fifth year (2012) after the ice storm. It was shown that the mortality rates of new sprouts that boomed each year on the damaged trees were increasing over time (Figure 2).




Figure 2 | Annual changes of sprout mortality for new sprouts of each year of the damaged trees. (A–E) The means of mortality rates for the new sprouts per tree that were generated in 2008, 2009, 2010, 2011, and 2012, respectively, during recovery after the ice storm.



The new sprouts produced in the disaster year had a lower mortality rate in the next year after germination, from 4.48% ± 2.01% (leaning tree) and 8.11% ± 7.00% (decapitated tree) to 21.74% ± 6.43% (uprooted tree). The rate was rapidly increased in the third year and continuous in the following year with a maximum of 96.27% ( ± 7.47%) in the sixth year (Figure 2A). The sprouts that germinated in the second year showed a more rapid increase in mortality rate, from 23.21% ± 4.02% (uprooted tree) to 33.33% ± 3.51% (decapitated tree) in the next year (Figure 2B), and then increased slowly and reached 92.86% ± 2.11% (uprooted tree) in the fourth year. Similar to the sprouts produced in the early years, sprouts produced in the third year showed also an increase in mortality rate with time, and that rate was increased to 81.82% (decapitated tree) after 3 years from generation (Figure 2C). The sprouts that germinated in the fifth year were of the highest mortality rates in the next year after germination (Figures 2D, E). These results indicated that the earlier the sprouts germinated, the lower the mortality rate. Thus, the earlier sprouts germinated from damaged trees are of bigger contribution to regeneration. Comparing the three types of damaged trees, sprouts from decapitated trees were of the lowest mortality in the sixth year.




3.2 Sprout-germinated positions affect sprout survival rates

The survival rates of total sprouts germinated in the year 2009 of each type of the damaged trees were analyzed in 2013 according to sprout positions on the damaged trees (Figure 3). The results showed that sprouts of decapitated trees were of the highest survival rates while the uprooted trees were the lowest. For the decapitated trees, sprouts at the middle of the trunks exhibited the highest survival rate (>50%); for the leaning trees, sprouts from the middle or upper parts of the trunks were higher in survival rate; for uprooted trees, sprouts close to the trunk base or on the middle of the stems were higher (Figure 3). Thus, the decapitated trees recovered more rapidly, while the uprooted trees were the slowest in recovery.




Figure 3 | The survival rates of sprouts retained from 2009 to 2013. Sprout position on the three types of damaged trees was analyzed.



The sprouts that germinated in the year 2008 were also analyzed. Over 6 years of recovery, the survival rates of sprouts of uprooted trees decreased along with the height of the sprouting positions; in contrast, the sprout survival rates of decapitated trees increased along with the height of the sprouting positions; sprouts on the lower parts of the trunks of leaning trees exhibited relatively similar survival rates (Figure 4). Thus, sprouts on the upper parts of the decapitated tree and sprouts on the base of uprooted trees were of the highest surviving vigor and could be kept to grow in order to enhance forest regeneration.




Figure 4 | The survival rates of sprouts germinated in 2008 over 6 years of recovery.






3.3 Relationship between sprout basal diameters and sprout mortality rates

A non-linear correlation between the accumulative mortality rates and the average diameters of sprouts was found when we analyzed all damaged trees, while trees classified to each damaged type exhibited a linear or non-linear correlation (Figure 5). Thus, the correlation between these two factors above is dependent on the damaged types of S. superba. The correlation was a significant logarithmic function relationship for sprouts of the uprooted trees, a polynomial relationship for sprouts of the leaning trees, and a significant linear positive correlation for decapitated ones, respectively (p< 0.05). For all damaged trees, the average diameters of the newly sprouted sprouts in the year 2008 had a significant polynomial correlation with the cumulative mortality rates during recovery from damage (Figure 5, p< 0.05). This indicates that the cumulative mortality rates increase along with the diameter of the sprouts germinated in 2008 year by year.




Figure 5 | The relationship between the sprout basal diameters and the sprout mortality rates of sprouts germinated in 2008 was recorded over 6 years of recovery from damage. Sprouts of uprooted trees, leaning trees, and decapitated trees (A) and the total of all damaged trees (B) were analyzed, respectively.



Sprouts that boomed in the second and third years after the disaster (2009 and 2010) exhibited a linear positive correlation between the diameters and cumulative mortality rates during the recovery period (R2 ranged from 0.5515 to 0.6815). In other words, the annual increase in the sprout diameters was positively correlated with the cumulative mortality rates of these sprouts (Figures 6, 7). For the sprouts produced in 2009 on the uprooted, leaning, and decapitated trees, there were significant quadratic polynomial relationships between the sprout diameters and the cumulative mortality rates during the recovery period (Figures 6A, B, p< 0.05). Among them, the cumulative mortality rates of sprouts of the uprooted and leaning trees decreased at first and then increased along with the sprout diameters, while sprouts of decapitated trees only exhibited a positive correlation between cumulative mortality rates and sprout diameter (Figure 6). For the sprouts that boomed in 2010 on the uprooted trees, there was a significant linear positive correlation between the sprout diameters and their cumulative mortality rates (Figure 7, R2 = 0.9788, p< 0.05). Significant power function relationships were found in the sprouts from leaning and decapitated trees (p< 0.05).




Figure 6 | The relationship between the sprout basal diameters and the sprout mortality rates of sprouts germinated in 2009 over 5 years of recovery from damage. (A) Uprooted trees, leaning trees, and decapitated trees and (B) total individuals of all damaged trees were analyzed.






Figure 7 | The relationship between the means of sprout basal diameters and the means of sprout mortality rates of the sprouts germinated in 2010 over 4 years of recovery from damage. (A) Uprooted trees, leaning trees, and decapitated trees and (B) total individuals of all damaged trees were analyzed.







4 Discussion



4.1 Sprouts produced in the early years after disasters are of high energy reserve and survival rates

Many species produced more sprouts in the first growing season after cutting than those produced later (Imanishi et al., 2010; Zhu et al., 2012; Xue et al., 2013; Dinh et al., 2018). The number of living sprouts tends to decline in the following years (Rijks et al., 1998). In another 6-year study, sprouting rates in boreal places (Li et al., 2013) exhibited the same trend as our study. This indicates that subtropical trees may share the same recovery responses to damages. Sprouting number has been found to positively correlate to damage severity on trees (Wang et al., 2016). It is possible that enhanced shoot sprouting on trees after damage may help to maintain their “ecological niche” in forests (Clarke et al., 2013; Cao et al., 2020). Climate changes resulted in an increased frequency of extreme events. Studying the recovery of trees damaged in natural calamities would provide more reference for forest management. As studies on a subtropical area are rare, our study here could serve as a reference.

The mortality and growth of sprouts are dependent on tree conditions before being damaged. Tree sizes and energy reserves were two key factors, which mainly determine the initial sprouting capacity, sprout vigor, and mortality (Moreira et al., 2009). As sprouting is an energy-consuming process, it is reasonable that more sprouts boomed in the early years when the energy reserves are adequate and then decreased year by year along with energy consumption (Cao et al., 2020). Resprouting vigor decreased when reserves were depleted (Iwasa and Kubo, 1997; Zhu et al., 2012). Thus, resprouting mortality increased (Moreno and Oechel, 1991). Although these principles are clear, the long-term dynamics of sprout mortality has not been addressed in detail (Moreira et al., 2009). Especially, information on subtropical trees is largely unknown. Previous studies investigated the relationship between tree size and sprouting for a short period or compared the difference of sprouts on different tree species (Paciorek et al., 2000; Dinh et al., 2018). Our study recorded the mortality of S. superba for 6 years, which provided sound evidence that supported the theory above. Furthermore, S. superba is a subtropical evergreen plant. This study indicated that sprouting responses to disasters of subtropical trees are similar to the trees in temperate or boreal areas.




4.2 The dynamics of sprout mortality rates plays an important role in forest recovery from damage

The importance of resprouting for forest restoration has been observed for a long time. However, factors influencing sprout mortality are not well modeled. Paciorek et al. (2000) found that resprouting rate and mortality rate were varied between forest tree species. Ladwig et al. (2019) reported that creosote bush [Larrea tridentata (DC.) Coville] had a sprouting rate as high as 99% in the first year after an extremely cold winter. Accordingly, the recovery speed of creosote bush was quicker, and canopies had recovered up to 83% of the original canopy sizes before the extreme freezing winter (Ladwig et al., 2019). Sprouts produced in different years are of different survival rates. Our results on S. superba and also other trees reported in previous studies consistently showed that the early sprouts are of higher survival rates than the late ones (Dinh et al., 2018). Thus, management of resprouting in the early years is more important for forest recovery from damage. Sprouting positions of damaged trees also have a big influence on sprout mortality (Dinh et al., 2018). Previous studies reported that sprouts originating from stems had greater mortality than those growing from root crowns (Neke et al., 2006).

In our study, we found that survival rates were affected by sprout position and were also dependent on the types of damaged trees. For the decapitated trees, sprouts on higher positions exhibited a higher survival rate, while for uprooted or leaning trees, sprouts at the bases of trunks had a higher survival rate (Figures 5–7). In addition, we also found that some common positions among the three damaged types were also good for sprouting (Figures 5–7). These findings could guide practical applications in forest management in order to increase the resilience of these ecosystems and reduce the negative economic or ecological impacts of disturbances. In the future, we will try our best to keep the early branch sprouts of the decapitated trees, to promote their recovery and growth and form the canopy early.

To date, it is not clear which factors mostly influence the accumulative mortality rate of new sprouts during recovery from disturbances like ice storms or hurricanes. This study explored whether there was a correlation between the accumulative mortality rate of new sprouts and the average diameter of new sprouts that boomed in each year (Figures 5–7), providing a theoretical basis for the quantitative evaluation of the mortality rate of sprouts. In our research, whether there is a linear or non-linear correlation between the accumulative mortality rate and the average diameter is affected by different damage types. Large-scale follow-up of resprouting is difficult, which hinders broad-scale comparative studies (Jaureguiberry et al., 2020). Our study provides a simple and feasible method for the construction of a sprout regeneration model or understanding of the renewal dynamics of damaged trees under future climate change.




4.3 Practical management for the sprouts of damaged trees

Natural disturbances play a key role in ecosystem dynamics, which influence forest management (Seidl et al., 2011). Under climate change and disturbance conditions, studying current forests also provides an opportunity to check which forests have proved to be the most and the least important in terms of resisting disturbance and climate change (Achim et al., 2022). Consideration should be given to managing post-disturbance events to achieve potential key benefits of sustainable forest management, such as the establishment of regeneration (Achim et al., 2022). The mortality and regeneration of damaged trees should be assessed to identify the main factors affecting short- to medium-term post-disturbance recovery (Roula et al., 2020). This successional survey provided a recovery profile of the subtropical tree S. superba, which could be beneficial to predicting tree response to disturbance in the subtropical areas. In our study, information about the dynamic relationships and the linear or non-linear correlations among sprout mortality rates, sprout diameter, and damaged types could be made into a model that provides a useful and convenient decision-making tool for forest managers, such as the model made to optimize the salvage harvest of forest farms after a fire (Kwon et al., 2021). Different management measures according to the capacity of sprouts could be considered during the recovery process. In practice, basal sprouts of uprooted trees should be kept to improve the restoration process in the broadleaved damaged forest.

The increase in sprout mortality in the later years may be associated with self-thinning. Xue et al. (2013) found that self-thinning started after 2 years of cutting in Chinese cork oak (Quercus variabilis Bl.). Self-thinning in the sprouts of S. superba started in the third year after the ice storm. A higher mortality rate appeared in the later years (Figures 2–4). Therefore, sprout number should be adjusted in the first 3 years after an ice storm for the management of damaged S. superba forests. Self-thinning is a strategy to avoid energy wasting to enhance the growth of living sprouts (Xue et al., 2013; Keyser and Zarnoch, 2014; Montoro Girona et al., 2019; Montoro Girona et al., 2023b). Consistently, sprout thinning has been applied on trees after cutting or post-fire, which is considered sustainable management for forests (Montoro Girona et al., 2019; Roula et al., 2020). We also studied the position effects on sprout vigor. Practically, large sprouts on the top of decapitated trees should be kept, as they are of the highest vigor and more likely could grow to large branches. In future research about the impact of an ice storm or windthrow on regeneration, sprout growth should be investigated continuously to provide more theoretical support for the construction of a mechanism model for the regeneration process after disturbances like windthrow (Gardiner et al., 2008; Kwon et al., 2021).





5 Conclusions

In this study, we have recorded the sprout mortality of S. superba for 6 years after an ice storm. It was found that sprout mortality was increasing year by year. The sprout position on damaged trees also affected sprout mortality. A linear or non-linear correlation between the accumulative mortality rates and the sprout diameters was analyzed. The sprout survival rate of S. superba was found to be dependent on the types of damaged trees and sprout numbers in the first year after damage. These results provided a valuable reference for the management of subtropical forests, which could be used by forest managers and scientists. We point out that it is better to keep the sprouts that boomed in the early years and prune the late sprouts in order to promote forest recovery from damage. In the future, it is necessary to study the correlation between sprout survival rates and sizes of damaged trees. A long-term study would provide more information on both theoretical and practical values for forest management.
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Plants need to balance investments in growth and defense throughout their life to increase their fitness. To optimize fitness, levels of defense against herbivores in perennial plants may vary according to plant age and season. However, secondary plant metabolites often have a detrimental effect on generalist herbivores, while many specialists have developed resistance to them. Therefore, varying levels of defensive secondary metabolites depending on plant age and season may have different effects on the performance of specialist and generalist herbivores colonizing the same host plants. In this study, we analyzed concentrations of defensive secondary metabolites (aristolochic acids) and the nutritional value (C/N ratios) of 1st-, 2nd- and 3rd-year Aristolochia contorta in July (the middle of growing season) and September (the end of growing season). We further assessed their effects on the performances of the specialist herbivore Sericinus montela (Lepidoptera: Papilionidae) and the generalist herbivore Spodoptera exigua (Lepidoptera: Noctuidae). Leaves of 1st-year A. contorta contained significantly higher concentrations of aristolochic acids than those of older plants, with concentrations tending to decrease over the first-year season. Therefore, when first year leaves were fed in July, all larvae of S. exigua died and S. montela showed the lowest growth rate compared to older leaves fed in July. However, the nutritional quality of A. contorta leaves was lower in September than July irrespective of plant age, which was reflected in lower larval performance of both herbivores in September. These results suggest that A. contorta invests in the chemical defenses of leaves especially at a young age, while the low nutritional value of leaves seems to limit the performance of leaf-chewing herbivores at the end of the season, regardless of plant age.




Keywords: aristolochic acids, C/N ratio, plant age, plant-herbivore interaction, seasonal variation, plant defense





Introduction

Plants are continuously exposed to a variety of biotic and abiotic stresses in their natural environment. Herbivory is a major cause of biotic stress for plants (Mattson, 1980; Karban and Myers, 1989; Alves-Silva and Del-Claro, 2016; Iqbal et al., 2021). Plants are dynamic organisms that can optimize cost-benefit balance between growth and defense to deal with the herbivory stress (Herms and Mattson, 1992). The growth-defense trade-off of plants is based on the assumption that plants have limited resources to invest in growth and defense (Coley et al., 1985; Simms and Rausher, 1987; Huot et al., 2014). Defense mechanisms of plants against herbivory stress can vary dramatically depending on the plant’s ontogeny (Barton and Koricheva, 2010; Barton and Boege, 2017). Ontogenetic trajectories of plant defense are also generally inferred as a result of a trade-off between growth and defense, in which defense mechanisms are strengthened within specific tissues at specific ontogeny stages to achieve an optimal balance between growth and defense (Ohnmeiss and Baldwin, 2000; Barton and Boege, 2017).

There are several theoretical frameworks for interpreting how plants change their defense systems according to their ontogeny. One of them is the optimal defense theory (ODT). This theory predicts that plants should be highly defended against tissues with high fitness value or high risk of attack (McKey, 1974). And, based on ODT, plant defenses can be also variable at each stage during plant ontogeny (Ohnmeiss and Baldwin, 2000; Barton and Boege, 2017). According to ODT’s description of plant tissue defense, plants will optimize themselves against herbivory based on fitness values of various tissues (e.g., flowers) and the likelihood that those tissues would be attacked (e.g., young leaves) (Coley, 1983; Ohnmeiss and Baldwin, 2000; Alba et al., 2012). Similar to this, when describing defense in accordance with the plant’s ontogenic stage as ODT, plants might have a high level of defense in the reproductive stage when it has the highest fitness (Boege, 2005) and in the juvenile stage due to its greater susceptibility to herbivore attack than older stages (Bryant et al., 1991). Therefore, it is difficult to generalize because the ontogenetic trajectory for the defense of plants differs by species.

Many studies confirming the ontogenetic trajectory for the defense of herbaceous plants have been mainly conducted on annual plants, which have relatively rapid life cycles (Barton and Koricheva, 2010; Barton and Boege, 2017). Perennial plants can maintain different sequential life-history strategies based on their age and physiological and ecological conditions in the previous year (Bryant et al., 1991; Iwasa, 2000). For annual plants, variation in ontogeny is closely linked to variation in phenology. However, for perennial plants, phenological variation might be more independent of ontogenetic variation. That is, it will be especially crucial to understand relationships between within-year phenological variance and among-year ontogenetic variation for perennial plants (Yang et al., 2020; Cope et al., 2022). Therefore, age- and season-dependent variations of plants can be main factors to understand the trajectory of defense change in perennial herb.

Herbivore performance depends on their ability to deal with the host plant defenses. It varies greatly depending on the herbivore’s level of specialization on host plants (Agrawal, 2007; Ali and Agrawal, 2012; Thiel et al., 2020). Specialist herbivores (mono- or oligophagous) mainly feed on their host plant family since they are able to detoxify and/or sequester specific secondary metabolites of their host plants (Agrawal, 2007; Lankau, 2007; Ali and Agrawal, 2012; Thiel et al., 2020). That is, specialist herbivores are considered to be the result of co-evolution with their host plants (Karban and Agrawal, 2002; Ali and Agrawal, 2012; Maron et al., 2019). The variability of plant’s defense level can have different levels of impact on the performances of specialist and generalist herbivores. However, many studies have focused primarily on the age of the leaf itself (Ernest, 1989; Gutbrodt et al., 2012; Cao et al., 2018). Based on the fact that defense levels of perennial plants can change depending on plant age and season (Yang et al., 2020), it is necessary to conduct empirical research on how variable defense levels of perennial herbs based on plant age and season can affect performances of specialist and generalist herbivores occupying the same host plant.

Plant defenses can be divided into mechanical and chemical defenses traditionally. Plant mechanical defenses (e. g. lignified plant cell wall, trichome density, cuticle thickness) can be variable to biotic and abiotic stress (Moura et al., 2010; Kuglerová et al., 2019; Saska et al., 2021) and can also be variable depending on plant ontogeny (Kearsley and Whitham, 1998; Traw and Feeny, 2008; Barton and Koricheva, 2010). However, we focused on the plant chemical defenses in this study given that Aristolochia contorta Bunge synthesizes specific toxic secondary metabolites. Aristolochia contorta is a herbaceous perennial vine distributed near the edge of forests or rivers in East Asia (Nakonechnaya et al., 2012). It has been observed that its sexual reproduction only occurs in 3-year-old or older plants (Park et al., 2019). Aristolochia contorta can synthesize specific toxic secondary metabolites including aristolochic acids (Cheung et al., 2006). Such aristolochic acids can negatively affect generalist herbivore’s growth at low concentrations (Jeude and Fordyce, 2014) and could be key factors in the defense of A. contorta against herbivores. However, concentrations of aristolochic acids induced by simulated herbivory were not high enough to affect performance of the specialist herbivore (Park et al., 2022). Biosynthetic pathway of aristolochic acids in Aristolochiaceae family is still partly revealed (Cui et al., 2022). Sericinus montela (dragon swallowtail) is known as a specialist herbivore of A. contorta and a vulnerable species in the Red List of the Republic of Korea (National Institute of Biological Resources, 2012).

The ontogenetic trajectory of defensive secondary metabolites is still controversially discussed. Barton and Koricheva (2010) reported that concentrations of defensive secondary metabolites in herbaceous plants tend to increase during life, while Yang et al. (2020) observed a decline in chemical defense along the ontogenetic trajectory. We hypothesized that: (1) the growth and nutrient composition (C/N ratio) of A. contorta differ by plant age and season; (2) the concentrations of aristolochic acids in A. contorta tissues differ by plant age and season; (3) the performance of specialist and generalist herbivores is influenced by differences in the defense of A. contorta depending on plant age and season. To test these hypotheses, we grew one, two- and three-year-old A. contorta individuals in an outdoor growing facility. In addition, growth parameters, aristolochic acids concentrations, and C/N ratio of each plant organ were quantified in July (the middle of growing season) and September (the end of growing season). Finally, leaf feeding trials were conducted on specialist (S. montela) and generalist herbivores (Spodoptera exigua) to assess effects of age-dependent plant defense traits on herbivore performances. Our findings will contribute to our understanding of plant-herbivore interaction dynamics along the life history of perennial herbs.





Material and methods




Plant material

Aristolochia contorta seeds were collected at Pyeongtaek (37°05’43” N, 127°05’15” E) and Gapyeong (37°34’54’’ N, 127°31’41’’ E), Gyeonggi-do, South Korea, in 2018, 2019, and 2020. Collected seeds were stored in a refrigerator at 4°C under dry conditions and sown the following year to obtain one, two, and three-year-old plants for the study. Germinated seedlings were transplanted into pots (25 cm in diameter and 25 cm in depth). Mixed soil considering the soil texture of its natural habitat (sand:topsoil = 2:1, v/v) was used for sowing and transplanting (Park et al., 2019). All individuals were grown in an experimental plot in Seoul National University (37°27’49” N, 126°57’19” E) covered with mesh for 50% of relative light intensity, with which A. contorta showed more vigorous growth rather than that with open canopy (Park et al., 2019). We regularly fertilized every pot using a proper quantity based on the pot’s volume (Park et al., 2021; Park et al., 2022). At the harvest stage, which will be described later, populations of Pyeongtaek and Gapyeong were reasonably and evenly distributed across each plant age group (n = 21 and 19 in 1st-year; n = 17 and 23 in 2nd-year; n = 17 and 23 in 3rd-year, respectively).





Growth measurement of plant

Height was measured and number of leaves were counted weekly or biweekly for 12 representative plants of each age group during the growing season of 2021. This was the period from 10 days after the first sprouting until 15 September, when the above-ground growth stopped. Plants from each group (n = 20 for each group) were harvested in July (the middle of growing season) and September (the end of growing season). They were divided by plant organ into leaves, stems, and roots, and fresh weights were measured. Total stem length of each harvested individual was also measured. Total leaf area was measured using a portable leaf area meter LI-3000C and a transparent belt conveyer LI-3050C (LI-COR, NE, USA). After leaf area measurement, the 5th to 7th leaves from the uppermost leaf were taken to standardize the leaf samples for the analysis of secondary metabolites (n = 10) and C/N ratio (n = 7) (Park et al., 2021; Park et al., 2022). The leaf samples destined for the quantification of aristolochic acids were weight. Stems and roots were subsampled at approximately 100 mg from each plant. The remaining plant material was dried in a dry oven at 60°C over three days. Dry weight was then measured. We estimated the moisture content for each plant age and organ based on the fresh and dry weights. Dry weight loss due to subsampling was corrected for moisture content of fresh weight of subsampled organs. However, in the case of 1st-year plants, the mass of samples for metabolite analysis accounted for a large portion of the plant. Thus, the dry mass of 1st-year plants was measured from individuals that had not been subsampled (n = 10).





Carbon and nitrogen analysis of plant

To calculate the C/N ratio, we performed stoichiometric analyses of total carbon (TC) and total nitrogen (TN) ratios in plant organs. Subsampled organs were dried at 60°C and ground (Wiley Mini-Mill 3380L10, Thomas Scientific, NJ, USA) to make homogeneous mixtures. Total carbon and TN were determined using an elemental analyzer (Flash EA 1112, Thermo Electron, USA) at Seoul National University’s National Instrumentation Center for Environmental Management.





Quantification of plant specific secondary metabolites

Secondary metabolites were extracted using the methods of Park et al. (2021) with minor modifications. First, samples of organs from each group of plants were frozen and ground in liquid nitrogen. Frozen materials (approximately 100 mg) were extracted by adding 1 ml of 80% MeOH (HPLC grade) and then homogenized with a genogrinder (1600 MiniG; SPEX Certi Prep, NJ, USA) operated at 1,200 strokes per min for 120 sec. Supernatants were collected after centrifugation at 16,100 g for 20 min at 4°C. Then 850 μl of the supernatant was transferred to a new 1.5 ml tube. After drying the solvent in a speedvac (500 rpm, c.a. 120 min; HyperVAC VC2124; Hanil Scientific, Daejeon, Republic of Korea) until dryness, the dried pellet was resuspended with 250 μl of 40% MeOH (HPLC grade) using a vortex mixer for 10 min. After removing unsolved particles using syringe filters (0.22 μm) and centrifugation at 16,100 g for 20 min at 4°C, 150 μl of particle-free supernatant was transferred to a chromatography vial.

Quantification was conducted using an HPLC-DAD (Dionex Ultimate 3000; Thermo Scientific, MA, USA) following the method of Araya et al. (2018) with minor modifications. Standard solutions of aristolochic acids 1 and 2 (Sigma-Aldrich, MO, USA) were separately prepared at concentrations of 100, 10, 1, 0.1, and 0.01 μg/ml and diluted in 40% MeOH. A UHPLC C18 column (2.1 mm x 100 mm, 1.7 μm particle size, ACQUITY UPLC CSH C18 Column, Waters, MA, USA) was used for the analysis coupling with a C18 pre-column (2.1 mm x 5 mm, 1.7 μm particle size, ACQUITY UPLC CSH C18 VanGuard Pre-column, Waters, MA, USA). The column was maintained at 40°C. Mobile phase consisting of distilled water with 0.1% acetic acid (A) and acetonitrile with 0.1% acetic acid (B) was pumped at a flow rate 0.4 ml/min. Gradient elution program was as follows: 0 – 1.74 min, 0% B; 1.74 – 12.16 min, 0 – 20% B; 12.16 – 12.5 min, 20 – 50% B; 12.5 – 17.72 min, 50% B; 17.72 – 18.06 min, 50 – 100% B; 18.06 – 18.41 min, 100 – 100% B; 18.41 – 19.1 min, 100 – 0% B; and 19.1 - 19.5 min, 0% B. The injection volume was 3 μl. The detection was performed with a diode array detector (DAD), recording spectra between 190 and 400 nm. Peak intensities of aristolochic acids 1 and 2 were quantified at 254 nm. Using reaction curves of a standard solution, exact concentrations of aristolochic acids 1 and 2 of samples were determined.





Quantification of herbivores performance

Leaf feeding trials were conducted in July and September, which corresponded to the stoichiometric analysis period. Eggs of S. montela were collected on 14th of July and 9th of September in 2021, respectively. Larvae hatched on July 16 and September 13, respectively. They were raised with enough A. contorta leaves and space to ensure that all larvae were in the second instar stage. At this time, A. contorta leaves supplied with water and kept fresh, and consisted of leaves of plants older than 4 years. When larvae reached second instar stage (July 19 and September 17, respectively), 5th to 7th leaves were collected from the uppermost leaf of 1st-year, 2nd-year, and 3rd-year plants. To prevent drying, the petiole of each leaf was immersed in water in a 1.5 mL tube and sealed with Parafilm. Aluminum foil was used to make tube supports, allowing larvae to move freely on leaves (Park et al., 2021). A total of 60 specialist larvae (about 4 mg) were used for each leaf feeding trial. Randomized sets of 20 larvae were used for each group. Each larva was separately placed in a breeding dish (90 mm diameter × 40 mm height, cap with nylon-mesh). Whenever more than 50% of leaves were consumed, leaves were replaced with new ones. We took a photo of every leaf before and after treatment to calculate the consumed leaf area using ImageJ (Schneider et al., 2012). This leaf feeding trial was performed for six days. Relative growth rate (RGR) of individual larva was calculated as the ratio of daily weight gain to initial weight. Estimated assimilation rate was calculated as the ratio of daily weight gain from the estimated leaf weight consumed. Because the ratio of leaf weight to leaf area might vary with plant age, leaf weights were calculated based on leaf area per plant age according to the equations (Figure S1).

Spodoptera exigua larvae are known to feed on A. contorta leaves in the field (Park et al., 2022). To evaluate generalist herbivore performance, the eggs of S. exigua were purchased from a laboratory colony of the Biological Utilization Institute (Andong-si, Gyeongsangbuk-do, Republic of Korea). A total of 180 second instar larvae of S. exigua were selected, with 60 larvae per experimental treatment, due to higher lethality compared to the specialist herbivore. For each experimental treatment, three larvae were placed in a single breeding dish with an individual leaf. All other details of the leaf feeding trial were identical to those of S. montela. Leaf feeding trials for generalist herbivore were also started on 22th of July and 28th of September in 2021, respectively, to match the time period used for leaf feeding trial of specialist herbivore. During leaf feeding trials, we maintained the breeding temperature at 24°C for both July and September.





Statistical analysis

Two-way analysis of variance (ANOVA) was conducted for plant age (1st-year, 2nd-year, and 3rd-year) and season (July and September). Duncan’s post-hoc test was used to examine statistical differences between experimental conditions. All tests were performed using SPSS 25.0 software (SPSS, Inc., Chicago, IL, USA). Significance level was set at p < 0.05.






Results




Plant growth and C/N ratio

Between 1st-year plants and 2nd-/3rd-year plants, sprouting time showed a difference of about two months (2nd-/3rd-year A. contorta started to sprout in early April and 1st-year A. contorta sprouted in early June). Aristolochia contorta individuals of each age group gradually increased in height and number of leaves over time. Such increases were evident in June and July, the growing season of the plant (Figure 1). Finally, plant growth such as height and number of leaves almost stopped in September in all groups (Figure 1). Dry weight of each organ of A. contorta increased with the passage of season and year (Figures 2A-D). The C/N ratio for each organ of the plant was higher in September than in July (Figure 3). However, there was no statistically significant difference in the C/N ratio for each organ of the plant according to age (Figure 3; Table 1).




Figure 1 | Height (A) and leaf number (B) of Aristolochia contorta increased with plant age. They were measured from April 12, 2021 (n = 12, respectively). Two-way ANOVA was conducted for plant height and leaf number according to plant age and season as of July 21 (the growing season) and September 15 (the end of the growing season). Vertical bar indicates standard error for each group. Different letters represent statistically different sub-groups by Duncan’s post-hoc test (p < 0.05).






Figure 2 | Growth degree of Aristolochia contorta was measured on July 29 (the growing season) and September 30 (the end of growing season). (A) Total aboveground dry weight, (B) Dry weight of total leaves, (C) Stem dry weight, (D) Belowground dry weight, (E) Total leaf area, and (F) Sum of stem length for each group increased with plant age and season. (A-D) Vertical bar indicates standard error for each group (n = 10 in 1st-year plant; n = 20 in 2nd-year plant and 3rd-year plant). (E, F) Vertical bar shows standard error for each group (n = 20, respectively). Different letters represent statistically different sub-groups by Duncan’s post-hoc test (p < 0.05).






Figure 3 | C/N ratio of each organ of Aristolochia contorta in September was more than doubled than that in July, which was statistically significant, although there was no statistically significant difference in plant age. (A) Leaf C/N ratio, (B) Stem C/N ratio, (C) Root C/N ratio. The vertical bar shows standard error for each group (n = 7, respectively). Different letters represent statistically different sub-groups by Duncan’s post-hoc test (p < 0.05).




Table 1 | F-values and p-values from two-way analysis of variance (ANOVA) for effects of plant age and season on growth, C/N ratio, aristolochic acid concentrations of A. contorta, and herbivores performance (statistically significant effects are presented in boldface).







Aristolochic acids concentrations by plant age and season

Concentrations of aristolochic acids 1 and 2 in leaves and stems decreased with the increasing age of plants (Figures 4A, B, D, E). In particular, concentrations of aristolochic acid 1 in 1st-year leaves in July were significantly higher than those in 2rd-year and 3rd-year leaves (1st-year, 83.80 ± 8.69 ng mg-1; 2rd-year, 7.61 ± 4.62 ng mg-1; 3rd-year, 2.26 ± 1.61 ng mg-1). Concentration of aristolochic acid 1 in September in 1st-year leaves decreased to almost half of that in July (July, 83.80 ± 8.69 ng mg-1; September, 44.29 ± 13.88 ng mg-1). As such, leaf aristolochic acid 1 concentrations were significantly related to both individual and combined effects of plant age and season (Figure 4A; Table 1). Concentrations of aristolochic acids 1 and 2 were much higher in the root than in the leaf or stem regardless of the season (Figure 4). They showed statistically significant differences according to the season but not according to plant age (Table 1). That is, concentrations of aristolochic acids in roots tended to be higher in September than in July. This trend was somewhat opposite to that in leaves (Figures 4C, F). In addition, concentrations of aristolochic acids in plant leaves and roots were not statistically different across source populations (Figure S2).




Figure 4 | Concentrations of aristolochic acids in each plant organ were different with plant age and season. (A) Leaf aristolochic acid 1, (B) Stem aristolochic acid 1, (C) Root aristolochic acid 1, (D) Leaf aristolochic acid 2, (E) Stem aristolochic acid 2, (F) Root aristolochic acid 2. (A, B, D, E): In leaves and stems of plants, concentrations of aristolochic acids 1 and 2 were the highest in July of the 1st-year plant. They decreased markedly with age. (C, F): In roots of plants, concentrations of aristolochic acids 1 and 2 increased more in September than in all other groups. The vertical bar shows standard error for each group (n = 10; in case of 1st-year plant roots, n = 9). Different letters represent statistically different sub-groups by Duncan’s post-hoc test (p < 0.05).







Herbivore performance by plant age and season

We examined the effects of plant age and season on the performances of herbivores by measuring relative growth rates, consumed leaf areas, and estimated assimilation rates of S. montela (specialist herbivores) and S. exigua (generalist herbivores). Overall, relative growth rate, consumed leaf area, and assimilation rate showed similar patterns (Figure 5). In particular, S. montela larvae in July showed the lowest growth rate in the 1st-year A. contorta leaves feeding group among three plant age feeding groups, with differences among groups being statistically significant (Figure 5A; Table 1). However, there was no statistically significant difference in consumed leaf area or assimilation rate according to plant age (Figures 5B, C; Table 1). In September, the relative growth rate of larvae in all groups decreased dramatically, although larvae were kept at the same temperature as in July. Such decreases were also statistically significant (Figures 5A–C; Table 1).




Figure 5 | Performances of specialist and generalist herbivores were differently affected by plant age and season. (A, D) Relative growth rate (RGR), (B, E) Consumed leaf area by herbivores, (C, F) Estimated assimilation rate in (A–C) Sericinus montela (specialist herbivore) and (D–F) Spodoptera exigua (generalist herbivore). (G) Number of survied individuals of S. exigua (generalist herbivore). Note that when larvae were fed the 1st-year plant in July, the specialist did not grow well and generalists were wiped out. The vertical bar in (A–C) shows the standard error for the number of survived individuals in each group (n = 20; except 3rd-year in July, n = 19; 3rd-year in September, n = 18). Vertical bar in (D–F) shows standard error for each group (n = based on (G) number of survived individuals). Different letters represent statistically different sub-groups by Duncan’s post-hoc test (p < 0.05).



All larvae of S. exigua died when they were fed with 1st-year A. contorta leaves in July, which was the only case among all age and season groups (Figures 5D). Their survival number was the highest in the 3rd-year feeding group, followed by that in the 2nd-year feeding group (Figures 5D, G). When comparing 2nd-year and 3rd-year feeding groups in July, S. exigua larvae in the 3rd-year A. contorta leaf feeding group showed a higher relative growth rate than those in the 2nd-year feeding group (Figures 5D). The relative growth rate of S. exigua larvae decreased in September compared to July in the 2nd-year and 3rd-year feeding groups (Figures 5D). However, the number of survived individuals for six days was significantly higher in September than in July (Figure 5G).






Discussion

Our findings show that the level of investment of perennial herbs in growth and defense can change with plant age and season and with plant organs, showing differential impacts on specialist and generalist herbivores. The aboveground biomass of A. contorta increased with age and season (Figures 1, 2), with larvae having a large amount of available food from older plants. The C/N ratio is widely regarded as a measure of plant nutritional value. A high C/N ratio of a plant means that it has a low nutritional value for herbivores (Mattson, 1980; Pérez-Harguindeguy et al., 2003; Couture et al., 2010). In other words, considering C/N ratios of plants, the amount of food plants might be higher in September than in July, but the nutritional value of the food plants might be higher in July than in September (Figure 3). The higher C/N ratio in plant leaves in September than in July could be interpreted as an increase in carbon that allows carbon-based structural constituents to inhibit with assimilation of herbivores (Royer et al., 2013). While total carbon was also increased in the present study, the decrease in total nitrogen was relatively more pronounced (Figure S3). This seasonal decline in leaf N concentration is a common phenomenon of leaf senescence (Aerts, 1996; Franklin and Agren, 2002; Habekost et al., 2008; Li et al., 2017) and the relative N reduction in leaves can act as a nutritional limitation to leaf-chewing herbivores.

Aristolochic acids have a drastic effect on generalist herbivores, even in small doses (Jeude and Fordyce, 2014). Thus, a decrease in the concentration of aristolochic acids in A. contorta leaves with age indicates a decrease in the level of constitutive chemical defenses in aged plants (Figures 4A, D). However, the question remains as to where the plant invests its energy after the 1st-year of germination. In this regard, we offer two explanations. First, after the 1st-year, A. contorta can invest more in growth than in chemical defense. Plants can selectively invest their limited resources to their priorities between growth and defense (Coley et al., 1985; Simms and Rausher, 1987; Herms and Mattson, 1992). In general, young plants may suffer greater damage from herbivory due to their lower biomass even if they have the same herbivory intensity (Bryant et al., 1991; Dirzo et al., 2007; Boege et al., 2011). Thus, 1st-year A. contorta can minimize damage from herbivores by investing in chemical defense, whereas older A. contorta will invest in growth more than in defense. The second explanation is that defensive traits of A. contorta might change over years. Ontogenetic changes of a plant’s defense traits are frequently interpreted as changes from direct to indirect, from constitutive to induced, and from resistance to tolerance (Boege, 2005; Barton and Boege, 2017). In particular, plant’s tolerance is likely to be higher in mature plants than in young plants because of limited resource acquisition and storage reserves in young plants (Strauss and Agrawal, 1999; Hanley and Fegan, 2007). However, since changes in defensive traits based on plant ontogeny are hard to be generalized to all plant species (Goodger et al., 2013; Barton and Boege, 2017; Ochoa-López et al., 2020), it is necessary to further study whether A. contorta has other defense traits besides constitutive and chemical defenses with age.

Roots of A. contorta contained more aristolochic acids than leaves (Figures 4A, C, D, F), consistent with results of Cui et al. (2022). The high concentration of aristolochic acids in the root does not seem to be that the chemical defenses of A. contorta are focused only on the leaves. There may be unidentified antagonists in the root zone against which aristolochic acids in the root provide protection. This is supported by the observation that the concentrations of aristolochic acids in the aboveground part decreased significantly after the first year, while concentrations in the belowground parts remained high regardless of plant age. In addition, it is also noteworthy that there was a seasonal increase in aristolochic acids in the roots from July to September (Figures 4C, F). In fact, it has been found that A. contorta has a low genetic diversity because it relies heavily on asexual reproduction, including vegetative propagation by roots, rather than sexual reproduction (Nakonechnaya et al., 2012; Nam et al., 2020). And, when A. contorta started sexual reproduction, which was in the third year in our experiment, the concentration of aristolochic acid 1 increased in flowers and fruits over the course of the season (Figure S4), but nonetheless concentrations of aristolochic acids in the roots remained higher in September than July. According to the optimal defense theory, plants should have strong defenses in their stages or tissues that have a high fitness value or a high risk of attack (McKey, 1974; Boege, 2005). Thus, A. contorta might have allocated aristolochic acids for survival and asexual reproduction in the following year by accumulating metabolites in their roots at the end of growth.

This age-dependent defensive traits of A. contorta differentially affected growths of S. montela (specialist herbivores) and S. exigua (generalist herbivores). In July, S. montela larvae given 1st-year A. contorta leaves showed the lowest growth rate among three plant age groups (Figure 5A). This result is presumably due to high concentrations ofaristolochic acids in host plant leaves (Figures 4A, D). However, in terms of survival of all larvae in the 1st-year plant-fed group, the specialist herbivore showed a high ability to overcome defenses by specific secondary metabolites, aristolochic acids. Specialist herbivores can detoxify or sequester specific secondary metabolites (Agrawal, 2007; Lankau, 2007; Ali and Agrawal, 2012), but we do not yet know the specific mechanism by which S. montela detoxifies aristolochic acids. But, S. montela may also sequester aristolochic acids, as has been reported in other Aristolochia-feeding swallowtail butterflies (Sime et al., 2000; Fordyce et al., 2005). This is also suggested by the fact that S. montela larvae possess an osmeterium known to contain high concentrations of aristolochic acids in the secretory fluid of Aristolochia-feeding larvae of Battus polydamas (Priestap et al., 2012).

On the other hand, generalist herbivores “generally” detoxify and suppress plant defense mechanisms and might have a greater impact than specialists on growth and survival by fluctuating plant defense levels (Ali and Agrawal, 2012; Thiel et al., 2020). Generalist herbivores are highly susceptible even to low aristolochic acid concentrations (Jeude and Fordyce, 2014; Park et al., 2022). Therefore, the fact that the survival number of S. exigua larvae in July was the highest in the 3rd-year feeding group but the lowest (all died) in the 1st-year feeding group (Figure 5D, G) showed that 1st-year A. contorta could more effectively defend against generalist herbivores than against specialist herbivores.

The relative growth rates of both herbivore larvae were significantly lower in September than in July, with the exception of S. exigua larvae on one-year-old plants (all died in July), despite similar experimental temperatures (Figure 5D). This pattern was reflected in correspondingly lower consumed leaf area and assimilation rates in September (Figures 5E, F). This result might come from decreased food quality (significantly lowered nitrogen content) which could be referred from a high C/N ratio (Figure 3A; Figure S3D). A relatively low nitrogen content of a host plant might lengthen the development period of lepidopteran larvae that feed on it and lower their relative growth rate (Mattson, 1980; Fischer and Fiedler, 2000; Han et al., 2014). Thus, it could be assumed that the amount of leaves consumed was actually decreased because the development itself, including the relative growth rate, was slow in September after consuming low-nitrogen leaves. S. montela larvae are observed in natural habitats even at the end of September, but most of them prepare for overwintering in pupa stage, rather than adults coming out later (Kim and Kwon, 2010). This is usually attributed to lower temperatures. However, in September, even in greenhouses with controlled warm conditions, we observed delayed larval development and pupation in the fourth rather than the fifth instar stage (personal observation by SJJ and JYJ), suggesting that larval development may be delayed by a decrease in the nutritional value of the host plant. Since S. montela has many natural enemies mainly in the larval stage (Shin, 1974), delayed larval development on plants with low nutritional value may lower the fitness of the population in its natural habitat. In addition, S. exigua showed higher survival rate in September than in July regardless of the plant age (Figure 5G). This result is also presumed to be because leaf consumption of S. exigua decreased in September (Figure 5F) due to a higher C/N ratio in leaves in September than in July. However, we only experimented for six days due to the limited number of the 5th to 7th leaves from the uppermost leaf, so we cannot be certain of survival rates of S. exigua throughout the entire development period.

In conclusion, we evaluated how leaf-chewing specialist and generalist herbivores differed in performance according to age-dependent defensive traits of perennial herbs. Results showed that plant defense against herbivory stress might vary depending on plant age and season and that age-dependent defensive traits of plant could differently affect performances of specialist and generalist herbivores (Figure 6). Aristolochia contorta showed significantly higher concentrations of aristolochic acids in 1st-year leaves. Such high concentration seemed to effectively contribute to chemical defense against leaf-chewing generalist herbivore. Thus, it is presumed that A. contorta has a life history that mainly invests in chemical defense as its main defense mechanism to minimize damage from leaf-chewing herbivores in a young stage. In addition, the higher C/N ratios of leaves in September (the end of the growing season) than in July (the growing season) acted as a nutritional hurdle, suppressing the performance of surviving larvae. However, as emphasized earlier, A. contorta has the potential to invest more defense in its roots, including higher concentrations of aristolochic acids in roots than in leaves and increasing these concentrations with the passage of season. In particular, after 1st-year, A. contorta seems to give up the constitutive chemical aboveground defense and maintain only the belowground defense. Therefore, root defense of perennial herbs need to be further studied to obtain an in-depth understanding of ontogenetic trajectories of plant defense. The ontogenetic defense trajectories of perennial herbs we found in this study were different from studies that revealed that secondary metabolites generally increased across ontogeny in herbs (Barton and Koricheva, 2010; Quintero and Bowers, 2012; Kariñho-Betancourt et al., 2015). Indeed, the trajectory of ontogenetic chemical defense in herbs is species-specific and also can be dependent on the type of secondary metabolites (Popović et al., 2020; Yang et al., 2020). Therefore, the defense trajectories of these perennial herbs cannot be generalized to simplistic conclusions. Our findings contribute to the understanding of plant-herbivore interaction dynamics by suggesting that defense traits along the life history of perennial herbs can have differential effects on the performances of herbivores with different diet breadth.




Figure 6 | Summary of differences in secondary metabolite level of Aristolochia contorta according to plant age and season and their effects on performance of herbivorous insects: (A) 1st-year A. contorta invested more in chemical defense and effectively defended against generalist herbivore than specialist herbivore, (B) The higher C/N ratios of leaves in September than in July acted as a nutritional hurdle, suppressing the performance of surviving larvae. And root aristolochic acids concentrations became higher in the end of growing season than in the middle of growing season.
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Invasive alien plants pose severe threats to agroecosystems. Microplastic (MP) contamination in farmland soil is also concerning, as it causes crop stress and reduces productivity. However, the effects of the interactions between invasive alien plants and MP in the soil impact crops remain unclear. Herein, belowground plant characteristics associated with stress responses were examined in a pot experiment using root scan analyzes of rice plants exposed to Solidago canadensis L. invasion, polyethylene MP contamination, and a combined treatment. The observed changes in root growth traits under Canada goldenrod (Solidago canadensis L.) invasion were the least adverse, whereas S. canadensis invasion combined with soil MP contamination had the most adverse effects on root growth. Solidago canadensis L. invasion increased all belowground indices except root height and mean root diameter, which was upregulated in the soil MP contamination treatment. The combined treatment (S. canadensis invasion and soil MP contamination) reduced the belowground root growth traits more than the other treatments. The root growth traits may have been affected by changes in the antioxidant enzyme activity of the roots caused by the treatments. The combined effects of S. canadensis invasion and MP toxicity on rice root growth traits raise concerns regarding potential yields, financial damage, and consequences related to a potential move into the food web.

KEYWORDS
 Solidago canadensis L., rice, soil microplastics, toxicity, root growth traits


1. Introduction

Alien plant invasion is considered to be one of the most severe global environmental issues, as it poses significant threats to native ecosystems by modifying the structure and internal processes that affect the ecosystems (Powell et al., 2013; Yuan et al., 2013). Owing to intensive human activity and exhaustive farming, agroecosystems suffer more from alien plant invasions compared to other ecosystems (Yang et al., 2008; Wang et al., 2016). Release of active metabolites and toxic compounds into the soil, referred to as allelochemicals, by invasive plants may result in differentiated allelopathy effects on agroecosystems, particularly of those related to crop growth performance, seed germination, and seedling growth (Sun and He, 2010; Yuan et al., 2013; Wang et al., 2016; Lu et al., 2020). Cropland in particular is strongly affected by invasive plant species (Wang et al., 2018b), owing to their often unimpeded spread (Wang et al., 2018a). Once the alien plants have successfully invaded agricultural land, they can negatively affect crop productivity (Lu et al., 2007, 2020; Wang et al., 2016). Furthermore, alien plant invasion can affect plant hormone pathways, which are the most important mechanisms through which crop plants adjust to environmental changes (Agathokleous et al., 2019) and can cause highly detrimental effects to crop physiology and root growth traits (Wang et al., 2016).

Annual increases in untreated plastic trash have made plastic contamination a serious concern, particularly on agricultural land (Lian et al., 2021a,b). However, plastic is still an essential component of daily life worldwide owing to its stability, durability, light weight, and low cost (Phuong et al., 2016). Microplastic (MP) pollution has become a fundamental problem, as unmanaged plastic waste increases steadily (Lian et al., 2021a). Owing to the ongoing increases in plastic production, which reached 368 million tons in 2019 as reported by Plastics Europe (2020), such “new generation” pollutants are a global concern (De Souza Machado et al., 2018). The emergence and spread of plastic pollutants into the environment and their extremely low biodegradability are also major global concerns. Global plastic pollution reached 6.3 billion metric tons in 2015 and is predicted to increase to 12 billion metric tons by 2050 (Geyer et al., 2017). Crop cultivation may be affected by MP contamination in the soil; however, the contaminating effects on crop plants remain unclear, as numerous studies have reported contradictory results, suggesting that MP contamination can exert negative or positive impacts on crop performance (Khalid et al., 2020; Lian et al., 2020a,b). MPs occur in various shapes, including fragments, films, and fibers, and in different polymer types, including polyester, polypropylene, polyacrylic, and polyethylene (Lian et al., 2020b). MPs can be distributed in terrestrial ecosystems, particularly agroecosystems, through various channels, including plastic film mulching, distribution of biosolids, and atmospheric deposition (Ng et al., 2018; Wang et al., 2019, 2020; Kumar et al., 2020).

High MP contamination in agricultural soil is predominantly attributed to the excessive use of plastic mulching film, which has caused severe problems by altering the soil biota (Rezania et al., 2018; Zhang Y. et al., 2022). Therefore, MPs affect nutrient cycling, exert pressure on soil biota, and directly influence plant growth and development (Bosker et al., 2019; Li S. et al., 2021; Zhao et al., 2022). However, MP contamination has the most substantial effects on crop growth, beginning with seed germination, which is the first and most crucial phase of a crop’s life span, followed by root development, on which the crop body structure and shoot, stem, and leaf development depends (Gao et al., 2019; Yuan et al., 2019; Sun et al., 2020; Li B. et al., 2021). Therefore, MPs are a substantial threat to terrestrial ecosystems (De Souza Machado et al., 2018; Khalid et al., 2020).

Belowground roots primarily absorb water and nutrients from the soil to accommodate plant requirements and promote plant growth, thereby significantly enhancing crop yields (Iqbal et al., 2023b). However, modifications to their distribution and morphological characteristics may enhance nutrient acquisition, which further affects plant performance (Xia et al., 2020). Plant roots in diverse environments and those specifically in the vicinity of invasive ecosystems propagate several branches and grow horizontally, guaranteeing intense competition for nutrients and water (Su et al., 2018). As a result, when competing with the surrounding plants for such a confined nutrient availability, Chinese fir seedlings are known to increase their specific root length to improve nutrient acquisition and affect plant growth and development (Xu et al., 2019). Moreover, when combined with the arbuscular mycorrhizal network, the invasive plant exhibits considerable advantages related to nutrient availability, root growth traits, and root development process (Xia et al., 2020). However, understanding how invasive species interact with crops is necessary to better acclimate root growth traits to environmental pollutants and stressors. Moreover, MP contamination in the soil adversely affects root growth traits, performance, and MP movement in the crop body (Chen et al., 2022; Zhang Y. et al., 2022).

Potential interactions between MPs and other adverse ecological issues may result in synergistic, additive, or antagonistic effects. The highly invasive Canada goldenrod (Solidago canadensis L.) is dispersed widely throughout most of China’s provinces, especially in southern China. It is considered to be one of the most harmful and pervasive invasive species (Zhao et al., 2015) and has attracted increasing research attention worldwide. However, both S. canadensis and MP treatments have been observed frequently on agricultural land, which substantially affected crop productivity (Wang et al., 2016; Du et al., 2020; Zhang Y. et al., 2022; Zhao et al., 2022). However, potential changes in root growth traits under S. canadensis invasion and soil MP contamination remain largely unknown. The objectives of this study were to identify the response of belowground growth traits to Solidago canadensis L. invasion and soil MP contamination. Root scanning experiments were carried out to explore the belowground root system and its correlations with previously published root antioxidant enzymatic activities (Zhao et al., 2022) related to competition for water, nutrient uptake, and enhancing crop productivity. Identifying S. canadensis and MP effects on belowground root growth traits is critical for directing future research on the potential adverse effects of such treatments on root growth traits, which are intended to increase the rice crop biomass and in turn facilitate yields.



2. Materials and methods


2.1. Preparation of materials

Polyethylene MPs are widely used in farmland ecosystems owing to the application of plastic mulch film, which constitutes a major proportion of MP pollution in farmland soil (De Souza Machado et al., 2018). Plastic mulch film has been used widely in global agriculture to improve water use efficiency and crop yields (Dong et al., 2020; Kumar et al., 2020; Gao et al., 2021; Lozano et al., 2021). MPs occur in various shapes in natural farmland soil, and three shapes of polyethylene MPs (i.e., pellets, fragments, and fibers) were used in this study. MP pellets were purchased from the Dongwan Zhangmutou Huahuang plastic material firm (Dongguan, Guangdong, China), and MP fragments and fibers were produced by cutting a polyethylene plate (Shanghai Dayou Hardware Co.) and rope (0.20 mm diameter) into fiber particles <2.00 mm in length, respectively. Pellet and fragment MP particles were produced by sieving through 18-mesh (1.00 mm) and 30-mesh (0.60 mm) screens. MP particles of all three shape categories were mixed at a proportion of 30% pellets, 40% fragments, and 30% fibers, and the mixture was then applied to experimental pot soil. The ratio used herein is commonly observed in the environment, with minor variations between crops (Zhao et al., 2022). Prior to use, the MPs were sterilized and kept at 4°C for storage. MP treatments were executed as described previously (Pignattelli et al., 2020).

A hybrid of the conventional indica rice variety Ning Japonica-12 was used as the test crop in June 2021. The seedlings were obtained from the Baima research station of Nanjing Agricultural University. However, a random collection of S. canadensis seeds occurred in Zhenjiang City in December 2020. The seedlings were grown in a greenhouse in April 2021, and identical sizes were carefully selected for the experiments.

In April 2021, soil samples were taken from the surface of green space (0–20 cm) without MP exposure or S. canadensis invasion at the Jiangsu University campus in Zhenjiang City (32°12′ N, 119°30′ E). The air-dried soil was sieved through a 10-mesh (2.00 mm) sieve after being cleared of plant debris and stones and was then kept in the dark until the experiment.



2.2. Experimental design and crop collection

The experiment was performed in pots at the greenhouse of Jiangsu University from the middle of June to the end of October 2021. The complete factorial design was maintained, with four treatments and 14 replicates for a total of 56 plots, which comprised control, S. canadensis invasion (SI), MP contamination (MPc), and combined (SI × MP) Treatments. All treatment placements in the corresponding pots and the transferal of seedlings to the pots followed the procedures described previously (Zhao et al., 2022). After transplantation, every pot was put in a protected environment with ample sunlight. After careful growing following agronomic practices, the crops were uprooted 50 and 80 days after transplanting (DAT). At each step, samples from seven pots per treatment were collected.



2.3. Root scanning

Root scanning was performed on the uprooted rice plants. To get rid of impurities like soil, the roots were cut off and properly cleansed with distilled water. The roots of each plant were scanned using a WinRhizoTM scanner-based system (v.2007; Reagent Instruments Inc., Quebec City, QC, Canada) to measure the root area (RA), root width (RW), root height (RH), mean root diameter (MRD), root surface area (RSA), root volume (RV), root length (RL), and numbers of root tips, branches, and crossings.



2.4. Statistical analysis

The direct impacts of Solidago canadensis L. invasion, soil MP contamination, growth time, and their interactions on root growth characteristic metrics were examined using repeated measures analysis of variance (RMANOVA) at 50 and 80 DAT. The effects of the treatments on all indices were examined using a one-way ANOVA and Fisher’s least significant difference test. Rice root growth traits were compared between treatments across the sampling dates using principal component analysis (PCA). Redundancy analysis (RDA) was used to analyze differences in the root traits related to antioxidant enzyme activity in the roots (based on data from Zhao et al., 2022). Pearson’s correlation test was used to assess correlations between the root growth traits and antioxidant enzyme activity. The R software package (ver. 4.1.1) was used to perform all analyzes (R Core Team, 2013).




3. Results


3.1. Effects on root growth traits

The SI, MPc, and SI × MP treatments significantly affected the RA, RW, and RH (Table 1). Compared with the control, RA and RW were higher in the SI treatment and lower in the MPc and SI × MP treatments. The SI × MP treatment caused more substantial reductions in RA, RW, and RH. RH was higher in the MPc treatment than in the control. RA, RW, and RH were higher at 80 DAT than those at 50 DAT for all treatments. The RMANOVA indicates that the different treatments and DAT had highly significant effects on RA, RW, and RH (Supplementary Table S1). Compared with the control, the SI × MP treatment exhibited the most pronounced reductions (~33.02, 22.17, and 15.15%) in RA, RW, and RH, respectively, at 50 DAT and 80 DAT (39.84, 24.39, and 22.76%, respectively). The SI treatment had significantly higher RSA, RV, and RL values, whereas the MPc treatment had higher MRDs compared with those in the control. The RMANOVA showed a highly significant effect of different treatments and DAT on the crop’s MRD, RSA, and RL (Supplementary Table S1). The RMANOVA indicates that the SI treatment had significant effects on MRD (p < 0.001), RSA (p < 0.001) and RL (p < 0.05), but did not have a significant effect on RV (p > 0.05). The MPc treatment had highly significant effects on RSA (p < 0.001), RV (p < 0.001), and RL (p < 0.001), but not on MRD. The SI × MP treatment had highly significant effects on MRD, RSA, RV, and RL (all p < 0.001; Supplementary Table S1).



TABLE 1 Mean root areas, widths, heights, diameters, surface areas, volumes, and lengths of rice plants under different treatments at 50 and 80 days after transplanting (presented as mean ± standard error, n = 7).
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The SI, MPc, and SI × MP treatments significantly affected the root branches, crossings, and tips compared with those of the control (Table 2). The SI treatment significantly increased the numbers of root branches and tips, whereas the MPc and SI × MP treatments decreased these properties compared with the control. Root crossings were less abundant in all treatments. The SI treatment produced a weaker effect on root crossings compared with the control, but a larger reduction was observed in the SI × MP treatment. The numbers of root branches, crossings, and tips were higher at 80 DAT than at 50 DAT. The treatment type and sampling time significantly affected the numbers of root branches, crossings, and tips (Supplementary Table S1). The SI × MP treatment caused more significant reductions in the root traits. The RMANOVA indicates that the SI treatment had a highly significant effect on the number of root crossings (p < 0.001) and no significant effects on the numbers of root branches and tips, whereas the MPc treatment had highly significant effects on the numbers of root branches, crossings, and tips (all p < 0.001). The SI × MP treatment also had highly significant effects on the numbers of root branches and tips (both p < 0.001) and a significant effect on the number of root crossings (p < 0.05; Supplementary Table S1). Compared with the control, the SI × MP treatment yielded fewer root branches, crossings, and tips at 50 DAT (decreases of approximately 48.9, 79.8, and 40.7%, respectively) and 80 DAT (decreases of 52.2, 79.2, and 56.1%, respectively).



TABLE 2 Mean numbers of root branches, crossings, and tips of the rice plants in the different treatments at 50 and 80 days after transplanting (presented as mean ± standard error, n = 7).
[image: Table2]

The two-dimensional PCA indicates that PC1 and PC2 explained 72 and 19% of the variation, respectively, by combining all of the belowground root growth traits. Moreover, the PCA indicates that a clear shift in root growth traits occurred along the first axis of the PCA, which was induced by treatment type and DAT (Figure 1).

[image: Figure 1]

FIGURE 1
 Changes in root growth traits in the SI, MPc, and SI × MP treatments. Principal component analysis (PCA) of root growth traits at 50 and 80 days after transplanting (DAT). CK = control; SI = Solidago canadensis L. invasion; MPc = soil microplastic contamination; and SI × MP = combined Solidago canadensis L. invasion and soil microplastic contamination.




3.2. Interactions between antioxidant enzymes activities and root growth indices

A two-dimensional PCA of root antioxidant enzyme activity indicates that PC1 and PC2 explained 51 and 34% of the variations, respectively. Furthermore, the PCA revealed significant changes in the root antioxidant enzyme activities owing to the treatment type and DAT (Figure 2).
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FIGURE 2
 Changes in root antioxidant enzyme activities in the SI, MPc, and SI × MP treatments. PCA of root antioxidant enzyme activities at 50 and 80 DAT. CK = control; SI = Solidago canadensis L. invasion; MPc = soil microplastic contamination; and SI × MP = combined Solidago canadensis L. invasion and soil microplastic contamination.


The redundancy analysis (RDA) indicates that the root growth traits and antioxidant enzyme activities explained 34.4 and 4.9% of the variance, respectively (Figure 3). The correlations between the root growth traits and antioxidant enzyme activities are shown in Figure 4. Overall, the antioxidant enzyme activities had the most substantial impacts on root growth traits at 50 and 80 DAT. Thus, the variations in the root growth traits were directly proportional to the antioxidant enzyme activities in the roots, which were noticeable in the rice plants at 50 and 80 DAT.
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FIGURE 3
 Redundancy analysis (RDA) based on root growth traits and antioxidant enzyme activities. RA = root area; RW = root width; RH = root height; MRD = mean root diameter; RSA = root surface area; RV = root volume; RL = root length; APX = ascorbate peroxidase; CAT = catalase; POD = peroxidase; SOD = superoxide dismutase; ROS = reactive oxygen species; CK = control; SI = Solidago canadensis L. invasion; MPc = soil microplastic contamination; and SI × MP = combined Solidago canadensis L. invasion and soil microplastic contamination.


[image: Figure 4]

FIGURE 4
 Pearson correlation of rice root growth traits and antioxidant enzyme activities at (A) 50 and (B) 80 DAT in the SI, MPc, and SI×MP treatments, as represented by a heatmap. RA = root area; RW = root width; RH = root height; MRD = mean root diameter; RSA = root surface area; RV = root volume; RL = root length; APX = ascorbate peroxidase; CAT = catalase; POD = peroxidase; SOD = superoxide dismutase; ROS = reactive oxygen species. “**” represents highly significant (p < 0.01) and “*” represents significant (p < 0.05) interactions among the different parameters.





4. Discussion

We investigated the individual and combined effects of Solidago canadensis L. invasion (SI) and microplastic soil contamination (MPc) on rice root growth traits. The findings indicate varying effects on rice root growth traits, including minimal and severe adverse effects. Our findings demonstrate that S. canadensis enhanced root growth traits, except for RH and MRD. The counter-impacts of the various antioxidant enzyme activities in the rice roots augmented some root growth traits, while decreasing them when combined with soil MP contamination. In general, S. canadensis invasion was less adverse to root growth traits, which is consistent with the findings of previous studies (Wang et al., 2016; Lu et al., 2020).

Our results indicate that S. canadensis invasion and MP contamination in farmland considerably affected the root growth traits. Changes in root growth traits were S. canadensis invasion- and MP-specific. They might vary depending on the competition between species for nutrients and water in the soil, which promoted the effects on crop root growth traits (i.e., root area, width, volume, and numbers of branches and tips). However, when combined with MP, the severity of pollution increased and negatively affected the crop root growth traits (Table 1). Furthermore, the crop root growth indices increased more at 80 DAT than at 50 DAT, likely owing to higher nutrient requirements for enhancing crop growth and productivity (Iqbal et al., 2020). Such differences in root growth traits in rice crops may be explained partly by the fact that S. canadensis invasion promotes the root growth traits (i.e., RA, RW, RSA, RV, RL, and the numbers of tips and branches) owing to high competition for water and nutrients (Chen et al., 2013; Mncube and Mloza Banda, 2018). In contrast, MPs are known to negatively impact root growth (Qi et al., 2018; Zang et al., 2020; Meng et al., 2021; Javed et al., 2023), which severely reduces the belowground growth of the crop. Furthermore, plastic particles may interfere with the root system and root hair progression, thereby restricting nutrient uptake (Bosker et al., 2019). MPs affect root growth and functions and may further hinder water and nutrient absorption. Direct negative impacts on root growth in plants exposed to MPs in hydroponic systems have been observed (Urbina et al., 2020).

Changes in the antioxidant enzyme activities in the presence of these adverse factors may have caused changes in the root growth traits. Unbalanced antioxidant enzyme activities in crop roots were caused by the interaction of S. canadensis invasion and MP pollution (Zhao et al., 2022) resulted in negative impacts on crop root growth traits (Figure 2). The results also indicate that the root growth traits correlated with the antioxidant enzyme activities (Figure 3). Peroxidase (POD) had a negative effect on root growth traits at 50 DAT. In comparison, both POD and reactive oxygen species (ROS) had negative impacts at 80 DAT (Figure 4). Slight decreases in photosynthetic pigments under stressful conditions is known to contribute to varying membrane permeability and oxidative stress-induced component destruction (Jain et al., 2010; Li et al., 2018; Aihemaiti et al., 2019; Zhao et al., 2022). Enzymatic antioxidants such as ascorbate peroxidase (APX), superoxide dismutase (SOD), catalase (CAT), and POD are potent antioxidants that help plants recover from environmental stress. Thus, these enzymes are considered to be crucial components of the antioxidative defense system, as they significantly reduce and restore oxidative injury caused by ROS (Jain et al., 2010; Zhang X. M. et al., 2022; Iqbal et al., 2023a). However, enzymatic activities are still considered the cause of limited root growth traits in the SI, MPc, and SI × MP treatments (Figure 3).

In general, the negative effects of crop antioxidant enzyme activities were associated with the detrimental impact of S. canadensis invasion and MP toxic contamination on the yield of crops (Zhao et al., 2022). The most substantially adverse effects occurred in the combined treatment, which exhibited the most pronounced changes in the root growth indices. In contrast, the less adverse SI treatment exhibited intermediate effects and promoted crop root growth traits (except for RH and number of root crossings). In this study, the SI treatment-induced changes in the root growth traits interacted with soil MP contamination. However, there is no appropriate way to detect the specific chemical exudates from the root system of plants in the SI treatment and their impacts on the crop when combined with MP contamination. As a result, the data obtained from the invasive plant roots in the SI treatment could have been more precise and reliable. Therefore, all parameters of the rice crop were examined, focusing on the belowground characteristics.



5. Conclusion

Rice plants were subjected to S. canadensis invasion and soil MP contamination. The combined treatment exerted the most adverse effects on crop root growth traits. In contrast, the effects of S. canadensis invasion were the least harmful. The combined impact of SI × MP toxicity was linked to changes in the root growth traits. This root growth trait evaluation offers comprehensive perspectives on the combined ecological consequences of S. canadensis and soil MP contamination. These findings can be used to scrutinize the ecological consequences of other invasive crops contaminated by MPs. However, additional research is required to clarify the interrelations between the root growth traits, antioxidant enzyme activities, and crop biomass using long-term field experiments. In addition, the potential integration of MP contamination in the food chain and the resulting impacts on food safety and health consequences should be explored.
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Biochar has been considered as a cost-effective amendment to improve the soil water content and thus to mitigate the effects of drought on plants. However, less is known about the mitigating effects of biochar application on the negative effect of longer drought duration on trees. We investigated the effects of drought duration in combination with biochar application on the growth, tissue non-structural carbohydrate (NSC) concentrations, needle photosynthesis, and δ13C content of 1-year-old Pinus massoniana saplings in a greenhouse experiment. We found that the height and total biomass of P. massoniana saplings were significantly decreased with increasing drought duration, which was likely attributed to the suppressed photosynthetic capacity. The longer drought duration (e.g., 1 month) significantly decreased needle photosynthesis and increased the value of needle δ13C but did not deplete tissue NSC concentrations at the expense of growth, suggesting that plants prioritize carbon storage over growth in response to a long duration of drought. Surprisingly, the application of biochar significantly decreased the survival of P. massoniana saplings and aggravated the negative effect of drought duration on the growth of P. massoniana, which is probably attributed to the increased soil pH value of >7.5, as P. massoniana is adapted to mildly acid to neutral soils. Our results suggest that the effect of biochar application might be species specific, and it can aggravate the negative effect of drought duration on plants that are less tolerant to alkaline soils.
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Introduction

Extreme drought events have rapidly increased worldwide (IPCC, 2021), such as in Europe (Spinoni et al., 2018) and subtropical China (Hu et al., 2021). Induced drought intensity, duration, and frequency have resulted in widespread forest dieback and tree mortality (Allen et al., 2010; Spinoni et al., 2015; Choat et al., 2018; O'Donnell et al., 2021). The subtropical forests in South China have a relatively high carbon uptake and an extensive carbon reserve (Yu et al., 2014). Thus, tree mortality in such ecosystem may have substantial impacts on carbon balance. Despite a large number of studies about drought intensity and frequency (Duan et al., 2019; Chen et al., 2020), only a limited number of works about drought duration and frequency have been conducted (Yang et al., 2022). In particular, the growth and physiological dynamics of trees in subtropical China under prolonged drought duration have been less studied.

Widespread forest dieback and tree mortality have been observed under prolonged drought (Allen et al., 2010; Choat et al., 2018). The physiological dynamics, such as photosynthesis and carbon assimilation, are highly related to the survival of trees under drought (Ouyang et al., 2021; Sapes et al., 2021; Yang et al., 2022)—for example, leaf photosynthesis and leaf stable carbon isotope (δ13C) have been used to infer a plant’s response to atmospheric demand for water (Farquhar et al., 1989; Lawson and Blatt, 2014) and can also help characterize species-specific plant water use strategies (Moreno-Gutierrez et al., 2012; McAusland et al., 2016). The concentration of non-structural carbohydrate (NSC) can play an important role in enhancing drought resistance, given its great effect on energy supply and cellular turgor maintenance (O'Brien et al., 2014; Wiley, 2020). Thus, studying physiological dynamics in trees under drought is helpful in understanding drought-induced tree mortality (Adams et al., 2017).

Biochar has been considered as an ideal amendment to improve the soil quality with active functional groups, high porous structure, and cation exchange capacity (Godlewska et al., 2017; Kavitha et al., 2018). Moreover, biochar could increase the soil’s water holding capacity (Verheijen et al., 2010; Fischer et al., 2019), and thus the application of biochar may mitigate the effects of drought on plants—for example, the application of biochar application at a rate of 15 t ha−1 can slightly increase the soil’s water holding capacity (Paneque et al., 2016). The improved water use efficiency and growth of Abelmoschus esculentus L. Moench have been observed with biochar application under drought stress (Batool et al., 2015). On the other hand, biochar addition may inhibit the growth of plants by influencing the soil nutrients and soil microbial processes (Kuppusamy et al., 2016; Cai et al., 2021; Liang et al., 2021a)—for instance, it has been observed that the application of biochar could significantly decreased the AM fungal abundance in the soils (Warnock et al., 2010; George et al., 2012). Thus, the application of biochar may be a double-edged sword for the growth of plants, especially in drought stress.

Pinus massoniana Lamb. (Masson pine) is a native tree species in southern China. P. massoniana prefers to grow in well-drained, mildly acidic to neutral soils (Chai and Feng, 1984). In this study, we carried out a greenhouse experiment to investigate the interactive effects of drought duration and biochar application on the growth and physiological dynamics of P. massoniana saplings. We recorded the survival, growth, tissue levels of NSC, needle net photosynthesis, and needle δ13C to test our hypotheses that (1) the photosynthesis and tissue NSC—thus, the growth—of P. massoniana saplings decrease along with increasing drought duration and (2) the application of biochar alleviates the negative effects of drought duration on P. massoniana saplings.





Materials and methods




Study site

The experiment was carried out in a greenhouse at Taizhou University (121°23′ E and 28°39′ N) in Taizhou, Zhejiang Province, China. The mean temperature was 22°C (0–45°C), and the mean relative humidity was 80% (25–98°C, measured using a humidity/temperature datalogger, UNI-T, UT330B) inside the greenhouse during the experiment period.





Experimental design

The experiment had four levels of drought treatments fully crossed with two levels of biochar treatments, and this was continued for 14 months from April 10, 2021 to June 21, 2022. Each treatment had eight replicates, with 64 pots in total. The 1-year-old P. massoniana saplings with naked roots used in the present study were obtained from a field nursery in Hechi, Guangxi Province, China.

On March 1, 2021, saplings with similar height (33.2 ± 0.3 cm) were planted in pots (one sapling per pot). Each pot (11 cm in diameter and 10 cm in height) with holes at the bottom was filled with a 1:1 (v:v) mixture of local soil and river sand. The local soil was collected in the mountainous area of Taizhou, containing 0.62 ± 0.17 (mean ± SE) g kg−1 total nitrogen and 0.13 ± 0.03 g kg−1 total phosphorus. All the pots were watered every 2 days for 1 month.

On April 10, 2021, after 1 month of recovery growth, the saplings were transplanted into larger pots with holes at the bottom (24 cm in diameter, 25.5 cm in height, and 9 L in volume) and were randomly arranged according to different biochar treatments, and then these were watered every 2 days. The substrate of the larger pots was also a 1:1 (v:v) mixture of local soil and river sand as mentioned above. In the biochar treatments, two levels of biochar treatments were included, i.e., without biochar (no biochar was applied into the pots) and with biochar (biochar was applied into the pots). The biochar was purchased from a market in Zhengzhou, Henan Province, China. The biochar was derived from maize straw that was pyrolyzed at 550°C in a muffle furnace, containing 375.30 ± 67.99 (mean ± SE) g kg−1 total carbon and 1.36 ± 0.15 g kg−1 total nitrogen, pH 9.76 ± 0.57. The application of biochar was at a rate of 1% (w/w) as frequently used in many studies (Jain et al., 2020; Yao et al., 2021), and the biochar was mixed with the substrate.

On May 5, 2021, we started the drought treatments and continued it for about 13 months. Four levels of drought treatments were included, i.e., D1 (watering once every week, 60 times), D2 (watering once every 2 weeks, 30 times), D3 (watering once every 3 weeks, 20 times), and D4 (watering once every 4 weeks, 15 times) throughout the experimental period. For each watering, plenty of water was applied, and the excess water could spill out from the bottom of the pots. The soil water condition was not measured because we only focused on the duration between two watering events (Yang et al., 2022). The extra 50 mL of nutrients (1 g/L, Osmocote Plus, 20-20-20+TE, ICL Belgium, N.V.) was applied to the pots at 2 days after the simultaneous application of four drought treatments during the experiment, for five times and 250 mL in total.

On June 21, 2022, before the last watering (four drought treatments watered simultaneously), individual sapling height and photosynthesis were measured. Then, the saplings were harvested and oven-dried at 65°C for 72 h, and the dry weight of the needles, stems, and roots were separately measured. After that, the oven-dried samples of needles, stems, and roots were ground into fine powder and then stored at room temperature for analysis of NSC and δ13C content. A composite soil sample was collected from each pot, sieved (2 mm), and air-dried for pH analysis.





Non-structural carbohydrate analysis

The total non-structural carbohydrate is defined as the sum of soluble sugars and starch within a sample (i.e., organ or tissue). The NSC concentrations were measured according to the method of Wong (1990) as modified by Hoch et al. (2002). In short, 10–12 mg of fine sample powder was boiled in 2 mL distilled water for 30 min. Then, after centrifugation, invertase and isomerase (Sigma-Aldrich, St Louis, MO, USA) were added into a 200-μL aliquot of the extract to degrade sucrose and convert glucose into fructose. The concentration of soluble sugars was determined photometrically at 340 nm using a multiscan spectrum (Readmax 1900, Shanpu, Beijing, China). The total amount of NSC was measured by taking 500 μL of the extract (including sugars and starch) incubated with a fungal amyloglucosidase from Aspergillus niger (Sigma-Aldrich, St. Louis, MO, USA) for 15 h at 49°C to digest starch into glucose. The starch concentration was calculated as total NSC minus soluble sugars. The NSC concentrations are expressed on a dry mass basis.





Measurements of gas exchange

The net photosynthetic rate was measured between 9:00 and 11:00 h with a LI-6400XT portable photosynthesis system (Li-Cor Inc., Lincoln, NE, USA) at the following chamber conditions: 2 × 3-cm chamber, LED lamp, 40%–70% relative humidity, 400 pm CO2 concentration, 1,500 umol m−2s−1 photosynthetically active radiation, 25°C leaf temperature, and 500 umol s−1 flow rate.





Stable carbon isotope analysis

The 13C abundance in needles was analyzed in an elemental analyzer (Elementar Vario MICRO cube, Hanau, Germany) coupled with a stable isotope ratio mass spectrometer (Isoprime 100, Stockport, UK).

    δ13C (‰) = [(Rsample − Rstandard)/Rstandard] × 103

where Rsample and Rstandard are the molecular abundance ratios of the carbon isotopes (13C/12C) of the sample and the standard, respectively. The precision of duplicate measurements was <0.2%.





Soil pH analysis

Soil pH was measured with a soil to water ratio of 1:2.5 (w/v).





Data analysis

To investigate the changes in height at different growth stages, one-way ANOVA was used to determine the height on April 10 and August 23, 2021 and on March 1 and June 21, 2022, respectively. The relative height increment was calculated based on the height measured on April 10, 2021 and June 21, 2022. To investigate the interactive effects of drought duration and biochar on variables, two-way ANOVA was used to determine the effects of drought duration, biochar, and their interactions on sapling biomass and height, concentrations of tissue NSC, needle photosynthesis, and δ13C of P. massoniana saplings as well as the soil pH. All data were checked for normality using the Kolmogorov–Smirnov test and for homogeneity of variance using Levene’s test. The data for NSC in both needles and stems, soluble sugars in stems, and starch in both roots and stems that did not meet the assumption were transformed into log (x + 1) prior to analysis. All statistical analyses were performed using SPSS software version 22.0 (IBM Corp., Armonk, NY, USA).






Results




The growth response

The survival of P. massoniana saplings was significantly decreased along with increasing drought duration ranging from D1 to D4, especially under the application of biochar (Figure 1A). Across the biochar addition, the height of P. massoniana saplings increased with the increasing progress of the experiment; however, it was significantly higher under D1 (122% increment) than the other three drought treatments and showed the lowest value under D4 (70% increment) in the second year (Figure 1B).




Figure 1 | Survival of P. massoniana saplings under the treatments of drought duration and biochar addition (A). Height and relative height increment of P. massoniana saplings under drought duration (B). Biochar addition had no effect on height and relative height increment, and thus saplings without biochar and with biochar were pooled. The mean ± SE of the two-way ANOVAs is given. D represents drought duration. Different letters indicate significant differences among the drought durations.



The biomass of P. massoniana saplings was significantly affected by drought duration, showing a significant decrease in total (Figure 2A) and its component biomass (Figures 2B–D) along with increasing drought duration. Biochar addition significantly decreased the total biomass and needle biomass (Figures 2A, B) but had no effect on the biomass of both stems and roots (Figures 2C, D). There was no significantly interactive effect of biochar and drought duration on the biomass of P. massoniana saplings (Figure 2).




Figure 2 | Total biomass (A), needle biomass (B), stem biomass (C), and root biomass (D) of P. massoniana saplings under the treatments of drought duration and biochar addition. The mean ± SE and F values of the two-way ANOVAs are given. B and D represent biochar and drought durations, respectively. Different letters indicate significant differences among the drought durations. *P < 0.05, **P < 0.01 and ***P < 0.001.







The non-structural carbohydrate response

Increasing drought duration did not decrease the NSC concentration in needles (Figure 3A) nor roots (Figure 3C) but significantly increased the NSC concentration in stems (Figure 3B). The concentration of soluble sugars in roots was lower under D4 than in any of the other three drought duration treatments (Figure 3F). Increasing drought duration significantly decreased the ratio of soluble sugars to starch in roots (Figure 3L). Biochar addition significantly decreased the concentrations of NSC in roots (Figure 3C) and soluble sugars in needles (Figure 3D) and roots (Figure 3F) but increased the soluble sugars in stems (Figure 3E). Biochar addition significantly decreased the concentration of starch in stems (Figure 3H) but had no effect on that in needles (Figure 3G) nor in roots (Figure 3I). Neither biochar addition nor drought duration had significant effects on the ratio of soluble sugars to starch (Figure 3J). Biochar addition significantly increased the ratio of soluble sugars to starch in stems (Figure 3K). Drought duration and its combination with biochar had no effect on the concentration of starch in all tissues (Figures 3G–I) but significantly affected the ratio of soluble sugars to starch in roots (Figure 3L).




Figure 3 | Concentrations of non-structural carbohydrates, soluble sugars, and starch and ratio of soluble sugars to starch in needles (A, D, G, J), in stems (B, E, H, K), and in roots (C, F, I, L) of P. massoniana saplings under the treatments of drought duration and biochar addition. The mean ± SE and F values of the two-way ANOVAs are given. B and D represent biochar and drought durations, respectively. Different letters indicate significant differences among the drought durations. *P < 0.05, **P < 0.01 and ***P < 0.001.







The net photosynthesis and carbon isotope response

Increasing drought duration significantly decreased the net photosynthesis (Figure 4A) but significantly increased the value of δ13C in needles (Figure 4B). However, neither biochar addition nor its combination with drought duration had a significant effect on the net photosynthesis (Figure 4A) and the value of δ13C in needles (Figure 4B).




Figure 4 | Net photosynthesis (A) and δ13C (B) in needles of P. massoniana saplings under the treatments of drought duration and biochar addition. The mean ± SE and F-values of the two-way ANOVAs are given. B and D represent biochar and drought duration, respectively. Different letters indicate significant differences among the drought durations. **P < 0.01 and ***P < 0.001.







Soil pH

Drought duration had no significant effect on soil pH (Figure 5). However, biochar addition and its combination with drought duration had a significant effect on soil pH, showing a greater increase in soil pH under biochar addition (Figure 5).




Figure 5 | Soil pH under the treatments of drought duration and biochar addition. The mean ± SE and F-values of the two-way ANOVAs are given. B and D represent biochar and drought duration, respectively. Different letters indicate significant differences among the drought durations. *P < 0.05 and ***P < 0.001.








Discussion

Increasing drought duration had a negative effect on the survival of P. massoniana saplings (Figure 1A). We found that the relative height increment and the biomass of P. massoniana saplings were significantly decreased with increasing drought duration (Figures 1B, 2). Similar findings have been reported by many previous studies involving intense drought intensity and a long drought duration (Schönbeck et al., 2020; Ouyang et al., 2021; Yang et al., 2022)—for example, the decreased total biomass of Quercus pubescens (Ouyang et al., 2021) and Quercus castaneifolia (Zoghi et al., 2019) under extreme drought intensity and of Robinia pseudoacacia (Yang et al., 2019), Metrosideros polymorpha (Westerband et al., 2019), and both Quercus petraea and Fagus sylvatica (Yang et al., 2022) under increasing drought duration. The decline in growth under longer drought duration (e.g., the treatment of D4) was likely due to the direct water limitation which inhibited cell expansion and division (Eilmann et al., 2011; Martinez-Sancho et al., 2022). Alternatively, the leaf δ13C value has been used to reflect the ratio of intercellular to atmospheric CO2 concentrations when the carbon is fixed (Farquhar et al., 1982; Farquhar et al., 1989). Under a long drought duration, low water availability generally promotes stomatal closure, decreases the intercellular CO2 concentrations, and subsequently increases the value of δ13C (Sarris et al., 2013; Martinez-Sancho et al., 2022). Thus, the saplings might indirectly increase the stomatal closure to reduce water loss under longer drought duration at the expense of the growth for survival, and the decreased net photosynthesis and less negative value of δ13C under a long drought duration seemed to prove it in the present study (Figures 4A, B). Our results highlight the importance of drought duration in further manipulating the drought experiment.

However, the decline in the growth of P. massoniana saplings was accompanied by unchanged or even increased concentrations of non-structural carbohydrates (Figure 3). The decline in the trees’ growth can be explained by carbon starvation, hydraulic failure, and the interaction between the two (Sala et al., 2012; Sevanto et al., 2014). Carbon starvation occurs when photosynthesis is inhibited through stomatal closure, which can lead to a shortage of mobile carbohydrates for growth (Sala et al., 2012; Adams et al., 2013). Alternatively, under a long drought duration, the formation of embolisms and xylem damage can directly lead to a decline in the trees’ growth from hydraulic failure (Hammond et al., 2019), and when it is prior to the inhibition of leaf photosynthesis, it can further contribute to the accumulation of mobile carbohydrates. In the present study, the concentrations of NSC were higher in aboveground tissues under a longer drought duration, which might be a passive storage of growth inhibition. Additionally, the lower soluble sugar levels in roots under a longer drought duration was likely due to the damage of the top-down transport on the one hand and the more energy devotion to root growth and water absorption on the other hand. Although the decreased levels of soluble sugars in roots occurred under a longer drought duration, the levels of NSC in roots remained unchanged (Figure 3C). The unchanged and even increased NSC in tissues indicated that the response of growth to drought is more sensitive than photosynthesis, resulting in a higher accumulation of NSC in needles, and the shortage of NSC could not be the reason for the decline in growth of P. massoniana saplings in the present study.

Biochar addition impeded the effect of drought duration on the growth and survival of P. massoniana saplings. Many previous studies have reported the beneficial effects of biochar under drought stress (Akhtar et al., 2014; Batool et al., 2015; Paneque et al., 2016; Cai et al., 2020; Liang et al., 2019; Liang et al., 2021b)—for example, the dry weight of Quercus castaneifolia in water stress was significantly increased by biochar addition due to the improvement of both the soil parameters and leaf photosynthesis (Zoghi et al., 2019). Biochar addition could alleviate the negative effects of drought stress on soybean by increasing the leaf photosynthetic rate and stomatal conductance (Zhang et al., 2020) and on rapeseed by enhancing the activities of antioxidants, osmoprotectants, and soil fertility (Khan et al., 2021). In the present study, biochar addition had no effect on the photosynthesis of P. massoniana saplings (Figure 4A); however, it significantly increased the soil pH (Figure 5). Thus, the increased soil pH led to an alkaline soil environment that was not suitable for the growth of P. massoniana saplings, which was similar with our previous study of P. massoniana under pulsed watering (Wang et al., 2022). The result indicated that biochar had negative effects on the growth of P. massoniana saplings under drought in the present study, which implied that the beneficial effects of biochar, the environmentally friendly amendment, might not be applicable for all plant species. However, our study had limitations, such that only one type of biochar or tree sapling was considered, as the response of plants to biochar may vary according to the type of plants as well as the type of soil biochar amendments.

NSC storage, particularly in the roots, could help trees survive drought by being transported to the other organs/tissues where needed because drought might lead to phloem transport malfunction and, subsequently, the possible cessation of photosynthesis (Sevanto et al., 2014; Wiley, 2020). We found that the application of biochar significantly decreased the NSC levels in the roots of P. massoniana saplings, which was largely caused by the decline in soluble sugars (Figure 3F). Soluble sugars can serve as osmolytes to protect the membranes from desiccation injury (Li et al., 2013), and the decline in soluble sugars induced by biochar might affect the water uptake of roots, which subsequently inhibited the growth of P. massoniana saplings.





Conclusions

We found that the height and biomass of Pinus massoniana saplings significantly decreased with increasing drought duration as a result of significantly decreased needle photosynthesis and increased drought stress (i.e., increased needle δ13C values). Additionally, drought duration did not deplete the tissue NSC concentrations, suggesting that the growth inhibition was prior to the consumption of NSC and led to the passive storage of NSC. However, the application of biochar significantly decreased the survival rate of Pinus massoniana saplings and aggravated the negative effect of drought duration on the saplings, which might be due to the increased soil pH. Our results suggest that the effect of biochar addition on mitigating the drought’s effects on plants might be species specific, depending on the species’ biological properties.
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Nitrogen deposition and biological invasion are two major components of global environmental change. Nitrogen deposition has been considered to enhance the resource availability of recipient habitats, which influences the invasiveness of plant invader and the invasibility of recipient native communities. Nitrogen deposition has been shown to reduce the relative abundances of arbuscular mycorrhizal fungi (AMF) globally. AMF have been found to mutualistically symbiose with approximately 75% of plant species and act as a nutrient supplier. AMF may modify the structure of native plant communities, collaborate with alien plant invaders and thus promote their invasion. The alien woody invader, Rhus typhina L. has been introduced into North China as a horticultural species, invaded the native plant community and outperformed the native competitors in growth and in photosynthetic efficiency. Nevertheless, little is known about if nitrogen deposition and AMF inoculation synergistically alter the invasibility of native plant community. In this study, R. typhina was subjected to the artificial plant community assembled by four co-existing native species – Chenopodium album L., Vitex negundo var. heterophylla (Franch.) Rehd., Rhus chinensis Mill. and Acer truncatum Bunge in a mesocosm experiment. Nitrogen deposition and AMF inoculation were simulated as environmental and biotic filters respectively. Aboveground biomass and biomass proportion, reflecting plant growth and performance, and specific leaf area and chlorophyll concentration correlated with carbon use and photosynthetic capacity of both the alien invader and the native plants were measured and calculated after harvest. We found that AMF inoculation did not alter the trait variation of alien and native species to increasing nitrogen deposition level in general, although AMF inoculation impeded the increase of aboveground biomass for C. album, V. negundo and native community with increasing nitrogen deposition level. In the scenario of nitrogen deposition and AMF inoculation, a stable status of invasion dynamic may be maintained and needs to be checked with integration of traits at extended temporal scale.
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Introduction

As the two crucial components of global environmental change, nitrogen (N) deposition and biological invasion have been boosted by anthropogenic activities and have inestimable effects on recipient ecosystems (Vitousek, 1992; Millennium Ecosystem Assessment, 2005; Borer and Stevens, 2022; Lopez et al., 2022). The global N deposition rate has been predicted to increase 1–2 folds by the middle of the 21st century (Jansson and Hofmockel, 2020). Multiple ecosystems have transformed from N deficiency to N saturation (Penuelas et al., 2020). China has become the third largest N deposition area and annual average N deposition rate has reached 20.4 kg.hm−2 (Valliere et al., 2017; Yu et al., 2019). N deposition has caused an alteration of the global nitrogen cycle and acts as an environmental stress in modifying the structure and function of terrestrial ecosystems, for instance species loss, degradation of biodiversity and homogenization of local flora (Hayes et al., 2019; Peng et al., 2019).

Likewise, biological invasion has been shown to have detrimental ecological effects such as the exclusion of native species and the alteration of community structure (Zhang and van Kleunen, 2019). Importantly, plant invasion success can be mediated through background nitrogen deposition across a range of different ecosystems (Valliere et al., 2017; Wang et al., 2021; Liu et al., 2022; Wang et al., 2022). Indeed, the resource fluctuation hypothesis predicts that N deposition may enhance the habitat resource availability and improve their hospitability for plant invasion (Davis et al., 2000). In view of this prediction, many studies have shown that N deposition promotes plant performance through a range of metrics, including biomass accumulation and photosynthetic efficiency for invading species (Wang et al., 2017; Wang et al., 2022; Xing et al., 2022). In particular, specific leaf area (SLA) and chlorophyll concentration have been commonly used to indicate photosynthetic efficiency (Wang et al., 2023). Since the leaf trait economic spectrum predicts a positive correlation between SLA and leaf N concentration and N is a constituent of chlorophyll, N deposition likely enhance SLA and chlorophyll concentration (Wang et al., 2017; Wang et al., 2022). However, the effects of N deposition on the invasibility of native plant communities have been mostly tested using herbs or field trials (Maron and Marler, 2008; Liu et al., 2018; Cavieres, 2021). Successful invasions are able to overcome the biotic barriers associated with the recipient community, and the underlying mechanisms such as competitive exclusion and allelopathy are contributors (Young et al., 2022). N deposition also influences the performance of the native plant community, the construction of biotic resistance and thus the invasibility of the native plant community (Li et al., 2022a). Several studies have proposed that N deposition may have stressful effects on the diversity and/or productivity of native plant communities and reduce the biotic resistance of the native plant community to invasion (Zheng et al., 2020; Gao et al., 2021). Other studies have suggested the opposite, as N deposition promoted the growth of native plants, enhanced the productivity of native plant communities and benefited biotic resistance (Wang et al., 2021; Liu et al., 2022). Therefore, the plant–plant interactions including alien vs. native and native vs. native both affect the invasion dynamic.

Arbuscular mycorrhizal fungi (AMF) can symbiose with approximately 75% of vascular plants: with aid in nutrient assimilation, water uptake, pathogen defense and stress tolerance (Smith and Read, 2008; Wipf et al., 2019; Frew et al., 2020). In exchange, AMF obtain carbon sources such as carbohydrates and lipids from plants (Jiang et al., 2017). Despite the above benefits, the net effects of AMF on plant performance are uncertain when considering invasive and native plants integratively. Several studies have shown that AMF have a higher colonization rate on invasive plants and promote their performance (Dong et al., 2021; Lamit et al., 2022; Sun et al., 2022). Thus, a competitive advantage of invasive plants over native plants can be realized (Lamit et al., 2022; Sun et al., 2022). However, a meta-analysis has reported that AMF colonization did not differ between invasive and native plants and invasive plants possibly do not symbiose with AMF or are poorly colonized and benefit less from AMF than native plants (Bunn et al., 2015). Cheng et al. (2019) have also shown that the inoculation of arbuscular mycorrhizal fungi has the potential to help the native species Bidens biternata (Lour.) Merr. et Sherff resist the invasion of Bidens alba. (L.) DC. Therefore, the plant–plant interaction between alien invader and recipient native plant community is ambiguous when facing AMF colonization and the effects of AMF inoculation on the invasibility of native plant community are uncertain.

The introduction of alien woody plant species appears to be inevitable considering the improvement of aesthetic value for urban landscapes and the economic benefits derived from forestry production (Richardson and Rejmánek, 2011). However, the intentional introduction of alien woody species has led to their invasion and has caused severe ecological safety problems to both the artificial ecosystem and natural ecosystem such as the threat to native biodiversity and biotic homogenization (Richardson et al., 2014). Rhus typhina L. has been commonly used as an ornamental tree species for urban greening and has been cultivated into the forest plantation in North China (Wang et al., 2008). Since this species has strong allelopathic effects and the dispersal of this species may alter the native plant community structure, the invasive potential of this species has been considered to be great (Xu et al., 2023). Prior mesocosm studies have shown that R. typhina outperforms its native counterparts (e.g. Quercus acutissima Carr., Sapindus mukorossi Gaertn., Cotinus coggygria Scop. and Rhus chinensis Mill.) in growth (e.g. biomass accumulation) and traits associated with resource use (e.g. specific leaf area and chlorophyll concentration) (Yuan et al., 2013; Wang et al., 2016; Guo et al., 2020; Wang et al., 2022). Especially, N deposition confers a competitive advantage on R. typhina (Yuan et al., 2013; Wang et al., 2022). However, few previous studies on R. typhina considered the invasibility of the recipient native plant community, despite several prior studies on herbaceous plant invasion examining the probable biotic resistance of artificial native herb communities (Liu et al., 2018; Jin et al., 2022; Li et al., 2022b). The present study subjected the alien woody invader, Rhus typhina L. to the artificial plant community assembled by four co-occurring native species – Chenopodium album L., Vitex negundo var. heterophylla (Franch.) Rehd., Rhus chinensis Mill. and Acer truncatum Bunge in a mesocosm experiment. By evaluating the probable phenotypic variation of the alien invader and native plant community in response to different treatments of nitrogen deposition and AMF inoculation, the present study aimed to explore the probable effects of nitrogen deposition and AMF inoculation on shaping the invasibility of the native plant community.





Materials and methods




Study site and plant materials

The experiment was conducted in a greenhouse of Qingdao Agricultural University, Qingdao city, Shandong Province, China (36° 31′ N, 120° 39′ E), the area has a warm temperate monsoon climate, with an average temperature of 12.7 °C and an average annual precipitation of 700 ± 100 mm (Wang et al., 2022). The greenhouse was covered with plastic film.

The seeds of R. typhina, V. negundo, R. chinensis and A. truncatum were sampled from Mount Lao (36° 19′ N, 120° 62′ E) in November, 2020 and the seeds were stored at 0–4 °C during the winter. The following actions were taken to stimulate germination in April–May, 2021. The seeds of R. chinensis and R. typhina were washed with 70 °C baking soda solution for 10 minutes and then washed with tap water. The seeds of R. typhina, V. negundo, R. chinensis and A. truncatum were soaked in tap water for 24 hours respectively. The soaked seeds of each species were then placed on trays to promote germination for 7–14 days. During this period, we sprayed water into the tray every morning and noon to keep all the seeds moist and cover the seeds with a layer of gauze to reduce water loss (Wang et al., 2022). After germination, healthy and strong seedlings of each species with 4–6 leaves were selected and transplanted into plug plates. When most seedlings of each species in the plug plates had four fully-developed leaves, we collected C. album seedlings with four fully-developed leaves at the campus of Qingdao Agricultural University. Seedlings of five species with similar size and four leaves were transplanted into plastic pots (200 mm in diameter and 200 mm in height) for further treatments.

Each pot was loaded with a mixture of 1:1 (v/v) of sandy air-dried loam (collected locally) and peat (specification: 10–30 mm, pindstrup substrate, Denmark). The total weight of the substrate was 5.0 kg. Debris and stones were removed from the sandy loam beforehand. Autoclaving was performed to kill all soil biota before treatments.





Experimental design

We grew the invasive R. typhina as target species in pot-mesocosms with a synthetic native resident community. One R. typhina seedling was planted in the middle of the pot. The other four native plant species (C. album, V. negundo, R. chinensis and A. truncatum), one seedling per species, were planted around the R. typhina seedling (see Supplementary Material 1). This planting pattern was designed to explore the effects of native plant interaction on the performance of exotic R. typhina. Rhus chinensis and A. truncatum are trees, while V. negundo and C. album are shrub and forb, respectively. All the four species, which co-exist with R. typhina in the field, are representative native species in the study region. Frequent inter-species interaction such as competition between R. typhina and the four native counterparts is expected.

A two-factor experiment was conducted with three N deposition levels and two arbuscular mycorrhizal fungi (AMF) inoculation levels. The three N deposition levels were 0, 6 and 12 g N m−2y−1 (designated as N0, N6 and N12, respectively), representing no deposition, deposition level already recorded in some areas of northern and southern China (Lü and Tian, 2007; Zhang et al., 2011) and deposition level that may be reached in the future (Luo et al., 2014), respectively. N loading was simulated by adding an aqueous ammonium nitrate (NH4NO3) solution directly to the soil every 2 weeks. The solutions were prepared with deionized water. The amount of NH4NO3 used was calculated based on the above-mentioned N addition levels. Within each N deposition level, two AMF inoculation treatments were employed: R. typhina and the native resident community inoculated with AMF (+ AMF) and non-inoculated controls (0 AMF). Funneliformis mosseae, Glomus versiforme and Rhizophagus intraradices were selected and combined (1:1:1) as AMF inoculation treatment since they are commonly distributed in Qingdao area in our field survey, and all the selected plant species can be successfully colonized by the combination of the three AMF species according to our pre-experiment. The AMF for inoculation treatment were provided by the Institute of Mycorrhizal Biotechnology, Qingdao Agricultural University. Each plant received 8 g inocula (approximately 320 AMF spores) for the AMF inoculation treatment. The same amount of autoclaved inocula were added to every plant as non-inoculated controls. As such, the experiment included 6 treatments, and 6 replicates were included at each treatment, resulting in a total of 36 pots.

Insects and weeds were controlled manually. Insect pests were also controlled with sticky boards. All pots received adequate watering. The temperature and humidity were measured using DL-TH20 digital display thermometer and hygrometer (Hangzhou Gsome Technology Co., Hangzhou, China). The average temperature and relative humidity in the greenhouse during the experiment were 26.9 ± 4.8 °C and 75% ± 19% respectively (n = 4091, from 18:39, July 2nd to 23:39, September 25th, recorded every 30 min; typical diurnal pattern of temperature and humidity see Supplementary Material 2). The light intensity was measured using Quantum1/Foot Candle Meter (Spectrum Technologies, Inc., Aurora, IL, USA). The light intensity inside the greenhouse was 78.3% ± 0.033 (n = 6) of the outdoor light intensity. The position of the pots was re-randomized weekly. The study was carried out from July 1st to September 25th, 2021, and it lasted for 87 days.





Harvest and measurements

All plants survived during the experimental period and were measured and harvested on September 25th, 2021. Plant height and crown area were measured for each plant individual in each treatment. Plant height was gauged as the vertical distance between base and apex. The crown area was calculated as (Wang et al., 2022):

	

a denotes the maximal horizontal length of the plant crown, while b denotes the width of the plant crown perpendicular to a.

The average leaf area was measured with 10 fully expanded leaves from each treatment (third or/and fourth leaves from the tip). A scanner (Epson Perfection V700, Seiko Epson, Japan) was used to scan the leaves, and then Image J (National Institutes of Health, Maryland, USA) was used to calculate the leaf area. Subsequently, the leaves were oven-dried for 0.5 h at 105 °C to inactivate enzymes, then at 80 °C for 48 h, and leaf dry weight (LDW) was weighed using an electronic balance (Ohaus AR1140, Ohaus Corporation, USA). The specific leaf area (SLA) was calculated as: leaf area/leaf dry weight.

One leaf on the third leaf node from the tip of each plant individual was selected for the determination of chlorophyll concentration (CHL) using the ethanol method. Approximately 0.1 g of fresh leaf tissue was ground in 10 ml of 95% ethanol with calcium carbonate and quartz sand until all the leaf tissue dissolved. The absorbances of the supernatant were measured at 649 nm (A649) and 665 nm (A665) using a spectrophotometer after 24 h of dark treatment. Chlorophyll a concentration (Chla), chlorophyll b concentration (Chlb) and CHL were calculated separately as (Wang et al., 2019):

	

	

	

The aboveground part of seedlings of each species was then harvested and divided into leaf and stem. The root of each species was not harvested partly because their roots intertwined with each other and is difficult to distinguish, and partly because the above-ground competition rather than below-ground competition mainly impacts the species dominance (Kiaer et al., 2013). The leaves and stem were separated and dried at 105 °C for 0.5 h to inactivate enzymes, and then dried at 80 °C for 48 h. After that, the biomass of leaves and stem for each species and each replicate were weighed using an electronic balance (Ohaus AR1140, Ohaus Corporation, USA). The aboveground biomass of each species and each replicate was calculated as the sum of leaf mass and stem mass. The aboveground biomass of the native plant community of each replicate was calculated as the sum of the aboveground biomass for each native plant including C. album, V. negundo, R. chinensis and A. truncatum. The biomass proportion of R. typhina was calculated as: aboveground biomass of R. typhina/(aboveground biomass of R. typhina + aboveground biomass of native plant community) × 100%, while the biomass proportion of the native plant community was calculated as: aboveground biomass of native plant community/(aboveground biomass of R. typhina + aboveground biomass of native plant community) × 100%.

The community-weighted mean (CWM) of SLA and CHL each for the native plant community was calculated as the average trait value in the community weighted by the important value of each species, which evolves from the method of Garnier et al. (2004). The calculation process of the CWM for a single trait is as follows:

	

The above equation is developed from the method of Curtis and McIntosh (1951). Ar represents the relative abundance of a single species, which is the ratio of the abundance of a single species to the total abundance of the species in the community, in the present study the Ar is 1/4 for each native species. Cr represents the relative coverage of a single species, which is the ratio of the coverage of a single species to the total coverage of the species in the community. Since coverage reflects the vertically projected area of the plant canopy to a large extent, the crown area is used to represent coverage in the present study. Hr represents the relative height of a single species, which is the ratio of the height of a single species to the total height of the species in the community.

	

Where the CWMtrait represents the community-weighted mean of a single trait (SLA or CHL for the present study), the s is the species number of the community (s = 4 for the present study), the IVi is the important value of the ith species in the community and the ti is the trait value of the ith species in the community.

The infection rate of AMF was measured following the method by Zhao et al. (2023). The roots of each species each replicate were fragmented into 0.5–1 cm-long slices and then the sliced were placed into a test tube with a KOH solution with a 5%–10% concentration Then, the test tube was water bathed for 20–60 min at 90 °C. After water bath, the roots were soaked in the 2% concentration of HCL solution for 5 min. The roots were stained using with a 0.01% concentration of acid fuchsin stain after the acid was removed from the roots. Then, the stained roots were water bathed for 20–60 min at 90 °C. Color separation was done on the roots with lactic acid. Then, microscopic observation was used. The AMF infection rate was calculated as follows:

	

n0 represents the root slice number without AMF colonization, n1 represents the root slice number with an AMF colonization rate of 10%, n2 represents the root slice number with an AMF colonization rate of 20%, n10 represents the root slice number with an AMF colonization rate of 100%.





Data analysis

SLA was log(x)-transformed and the biomass proportions of R. typhina and native plants were log(x+1)-transformed (Isles, 2020). Thus, all trait data met the assumption of normality and homogeneity of variance prior to analysis. A one-way analysis of variance (ANOVA) was performed to test the effects of nitrogen deposition on the infection rate of AMF for different species. A two-way analysis of variance (ANOVA) was applied to test the effects of nitrogen deposition and AMF inoculation on aboveground biomass, biomass proportion, SLA and CHL of R. typhina the native plant community. If a significant treatment effect was detected, post hoc pair-wise comparisons of means were performed to examine the differences between treatments using Tukey’s test for multiple comparisons. The correlations between nitrogen deposition level and plant performance including aboveground biomass, biomass proportion, SLA and CHL for each species and native plant community were detected using linear regression under different conditions of AMF inoculation. All data analyses were conducted using SPSS 25.0 (IBM Corp., Armonk, NY, USA).






Results

All plant species were infected by the AMF (Figure 1). The infection rate of R. typhina decreased with increasing nitrogen deposition (Figure 1A). Chenopodium album showed the highest infection rate without nitrogen deposition and nitrogen deposition decreased its infection rate (Figure 1B). Both V. negundo and R. chinensis displayed an increase in infection rate with increasing nitrogen deposition (Figures 1C, D). The infection rate of A. truncatum was lowest in the treatment of N6, while a significantly higher infection rate was shown in the treatment of N12 (Figure 1E).




Figure 1 | Variation in the arbuscular mycorrhizal fungi (AMF) infection rate of (A) R. typhina, (B) C album, (C) V. negundo, (D) R. chinensis and (E) A. truncatum. Means with the different letters are significantly different at P<0.05 in different treatments.



N deposition had significant effects on the aboveground biomass of C. album, V. negundo and native community, the SLA of C. album and A. truncatum, and the CHL of C. album, A. truncatum and native plant community (Table 1). The effects of AMF inoculation on all traits of both R. typhina and the native plants were insignificant (Table 1). We found significant interactive effects of N deposition and AMF inoculation on the CHL of R. typhina and the SLA of A. truncatum (Table 1).


Table 1 | F-values and significances of two-way ANOVA of the effects of nitrogen deposition and arbuscular mycorrhizal fungi (AMF) inoculation on the plant performance of R. typhina and native plant community.






Biomass

The aboveground biomass of C. album, V. negundo and native community significantly increased with the increase of N deposition level without AMF inoculation, while their aboveground biomass did not significantly vary with the increase of N deposition level with AMF inoculation (Figures 2B, C, F). No significant variations in aboveground biomass were detected for the other species (Figures 2A, D, E).




Figure 2 | Correlations between nitrogen deposition level and aboveground biomass, biomass proportion, SLA and CHL for R. typhina (A, G, M, S), C. album (B, H, N, T), V. negundo (C, I, O, U), R. chinensis (D, J, P, V), A. truncatum (E, K, Q, W) and native plant community (F, L, R, X) without and with arbuscular mycorrhizal fungi (AMF) inoculation.



The biomass proportion of A. truncatum significantly decreased with the increase of nitrogen deposition level without AMF inoculation, while that did not significantly vary with the increase of nitrogen deposition level with AMF inoculation (Figure 2K). No significant variations in biomass proportion were shown for the other species (Figures 2G–J, L).





Leaf traits

The SLA of native community significantly decreased with the increase of nitrogen deposition level without AMF inoculation, while that did not significantly vary with the increase of nitrogen deposition level with AMF inoculation (Figure 2R). No significant variations in SLA were shown for the other species (Figure 2M–Q).

The CHL of A. truncatum did not significantly vary with the increase of nitrogen deposition level without AMF inoculation, while that significantly increased with the increase of nitrogen deposition level with AMF inoculation (Figure 2W). Despite that no significant variations in CHL were found for the other species (Figure 2T–V, X), a contrast variation trend of CHL for R. typhina appeared to be shown: an increase of CHL following the increase of N deposition level without AMF inoculation (P = 0.109) however a decrease of CHL following the increase of N deposition level with AMF inoculation (P = 0.054) (Figure 2S).






Discussion

Based on the evaluation of traits including biomass, biomass proportion, SLA and CHL, the present study showed that AMF inoculation had weak effects on both R. typhina and native plants under n deposition. Biomass accumulation usually represents the assimilatory power of plants and reflects the capacity of plants to colonize the resource niche (Yan et al., 2020). In accordance with the above perspective, biomass accumulation has been recognized to be positively correlated with the invasiveness of alien plants and the biotic resistance of native plant communities to invasion (Yuan et al., 2013; Liu et al., 2018; Guo et al., 2020; Jin et al., 2022; Li et al., 2022a; Li et al., 2022b; Wang et al., 2022; Xing et al., 2022). AMF inoculation impeded the increase of aboveground biomass for C. album, V. negundo and native plant community, and the decrease of biomass proportion for A. truncatum under nitrogen deposition, while no significant effects of AMF inoculation were found under remaining conditions. Considering invasiveness and invasibility, AMF inoculation did not enhance the performance of the exotic invader, R. typhina across different deposition levels, despite that a weakened resistance of native plant community with AMF inoculation. The plant–plant interaction, such as competition between the invader and native, and among the species within the native plant community was likely stable (Ma et al., 2017). A stability may exist for the community assembled by the alien invader and native plants since the community could “tolerate” the environmental perturbation from N deposition and AMF inoculation (Ghedini and Connell, 2016). Previous studies on the effects of environmental perturbation on the invasibility of native plant community showed two contrast paradigms including: 1) the invader up and the native down, in which the invasion process strengthens; and 2) the invader down and the native up, in which the biotic resistance strengthens (Liu et al., 2018; Zheng et al., 2020; Gao et al., 2021; Wang et al., 2021; Jin et al., 2022; Li et al., 2022b; Liu et al., 2022). However, the present study tends to show a balance between the alien invader and native plant community, especially considering the phenotypic maintenance of alien invader. Functional traits such as SLA and chlorophyll concentration are fundamentally associated with the resource use for instance the carbon gain and have been widely considered to be positively correlated with the photosynthetic efficiency and plant growth (Wang et al., 2017). And the evidence from these two traits also showed the balance between the alien invader and native plant community. The trait performance in SLA and chlorophyll concentration corresponds to biomass accumulation (a proxy for plant growth), since under most conditions the response of these two traits to nitrogen deposition insignificantly altered with AMF inoculation. The constant outcome of plant–plant interaction between the alien invader and native plant community may implicate a stable status of invasion dynamic. Despite that, the alien invader, R. typhina showed a disparate variation tendency for CHL following the increase of N deposition level under different AMF inoculation conditions, as N deposition increased the CHL without AMF inoculation while a contrast pattern was shown. Despite a lack of statistical significance, AMF inoculation was probably disadvantageous for the invasion of R. typhina into native plant community when facing nitrogen deposition, which needs further investigation.

Counterintuitively, N deposition and AMF inoculation, which have been certified to influence the resource availability for plants directly and indirectly, exerted weak impacts on the performances of the alien invader and native plants in the present study (Smith and Read, 2008; Wang et al., 2017; Wipf et al., 2019; Frew et al., 2020; Wang et al., 2022; Xing et al., 2022). Two probable explanations may be involved in this stability. The first explanation deals with the growth habits of woody plants. Previous studies on the invasibility of native plant communities commonly used fast-growing herbaceous plants as experimental materials (Liu et al., 2018; Jin et al., 2022; Li et al., 2022b). These herbaceous plants are more sensitive to resource fluctuation than woody plants (Rich et al., 2008). Since woody plants are slow-growing, the response of woody plants to resource fluctuation may be not prompt (Kozlowski et al., 1991). The second explanation relates to the role of AMF inoculation in the promotion of plant performance. Kiers et al. (2000) showed that the effects of AMF inoculation on plant performance are dependent on the host species. Hence, we speculate that the inoculation of AMF has weak effects on promoting the nutrient acquisition of the plants in the present study.

The present study provides a novel insight into the effects of environmental perturbation on the invasibility of native plant communities. In contrast to the prior studies with similar topics, we found that a neutral effect of environmental perturbation on the contrast between an alien woody invader and a native plant community dominated by woody plants. In summary, a constant pattern of invasion dynamic for the woody communities may exist comparing to the shifting pattern in the invasion dynamic for the herbaceous communities under environmental perturbation. We suggest that the future study on the effects of environmental perturbation on the invasion of woody invaders into native woody communities should consider temporal scale as a priority because of the slow growth of woody plants. Importantly, as alien invaders like R. typhina have strong allelopathic effects and may induce an interfering competitive effect on the native plants, the direct competition for resources is not the only form of plant–plant interactions between the alien invader and native plant community (Young et al., 2022). The structure of these plant–plant interactions should be probed in the mesocosm experiments of artificial plant communities. Although the present study implicates a neutral plant–plant interaction between the alien invader and native community, the interaction may convert mutually among competition, neutrality and facilitation with the change of environmental perturbation (Brooker, 2006). Further study should explore the threshold values of key ecological factors modifying the plant–plant interactions. By using this approach, a deeper insight on community invasibility can be perceived by the integration of plant–plant interactions and plant–environment interactions.
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Sgnwpling el (et No. of ramets sampled/No. of genotypes identified in each ID of genotypes used in the
site population experiment
Shenzhen 114°03'03"E ;2033'25” 10/1

‘Wenzhou 120°45'38"E ;7“55'29” 15/5 WZ-6, WZ-7
Lishui 119°49'09"E ?023'11” 1012 1S3
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Chongging 106°37'41"E ;9"33'34” 9/4 cQ-2
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Jiaxing 120°46'28"E f\?mrssﬂ 21/1 JX-22
Shanghai 12es0E N0 10/1
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Genotypic richness

Genotype ID 1 4

JX-22
HZ-13
WH-1
Q-2
WH-9
WZz-7

TZ-8

Replicate' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1

! Each population had one replicate for each genotype combination. Therefore, there were 10 (1 x 10 genotypes) replicates for monocultures, 8 (1 x 8 combinations) replicates for the 4-genotype and 8
genotype mixtures.
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Contamination treatment Genotypic richness Interaction

Fa, 47 P Fa, 22 P Fa, a7

(A) Plant growth

Total biomass 64.24 <0.001 0.02 0.980 050 0733
Leaf biomass 14.76 <0.001 <001 0.997 044 0.777
Stem biomass 83.61 <0.001 022 0.801 1.03 0.404
Root biomass 82.85 <0.001 0.13 0.877 0.79 0.540
Number of ramets 18.51 <0.001 0.17 0.849 1.00 0416
(B) Plant morphology

[ Internode length 7.84 0.001 | 036 0703 119 0.329
Leaf area 19.22 <0.001 0.04 0.961 110 0.366
SIL 24.63 <0.001 117 0330 122 0316
SLA 246 0.096 245 0.110 2.70 0.042
(O) Soil chemistry
TN 9.27 <0.001 043 0.657 ‘ 6.24 | <0.001
TP! 21.67 <0.001 6.10 0.008 1.74 0.157
TK 12.08 <0.001 12.92 <0.001 33.89 <0.001
Organic matter 4.79 0.013 341 0.051 1.99 0.112

Numbers are values of F and P which are in bold when P < 0.05; ' Data were log-transformed.
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(A) Plant growth (B) Plant morphology

Total Leaf Stem Root Number of Internode Leaf

biomass biomass biomass biomass ramets length area SIL
TN 132,05 127.08%* 134,02 128,59 129.16% 327 591 | 1271 | - ‘
TP - - - - - - - - 213 |
TK 18.88° 1805 17.88 110817 - 200 - - - ‘
Organic
matter 14.29% 3.680 1420 15.07* - - 2.820 16.44° -

F- and P-values were obtained from stepwise multiple liner regressions with backward selection procedure. Significance of relationships: ***P < 0.001, **P < 0.01 and *P < 0.05. “-” indicates variables
that were not included in the final model. “1” and “|” indicate positive and negative relationships, respectively.
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The multivariate stepwise regression model

Time period Altitude

1958-1996 i RWI=0.998+0.037RHc-0.043 T minax-c5+0.034 T mumin-c2 R* ~ 0386, p<0.01
M RWI=0.972+0.073RHc6+0.070 T mmin-c2 R* ~ 0358, p<0.01
H RWI=0.990+0.056SPEIpg-0.091T:5-0.066 T yin-ps+0.058 T max.cs R~ 0478, p<0.01

1997-2017 L RWI=0.977-0.094S ¢5+0.084 Ty c4+0.097 T pmin-c1+0.012 Ty p7+0.060 WS, R~ 0858, p<0.01
M RWI=0.997+0.129SPEI4+0.065 T symin-c1-0-079 Tynmin b R®~ 0695, p<0.01
H RWI=1.005+0.132WSc, R*~ 0511, p<0.01

RWI, the ring width index of standard chronology; RHcg, the relative humidity in June of current year; Tmmax.cs» the monthly mean maximum temperature in May of current year; Tmmin-c2 Tmmin-c1,
the monthly mean minimum temperature in February and January, respectively of current year; SPElpo, the standardized precipitation-evapotranspiration index (SPEI) in September of previous year;
Tcs, the monthly mean temperature in May of current year; Tmin.ps, the monthly minimum temperature in August of previous year; Tmax-css Tmax-cs» the monthly maximum temperature in August
and April, respectively of current year; Scg, the monthly sunshine hours in August of current year; T yqy.p7, the monthly maximum temperature in July of previous year; WSc,, the monthly mean wind
speed in February of current year; SPElcs, the monthly SPEI in June of current year; T mmin.ps: the monthly mean minimum temperature in August of previous year.
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Altitudes

Chronology indicator

Medium
Elevational range (m)
0) 1200-1300 1300-1400 1400-1500
Number of samples 43 32 31
First-order autocorrelation (AC1) 0.559 ‘ 0.826 0.452
Mean sensitivity 1 (MS1) 0.356 0.262 0.288
Mean sensitivity 2 (MS2) 0.349 0.256 0.286
Signal-to-noise ratio (SNR) 6.068 7.499 5972
Expressed population signal (EPS) 0.859 0.882 0.857






OPS/images/fpls.2023.1147229/fpls-14-1147229-g005.jpg
H: 1958-1996

A L: 1958-1996 B M: 1958-1996 c
T max-8
T mmin-2 211 %
30% T mmin-2
49%
gl min-pre8 T -5
T mmax-5 24% 4%
37%

E M: 1997-2017 F H: 1997-2017

D L:1997-2017
WS-
139
3 A) Tmmin»preS
Tmax-pre7 29% WS-2
25% Tr;g(; 100%
0
To T mmin-1
™ 24%
()]






OPS/images/fpls.2023.1147229/fpls-14-1147229-g004.jpg
A L: 1958-1996 B M: 1955-1996 Cc H: 1958-1996

| P6
P7
P8
P9
P10
P11
P12
Cl
c2
c3
Cc4
1C5
Cc6
Cc7
Cc8
c9

RH SPEIl T  Tmax Tmmax Tmmin RH Tmax  Tomm W P SPEl T Tmax Tmin Tmma

D L: 1997-2017 E M: 1997-2017 F H: 1997-2017

P6
P7

P8

P9
P10
P11

| P12
Cl
C2

C3
—] C4
Cs
C6
Cc7
Cc8
9

RH P S SPEI T Tmax Trmmin WS





OPS/images/fpls.2023.1147229/fpls-14-1147229-g003.jpg
-

A Low B Medium G High
19581996 —=— 19972017 8.1x10”
164 :‘;"“ 8';7'0 164 slope=8.91x107
CV=27.01% N mean=0.99 1.8
slope=9.34x10™ 14 slope=2.64x107 CV=24.69% .
T mean=1.00 ’ mean=0.97 164 slope=-3.96x10
CV=12.40% CV=18.42% mean=101
o 124 1a] yicung CV=1842%
104 124
104 4
054 1.0
0.8 5
slope=7.46+10" I 0.8
mean=0.99 0.6 slope=1 4210 Slope=-9.24x10*
0.6 CV=18.49% e 064 mean=1.00
o CV=20.67% CveibEs
1950 1960 1970 1980 1990 2000 2010 2020 1950 1960 1970 1980 1990 2000 2010 2020 1950 1960 1970 1980 1990 2000 2010 2020





OPS/images/fpls.2023.1147229/fpls-14-1147229-g002.jpg
>

UF-UB

Temperature ("C)

UF e=ie s UB B
R 4
2 e T % 24 —— s ¢
AN e KU Y BV
2 -2 4
125 T 1958-1996 —=— 19972017
: slope=0.042°C/decade 10004 slope=-46.60mm/decade  slope=-3.99mm/decade
mean=10.91°C ®  mean=614.39mm mean=564.70mm
12.04 CV=10.70% ol CV=2095% CV=25.55%
slope=-0.0065°C/decade E
1159 mean=10.25°C < 5004
CV=3.72% £
11.04 B 4
2 700
8
10.54 & 600
10.04 500
slope=0.15°C/decade 4004
9.54 mean=10.48°C
CV=5.10% 100
9.0 T T T T T T T T T T T T T T
1950 1960 1970 1980 1990 2000 2010 2020 1950 1960 1970 1980 1990 2000 2010 2020

Year

Year





OPS/images/fpls.2023.1147229/fpls-14-1147229-g001.jpg
Temperature (°C)

—@— T —< —Tmmin —M—Tmmax E P

m— N

I/ -

300

100

()
<

Precipitation (mm)





OPS/images/fpls.2023.1119101/fpls-14-1119101-g003.jpg
ab

ab

20

o o o
o © ()

(,-A ,.w B)ddNg

ab

ab

o

oo
o

=

(%

o o o o
© © < o

) 19A09 Ajunwwosn

o

SP+

EP#
Treatments





OPS/images/fpls.2023.1119101/fpls-14-1119101-g004.jpg
16

(-8 z:w jowrl) 439
N

(,-s z-w jowrl) 13 (ploww jowr) I

C

e

[a]
© o
+ TES0NNNNNINNNNNNN ©HERININNIIRINNIIINN] B Y
o © A7/ 7707777077777/ 2
5] oH ]
+ ]
o
(2}
] a © B
5 SRR N sy T
o © LI 77 © LI 777
(™ oH ©
]
(6]
o © a
BIO0XIIIINNIANNINNRY © 53RO IANIINNIY -F—1RIRIAKKINKIINKINNN
/7777777 770777777 777
o= 0]
a
L S o] S oSS
BB S 7/ /7777777777777 VAILLLLIIITIIIIII LTI IIII7 /7777720 Bly 7777777777777
©
2 © o
o SIS © SIS Eam S SISRSSIRIRITININIRTANININNT
EX///7///77///777/777 Ry 27/ /7777777, & FLLLLLIILLLIIL 777777777
© o ®
< . . : . . ° . . .
N E © o o ~ - o © © <« ~ o

{,-s zw jowrl) 439

{,-s 2w jowr) 13 (;-loww jowrl) 3NMm

2016 2017 2018 Mean

2015





OPS/images/fpls.2023.1119101/fpls-14-1119101-g005.jpg
o o N o
o o o o

WUE (pmol mmol)
»
o

GEP (pmol m*“s-)
- N o ~ =< w
3 o o o o =)

ET (mmol m“s-)

S

D
° [ o °
0 . °
° s e oo o o
. o : §
. . . | ° . . s "
S e o oo o o,
. Foe y=027x+2.83 °
R?=0.16, P < 0.05
E
. .
. .
% oo e eo0® do o
h ) . 8 * o8 °
o °® .
® e . L4 .
. . . . .
. ¢ =022x+556 e
R?=0.22, P<0.05
F
154 o °° %e®
¢ « 3 % &
(4 L4 L )
. ‘.. . °*° . o° S .
. L ®! . * .
o Ld ° o ()
. . .
5 6 6 . 8 9 10 11 6 8 10 12
FSM (%) SSM (%) SM (%)





OPS/images/fpls.2023.1130477/table1.jpg
The early growth stage The late growth stage

Parameter AN AP AN AP ACN

BC 0.079 -0.289 0.082 0.155 -0.105 -0.316 0.104 -0.035 0053 0.013 0131 | -0.147
BN -0.572 0.657 0173 -0.671 -0.389 0.587 0.086 0.480 0273 ‘ -0.439 0.385 0.622
BP -0.502 0.065 0.495 0254 -0.608 -0.106 -0.079 0.371 0117 0294 20130 0.073
BC:N 0.628 -0.497 -0.073 0.540 0314 -0.468 -0.128 0515 0.147 0.502 0233 -0.495
BC:P 0.602 -0.240 -0.421 0.393 0.581 -0.087 -0.054 -0.165 -0.160 0.124 0.121 -0.007
BN:P -0.340 0.693 -0.170 -0.583 -0.016 0.747 0.106 0.374 -0.409 -0.389 0.510 0.682

Fond in bold when P < 0.05 and in italic when P < 0.1. AC, aboveground part C concentration; AN, aboveground part N concentration; AP, aboveground part P concentration; AC:N, aboveground part
C:N ratio; AC:P, aboveground part C:P ratio; AN:P, aboveground part N:P ratio; BC, belowground part C concentration; BN, belowground part N concentration; BP, belowground part P
concentration; BC:N, belowground part C:N rati belowground part C:P ratio; BN:P, belowground part N:P ratio.
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Latent variable =~ Observed variable Mengla area Yuanjiang area

Mean Standard Mean Standard
deviation deviation
Average SD Average SD
Leaf trait factors Leafarea (cm?) 5481 124 4202 9.83
Leaflength(cm) 1417 198 1223 161
Leaf width (cm) 578 0.64 485 058
Leaf diameter (cm) 3516 539 2843 344
Fresh weight () 176 047 123 038
Saturated weight(g) 184 0.46 129 039
Dry weight (g) 0.62 0.22 043 018
Leaf water content (g) 065 0.06 0.6 0.06
“Tree height(m) 12181 8.105 914 674
‘Tree structure factors  Diameter at breast height (cm) 4149 3207 2606 2.07
Crown width(m) 9.45 7.22 7.29 576
Height under branches (m) 474 322 291 218
Number of branches 15.67 59 189 692
‘Taperingness(%) 97.27 1315 8509 1215
Elevation(m) 503 791 40287 8522
Topographic factors  Slope (°) 54 176 636 21
Aspect a2 196 059 033
Total nitrogen(g/kg) 1758 0456 183 075
Soil nutrient factors  Nitrate-N(mg/kg) 2771 0725 276 13.02
Total phosphorus(g/kg) 0931 0.105 079 017
Effective phosphorus(mg/kg) 4234 0213 527 328
Ammonium-N (mg/kg) 273 0.126 783 773
Mean temperature(°C) 2207 0.205 241 058
Meteorological factors | Mean relative humidity(%) 81.42 261 67.22 341

Mean annual rainfall (mm) 154457 207.8 7914 16531
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Traits Abbreviations = Unit Ecological significance references

Leaf water content LwC % Reflecting stress tolerance and water use strategy (Chen et al., 2007)

8"C values of leaves 8c %o As a tool to measure water-use efficiency (Farquhar and Richards, 1984; Dawson et al., 2002)
cm’g

Specific leaf area SLA 1 Reflecting growth rate and resource acquisition (Wright et al., 2004a; Reich, 2014)

Leaf organ?c carbon L0C gl

concentration

Leaf total nitrogen LTN kel Explanation of elemental composition and plant structure (Aerts and Chapin, 2000; Reich and Oleksyn,

concentration 818 2004)

Leaf total Phosphorus LTP akg!

concentration

C: N ratio LOC: LTN /

» Explanation of ecological composition and interactions of organisms with the surrounding
C: P rati LOC: LTP
Feno / environment (Elser et al., 2000b; Elser et al., 2010)
N: P ratio LTN: LTP /
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SJ2 SJ3 SJ4 SJ5

S
pH 849 + 0.12° 893 +0.18% 8.98 + 0.13% 9.15 + 025 8.80 + 013"
SOC (gkg") 5.15 + 0.7% 477 + 1.6" 2.57 +0.17° 3.09 + 0.24% 3.58 + 0.42%¢
STN (gkg™) 0.192 £ 0,015 0.191 £ 0.067* 0.097 + 0.006° 0.105 + 0.009" 0.122 £ 0.016" ‘
STP (gkg™) 061 + 003" 058 +0.02° 055 +0.01% 051 +0.01° 0.51 +0.03°
SOC: STN 2673 + 1.93% 24.92 + 1.29° 26.40 + 0.40™ 29.36 £ 0.91° 29.35 + 045
SOC: STP 8.54 + 156" 825 +2.96 4.67 £0.32° 6.05 + 057 7.02 £ 0.51°%
STN: STP 032 +0.04° 033 +0.12° 0.18 £ 0.01° 021 +0.02% 0.24 + 0.01°
Different lowercase letters indicate significant differences among the habitats (P < 0.05). The abbreviations of the different habitats and soil parameters are the same as in Figures 1 and

Figure 4, respectively.
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38°33'52.9"N 38°33'52.9"N 38°33'52.9"'N 38°33'57.4"'N 38°33'57.4"'N

Sample location

81°90'59.7"'E 81°90'59.7"'E 81°90'59.7"'E 81°93'24.5"'E 81°93'24.5"E
Height/m 1.50 £ 0.35 1.32 £0.30 1.72 £ 0.31 173 £0.28 1.84 £ 0.54
Canopy width/m 0.95 + 0.16 101 £0.26 2.18 £ 0.52 1.45 £ 0.49 1.16 £ 0.32
Groundwater depth/m » 3.00 3.00 2.40 1.80 1.80

Values represent means + SE. The abbreviations of the different habitats are the same as in Figure 2.
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Treatment

Species/anatomical traits Control 0D+100W 25D+75W 50D+50W 75D+25W 100D+0W
Betula platyphylla

ADE (1m) 8.89 + 0.76b V 1475 £ 0942 14.65  131a 1059 £ 0.63b 9.77 £ 0.67b I 9.37 + 0.84b
ABE (1m) 8.19 +0.72ab 953 +0.60a 867 +0.57ab 8.09 + 0.41b 7.76 + 0.30b 7.72 + 0.19b
PMT (um) 22.80 + 1.01 2325071 2286 + 1.11 23.01 +0.58 2102 + 1.12 21.36 + 0.48
SMT (um) 36.28 £ 3.64 36.45 £ 2.11 36.71 £2.95 3523 + 1.38 33.14 £ 1.9 30.08 £ 1.56
Leaf thickness (pm) 77.35 + 5.89ab 8345 + 4.14a 82.58 + 4.30a 77.31 + 2.59ab 69.67 + 3.49b 68.50 + 2.17b

Fraxinus mandshurica

ADE (um) 16.07 + 0.52a 19.80 + 1.19ab 17.40 + 1.14b 16.12 + 0.96b 15.38 + 0.49b 14.86 + 0.56b
ABE (um) 12.75 + 0.60 13.44 + 0.78 13.40 +0.75 13.64 + 0.38 1321 £0.24 13.44 043
PMT (um) 69.21 +4.02 69.11 + 1.84 66.04 + 6.11 65.00 + 1.66 64.61 +1.79 63.67 +2.42
SMT (um) 113.82 £ 10.79 110.13 + 4.49 10892 + 7.21 104.06 + 4.42 105.56 + 4.46 105.96 + 6.69
Leaf thickness (um) 21539 + 15.94 215.38 + 6.18 206.19 + 14.26 199.09 + 6.08 198.20 +5.76 200.04 + 9.31

Pinus koraiensis

EHT (um) 20.78 + 0.49b 21.49 + 0.31ab 22.11 + 0.63ab 2247 +0.47a 21.57 + 0.31ab 21.62 + 0.26ab

Mesophyll area (mm?) 0.3708 + 0.0302 0.3997 £ 0.0245 0.3728 + 0.0325 0.3569 + 0.0277 0.3415 £ 0.0098 0.3414 + 0.0133

ADE, adaxial epidermis thickness; ABE abaxial epidermis thickness; PMT, palisade mesophyll thickness; SMT, spongy mesophyll thickness; EHT, combined epi-hypodermis thickness.
N application treatments included a control (no application of N) and five types of N deposition with dry to wet ratios of 0:100 (0D+100W), 25:75 (25D+75W), 50:50 (50D+50W), 75:25
(75D+25W) and 100:0 (100D+0W), respectively. Values are mean + 1 SE (n = 5). Different letters after means in each row denote significant differences among treatments (P < 0.05)
according to the least significant difference test.
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Treatment n nirK nirS nosZ nosZ/(nirK+nirS§)

BCO_PO 4 (6.25 + 0.5)x107b 0.06 + 0.01b
BCO_P+ 4 (6.5 +0.27)x10’b 0.09 + 0.01b
BC+_ PO 4 (7.1 £ 0.34)x107b 0.10 + 0.01b
BC+_ P+ 4 (9.0 +0.23)x107a 0.19 + 0.03a
BCO 8 (3.65 + 0.44)x10* (5.51  0.25)x10®

BC+ 8 (2.82 + 0.34)x10° (3.56 + 0.30)x10°

PO 8 (4.18 + 0.26)x10° (4.97 + 0.40)x10*

P+ 8 (2.28 + 0.16)x10* (4.10 + 0.46)x10°

p value

BC <0.001 <0.001 0.001 0.002

P <0.001 0.02 0.02 0.004
BCxP 0.16 0.57 0.041 0.049

Lowercase letter in the same column and in the same growth season represents significant differences among experimental treatments at the level of 0.05 based on two-way ANOVA. Where
the BCxP interaction was nonsignificant, only the main effects were presented.
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P rates

Variables

N,O
nirk
nir§

nosZ

nosZ/(nirK+nirS)

MC%

Shoot P content
Shoot N content
Mn

Olsen P
NO;y-N
NH,.-N

STN

Nelo)

AMF

<0.001
0.56
<0.001
<0.001
<0.001
0.375
<0.001
0.053
0.001
0.101
<0.001
<0.001
<0.001
0.004
<0.001
0.032
0.009
0.003
0.031
0.046

P40

BC

<0.001
0.234
<0.001
<0.001
0.004
<0.001
<0.001
0.948
0.003
<0.001
0.001
0.001
0.115
0.593
0.032
<0.001
0.827
<0.001
0.6
<0.001

AMFxBC

<0.001
0.539
0.72
<0.001
<0.001
0.028
<0.001
0.059
0.013
0.009
0.254
0.001
0.434
0.699
0.263
0.001
0.015
0.844
0.674
0.63

AMF

0.085
0.298
0.517
0.007
0.184
<0.001
0.026
<0.001
<0.001
0.251
<0.001
<0.001
0.022
<0.001
0.001
0.056
<0.001
0.006
0.083
0.011

P300

BC

0.023
<0.001
0.003
<0.001
<0.001
<0.001
0.003
<0.001
0.003
0.001
0.216
0.013
0.238
0.127
0.634
<0.001
0.968
<0.001
0.32
<0.001

AMEFxBC

0.265
0.002
0.119
0.881
0.031
0.823
<0.001
0.065
0.013
0.039
0.122
0.013
0.906
0.065
0.002
0.002
0.432
0.129
0.483
0.454

TRL, total root length; RV, root volume; MC%, mycorrhizal colonization; RD, root diameter; SRL, specific root length; RTD, root tissue density; RB, root biomass; R/S, root/shoot ratio; SB,
shoot biomass; Mn, mature leaf Mn concentrations; N/P, shoot N content/shoot P content ratio; STN, soil total nitrogen; SOC, soil organic carbon.
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DAT, days after transplanting; CK, control treatment; S, Solidago canadensis L. invasion
treatment; MPc, soil microplastic contamination treatment; SIxMP, combined Solidago
canadensis . invasion and soil microplastc contamination treatment. Values within
columns followed by the same letter are not significantly different at the 0.05 level.
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DA, days afer transplanting; CK, control treatment; S, Solidago canadensis L. invasion treatment; MPc, soil microplastic contamination treatment; SIxMP, combined Solidago canadensis L.
invasion and soil microplastic contamination treatment. Values within columns followed by the same letter are not significantly different at the 0.05 level,
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Season

Age x Season

F 14
Height (cm) 80.996 0.000 20.880 0.000 0.615 0.544
Leaf number (individual™*) 36.924 0.000 12.858 0.001 0.459 0.634
Aboveground dry weight (g) 26.783 0.000 6.480 0.013 3.001 0.055
Dry weight of total leaves (g) 29.243 0.000 8.403 0.005 3.119 0.049
Growth
Dry weight of stem (g) 21.655 0.000 2.906 0.092 1.189 0.909
Belowground dry weight (g) 30.588 0.000 32121 0.000 21.202 0.000
Total leaf area (cm?) 48.028 0.000 15.612 0.000 3.573 0.031
Sum of the stem lenght (cm) 55.674 0.000 22373 0.000 5913 0.004
Leaf 1457 0.246 270.727 0.000 1.227 0.305
C/N ratio Stem 1.604 0.215 312.530 0.000 1.157 0.326
Root 1.228 0.305 237.383 0.000 5.324 0.009
Leaf 49.979 0.000 6.040 0.017 5.246 0.008
Aristolochic acid 1 (ng mg™) Stem 44.093 0.000 9.825 0.003 26.198 0.000
Root 0.901 0.412 28512 0.000 0.603 0.551
Leaf 5.967 0.005 0.810 0.372 0.219 0.804
Aristolochic aicd 2 (ng mg”) Stem 12.721 0.000 5.686 0.021 9.949 0.000
Root 0.503 0.608 21.285 0.000 0.248 0.781
Relative growth rate of S. montela (day") 3718 0.027 305.173 0.000 8.952 0.000
Consumed leaf area of S. montela (cm?) 0.236 0.790 196.949 0.000 6.219 0.003
Assimilation rate of S. montela 0.049 0.954 237.548 0.000 0.354 0.702
Herbivore performance
Relative growth rate of S. exigua (day™") 2451 0.095 14.017 0.000 3.497 0.067
Consumed leaf area of S. exigua (cm?) 3.812 0.028 16.895 0.000 1.102 0.298
0.386 0.682 1.143 0.290 0.054 0.817

Assimilation rate of S. exigua
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Leaf Mn (mol/kg) 111 2.13E-03 1.73E-04 1.66E-03 85.68 1.14E-04 0.011
Leaf Fe (mol/kg) 111 0.026 4.10E-03 0.013 166.3 1.14E-03 0.35
Leaf Ni (mol/kg) 111 3.75E-05 3.81E-06 2.74E-05 107.1 5.04E-06 2.67E-04
Leaf Cu (mol/kg) 111 1.26E-04 6.59E-06 L11E-04 55 3.39E-05 3.84E-04
Leaf Zn (mol/kg) 111 4.85E-04 5.50E-05 3.18E-04 119.4 2.07E-06 4.20E-03
Soil Mn (mol/kg) 33 0013 7.10E-04 0.011 32.26 1.25E-03 0.02
Soil Fe (mol/kg) 33 051 0.028 0.468 319 0.063 0.799
Soil Ni (mol/kg) 33 4.20E-04 3.13E-05 3.69E-04 42.88 4.54E-05 8.33E-04
Soil Cu (mol/kg) 33 2.99E-04 2.20E-05 2.64E-04 422 3.22E-05 5.63E-04
Soil Zn (mol/kg) 33 8.69E-04 5.97E-05 8.00E-04 39.45 2.65E-04 1.78E-03
BCF Mn 111 0.21 0.028 0.14 140.57 9.90E-03 2.55
BCF Fe 111 0.05 7.18E-03 0.028 148.72 2.62E-03 0.62
BCF Ni 111 0.11 0.011 0.074 105.02 9.90E-03 0.64
BCF Cu 111 0.61 0.075 042 130.8 0.077 4.83
BCF Zn 111 0.65 0.087 039 139.48 2.50E-03 5.69

Geo, Mean is the geometric mean; SE, standard error; CV, coefficient of variation.
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Treatment (T) 2 15.9837 (0.000) 12.6030 (0.001) 5.9558 (0.016) 5.4733 (0.021)

Sampling time (S) 1 0.6878 (0.423) 4.1222 (0.065) 2.4827 (0.141) 10.4388 (0.007)

T%S 2 0.4332 (0.658) 0.0439 (0.957) 0.8742 (0.442) 0.0680 (0.935)

F- and P-values (in brackets) were given, and P < 0.05 is highlighted in bold, and 0.05 < P < 0.1 is shown as marginally significant effect in italics.
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Sources of vari

df Leaves Shoots Roots
Treatment (T) 2 85589 (0.005) 7.6523 (0.007) 2.1124 (0.164)
Sampling time (S) 1 2.5085 (0.139)
T*S

10.1942 (0.008) 6.9836 (0.021)
2 0.9462 (0.415)

5.7209 (0.018) 3.7049 (0.056)
F- and P-values (in brackets) were given, and P < 0.05 is highlighted in bold, and 0.05 < P < 0.10 is shown as marginally significant effect in italics.





OPS/images/fpls.2023.1102491/im4.jpg





OPS/images/fpls.2023.1142595/fpls-14-1142595-g005.jpg
AS™3C (%o)

D
o

N
o

Control

Xylem infusion





OPS/images/fpls.2023.1102491/im39.jpg





OPS/images/fpls.2023.1142595/fpls-14-1142595-g004.jpg
-24- A 3 weeks later - xylem

. Above ns
©® Below b
—~25{ @ Control '
& ns
S‘.)
o
-26-
=274

=244 ¢ 3 weeks later - phloem

25
=
S ns ns
° 2] ns ® ‘
@
=274

Con'trol Phloem 'infusion Xylerﬁ infusion

B 10 weeks later - xylem

A
O
%dkk
®
ab
B
b

D 10 weeks later - phloem

A
. &
a

Con'trol

* %k

o @ 9>

AB

,*

ab

Phloem 'infusion Xylerr; infusioh





OPS/images/fpls.2023.1102491/im38.jpg





OPS/images/fpls.2023.1142595/fpls-14-1142595-g003.jpg





OPS/images/fpls.2023.1102491/im37.jpg





OPS/images/fevo.2023.1152213/table1.jpg
R typhina
Aboveground blomass
Biomsss proorton
s

an

C album
Aboscground biomass
Biomsss proporton
sia

an

V. negundo.
Aboveground biomass
Biomass proporton
sia

an

R chinensis
Aboveground biomass
Biomsss proporton
sia

an

A truncatum
Aboscground biomass
Biomsss proporton
sia

an

Native plant commur

Aboveground biomass
Biomsss proporton
sia

cn

Nitrogen deposition (N)

Fidf=2)
0399

o076
ons
Fidf=2)
91
1460
3696
588
Fdf=2)
559
2355
o6
0996

Fdf=2)

0973

o1
e
Fidf=2)

0367

410
397
Fidf=2)
3516

0507

P
0356
o098

065

0009
oz
[

o031

096
0390
o650

oass

0696
0050
oo

om0

o033
056
0097

0006

AMF inoculation (A)

Fdf=1)
osis
ons
162
1516

Fidf=1)

1906

205
167
2765
Fdf=1)

2916

156

937
Fdf=)
o1
o157
3092

oo

»
o

o734

o

o310
0634
0287

o916

o
o161
0280

0107

0089
o7

om0

o0
0261
an

0056

NxA
Fdf=2)
1510
o301
0969
3416
Fdr=2)
0507
0358
o013
0196
Fdf=2)
168
0757
160
0303
Fdf=2)
0260
o9
I
o585
Fdf=2)
1531
0498
3568
1325
Fd=2)
0310
1059
oss0

o108

ot

o458

o

o015

0608

o078

0955

o2

003

o7

o

0457

™

0359

o

o898





OPS/images/fpls.2023.1142595/fpls-14-1142595-g002.jpg
813C (%0)

w Control
m Xylem infusion
® Phloem infusion

b 2 b

Shoots Roots

Leaves






OPS/images/fpls.2023.1102491/im36.jpg





OPS/images/fevo.2023.1152213/M7.jpg
AME infection rate (%}

02X np +10% xn, +20% xny + ... +100% xnyg
- Rt e






OPS/images/fpls.2023.1142595/fpls-14-1142595-g001.jpg





OPS/images/fpls.2023.1102491/im35.jpg





OPS/images/fevo.2023.1152213/M6.jpg





OPS/images/fpls.2023.1142595/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1102491/im34.jpg





OPS/images/fevo.2023.1152213/M5.jpg
Important value (IV) = (Ar + Cr + Hr)/3





OPS/images/fpls.2023.1104632/table2.jpg
aits traits df SS MS P

Specific leaf area (cm?) SLA 4 35618.7464 8904.6866 54576 0.0001
Leaf tissue density (g cm?) LTD 4 0.0003 0.0001 14.395 00001
Leaf dry matter content (g g) LDMC 4 0.0028 0.0007 17.021 0.0001
Leaf C content (g kg'') LC 4 115.5557 28.8889 1227 03311
Leaf N content (g kg™) LN 4 612188 15.3047 28.132 0.0001
Leaf C:N ratio (g kg™) LC: LN 4 69.4748 17.3687 10.489 0.0001
Specific fine root length (cm g") SRL 4 2100.1523 525.0381 229.688 v 0.0001
Fine root tissue density (g cm™) FRTD 4 1.5629 03907 17.022 0.0001
Fine root fry matter content (g g") FRDMC 4 0.0210 0.0052 30.336 00001
Fine root C content (g kg'') FRC 4 1526.1329 381.5332 2503 00749
Fine root N content (g kg'') FRN 4 267328 6.6832 40.813 0.0001
Fine root C:N ratio (g kg™) FRC : FRN 4 2303.5383 575.8846 30928 0.0001

degree of freedom (df), sum of squares (SS), mean square (MS), statistic (F), significant (p).
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orth canopy

H1 82.83 + 1.88d 61.32 +2.03d 55.65 + 1.93d
H2 96.54 + 1.79¢ 71.99 + 2.41bc 67.54 + 1.84c
H3 102.01 +2.21b 77.41 £ 2.06b 73.25 + 2.12b
H4 86.58 + 2.10d 66.73 £ .2.29cd 63.78 + 2.58¢
CK 11045 + 1.73a 93.28 + 2.09a 87.76 £ 2.07a

Values are means + SD.

Significant differences are indicated by different lowercase letters at p < 0.05.
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Chly, = (24.96 X Age —7.32 x Aggs) x 0.01 /leaf fresh weight
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Species

Cropping pattern

Barley

Sole barley, mixture

P levels LP, HP
Parameter TRL
Barley genotype (G) 0.297 0.199 0.305 0.552 0.007 0417
Cropping pattern (CP) 0.038 0.053 0.314 0.505 0.593 0.662
P levels (P) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
G x CP 0.118 0.102 0.537 0.857 0.057 0.822
GxP <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CP x P <0.001 <0.001 <0.001 <0.001 <0.001 0.001
GxCPxP <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Species Faba bean ‘
Cropping pattern Sole faba bean, mixture ‘
7 P levels LP, HP ‘
Parameter TRL RootBr SRL Carb APase MC
Barley genotype (G) 0.189 0.169 0.855 <0.001 <0.001 <0.001
P levels (P) 0.085 0.019 0.932 0.517 0.736 0.853
GxP 0.043 0.041 0.033 <0.0001 <0.001 <0.001
Cropping pattern ‘ Intercrop ‘
Species ‘ Barley, faba bean ‘
P levels LP, HP ‘
Parameter TRL RootBr SRL Carb APase MC ‘
Barley genotype (G) 0539 0.595 0.593 0.950 0.587 0.909
P levels (P) 0.074 0.231 0.041 0.131 <0.001 <0.001
Species (S) <0.001 <0.001 <0.001 0.001 0.004 0.038
GxP 0258 0.631 0.2145 0.513 0.003 <0.001
PxS$ <0.001 <0.001 <0.001 <0.001 0.001 <0.001
GxPxS <0.001 <0.001 <0.001 <0.001 <0.001 0.001

The subsets were created for the cropping pattern (sole barley, mixture, sole faba bean), phosphorus levels (LP and HP for low and high, respectively), and species (barley, faba bean). Given are

the p-values for the factors of barley genotype, cropping pattern, P levels, species, and their interactions. Bold p-values indicate the significant factors and interactions at p < 0.05.

Root functional traits: TRL, total root length; RootBr, root branching intensity; SRL, specific root length; Carb, the total amounts of carboxylates in the rhizosphere; APase, acid phosphatase
activity in the rhizosphere; MC, colonization by arbuscular mycorrhizal fungi.
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Phosphorus level opping system LERg LE g pot
LP WB/FB 1432 1292 32382 0962
DB/FB 130 b L17b 2789 b 0.75 b
HP WB/FB 092 A 0.96 A 2454 A ~0.53 A
DB/FB 0.89 A 097 A -1987 B ~097 B

Values represent the means of three replicates. For a given P fertilizer level, different letters indicate a significant difference between WB/FB and DB/FB (p< 0.05).
LERg, LER based on plant biomass; LERp, LER based on P uptake; NEg, NE based on biomass; NEp, NE based on P uptake; LP, low P; HP, high P; WB, wild barley; DB, domesticated barley; FB,
faba bean.
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Indexes Freeze-thaw cycles ayer

swc 169.623** 0233 4150
pH 9.795% 555.097** 5638
EC 17.602* 162.724* 1.556
TC 19.092* 207.609* 0.879
N 0916 36.174* 0318
TP 8.728% 27.976* 3283
s0C 16992 179.731% 8.153**
NH," 33.157* 65.465 15172
N0y 25.802* 77.909* 2,008
AP 144311 7.551% 27.905
VBG 57.424% 147.032% 200094
PPO 32.395% 222.355% 77.730
SR 1262 305.909*% 10.446"
POD 7.873* 31.379* 3570
UA 16218 37.852* 3171
NR 36.048* 39.835% 30.790*
AKP 89.565* 352,466 33,164
Phytase 35.856** 1156.464" 1763.406*
SMF 75.406% 1197.709* 72211

* and ** denote P < 0,05 and P < 0.01, respectively. SWC, soil water contents; EC, electrical conductivity; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; NH,*, ammonium
nitrogen; NO5”, nitrate nitrogen; AP, available phosphorus; BG, B-1,4-glucosidase; PPO, Polyphenol oxidase; SR, Sucrase; POD, Peroxidase; UA, Urease; NR, Nitrate reductase; AKP, Alkaline
phosphatase.
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TN TP AK ACa NO3-N NH, "N
Treatment

(@Kg™) (gKkg™) (mgKg™) (mgKg™) (mgKg™) (mgKg™)

88110 4.96 10.28 0.63 0.39

CK 15.49+2.77b 0.25+0.02a 0.38+0.06a 0.12+0.01b 2.06+0.32b
+958a +0.38a +0.50a +0.04a +0.05a
62394 473 0.56 0.35

B 19.37+0. .04+0.91, .2720.( .27+0.1 .2620.( 1.3420.2(

C +558b 9.37+0.78a +0.28a 9.04+0.91a +0.05a 011 0.27+0.03a 0.27+0.17a 0.26+0.08a 34+0.20c

56607 17.15 4.89 0.44 0.44
+ + -+ -+ -+
PB 543 £1.13ab $0.17a 6.45+1.13b L5086 $0:202 0.26+0.02a 0.39+0.19a 0.09+0.02b 2.48+0.29a

CB: the intercropping plantation (Cyclocarya paliurus with B. striata), PB: the intercropping plantation (Moso bamboo with B. striata), CK: the control (monoculture plantation). SRI, solar
radiation intensity; SWC, soil water content; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; AK, available potassium; ACa, available calcium; NH4*-N, ammonium-nitrogen;
NO5™-N, nitrate-nitrogen The different letters in the same column indicate a significant difference among groups by one-way ANOVA (LSD, p < 0.05).
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Depth (cm) Plantation age (years)

11
Fine root biomass 0-20 cm 106.85 + 15.11 Ab 144.51 + 14.59 Ab 113.92 + 10.53 Aa 232.66 + 22.86 Bb 207.16 + 36.31 Ba
2 !
&) 20-40 cm 118.02 + 11.79 Ab 11557 + 11.03 Ab 167.11 + 13.30 ABb 208.58 + 24.99 Bab 151.56 + 21.28 Aa
40-60 cm 56.93 + 8.69 Aa 76.77 + 8.94 ABa 117.92 + 10.94 BCa 15092 + 1891 Ca 163.95 + 26.32 Ca
0-60 cm 281.79 £ 22.58 A 336.85 £ 22.04 A 39895 +21.24 AB 592.16 + 57.31 C 522.67 + 69.33 BC
Fine root production 0-20 cm 94.90 + 7.93 ABa 107.97 + 11.88 Ba 8247 + 8.56 ABa 73.90 + 7.68 Aa ‘ 73.25+ 781 Aa
(g m™ year™) T
20-40 cm 13898 + 12.34 BCb 164.20 + 12.30 Cb 110.49 + 6.03 ABab 108.09 + 10.49 Ab 105.75 + 8.23 Aa
40-60 cm 98.75 + 7.94 Aa 134.81 + 12.87 Aab 138.39 + 14.89 Ab 123.96 + 15.14 Ab 94.91 £ 12.79 Aa
0-60 cm 332,62 £20.14 A 406.99 + 32.53 B 33136 £ 17.99 A 305.96 + 27.03 A 27391 £2526 A
Fine root mortality 0-20 cm 43.02 + 2.84 Aa 63.49 + 7.87 Ba 3320 £ 471 Aa 47.04 + 4.96 Aa 3837 £ 5.12 Aa
(g m” year™)
20-40 cm 61.96 + 5.14 Bb 82.69 + 521 Ca 58.78 + 4.90 Bb 64.14 +7.53 Ba 43.18 + 3.87 Aa
40-60 cm 4231 £ 2.85 Aa 71.19 + 6.03 BCa 80.74 + 7.94 Cc 72.19 £9.47 BCa 51.77 + 6.57 ABa
0-60 cm 147.29 + 8.41 AB 21736 £17.15C 172.72 £ 12.06 AB 183.37 £ 17.29 BC 13332 £ 1244 A
Tumolver rate 0-20 cm 1.18 £ 0.25 Ca 0.84 +0.11 BCa 0.78 £ 0.10 BCa 0.35 + 0.04 Aa 049 +0.10 ABa
beaed 20-40 cm 1.47 £ 0.31 Bab 1.48 + 0.11 Bb 0.71 £ 0.07 Aa 0.59 £ 0.07 Aa | 0.81 = 0.10 Aa
40-60 cm 230 £ 042 Cb 1.87 + 0.15 BCc 1.26 + 0.15 ABb 0.96 + 0.14 Ab 0.83 + 0.21 Aa
0-60 cm 129 +0.15B 123 +0.08 B 0.85 £ 0.06 A 0.57 + 0.07 A 064 +£0.11 A

Different uppercase letters following values indicate a significant difference among plantation ages; different lowercase letters following values indicate a significant difference among soil depths,
according to Duncan’s multiple range test (P < 0.05), n = 12.
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Plantation age

Soil depth

Plantation age X soil depth

Fine root biomass 15.867 <0.001
Fine root production 6.867 < 0.001
Fine root mortality 10.064 < 0.001
Turnover rate 17.439 < 0.001
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Experimental site f passes CWM plant height CWM leaf size ~ CWM leaf dry matter content
Bitahai 0 8442023 145008 028002
Bitahai 2 877£024° 1512007 0272002
Bitahai 75 8624013 1500.06" 0272001
Bitahai 250 5474012 103£0.10° 0.25£001°
Bitahai 500 1824015 08940.05" 0.16£001"
Pudacuo 0 535003 1512001 0.28£001°
Pudacuo 2 626005 153002 0.25£001°
Pudacuo 75 50250100 1082004 022001
Pudacuo 250 2784008 049002 020002
Pudacuo 500 156002 0.72£0.04° 0.10£001°
Lanyuegu 0 339022 101007 031£001°
Lanyuegu 2 365£0.16' 1012004 030£001°
Lanyuegu 75 338003 078£0.01" 0.26£005"
Lanyuegu 250 1.58:£0.06" 053002 0.24£001°
Lanyuegu 500 0.842£001° 0312001 0194001

Different lowercase letters indicate significant differences in community-we

ighted traits under different levels of trampling intensity.
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Traits Unit Strategies

Plant height mm High plant height promotes competitive advantage, but it is sensitive to physical disturbance such as trampling.

Leafarea mm? Large leaf area promotes photosynthetic efficiency, but it is sensitive to physical disturbance such as trampling,

Leaf dry matter content. | mgg”! High leaf dry matter content promotes disturbance resistance, but may lower competitive ab
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Pa et Salinity (S) Cultiva Sal

SN (mg/g) 11.874** 32.864% 5281
SP (mg/g) 24413* 139.461%% 2206
SN/SP 23.798* 27.699% 5959*
EC (us/cm) 27.163* 11977 1123

SN, soil nitrogen concentration; SP, soil phosphorus concentration; SN/SP the ratio of soil nitrogen to phosphorus, and EC soil electrical conductivity.
Numbers in the table represent F values; asterisks indicate significant effects: ** p < 0.01, * p < 0.05, and ™ p>0.05.
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Experimental site Number of passes Functional richness Functional evenness  Functional divergence

(FRich) (FEve) (FDiv)
Bitahai 0 5164007 05540.05" 036003
Bitahai 25 35040.07" 029007 0522005
Bitahai 75 236£0.16" 0.21£006" 0570.02"
Bitahai 250 296£0.13" 070005 079£0.04°
Bitahai 500 L072£0.11¢ 0.6720.06° 0774007
Pudacuo 0 6374005 052£006" 076£001*
Pudacuo 2 608£001° 040004 073002
Pudacuo 7 615002 0.56£0.06" 077002
Pudacuo 250 34040.46" 057003 072001
Pudacuo 500 33940.40° 0.68+0.03° 087001
Lanyuegu 0 10.00£0.11 048005 0854002
Lanyuegu 25 9.87£0.16 051£006 087001
Lanyuegu 75 10172011 054007 092001
Lanyuegu 250 1007024 060003 087001
Lanyuegu 500 938004 0622007 070003

Different lowercase letters indicate significant differences in functional diversity metrics under different levels of trampling intensity.
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Root to shoot ratio (RSR) = root biomass/aerial biomass. (9)
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Abbreviatiol Descriptio
H Height cm
CA Crown area em®
‘ TB Total biomass g
‘ LBR Leaf biomass ratio
RSR Root to shoot ratio
Fv/Fm Maximal quantum yield
SLA Specific leaf area o’ gt
Chl a/b Chlorophyll a/chlorophyll b
‘ Chl Total chlorophyll content mgg’
‘ LN Leaf nitrogen concentration mgg'
Lp Leaf phosphorus concentration mgg”
‘ LN/LP The ratio of foliar nitrogen to phosphorus
‘ SN Soil nitrogen concentration mgg'
‘ SP Soil phosphorus concentration mgg'
‘ SN/SP The ratio of soil nitrogen to phosphorus
EC Soil electrical conductivity ps em™





