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Editorial on the Research Topic 


Flourishing in arid realms: exploring the adaptation of plant functional traits to drought environments


In the context of global climate change, the increasing frequency and intensity of droughts pose significant threats to plant growth and ecosystem stability. These challenges highlight the urgent need to understand how plants adapt to water scarcity across molecular, physiological, and ecological scales. Plant functional traits—morphological, physiological, and phenological characteristics that influence plant performance—have emerged as key indicators in studying plant strategies for drought resistance. Understanding how plants utilize their functional traits to survive, reproduce, and maintain community structure and ecological functions under drought stress has become a central issue in ecology and plant physiology.

This Research Topic, titled “Flourishing in Arid Realms,” comprises 18 articles focusing on the regulation of plant functional traits and environmental adaptation mechanisms under drought stress. The contributing studies offer diverse perspectives and span multiple biological levels, highlighting recent progress and critical gaps in our understanding of drought adaptation. The Research Topic encompasses various levels, from gene regulation, morphological structures, physiological metabolism, to community responses and ecosystem functions, providing substantial empirical support and theoretical insights into plant drought resistance mechanisms.

Regarding the molecular mechanisms of plant drought resistance, a study on the AmMADS47 gene from Artemisia mongolica demonstrated that its heterologous expression in rice negatively regulates drought tolerance (Fan et al.). This finding reveals the complex functions of MADS-box family genes in drought response and offers potential targets for crop drought-resistant breeding. Similarly, interspecific hybrid rootstocks of two drought-tolerant pistachio species exhibited significantly different physiological and molecular responses under drought stress, highlighting the importance of genetic background and interspecific interactions in forming drought resistance (Osku et al.). These results suggest that even with similar phenotypic drought tolerance, there may be significant differences in molecular regulatory pathways, necessitating more detailed analyses.

From the perspective of plant-soil microbial interactions, arbuscular mycorrhizal colonization significantly influences root structure and resource acquisition strategies. Research indicates that in extreme drought environments, arbuscular mycorrhizal colonization can define plant root ecological strategies, effectively enhancing water and nutrient uptake and optimizing rhizosphere resource allocation (Delpiano et al.). Roots, as the frontline of plant drought resistance, exhibit notable changes in functional traits under drought stress. For instance, in cotton, drought stimulates increased exudation of organic nitrogen from roots, which may serve as an adaptive metabolic response and potentially alter rhizosphere microbial community structures, further affecting overall plant drought performance (Coker et al.).

Environmental factors regulate plant traits differently across various geographical and ecological conditions. Studies in central Yunnan grasslands show that slope aspect and elevation jointly influence interspecific relationships within herbaceous plant communities, revealing the role of microtopography in shaping community structure and species interactions (Gong and Gong). In the desert regions of northwest China, Larix species in dune areas exhibit varying water use strategies along precipitation gradients, reflecting plants’ high sensitivity to changes in water availability (Xu et al.). Such studies aid in identifying typical plant strategies adapted to arid habitats and provide theoretical foundations for managing drought ecosystems and vegetation restoration.

Comparative studies between desert herbaceous and shrub species reveal significant differences in the coordination patterns and variability of root and leaf traits. Herbaceous plants display stronger trait coupling, while shrubs exhibit greater plasticity in specific traits (Ma et al.). This differentiation reflects the functional strategy divergence formed by different plant life forms during long-term drought adaptation. Additionally, research indicates that along elevation gradients, leaf nutrient traits exhibit greater environmental plasticity than resource utilization traits, suggesting that nutrient acquisition strategies respond more rapidly to climate changes (Zhang et al.).

Under human intervention, various soil and water conservation measures significantly impact plant functional traits. In the Loess Plateau, implementing multiple conservation strategies alters vegetation structure and functional trait configurations, indicating that human activities can influence and guide plant adaptation pathways to drought stress (Duan et al.). In California’s arid shrub ecosystems, Ephedra species modify local microclimates, indirectly affecting their own and neighboring plants’ survival environments, demonstrating plants’ ability to reshape environmental conditions through structural functions (Ghazian et al.).

Drought stress profoundly affects plant productivity and physiological metabolism. Studies in northwest China show that four introduced Ranunculus species exhibit differences in organ nutrient allocation during various reproductive stages, reflecting adaptive adjustments in reproductive energy allocation strategies (Liu et al.). Modern bread wheat under drought stress shows reduced β-diketone accumulation, indicating that intense stress may disrupt stable metabolic regulatory networks, affecting crop quality (Kuruparan et al.). Meanwhile, in semi-arid grasslands, nitrogen addition and mixed sowing of Bothriochloa ischaemum and Lespedeza davurica significantly influence plant chlorophyll fluorescence characteristics and community productivity, demonstrating the adjustability of community functions under external resource inputs (Wang et al.).

Precise quantification and modeling of functional traits are fundamental to understanding plant ecological strategies. A study on the leaf area distribution of Alangium chinense compared five mathematical equations to assess their adaptability in describing variations in leaf shape, contributing to the construction of a universal trait prediction framework (Deng et al.). Regarding leaf trait correlations, research on Red Tip and Chinese photinias revealed a significant positive correlation between leaf vein length per unit area and stomatal density, providing direct evidence of the functional link between leaf structure and water-use efficiency (He et al.).

It is worth noting that differences in forest origin—namely, between planted and natural forests—have a significant influence on the strategies plants adopt for resource use and allocation (Gong et al., 2023). Numerous studies have demonstrated that planted and natural forests differ markedly in their responses of plant functional traits to environmental conditions. In particular, natural forests tend to exhibit greater environmental plasticity, allowing them to maintain higher stability and adaptability under complex or changing ecological scenarios (Gao et al., 2023). This heightened plasticity may help explain why functional traits in natural forests often outperform those in planted ones. In contrast, functional traits in planted forests show a stronger response to environmental changes, indicating a higher degree of sensitivity and potentially weaker ecological adaptability (Zhang et al.). These findings highlight the importance of carefully considering the adaptive capacities of plant materials when planning ecological restoration and vegetation recovery, as doing so is critical for enhancing the long-term stability and resilience of restored ecosystems.

Overall, the 18 articles included in this Research Topic reveal various plant adaptation strategies under drought stress, demonstrating the potential for multi-scale integration in functional trait research. Whether in gene expression regulation, metabolic responses, trait variation patterns, or community dynamics, this Research Topic provides significant theoretical and empirical support. These findings not only deepen our understanding of how plants respond to water-limited environments but also help build a more predictive framework for plant behavior under future climate scenarios. We believe these research findings not only enrich the knowledge system of drought ecology but also offer a solid scientific basis for future vegetation restoration, ecosystem management, and sustainable development of agriculture and forestry under global change. The integration of such trait-based approaches into policy-making and land-use planning will be essential to build resilient ecosystems that can withstand the growing challenges posed by climate change.
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Leaf nutrient content (nitrogen, phosphorus) and their stoichiometric ratio (N/P) as key functional traits can reflect plant survival strategies and predict ecosystem productivity responses to environmental changes. Previous research on leaf nutrient traits has primarily focused on the species level with limited spatial scale, making it challenging to quantify the variability and influencing factors of forest leaf nutrient traits on a macro scale. This study, based on field surveys and literature collected from 2005 to 2020 on 384 planted forests and 541 natural forests in China, investigates the differences in leaf nutrient traits between forest types (planted forests, natural forests) and their driving factors. Results show that leaf nutrient traits (leaf nitrogen content (LN), leaf phosphorus content (LP), and leaf N/P ratio) of planted forests are significantly higher than those of natural forests (P< 0.05). The impact of climatic and soil factors on the variability of leaf nutrient traits in planted forests is greater than that in natural forests. With increasing forest age, natural forests significantly increase in leaf nitrogen and phosphorus content, with a significant decrease in N/P ratio (P< 0.05). Climatic factors are key environmental factors dominating the spatial variability of leaf nutrient traits. They not only directly affect leaf nutrient traits of planted and natural forest communities but also indirectly through regulation of soil nutrients and stand factors, with their direct effects being more significant than their indirect effects.




Keywords: leaf nutrient traits, climate change, soil nutrients, forest age, planted forest, natural forest





Introduction

Leaf nutrient traits reflect the nutrient adaptation strategies plants adopt in response to climate change (Wang et al., 2022). Leaf nitrogen (N) and phosphorus (P) content, as well as the leaf N/P ratio, significantly influence plant metabolism and growth processes (Wang et al., 2022). They affect forest ecosystem productivity by influencing photosynthetic intensity, thereby enhancing the environmental stability of forest ecosystems (Malhi et al., 2002). Leaf nitrogen and phosphorus contents are usually associated with plant growth rates and nutritional status (Liu et al., 2023), where higher leaf N and P contents indicate faster plant growth rates (Niklas, 2006). The N/P ratio reflects plant demand for nitrogen and phosphorus (Tessier and Raynal, 2003) and plays an important role in investigating plant competition, ecosystem nutrient cycling, and ecosystem stability (Xu et al., 2020). Numerous studies have shown that abiotic factors such as climate change and soil nutrients play a key role in shaping the spatial variability of forest leaf nutrients (Gong et al., 2023). However, studies also indicate that stand factors like forest age play a significant role as well (Nielsen et al., 2019), and it remains unknown whether different forest origins (planted forest, natural forest) affect leaf nutrient functional traits.

Extensive research has found that climatic factors, especially temperature and rainfall, dominate the spatial variability of forest leaf nutrient functional traits (Zhang et al., 2018).Temperature affects leaf nutrient functional traits by influencing plant physiological and metabolic processes (Ding et al., 2020). An increase in temperature can enhance plant growth rates and nutrient demand, leading to a decrease in leaf nitrogen and phosphorus content. Additionally, high temperatures may affect the activity of rhizosphere microorganisms, reducing the availability of nitrogen and phosphorus in the soil, thereby limiting the plant’s nutrient uptake capacity (Trezzi et al., 2021). Furthermore, precipitation affects leaf nutrient traits by influencing soil moisture supply (Tuttle and Salvucci, 2016; Dai et al., 2022). Increased rainfall typically raises the concentration of dissolved nutrients in the soil, facilitating the absorption of nitrogen and phosphorus by plants. However, under prolonged drought conditions, plants may experience water limitations, leading to a decrease in leaf nitrogen and phosphorus content (Seleiman et al., 2021). Additionally, sunlight is a key factor affecting leaf nutrient functional traits (Lafont Rapnouil et al., 2023). Adequate sunlight can increase the rate of photosynthesis in plants, raising the demand for nutrients and prompting the accumulation of more nitrogen and phosphorus in the leaves (De Souza et al., 2022). However, under conditions of excessively strong or weak light, photosynthesis may be inhibited, leading to a reduction in leaf nitrogen and phosphorus content.

Soil, as the direct living environment of plants, also plays a significant role in forest leaf nutrient functional traits (De Long et al., 2019). Soil nitrogen content directly impacts leaf nitrogen content and the N/P ratio, as soil nitrogen availability determines the plant’s ability to absorb nitrogen (Waring et al., 2023). When soil nitrogen content is high, plants can more easily absorb sufficient nitrogen, leading to increased leaf nitrogen content (Waring et al., 2023). Soil phosphorus content is also crucial for plant nutrient absorption and growth (Kirkby and Johnston, 2008). The availability of phosphorus in the soil determines whether plants can obtain an adequate phosphorus supply. When soil phosphorus content is low, plants face phosphorus limitation, leading to decreased leaf phosphorus content and consequently affecting the leaf N/P ratio. Soil pH has complex effects on leaf nutrient functional traits (Cerozi and Fitzsimmons, 2016). Soil pH affects the chemical form and solubility of nutrients; under different pH conditions, the availability of nitrogen and phosphorus in the soil varies. For example, in acidic soils, the release of ions such as aluminum and manganese may inhibit the availability of phosphorus, thus affecting plant nutrient absorption (Wang et al., 2022). Therefore, changes in soil pH may impact leaf nitrogen and phosphorus content as well as the N/P ratio.

Besides climatic and soil nutrient factors, stand factors such as forest age and stand density also significantly affect leaf nutrient functional traits (Zhang et al., 2018; Zhou et al., 2021). With increasing forest age, the competitive relationships and resource utilization patterns within a stand change (Bongers et al., 2021). Plants in younger stands are usually more active, with potentially higher nutrient demands, resulting in relatively higher nitrogen content in their leaves (Miller, 1995; Carranca et al., 2018). As the forest ages, intensified competition among plants leads some to accumulate more nitrogen in their leaves to enhance their competitive ability, while others may reduce nitrogen content to conserve nutrients. Stand density is another indicator affecting leaf nutrient traits. Studies have shown that in high-density stands, photosynthesis and transpiration in leaves are significantly reduced, which in turn affects leaf nutrient traits. This implies that both the age and density of a forest can have profound impacts on the nutritional characteristics of its leaves, influencing overall forest health and productivity.

The differences in forest origin (planted forests vs. natural forests) also significantly impact leaf nutrient functional traits. One major distinction between planted and natural forests lies in their tree species composition and biodiversity. Planted forests are often characterized by a single or a limited number of tree species, whereas natural forests usually include a variety of different plant species, resulting in higher plant diversity (Kuuluvainen, 2009). This difference indirectly affects nutrient competition and distribution. In planted forests, the competition among the same tree species can be more intense, potentially leading some trees to accumulate more nitrogen and phosphorus in their leaves to enhance their competitive ability (Zhang et al., 2022). In natural forests, species diversity might lead to a more balanced resource allocation among different tree species, thereby affecting the stability of leaf nitrogen and phosphorus content and the N/P ratio (Augusto and Boča, 2022). Furthermore, soil properties and nutrient status also differ between planted and natural forests (Kooch et al., 2016). Planted forests often undergo soil improvement and fertilization as management measures to enhance tree growth rates (Fox, 2000). This could result in higher nitrogen and phosphorus content in the soil, thus increasing the nitrogen and phosphorus content in the leaves. In natural forests, soil nutrient conditions are typically influenced by natural processes and may exhibit significant variability (Thom and Seidl, 2016), which can also affect the stability of leaf nutrient functional traits.

Based on field surveys and literature collected from 2005 to 2020 on 384 planted forests and 541 natural forests in China, this study aims to explore the spatial differences and dominant factors in leaf nutrient functional traits between planted and natural forests (Figures 1, 2E). To address the above issues, we propose the following hypotheses: 1) There are significant differences in leaf nutrient traits between planted and natural forests at a macro scale. 2) Abiotic factors such as climatic factors and soil nutrients are the dominant factors controlling the large-scale spatial variability of leaf nutrient traits in planted and natural forests, with forest age also playing a significant role. 3) The direct effects of climatic factors on the spatial variability of leaf nutrient traits in planted and natural forests are greater than their indirect effects.




Figure 1 | Graphical abstract of how climatic factors, soil nutrient factors, and stand factors influence the leaf nutrient traits of planted and natural forest.






Figure 2 | Boosted regression tree analysis model was employed to analyze the independent contributions of three categories of factors (climatic factors, soil factors, and stand factors) to the leaf nutrient traits of natural and planted forests. Brown represents stand factors, blue for soil factors, and green for climatic factors. LN in natural forests (A), LP in natural forests (B), leaf N/P ratio (C), LN in planted forests (D), LP in planted forests (E), and leaf N/P ratio in planted forests (F) (***P< 0.001; **P< 0.01; *P< 0.05).







Materials and methods




Study area and sample data

China leads globally in planted forest acreage, a result of extensive afforestation programs (Guo and Ren, 2014; Gao et al., 2023). This study compares leaf nutrient traits between natural and planted forests, analyzing 386 planted and 540 natural forest sites established in China from 2005 to 2020 (Figure 3A). Data for the 926 forests were sourced from field surveys and literature, with detailed sources listed in Supplementary Table S1. 628 forest datasets from 73 sites were gathered through literature review, while the remaining 298 forest datasets from 21 sites were obtained from experiments conducted in this research. The collection and calculation methods for literature data are consistent with those of field experiment methods.




Figure 3 | Spatial location of sampling sites in planted and natural forests in China (A). Red circles represent natural forests and blue circles represent planted forests;. Comparison of LN (B), LP (C) and leaf N/P ratio (D) between planted and natural forests, with the significance assessed at the 0.05 level. *P<0.05, **P<0.01.



At each site, we randomly selected a minimum of four 30 m × 30 m plots, representative of the typical zonal vegetation. We recorded geographic coordinates, elevation, and plot slope. For each plot, we mapped the spatial distribution of trees, measuring diameter at breast height (DBH) and height for all trees ≥1 cm DBH. Species identification was done using scientific names, verified against authentic herbarium specimens.





Key leaf nutrient traits

This study focuses on major leaf nutrient traits: leaf nitrogen content (LN) (g/kg), leaf phosphorus content (LP) (g/kg), and the leaf N/P ratio. The determination of leaf nitrogen content utilized the Kjeldahl method, a national standard procedure (Sáez-Plaza et al., 2013), while leaf phosphorus content was measured using the vanadium-molybdate colorimetric method (Hanson, 1950). The leaf N/P ratio is calculated as leaf nitrogen content divided by leaf phosphorus content.

Acknowledging the variation in tree species abundance, to mitigate the impact of asymmetric competition on community-level outcomes, the study employs Community Weighted Mean (CWM) traits to represent the average nutrient traits of a forest Equation 1.

 

Where CWM denotes the community-weighted mean of nutrient traits (LN, LP, and the leaf N/P ratio), where Di symbolizes the abundance of each tree species, and Traiti refers to the specific leaf nutrient trait under consideration.





Environmental data

We extracted the annual mean temperature (MAT), annual mean precipitation (MAP), maximum annual temperature (MAHT), and mean annual evapotranspiration (MAE) at a spatial resolution of 1 km from the WorldClim global climate layers. Annual sunshine duration (ASD) data was obtained from the China Meteorological Administration Climate Data Center (http://data.cma.cn/site/index.html). Soil pH, soil nitrogen, and available soil phosphorus were extracted from a 250-meter resolution grid, focusing on the top 30 cm of the soil layer. The data sources for soil nitrogen and available soil phosphorus are http://www.csdn.store and https://www.osgeo.cn/data/wc137, respectively.





Data analysis

We employed t test at the 0.05 level to examine significant differences in LN, LP, and leaf N/P ratio between planted and natural forests. This analysis was conducted using the R package ‘agricolae’ (version 4.1.0).

We employed linear regression models to explore the impact of various environmental factors on leaf nitrogen (LN), leaf phosphorus (LP), and the leaf N/P ratio. These factors were categorized into climate factors, soil factors, and stand factors. Climate factors encompassed annual mean temperature (MAT), annual mean precipitation (MAP), mean temperature of the coldest month (MACT), and annual sunshine duration (ASD). Soil factors were represented by soil nitrogen content (Soil N), soil phosphorus content (Soil P), and soil pH. Stand factors considered included stand density and forest age. The goodness of fit for these models was assessed by the R² value, while their statistical significance was determined by the P value, using the ‘agricolae’ package (version 4.1.0) in R.

To address the issue of multicollinearity, which arises from the presence of multiple dependent variables, we conducted Multivariate correlation analysis. This analysis aimed to elucidate the interrelationships among the dependent variables, as depicted in Figure 4. The ‘linkET’ package in R was utilized for this multivariate correlation analysis, ensuring a comprehensive examination of the variables’ interconnectedness.

Variance decomposition methods were used to quantify the explanatory power of various climate, soil, and stand factors on the spatial variability of key forest leaf nutrient traits. The variance decomposition analysis was conducted in the R language package ‘rdacca.hp’. The independent contribution of each potential influencing factor to the spatial variability of key leaf nutrient traits was explored using machine learning’s boosted regression tree analysis, applying a significance test at the 0.05 level. This analysis was completed using the R language package ‘gbm’.

Using segmented structural equation modeling (SEMs) to explore the pathways of influence of climatic factors, soil nutrient factors, and forest stand factors on key leaf nutrient traits. This approach allowed us to account for the random effects attributable to our sampling points and to quantitatively dissect the environmental factors into their ‘marginal’ and ‘conditional’ contributions. Our analytical process hinged on the utilization of the ‘piecewiseSEM,’ ‘nlme,’ and ‘lme4’ packages, each instrumental in refining our model’s accuracy and robustness. The adequacy and fit of our SEMs were critically evaluated using Fisher’s C-test, a statistical tool that helps determine the congruence between our data and the hypothesized model structure. We set stringent criteria for model acceptance, requiring a significance level of P< 0.05 and a satisfactory model goodness, indicated by a Fisher’s C/df ratio ranging from 0 to 2, and a P-value between 0.05 and 1.00. To optimize our model’s explanatory power and accuracy, we implemented a stepwise modification process, allowing for incremental adjustments based on these statistical benchmarks. This meticulous approach ensured that our final model reliably reflected the intricate interactions between ecological factors and key leaf nutrient traits.






Results

The leaf nitrogen content (LN) and leaf N/P ratio of planted forests are significantly higher than those of natural forests, while the leaf phosphorus content (LP) is significantly lower than that of natural forests (P< 0.05) (Figure 3).

With increasing MAT and MAP, LN in planted forests significantly decreased (P< 0.001), whereas it significantly increased with longer sunlight duration (P< 0.001) (Supplementary Figure S1). In contrast, LN in natural forests did not show significant trends with climatic variations (P > 0.05) (Supplementary Figure S1), indicating greater climatic plasticity in LN of planted forests compared to natural forests. Leaf P content and leaf N/P ratio in both forest types exhibited opposite trends in response to climatic factors (Supplementary Figures S2, S3), with climate variables explaining a higher proportion of variation in natural forests (higher R2), suggesting greater climatic plasticity in these traits (Supplementary Figures S1–S3).

Soil nutrient content (nitrogen, phosphorus) and soil pH led to contrasting changes in key leaf nutrient traits between planted and natural forests. As the soil nitrogen and phosphorus content increases, the LN of planted forests significantly decreases, while the LN of natural forests does not show a significant trend of change (P > 0.05) (Supplementary Figure S4). Similarly, as the soil nitrogen and phosphorus content increases, the LP of natural forests does not show a significant trend of change either (P > 0.05). Overall, the effect of soil nitrogen and phosphorus content on the variability of LN in planted forests is greater than that on LP (with a higher R2).Soil nutrients had a greater impact on key leaf nutrient traits in planted forests than in natural forests (Supplementary Figure S4–S6).

Forest age had a stronger explanatory power for key leaf nutrient traits than stand density (Supplementary Figure S7–S9). With increasing forest age, leaf N and P contents significantly increased, and leaf N/P ratio significantly decreased in natural forests (P< 0.05) (Supplementary Figures S7B–S9B). Overall, Forest age of planted forests is generally lower than that of natural forests (Supplementary Figure S9B). The ability of stand factors (forest age and stand density) to shape the spatial variability of leaf nutrient traits in planted and natural forests is weaker than that of climatic and soil factors.

Significant correlations were observed among potential influencing factors of key leaf nutrient traits (Figure 4). Climate factors contributed more to key leaf nutrient traits than soil and stand factors (Figure 5). Overall, soil nutrient factors independently contributed the most to leaf nutrient traits in natural forests (Figures 2A–C), while stand factors had the largest independent contribution in planted forests (Figures 2D, F). Structural equation modeling results showed that climate factors not only directly affected key leaf nutrient traits in both planted and natural forests but also indirectly through soil and stand factors, with direct effects being more significant than indirect ones (Figure 6).




Figure 4 | Multivariable correlation analysis of potential influencing factors of leaf nutrient traits (LN, LP and leaf N/P ratio) in natural (A) and planted (B) forests. The influencing factors include climate factors (MAT, MACT, MAHT, ASD, MAP and MAE), soil nutrient factors (Soil N, Soil P and Soil pH) and stand factors (Forest Age and Forest Density). LN in natural forests (A), LN in planted forests (B), LP in natural forests (C), LP in planted forests (D), leaf N/P ratio in natural forests (E), and leaf N/P ratio in planted forests (F) (***P< 0.001; **P< 0.01; *P< 0.05).






Figure 5 | Variance decomposition analysis was used to explore the contributions of climatic factors, soil nutrient factors, and stand factors to leaf nutrient traits in natural and planted forests. The proportions of influence by each category of factors are shown, with orange representing climatic factors, blue for soil factors, and green for stand factors. Significance analysis is also presented, with asterisks indicating significance levels (***P< 0.001; **P< 0.01; *P< 0.05). LN in natural forests (A), LN in planted forests (B), LP in natural forests (C), LP in planted forests (D), leaf N/P ratio in natural forests (E), and leaf N/P ratio in planted forests (F).






Figure 6 | Linkages among climatic factors, soil nutrients, stand factors and leaf nutrient traits in China for natural and planted forests. Path diagrams represent the standardized results of final structural equation models (SEMs) examining the relationships among variables. Numbers alongside pathways indicate standardized SEM coefficients with asterisks indicating significance (***P< 0.001; **P< 0.01; *P< 0.05). R2 represents the generalized additive model (GAM) goodness-of-fit. The best SEMs was selected with the lowest AIC. LP in natural forest (A), LP in planted forest (B), LN in natural forest (C), LN in planted forest (D), Leaf N:P ratio in natural forest (E), Leaf N:P ratio in planted forest (F).







Discussion

Leaves are the primary organs for photosynthesis in plants (Poorter et al., 2009), and leaf nutrient traits significantly influence forest productivity. Our study found that the nitrogen (N) and phosphorus (P) contents, as well as the N/P ratio in leaves of planted forests, are significantly higher than those in natural forests (Figure 3). This is mainly because planted forests, often located in urban or suburban areas, are more influenced by human activities and effective management, leading to a greater range of nutrient sources (Chen and Li, 2021; Abbasi et al., 2023). Furthermore, trees in planted forests are usually selected for their rapid growth, necessitating a higher intake of nutrients such as nitrogen and phosphorus for their biosynthetic processes. Typically characterized by monocultures or a limited variety of tree species (Liu et al., 2018), these species in planted forests may have genetic traits that enable higher nitrogen and phosphorus absorption and utilization efficiency. This results in significantly higher leaf nutrient traits in planted forests compared to natural forests.

With increasing precipitation and temperature, LN in the leaves of planted forests significantly decreases (Supplementary Figure S1). Increased precipitation enhances soil moisture availability, which may reduce plant nitrogen uptake and utilization efficiency (Wen et al., 2021). Planted forests exhibit higher climatic plasticity in leaf nitrogen content, while natural forests show greater climatic plasticity in leaf phosphorus content and leaf N/P ratio (Gao et al., 2023). Planted forests are often composed of artificially selected tree species, optimized to adapt to specific environmental conditions, including climate factors (Pawson et al., 2013). This selection likely enhances the adaptability and plasticity of planted forests to environmental changes, particularly in regulating nitrogen content. Planted forests receive more focused and purposeful management, such as regular fertilization, irrigation, and pest control (Hartley, 2002), which might affect plant nitrogen absorption and metabolism, thereby enhancing their ability to regulate nitrogen content under varying climatic conditions. Additionally, natural forests have higher species diversity and ecosystem complexity (Ehbrecht et al., 2021), leading to more variable and complex responses to climatic factors. This diversity may make natural forests more sensitive to climate changes in terms of leaf N/P ratio and phosphorus content.

Soil nutrients have a greater impact on key leaf nutrient traits in planted forests compared to natural forests (Supplementary Figure S4). This is mainly because plants in natural forests may possess more complex and diversified root structures, enabling them to absorb nutrients more effectively under nutrient-poor conditions. In contrast, tree species in planted forests might lack such strong root adaptability, making them more dependent on soil nutrients. Additionally, natural forest ecosystems typically have more complex nutrient cycling processes, including interactions among plants, microorganisms, and soil fauna. This complex nutrient cycling helps maintain nutrient balance within the ecosystem (Baldrian et al., 2023). Nutrient cycling in planted forests may be simpler (Ma et al., 2007), making them more sensitive to changes in external soil nutrients. Moreover, we found that with increasing forest age, nitrogen and phosphorus contents in leaves of natural forests significantly increase, while the leaf N/P ratio significantly decreases. As natural forests age, their ecosystems gradually mature, making internal nutrient cycling more efficient (Chen et al., 2020). Mature forests typically have deeper root systems and richer soil organic matter (Perry et al., 2012), which facilitate the accumulation and cycling of nutrients like nitrogen and phosphorus. Furthermore, ongoing organic matter decomposition and leaf litter accumulation during succession increase the organic matter content in the soil, enhancing soil fertility. More fertile soils can provide more nutrients such as nitrogen and phosphorus to plants (Furey and Tilman, 2021). The decrease in the leaf N/P ratio may be due to the rate of increase in soil phosphorus availability exceeding that of nitrogen as the forest ages. Additionally, plants in mature forests may require more phosphorus to support their complex physiological functions and maintain ecosystem stability.

At the macro scale, the explanatory power of climatic factors on leaf nutrient traits is stronger than that of soil nutrient factors and stand factors (Figure 5). This is mainly due to the extensive and profound influence of climatic factors (such as temperature, precipitation, and sunlight duration) on plant growth and metabolic processes at a global scale (Raza et al., 2019).Climatic conditions directly affect plant photosynthesis, respiration, transpiration, and nutrient uptake (Tkemaladze and Makhashvili, 2016), thereby influencing leaf nutrient traits. Additionally, climatic factors indirectly affect the physical and chemical properties of soil, including soil temperature, moisture, pH, and organic matter decomposition rate (Certini and Scalenghe, 2023), all of which impact the availability of soil nutrients. Therefore, climatic factors to some extent determine the status of soil nutrients. Compared to climatic factors, soil and stand factors may have more limitations and heterogeneity at the spatial scale. Soil characteristics are influenced by geographic location, topography, and parent rock type, while stand factors (such as forest age, density, and species composition) vary greatly across different regions and forest types.

Climatic factors not only have a direct effect on leaf nutrient traits but also indirectly influence them through impacts on soil nutrients and stand factors, with their direct effects being more pronounced than the indirect ones (Figure 6). This is primarily because the regulation and metabolism of leaf nutrients in plants are direct physiological responses to current climatic conditions (Wang et al., 2022), characterized by rapid response and strong regulatory capacity. Additionally, the impact of climate on soil nutrients and stand structure has a certain time lag (Spohn et al., 2023). Changes in soil characteristics and stand structure usually take a longer time; therefore, their impact on leaf nutrient traits is more indirect and gradual. Global trends and patterns in climatic factors comprehensively affect the growth environment of plants, while changes in soil and stand factors are often more localized and specific. Consequently, at a macro scale, the direct influence of climatic factors on the key leaf nutrient traits of planted and natural forests is typically greater than their indirect impact through soil nutrient and stand factors. This direct effect reflects the plants’ ability to rapidly and directly respond to current and specific climatic conditions.
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Supplementary Figure 1 | Linear relationships between LN and MAP (A), MAT (B), MACT (C) and ASD (D). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.

Supplementary Figure 2 | Linear relationships between LP and MAP (A), MAT (B), MACT (C) and ASD (D). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.

Supplementary Figure 3 | Linear relationships between Leaf N/P ratio and MAP (A), MAT (B), MACT (C) and ASD (D). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.

Supplementary Figure 4 | Linear relationships between LN and soil N content (A) , soil P content (B) and soil pH (C). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.

Supplementary Figure 5 | Linear relationships between LP and soil N content (A), soil P content (B) and soil pH (C). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.

Supplementary Figure 6 | Linear relationships between leaf N/P ratio and soil N content (A), soil P content (B) and soil pH (C). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.

Supplementary Figure 7 | Linear relationships between LN and forest age (A) and forest density (B). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.

Supplementary Figure 8 | Linear relationships between LP and forest age (A) and forest density (B). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.

Supplementary Figure 9 | Linear relationships between leaf N/P ratio and forest age (A) and forest density (B). Red indicates natural forests, while blue represents planted forests. R2 denotes the model’s fit, and P represents the correlation significance.
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Significant correlation between leaf vein length per unit area and stomatal density: evidence from Red Tip and Chinese photinias
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The vascular veins in photosynthetic leaves play an important role in transporting water and sugars throughout the plant body, and their venation pattern and vein density determine the hydraulic efficiency of the leaf. Likewise, stomatal density (SD) can influence photosynthetic gas exchange. However, the correlation between leaf vein density and SD is seldom reported. Herein, we examined 16 leaves from the hybrid Photinia × fraseri and 16 leaves from one of its parents, P. serratifolia, to explore the correlation between leaf vein density and SD. For each leaf, equidistant lamina quadrats were excised along two longitudinal transects (one along the midrib and another along the leaf margin). For each quadrat, micrographs of 1.2 mm × 0.9 mm stomatal imprints, and 2.51 mm × 1.88 mm micrographs of leaf veins were used to measure total vein area per leaf unit area (VAA) and total vein length per unit area (VLA), as indicators of leaf vein density, to determine the correlation between SD and leaf vein density. For each taxon, there was no significant correlation between SD and VAA, but there was a significant correlation between SD and VLA. The data indicate that SD is not positively correlated with VAA but positively correlated with VLA for both the hybrid and the parent species. This study indicates that future work should focus on the relationships between SD and total vein length per unit area rather than on total leaf vein area per unit area within and across species.
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Introduction

Seed plants have different leaf vein patterns that are traditionally placed into one of four categories: reticulate venation, parallel venation, open dichotomous venation, and single venation (Roth-Nebelsick et al., 2001; Carvalho et al., 2018). The hierarchical reticulate venation is generally considered the most hydraulically complex because of its numerous minor veins, fractal-like organization, and evolutionary recency (Boyce et al., 2009; Carvalho et al., 2018). Leaf vein density has been shown to influence leaf maximum photosynthetic rates by influencing leaf hydraulic efficiency (Brodribb et al., 2007, 2010; Scoffoni et al., 2011). It is usually quantified as the total vein length per unit lamina surface area, which is positively correlated with leaf hydraulic conductance. The quantification of stomatal density (SD, i.e., the number of stomata per unit epidermal area) also plays a vital role in managing the fluxes of carbon dioxide and water vapor and is closely associated with the mean size and geometry of areoles, which are surrounded and defined by different orders of veins, i.e., areoles are the closed polygons formed by different orders of leaf veins (Price et al., 2011; Shi et al., 2022). In turn, the mean distance between stomata and the nearest vein is significantly negatively correlated with SD (Fiorin et al., 2016). In general, the larger the areole, the larger the mean guard cell size within the areole. Given the negative scaling relationship between SD and mean guard cell size (Franks and Beerling, 2009; Liu et al., 2023), a larger areole is consequently associated with a lower SD (Fiorin et al., 2016).

The reticulate venation pattern is thought to be the most effective spatial arrangement of vasculature and stomata to reduce the distance of water transport from veins to stomata. Owing to the reticulate venation pattern and the existence of free-ending veinlets in such a venation pattern, leaf hydraulic resistance is largely reduced, because water transport is more expedient in the xylem pathway than in mesophyll cells (Brodribb et al., 2007). This results in a regular distribution of stomata among areoles due to dense minor leaf veins including free-ending veinlets in some species (Fiorin et al., 2016; Liu et al., 2021; Shi et al., 2021, 2023; Sun et al., 2023). Because of the spatial competition between stomata and leaf veins (Baresch et al., 2019), there exists substantial differences in stomatal size and density across different sizes of areoles (Shi et al., 2021; Sun et al., 2023). Consequently, at spatial scales larger than that of the level of an areole, the extent to which SD and leaf vein density are correlated remains unknown. Stomatal density and leaf vein density are usually listed as two important leaf functional traits that are closely related to leaf hydraulic conductance and gas exchange efficiency (Brodribb and Jordan, 2011; Sack and Scoffoni, 2013). However, in practice, to measure leaf vein density (usually represented by the ratio of total leaf vein length to lamina area) of leaves with hierarchical network venation, it is necessary to chemically clear the mesophyll and epidermal cells. This is very time-consuming. Relative to leaf vein density, SD is faster to measure using the nearest distance between stomata, or by means of a special software using fluorescence micrographs (Liu et al., 2021; Li et al., 2022; Shi et al., 2023). Statistically robust correlations among leaf functional traits, such as leaf vein density and SD, can also provide dependable and efficient methods to predict the relationships among leaf functional traits. Because different metrics for measuring venation complexity have been used by different workers (e.g., vein length versus vein area), we tested the spatial “repulsion” hypothesis, which proposes that stomata are “dispersed” within areoles as a consequence of the locations of veins. If correct, this hypothesis predicts that vein length per unit area will correlate with stomatal density, whereas vein area per unit area will correlate less so, or not at all.

Here, we use a Photinia hybrid, called ‘Red Tip’ photinia (Photinia × fraseri), and one of its parents, the Chinese photinia (P. serratifolia (Desfontaines) Kalkman), to examine and quantify a variety of venation morphometric variables. These taxa were used because their leaves have a typical hierarchical reticulate venation pattern, but differ substantially in size (Zheng et al., 2022; Figure 1). Sixteen leaves from each of the two taxa were used, with six 0.3 cm × 0.3 cm lamina quadrats for each P. × fraseri lamina and eight 0.5 cm × 0.5 cm lamina quadrats for each P. serratifolia lamina. For each quadrat, one 2.51 mm × 1.88 mm leaf-vein micrograph and one 1.2 mm × 0.9 mm stomatal micrograph within the leaf-vein micrograph were used to calculate total leaf vein area per unit area (VAA) and total vein length per unit area (VLA) based on the one leaf-vein micrograph, and to calculate SD based on the one stomatal micrograph. This protocol generated 96 and 128 VAA, VLA and SD values for the two taxa, respectively. The goal was to (i) quantify VAA, and VLA along two longitudinal transects along the same side of the lamina, and to determine (ii) whether there are significant correlations between SD and VAA and between SD and VLA. We did not compare the second parent (Photinia glabra (Thunb.) Maxim.) with the hybrid because the second parent did not differ in leaf size compared to the first parent and because a leaf-size difference between any two taxa was a key factor in testing our hypothesis. Specifically, the hybrid ‘Red Tip’ has a much smaller lamina size compared to the one parent P. serratifolia (Zheng et al., 2022).




Figure 1 | Leaf lamina quadrat locations and numbering scheme for Photinia × fraseri and P. serratifolia leaves, respectively shown on the left and right of (A), and the notation and relative fields of view for stomata (FV-2) and veins (FV-1) (B). A total of six and eight equally spaced quadrats were removed from each Photinia × fraseri leaf and each P. serratifolia leaf. Numbers were written on each leaf to distinguish individual leaves from the two taxa for subsequent data analysis. (B) shows the size of the leaf vein micrograph (FV-1; 2.51 mm × 1.88 mm) and the size of the stomatal micrograph (FV-2; 1.2 mm × 0.9 mm).







Materials and methods




Plant growth sites and leaf sampling

Thirty mature and undamaged leaves were randomly sampled from the middle canopies of ten P. × fraseri individuals at one site (118°48'35'' E, 32°04'67'' N), and another thirty mature leaves were sampled from three P. serratifolia individuals at another site (118°48′37″ E, 32°04′45″ N) both in Nanjing Forestry University Campus, on 15th July, 2022. In mid-July, leaves matured such that leaf vein and stomatal traits reached completion and could be accurately measured. Nanjing has a humid subtropical climate, which is influenced by the East Asian Monsoon. The mean annual precipitation and mean annual temperature of Nanjing are 1156 mm and 15.6°C, respectively, based on the climate data recorded between 1951 and 2014 (Jiao et al., 2022). The rainy season is concentrated from June to August, and the total precipitation of the three months account for approximately 50% of the annual precipitation of Nanjing. In a strictest sense, P. × fraseri is a hybrid of P. serratifolia and P. glabra. However, henceforth P. × fraseri is referred to as a ‘species’ for simplicity. For each species, we obtained intact micrographs of stomata and leaf veins from 16 leaves for each taxon (see below for details). The 14 leaves for each taxon were discarded because leaf veins of some lamina sections on these leaves were not successfully obtained during removing mesophyll cells (see below for details).





Lamina sampling and micrographs of stomata and leaf veins

For each leaf, equidistant lamina quadrats (three 0.3 cm × 0.3 cm for P. × fraseri and four 0.5 cm × 0.5 cm for P. serratifolia) were excised along two longitudinal transects (one along the midrib and another along the leaf margin; see Figure 1). The difference in the size of lamina quadrats reflects the difference in the size of the lamina area between the two taxa. P. serratifolia has larger leaves, and leaf veins are less easy to damage when sampling a larger lamina quadrat. To examine if differences in the variables of interest existed from the midrib to the leaf margin, two longitudinal transects both on the right side of the lamina were studied (Figure 1).

All quadrats were painted with colorless nail polish to obtain stomatal imprints. Stomatal imprints were viewed with a Leica DM 2500 optical microscope (Leica Microsystems Shanghai, Shanghai, China) with a magnification of 10 × 10 and stomatal micrographs (each measuring 1.2 mm × 0.9 mm in area) were taken using LAS X software (version 3.4.2.18368; Leica Microsystems CMS GmbH, Germany), approximately in the center of each lamina quadrat, and saved as TIF files.

Each quadrat was transferred into a 10% NaOH solution to digest and remove mesophyll cells after 2 to 3 weeks of submersion. Residual mesophyll cells were subsequently removed by wiping by hand the interior of the epidermis along the direction of the veins. The remaining tissues were then washed with water, stained with a 0.5% w/v aqueous safranin solution, and viewed with the Leica optical microscope with a magnification of 10 × 5. Micrographs (2.51 mm × 1.88 mm) were taken with the Leica microscope camera using LAS X software aimed approximately in the center of each lamina quadrat and saved as TIF files (see Figures 1, 2 for details). The size of stomatal micrographs is approximately 1/4 that of leaf vein micrographs.




Figure 2 | Leaf vein and stomatal micrographs of Photinia × fraseri (A, B) and P. serratifolia (C, D). In (A, C), the size of each leaf-vein micrograph is 2.51 mm × 1.88 mm, and in (B, D), the size of each stomatal micrograph is 1.2 mm × 0.9 mm. The colorless nail polish approach did not provide clear profiles of guard cells. In fact, the elliptical geometries are all stomata because there were no cross-sections of fuzzes on the leaf surface. When enlarging the image in counting the number of stomata, we can roughly see the profiles of guard cells.







Estimation of stomatal density and leaf vein density

The micrographs of leaf veins were converted from RGB to a grayscale using Photoshop (version 13; Adobe Systems Incorporated, San Jose, CA, USA). The “readTIFF” function of the “tiff” package (version 0.1-11; Urbanek and Johnson, 2022) in R (version 4.2.0; R Core Team, 2022) was used to read each leaf-vein micrograph. The pixel values in an image ranged from 0 to 255, where 0 represents black and 255 represents white. A critical value of 200 was set to distinguish the pixels associated with leaf veins when the values of pixels of leaf vein micrographs were smaller than the critical value. The remaining pixels were the areas occupied by areoles. The leaf vein area per unit area (VAA) was calculated as the number of leaf vein pixels divided by the number of the total pixels per micrograph measuring 2.51 mm × 1.88 mm. The LEAF GUI software (Price et al., 2011) based on MATLAB (version R2016b; MathWorks, Natick, MA, USA) was used to calculate the leaf vein length per unit area (VLA) for each leaf vein micrograph. The leaf vein density is the leaf vein length per unit area (mm/mm2).





Statistical analysis

A linear mixed-effects model (Pinheiro and Bates, 2000) was used to test for the significance of the differences in VAA and VLA between any two leaf-vein micrographs of the same species. The positions of leaf-vein micrographs on leaves were used as categorical fixed effects and leaves as random effects. The SD data have been analyzed in Sun et al. (2023) and are not repeated in the present study. Correlation tests at the 0.05 significance level were carried out to examine the relationships between SD and VAA, and between SD and VLA. The data of SD, VAA and VLA can be accessed in online Supplementary Table S1. The statistical software R (version 4.2.0; R Core Team, 2022) was used to perform correlation analyses, and a specialized R package “nlme” (version 3.1-157; Pinheiro and Bates, 2000) was used to perform the linear mixed-effects model.






Results

For the 16 Photinia × fraseri leaves, the numerical values of total leaf vein area per unit area (VAA) ranged between 0.25 and 0.53, and those of total leaf vein length per unit area (VLA) ranged between 7.7 and 12.2 mm/mm2 (Figures 3A, C). For the 16 P. serratifolia leaves, the numerical values of VAA ranged between 0.21 and 0.48, and those of VLA ranged between 5.8 and 9.7 mm/mm2 (Figures 3B, D). By comparison with the medians of VAA and VLA along the transect close to the leaf margin, the medians of VAA and VLA along the transect close to the midrib tended to be greater (Figure 3). However, the lateral (midrib-to-leaf margin) differences along some transects were not statistically significant apart from the values of VLA of P. × fraseri (Figure 3C). There were no significant trends in VAA basipetally from the leaf apex to the leaf base. Nevertheless, VLA tended to decrease basipetally from the leaf apex to the leaf base along the longitudinal transect close to the midrib and from the midrib to the right leaf margin (Figures 3C, D). There was no significant correlation between stomatal density (SD) and the VAA (r = 0.159 and P > 0.05 for P. × fraseri; r = 0.158 and P > 0.05 for P. serratifolia; Figure 4A), but there was a significant correlation between SD and VLA for each taxon (r = 0.496 and P < 0.05 for P. × fraseri; r = 0.497 and P < 0.05 for P. serratifolia; Figure 4B).




Figure 3 | Box-and-whisker plots for the leaf vein area per unit area (A, B), and the leaf vein length per unit area (C, D) for each position of each layer (see Figure 1 for the numerical code for each position; n = 16 for each position). Uppercase letters at the top of the whiskers indicate the significance of differences between any two layers (from the leaf apex to leaf base) based on a linear mixed-effects model with the leaf number as a random effect. Lowercase letters show the significance of the difference between any two positions (leaf midrib vs. right leaf margin, Figure 1) based on a linear mixed-effects model with the leaf number as a random effect. The numbers below the letters are the coefficients of variation (%) of vein area per unit area or vein length per unit area. The segments in the boxes represent the medians, and the asterisks near the segments represent the means. On the x-axis in the figure, the number before the hyphen is the layer number from the leaf apex to the leaf base; the number after the hyphen is the longitudinal transect number from the midrib to the right leaf margin. Because the lamina of P. × fraseri is smaller than that of P. serratifolia, there were only three layers from the leaf apex to leaf base. In contrast, the lamina of P. serratifolia is sufficiently large that four layers from the leaf apex to leaf base could be studied (see Figure 1 for details). Thus, in (A, C) (representing P. × fraseri), the maximum number before the hyphen is 3, and in (B, D) (representing P. serratifolia), the maximum number before the hyphen is 4.






Figure 4 | Bivariate plots and ordinary least squares correlation statistics for stomatal density vs. the leaf vein area per unit area (A), and stomatal density vs. leaf vein length per unit area (B). In each panel, the open circles and triangles represent the observations of the two taxa (see upper right inserts for symbols of the taxa), and the straight lines are the regression lines; r is the correlation coefficient; and P represents the P-value of the correlations test.







Discussion and conclusions

Prior work with species producing leaves with hierarchical reticulate venation has shown that stomatal density (SD) exhibits a significant spatial variation across the leaf lamina across areoles, while the spatial arrangement of stomata tends to be regularly dispersed due to the dense reticulate venation network at the areole level, i.e., there is spatial “repulsion” between stomata at the areole level (Liu et al., 2021; Shi et al., 2021, 2023). Against this overall backdrop, the data presented here based on a hybrid and one of its parents indicate that the total leaf vein area per unit area (VAA) does not show a linear variation in the leaf longitudinal orientation, whereas the total leaf vein length per unit area (VLA) decreases basipetally from the leaf apex to leaf base, and from the midrib to leaf margin. There is no statistically significant correlation between SD and VAA, in contrast to a significant correlation between SD and VLA, which has been proposed as a useful measure of leaf vein density by Sack and Scoffoni (2013). At the whole leaf level, total leaf vein length is found to be proportional to total leaf vein area (Shi et al., 2022). Nevertheless, this proportionality does not indicate that VLA is proportional to VAA when viewed across small spatial scales such as the size of the micrographs used in this study (see Figure 1B). Mediavilla et al. (2020) report that SD does not significantly correlate with each of the leaf vein measures including total leaf vein density, total major vein density, or total minor vein density for each of three Quercus species (Quercus faginea Lam., Q. suber L., and Q. ilex L. subsp. ballota (Desf.) Samp.). However, their micrographs of stomata do not overlap with the micrographs of leaf veins (two leaves for measuring SD and another two leaves for measuring leaf vein traits were used) in their study. Failure to detect a correlation between SD and leaf vein density (as measured by VLA) as reported by Mediavilla et al. (2020) might result from the spatial variation in SD and VLA across different positions within the same leaf and across leaves.

The overall coordinated spacing of leaf veins and stomata is hypothesized to be an adaptation that maximizes the hydraulic and gas-exchange functionality of the leaf lamina, as suggested in part by the observation that mean SD is linearly related to the length of the vein contours around areoles (Fanourakis et al., 2015; Fiorin et al., 2016). The data presented here indicate that future work should focus on the mean distance from stomatal centers to the nearest veins including free-ending veinlets, and model the scaling relationship between SD and the mean distance between veins and evaporative sites across closely related species, and comparing the scaling exponents at the intra- and interspecific levels, rather than only focusing on the correlation between SD and VLA.

In summary, using micrographs of two uniform sizes, we examined whether there were significant correlations between SD and both VAA and VLA as metrics reflecting leaf vein density. The data failed to reveal a correlation between SD and VAA, but indicted a significant correlation between SD and VLA. This work suggests that future studies should focus on the relationships between SD and VLA rather than on VAA within and across species.
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Introduction

Global warming has led to increased environmental stresses on plants, notably drought. This affects plant distribution and species adaptability, with some medicinal plants showing enhanced drought tolerance and increased medicinal components. In this pioneering study, we delve into the intricate tapestry of Arnebia guttata, a medicinal plant renowned for its resilience in arid environments. By fusing a rich historical narrative with cutting-edge analytical methodologies, this research endeavors to demystify the plant’s intricate response to drought stress, illuminating its profound implications for medicinal valorization.





Methods

The methodology includes a comprehensive textual research and resource investigation of A. guttata, regionalization studies, field sample distribution analysis, transcriptome and metabolome profiling, rhizosphere soil microbiome analysis, and drought stress experiments. Advanced computational tools like ArcGIS, MaxEnt, and various bioinformatics software were utilized for data analysis and modeling.





Results

The study identified significant genetic variations among A. guttata samples from different regions, correlating with environmental factors, particularly precipitation during the warmest quarter (BIO18). Metabolomic analysis revealed marked differences in metabolite profiles, including shikonin content, which is crucial for the plant’s medicinal properties. Soil microbial community analysis showed variations that could impact plant metabolism and stress response. Drought stress experiments demonstrated A. guttata’s resilience and its ability to modulate metabolic pathways to enhance drought tolerance.





Discussion

The findings underscore the complex interplay between genetic makeup, environmental factors, and microbial communities in shaping A. guttata’s adaptability and medicinal value. The study provides insights into how drought stress influences the synthesis of active compounds and suggests that moderate stress could enhance the plant’s medicinal properties. Predictive modeling indicates future suitable growth areas for A. guttata, aiding in resource management and conservation efforts. The research contributes to the sustainable development of medicinal resources and offers strategies for improving the cultivation of A. guttata.





Keywords: Arnebia guttata, drought stress, shikonin, environmental adaptability, multiple producing areas, metabolomic profiling, transcriptomic profiling




1 Introduction

Owing to global warming, plants experience increasing environmental stresses, such as drought. Frequent drought events lead to significant changes in the distribution of plant resources, thereby altering the adaptability and tolerance of species. Species have evolved various survival strategies in response to ecological differences. For example, wild grain adopts different methods of escaping or tolerating drought to cope with drought stress. These strategies are based on complex physiological and biochemical regulation and are significantly affected by the environment (Wang et al., 2023). However, appropriate water scarcity in the environment can be advantageous for plants, particularly certain medicinal ones. According to Liang et al. (2023), the medicinal plant Sophora tonkinensis, indigenous to karst areas, exhibits enhanced drought tolerance, resulting in an augmentation of medicinal components such as matrine and oxymatrine under varying soil water conditions. Furthermore, following exposure to drought conditions, the antioxidant capacity of Melia azedarach experienced augmentation, coupled with a notable increase in the accumulation of lipid metabolites such as fatty acids and oleamide. This implies that drought stress has the potential to enhance the nutritional value of M. azedarach (Dias et al., 2022). Therefore, while safeguarding the survival environment of species, exploring and judiciously applying environmental influences on medicinal plants represent a contemporary and crucial endeavour in seeking a new balance between the scarcity of wild herbal resources and the advancement of human health (Montaño López and Avalos, 2020).

Arnebia guttata is a perennial herb belonging to the genus Arnebia of the family Boraginaceae. In the Chinese Pharmacopoeia, it serves as the basic source of medicinal Arnebiae Radix. The major medicinal components of A. guttata include shikonin and its derivatives, which have antibacterial, anti-inflammatory, antiviral, antipyretic, liver protective, antioxidant, anti-tumour, immune regulatory, and other pharmacological effects (Guo et al., 2019). Its mechanism of action is very complex, involving cell proliferation, apoptosis, and signal transduction, making it a novel anticancer agent worth exploring, and in the normal dose range, A. guttata has almost no toxic side effects (Ma et al., 2020). Currently, it is the main base plant of the Chinese herbal medicine Arnebiae Radix, and the primary areas of A. guttata production are Inner Mongolia, Xinjiang, Ningxia, and Gansu. The high requirements for growth, large-scale artificial planting of A. guttata has not been performed. It is important to study the development, utilisation, and cultivation of A. guttata resources.

A. guttata grows in sandy soil and prefers sunshine. The northwest part of China, where most of its resources are distributed, is located in the interior of the continent, far from the sea. The south is blocked by plateaus and mountains, where water vapour is difficult to reach and sunlight lasts long, resulting in a dry climate (Cao et al., 2022). Previous studies on medicinal plants have indicated that drought significantly impacts the growth, development, and accumulation of bioactive compounds in these plants. This includes the synthesis and accumulation of proteins related to energy metabolism, carbohydrate metabolism, photosynthesis, stress response, and defence mechanisms (Omidi et al., 2018; Xu et al., 2021). In summary, when drought affects the development of medicinal plants, the plants themselves develop various regulatory mechanisms to adapt to the environment for coexistence and balance, which reflects the special relationship network between cell molecules and metabolites. Drought is closely related to the quality of medicinal plants. During the development and application of active components of Arnebiae Radix, the A. guttata will gradually become the mainstream variety. However, the correlation between the formation of medicinal components and climate remains unclear.

Field samples of A. guttata from Inner Mongolia, Xinjiang, and Ningxia showed that distribution is the lowest in Xinjiang, with the densest area carrying approximately 200 plants/km2. A. guttata is most densely distributed in Inner Mongolia, with approximately 1000 plants/km2, indicating that A. guttata resources in Inner Mongolia is sufficient to be used for medicinal purposes. According to a regionalisation study conducted simultaneously, the precipitation of the warmest quarter (BIO18) (May–September) was the most important climatic factor affecting the distribution of A. guttata (Tian et al., 2014). Significant differences in the precipitation at each sample point were noted. There is a predominance of studies on the chemical composition and pharmacological effects of A. guttata; however, in-depth research on its resources and components are lacking. In the present study, we utilised ArcGIS computing to investigate the resource distribution and a correlation of climatic factors for A. guttata under drought stress. These included the exploration of its historical use in ancient books, the distribution of national resource regionalisation, the collection and analysis of field samples from different cultivation regions, and the correlation of climatic factors with the quality of A. guttata. We applied metabolomic and transcriptomic analyses to uncover the potential synthesis and metabolism of active components, as well as the metabolic mechanisms under drought stress. Further validation was conducted through drought stress experiments on cultivated varieties. Additionally, we examined and analysed the soil microbiome of field samples and predicted suitable growth regions for the next 40 years. The objective of this study was to comprehensively study the distribution of A. guttata, explore intrinsic differences among field samples, reveal the correlation between climatic factors and the quality of A. guttata, elucidate the biosynthetic characteristics of active substances, and clarify the molecular response mechanisms of stress resistance in A. guttata under drought stress. This information provides valuable insights for enhancing its medicinal value and ensuring the sustainable development of future resources.




2 Materials and methods



2.1 Textual research and resource investigation of A. guttata

The historical books, literature, and website resources of Materia Medica were consulted, and relevant information on A. guttata was identified. The materials included, “Shen Nong’s Herbal Classic”, “The Newly Revised Materia Medica”, “Classified Materia Medica”, “Compendium of Materia Medica”, “Natural History”, “New Chinese Medicine Records”, “An Illustrated Book of Plants”, “Discussion on Varieties of Traditional Chinese Medicine”, “Sorting and Quality Study of Commonly Used Traditional Chinese Medicine Varieties”, “Chinese Materia Medica”, “Modern Traditional Chinese Medicine Commodity Review”, “Chinese Medicine Sea”, “Inner Mongolia Chinese herbal medicine”, “Error-free Mongolian Medicine Guide”, “Medicine Recognition White Crystal Mirror”; additionally, websites such as Chinese Flora were referenced.

According to the database, we visited the primary production areas, investigated the wild resources of A. guttata, and collected samples.




2.2 Study on regionalisation and analysis of field sample distribution

To predict the distribution of A. guttata in China, the species distribution points and census data points of the China Digital Plant Museum (CVH) (https://www.cvh.ac.cn/) were accurately collected; suspicious and repetitive sample collection points were excluded, and 49 sample collection points were determined. Twenty-eight variables, comprising 19 climatic variables, 1 topographic variable, and 8 soil variables, were selected for modelling. The spatial resolution of the data was 30 arcsec. To reduce the influence of the correlation of environmental factors on the model, the Pearson correlation coefficient (Pearson) was used to test the multicollinearity among environmental factors (Bi et al., 2022). Environmental factors with correlation coefficients greater than 0.8 were screened combined with the importance of environmental factors, and factors with a high contribution rate in the operation of the model were retained for modelling. The MaxEnt settings were as follows: the MaxEnt output mode was “Logisitc”, the maximum number of iterations of the model was 105, the convergence threshold was 0.0005, and other parameters defaulted to 10 times cross-validation. To ensure the accuracy of the model prediction, the area under the curve (AUC) was used to evaluate the model’s prediction results. Generally, an AUC value > 0.75 indicates that the prediction result is relatively good.

Based on the national census data of traditional Chinese medicine resources and our literature review of A. guttata, samples were collected from Inner Mongolia, Xinjiang, Ningxia, Gansu, and other provinces and regions. During collection, we maintained the integrity of the whole plant, especially the root, and dug deeply to avoid severing the roots. Immediately after uprooting, any soil that adhered to the plants was washed off with clean water. The plants were then wrapped in tin foil and rapidly frozen in liquid nitrogen for 15 minutes. After removal, it was marked separately and placed on dry ice for testing. During the collection of the rhizosphere soil, most of the clay attached to the roots was shaken off, and the remaining soil was gently brushed into a sterile tube and placed on dry ice for testing. Field plant and rhizosphere soil samples were collected from 18 sites. In total, 54 plant and 108 soil samples were tested. Based on the distinction between provinces and regions, the samples from the three sample sites in Xinjiang were marked as A1, A2, and A3, and the samples from the nine sample sites in Inner Mongolia were marked as B1, B2, B3, B4, B5, B6, B7, B8, and B9. Samples from six sample sites in Ningxia were marked as C1, C2, C3, C4, C5, and C6 with three biological repeats in each site.

WheatA wheat germ-agrometeorological big data (V.1.5.6) software (National Centers for Environmental Information [NOAA], https://www.ncei.noaa.gov) was used to extract BIO18 data and latitude and longitude information from the meteorological stations of Xinjiang, Inner Mongolia, Ningxia, and the surrounding areas, including Russia, Mongolia, and Kazakhstan. The climatic layer was processed using the Kriging method during the interpolation analysis. The principle of the Kriging interpolation method is primarily based on the covariance function used to model and predict a random process or field. The results were extracted using a mask according to the desired area.




2.3 Transcriptome analysis

RNA was extracted from the root tissue of the samples using the TRIzol method (Yang et al., 2021). An Agilent2100 bioanalyzer (Agilent Technologies, Santa Clara, USA) was used to detect the integrity of RNA. Three biological repeats were performed for each sample site. Using mRNA as a template and random oligonucleotides as primers, the first strand of cDNA was synthesised; the RNA was degraded by RNase H, and the second strand of cDNA was synthesised from dNTPs in a DNA polymerase I system. The purified double-stranded cDNA was repaired by terminal repair, an A-tail was added and connected to the sequencing connector, and the fragment was selected by AMPureXP beads to purify the PCR product. After library construction, different libraries were sequenced using Illumina after pooling according to the effective concentration and target off-machine data demand. The image data obtained using the high-throughput sequencer were transformed into sequence data (reads) using CASAVA base recognition, and the original data were filtered to obtain clean reads. All subsequent analyses were based on high-quality clean reads. First, the sequences were assembled into transcripts using Trinity (v2.6.6), and hierarchical clustering was performed using Corset program transcripts. Using the clustered sequence as a reference, quality control, seven database annotations (NR, NT, KO, SwissProt, PFAM, Gene Ontology (GO), and KOG), quantitative analysis, difference significance analysis, functional enrichment, variation site analysis, and SSR analysis were performed. Weighted gene co-expression network construction (WGCNA), gene expression trend analysis (STEM), and visual analysis of the ipath metabolic pathway were conducted. The screening conditions for differential genes were | log2 (fold change) | > 1, with an error detection rate of < 0.05 (Mao et al., 2005; Kanehisa et al., 2008; Young et al., 2010).




2.4 Metabolome analysis

Based on the transcriptome and BIO18 data, representative samples from each production area were selected for wide-target metabolic group detection. The selected samples were A1, A2, B3, B4, B5, C3, and C6. The samples were freeze-dried, removed from the freeze-dryer, and ground to a powder using a grinder (30 Hz for 1.5 min). A 50 mg sample was measured, and 70% methanol-water internal standard extract precooled at 1.2 mL and -20°C was added. Once every 30 minutes, the mixture was vortexed for 30 s, for a total of six times. After high-speed centrifugation (rotating speed of 12000 rpm for 3 min), the supernatant was absorbed and passed through the microporous membrane (0.22 μm) for analysis. The liquid phase conditions were as follows: the mobile phases were A-phase ultra-pure water (0.1% formic acid) and B-phase acetonitrile (0.1% formic acid). The flow rate was 0.35 mL/min, the column temperature was 40°C, and the injection volume was 2 μL. The gradient was 14 min. Analyst 1.6.3 was used to process the mass spectrum data. Based on the local metabolic database, qualitative and quantitative analyses of metabolites were performed using mass spectrometry. The characteristic ions of each substance were screened using a triple quadrupole and the signal strengths (CPS) of the characteristic ions were determined using the detector. The chromatographic peaks were integrated and corrected using Multi Quant software. The statistical function prcomp in R was used for unsupervised principal component analysis (PCA). In both groups, the differences in metabolites with VIP (VIP≥1) and absolute Log2FC (|Log2FC|≥1.0) were measured. The VIP values were extracted from the OPLS-DA results, which included scores and sorting charts. The R software package MetabAnalystR was used to generate the VIP values. The KEGG database (http://www.kegg.jp/kegg/compound/) was used to identify metabolite annotations by metabolic pathways (http://www.kegg.jp/kegg/pathway.html).




2.5 Analysis of rhizosphere soil microbiome

An Ezup column soil Genome DNA extraction kit was used to extract the total DNA of rhizosphere soil microorganisms (Qiu et al., 2023). The universal primers, ITS1 and ITS4, were selected for amplification, and the amplification system and procedure were performed according to the manufacturer’s instructions for the use of high-efficiency and high-fidelity enzymes. Finally, the DNA was purified according to the instructions of the DNA Purification and Recovery Kit. All reagents were obtained from Tiangen Biochemical Technology (Beijing, China). The original data were spliced and filtered to obtain effective data (CleanData). Thereafter, the noise was reduced using DADA2, and sequences with an abundance of less than five were filtered to obtain the final ASVs. Species annotation was performed on the representative sequence of each ASV, and the corresponding species information and abundance distributions were obtained. Simultaneously, the abundance, alpha diversity calculation, Venn map, and petal map of ASVs were analysed to obtain species richness and evenness information and common and unique ASVs information among different samples or groups. However, through the multi-sequence alignment of ASVs and the construction of a phylogenetic tree, we explored the differences in community structure among different samples or groups through dimensionality reduction analysis of PCoA, PCA, non-metric multidimensional scaling (NMDS), and sample cluster tree displays. To further explore the differences in community structure among grouped samples, statistical analysis methods, such as the T-test, MetaStat, and LEfSe, were selected to test the significance of species composition and community structure of grouped samples. The annotation results of the extender were related to the corresponding functional database, and PICRUSt2, BugBase, and Tax4fun software were used to predict and analyse the microbial communities in the ecological samples.




2.6 Seedling material and growth conditions

The seeds were collected from Bayannur City, Inner Mongolia Autonomous Region, China (107°03 ‘7.61 “E, 41°05’ 18.73” N). The seeds were soaked in saturated gibberellin solution at 28°C overnight and then soaked in clear water at 28°C overnight to promote seed germination. The treated seeds were cultured in mixed soil with vermiculite:organic soil as 1:3. The temperature of the artificial climate box was maintained at 25°C, the relative humidity at 70%, the light cycle at 12 h day/12 h night, and the average photosynthetically active radiation (PAR) at 152 μmol/m2/s. The plants were cultivated for 2 months, water was replenished every day, and growth was observed. Samples were randomly selected for drought treatment and divided into three groups: control (CK), treatment (2 days of drought stress, 5 days of drought stress), and rehydration (watered enough on the 5th day and transferred to the original culture condition for 1 day). After treatment, the seedling samples were quickly retrieved, frozen in liquid nitrogen for 15 min, and placed at -80°C for measurement. The water content of each pot was measured.




2.7 Phenotypic observation and soil water content determination of drought stress sample

The plant morphologies of the different groups were observed. The soil water content of each plant was determined using the drying method and the calculation formula was as follows:

Soil water content = (soil weight at sampling time-soil weight after drying)/soil weight at sampling time × 100. The soil moisture content of each group of samples is shown in Supplementary Table S5.




2.8 Physiological and biochemical index measurements

Plant samples were placed in a homogeniser, and PBS buffer was added, with a plant tissue: homogenate ratio of 1:9. The samples were fully ground under an ice bath for 6 min, transferred to a centrifuge tube, and centrifuged at 12000 rpm for 15 min (4°C). The supernatant was absorbed and divided into 1.5 mL centrifuge tubes and stored at -80°C for testing. An enzyme-linked immunosorbent assay (ELISA) was used to determine the activities of the antioxidant enzymes catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD), as well as the contents of abscisic acid (ABA), Pro, malondialdehyde (MDA) and chlorophyll. R language was used to process and analyse the data. We conducted normality tests (Shapiro–Wilk test) and tests for homogeneity of variance (Levene’s test) on the raw data using the R programming language. Subsequently, we performed statistical analysis and visualisation using one-way ANOVA with GraphPad Prism 8 software. This difference was statistically significant (p < 0.05).




2.9 Proteomic analysis

Proteins related to all plant samples under different treatments were determined and analysed by Metware Biotech (Wuhan, China). All plant samples were analysed in triplicate. After the protein was extracted, 8 M urea/100 mM TEAB (pH 8.0) solution was added to re-dissolve the protein. The protein concentration was determined using the bicinchoninic acid method. The samples were stored at -80°C. An appropriate amount of protein was used for 12% SDS-PAGE quality control. Trypsin was used to digest 100 μg protein from each sample. After the protein solution was diluted five times with 100 mM TEAB, trypsin was added at the mass ratio of 1:50 (pancreatic enzyme: protein), and enzymolysis was performed at 37°C overnight. The post-hydrolysis peptide segments were desorbed using a C18 Cartridge and freeze-dried. The peptide lyophilised powder was redissolved in 0.1% formic acid water at 0.1 µg/µL and stored at -20°Cfor later use. The extracted protein was analysed using liquid chromatography-mass spectrometry (LC-MS)/MS. After chromatographic separation, the sample was collected using the PASEF mode of timsTOF Pro mass spectrometer. The data were analysed and processed using FragPipe (v17.1) software. According to the ncbi_Lithospermeae_zicao_20220812. fasta database, anti-decoys and contaminants were added to control the false-positive rate (FDR) from random matches and eliminate the effects of contaminating proteins. Label-free quantification was performed using the MaxLFQ algorithm of the IonQuant module. Comprehensive functional annotation of the identified proteins and differentially expressed proteins in each comparison group was performed using GO, KOG functional classification, KEGG pathway, protein domain, subcellular localisation, and SignalP. In addition, R software (clusterProfiler) (v3.10.1) was used to conduct enrichment analysis of the differentially expressed proteins in each comparison group at four levels: GO classification, KOG functional classification, KEGG pathway, and protein domain, to comprehensively determine the physiological functions of the differentially expressed proteins.




2.10 PRM verification

To verify the reliability of the detection of specific proteins, we selected nine proteins for PRM quantitative detection. Proteins were extracted from the sample and quantitative PRM analysis was performed on the target peptide after enzyme digestion. The peptide information suitable for PRM analysis was imported into Xcalibur software for the PRM method setting. Approximately 1 µg peptide was taken from each sample and mixed with 20 fmol standard peptide (PRTC: ELGQSGVDTYLQTK) for detection. This test was conducted by Zhongke New Life Biotech (Shanghai, China). The target peptides of nine target protein types were analysed using Skyline software. Based on the relative expression of the corresponding peptide of each target protein in the different sample groups, the relative difference in the expression of the target protein was calculated.




2.11 qRT-PCR validation

qRT-PCR was used to verify the proteins involved in shikonin biosynthesis and the randomly selected differential proteins. Thirteen protein-related genes were selected and detailed information is provided in Supplementary Table S6. Total RNA was extracted from each group and three biological replicates were obtained for each group. After the RNA was reverse transcribed into cDNA, the amplification system was formulated using the TB Green Premix Ex Taq II kit. The amplification system consisted of 10 µL TB Green Premix Ex Taq II, 0.4 µL ROX Reference Dye (50X), 0.8 µL 10 µmol/L upstream primer, and 0.8 µL 10 µmol/L downstream primer. Two-microliter cDNA template was composed of 6 µL double distilled water for a total volume of 20 µL. The amplification procedure was 95°C for 30 s (pre-incubation), 95°C for 5 s, and 60°C for 34 s, for a total of 40 cycles (two-step amplification); and 95°C for 5 s, 60°C for 60 s, and 95°C for 15 s (dissolution). ACT7 was used as the internal reference gene, and the relative quantitative analysis of the data was calculated using the 2−ΔΔCT method.




2.12 Metabolomic analysis

The contents and species of metabolites in the different groups were analysed based on the results of widely targeted metabolomics data determined by Metware Biotech (Wuhan, China). All plant samples were analysed in triplicate. The samples were vacuum-dried in a freeze-dryer for 2 d, ground with a grinder (30 Hz, 1.5 min) to a powder form, and dissolved in 1.2 mL of 70% methanol solution. Analyst 1.6.3 was used to process the mass spectrum data. Based on the metware database (MWDB), the secondary spectral information was used to characterise the materials based on the MWDB. The KEGG database (http://www.kegg.jp/kegg/compound/) was used to identify the metabolite annotations and annotation of metabolites by metabolic pathways in the KEGG database (http://www.kegg.jp/kegg/pathway.html).




2.13 Prediction of future adaptive regionalisation of A. guttata

To reduce the influence of the correlation of environmental factors on the model, Pearson was used to test the multicollinearity between environmental factors. Fifteen variables, including seven meteorological data and eight soil data under current climatic conditions, were selected for modelling to predict the suitable distribution area of A. guttata in the future. Future meteorological data were obtained from the World Climate Database (http://www.worldclim.org). Soil data were derived from the Spatial Information Grid Database of Traditional Chinese Medicine Resources (http://www.tcm-resources.com/). The spatial resolution of the data was 30 arcsec. Maxent and ArcGIS were used to generate the pictures.

The MaxEnt settings are as follows: the MaxEnt output mode was “Logisitc”, the maximum number of iterations of the model was 105, the convergence threshold was 0.0005, and other parameters were defaulted to 10 times cross-validation. To ensure the accuracy of the model prediction, the AUC was used to evaluate the model’s prediction results. An AUC value greater than 0.75 indicates a relatively good prediction ability of the model.





3 Results



3.1 A. guttata: history, resources, and national zoning

A. guttata tastes sweet, salty, and cold and returns to the heart and liver meridians. It has the effects of clearing heat and cooling the blood, promoting blood circulation and detoxification, penetrating rashes, and eliminating spots. It is comprised of perennial herbs with yellow corollas and pubescence. According to the 2020 edition of the Chinese Pharmacopoeia, the main source of Arnebiae Radix is the dried root of Arnebia euchroma or A. guttata. Its active components include naphthoquinone compound L-shikonin, β, and β’- dimethylacryloyl aconine.

Arnebiae Radix as a medicinal material was first reported in “Shen Nong’s herbal classic”, “Zicao Jie Chi, February flower … Born in Dangshan and Chu … can be dyed purple.”, but A. guttata as a medicinal herb was probably recorded in the Western Jin Dynasty. In the “Natural History” of Zhang Hua in the Western Jin Dynasty (232–300), “Pingshi Yangshan Arnebiae Radix is very good”, Pingshi Yangshan refers to Langshan Mountain in Inner Mongolia, which is located in Bayannur City. In 1964, Xie Zongwan listed A. guttata as one of the four medicinal bases of Arnebiae Radix in the “Discussion on Varieties of Traditional Chinese Medicine”. In Inner Mongolia Chinese Herbal Medicine published in 1972, “A. guttata … Corolla bright yellow”, has been determined to be A. guttata. In a resource survey conducted in the 1870s, Academician Xiao Peigen confirmed that A. guttata was widely used locally as a commodity of Arnebiae Radix and included it in the “New Chinese Medicine Records” that was published in 2002. In 1990, A. guttata was officially incorporated into the Pharmacopoeia, which may have been due to the high demand for A. euchroma; however, it is wild and overexploited, resulting in a shortage of resources and its listing as a national second-class endangered plant. However, A. guttata and A. euchroma exhibit similar genetic relationships, sufficient yields, and definite curative effects. Currently, A. guttata is a wild resource and artificial planting technology is not mature; therefore, the exploration of planting methods and resource development is of great relevance.

According to the previous resource survey records, A. guttata primarily grows in deserts, sand, gobi, lakeside stones, and sunny gravel hillsides. Through field investigations and visits, it was found that the output was abundant in Inner Mongolia and Ningxia, a small amount was distributed in Xinjiang, and there was no distribution in the visited areas of Gansu. The MaxEnt model’s relative contribution indicates that BIO18 was the largest contributing factor, followed by altitude (Table 1). Specific information on the samples is presented in Supplementary Table S1; Figure 1 shows the habitat of A. guttata.


Table 1 | Contribution of ecological factors to growth suitability zoning of A. guttata.






Figure 1 | Habitats of different A. guttata cultivation areas.



The sample site with the highest BIO18 value was Ningxia, followed by Inner Mongolia and Xinjiang. The BIO18 value of Xinjiang was significantly different from that of the other two provinces and regions, which is only approximately 1/20–1/5 of the other two provinces’ BIO18. The BIO18 values also varied across provinces. For example, in Inner Mongolia, the BIO18 value in the Yinshan area was the lowest, and the BIO18 value in Bayinbaolige Town, Wulat Hou Banner, was in the middle of all sample points. The distribution of 18 sample points for the reference BIO18 is illustrated in Supplementary Figure S1. The BIO18 values for each sampling point are listed in Supplementary Table S2.




3.2 Significant genetic differences among A. guttata samples from different production areas

A total of 718574 genes were identified in the 54 samples. The correlation between gene expression levels among the samples was evaluated. From the correlation analysis, we can observe that A. guttata from different regions in the wild were unlikely to exhibit global differential expression in RNA-seq. Instead, there were probably differences in the expression of certain specific genes. Additionally, the PCA showed similar results (Supplementary Figure S2).

Considering the production area as a large group, the differentially expressed genes (DEGs) were analysed (Figure 2A), and the transcript differences among the samples from different production areas were explored. In the A vs. B group, 13155 DEGs were upregulated and 41415 DEGs were downregulated. In the A vs. C group, 15755 DEGs were upregulated and 27650 DEGs were downregulated. In the B vs. C group, 27934 DEGs were upregulated and 2050 DEGs were downregulated. There were significant differences in gene expression among samples from different production areas.




Figure 2 | Differential gene volcano map (A). Venn diagram of differential genes (B). KEGG path rich and scattered point graph (C).



The common DEGs among the comparison groups were analysed, and DEGs with special biological significance were screened (Figure 2B). Groups A vs. B and A vs. C contained the highest number of DEGs (29,618). A total of 445 DEGs were identified in the three comparison groups. There were 54570 DEGs between groups A and B, 43405 DEGs between groups A and C, and 29984 DEGs between groups B and C. There are more significant differences in gene expression among groups A, B, and C.

The KEGG clustering patterns of DEGs among groups were explored, and differences in gene expression and regulatory pathways among different appellation areas were analysed (Figure 2C). DEGs of groups A and B were mainly clustered in plant hormone signal transduction (ko04075), phenylpropanoid biosynthesis (ko00940), ubiquinone and other terpenoid-quinone biosynthesis (ko00130), flavonoid biosynthesis (ko00941), circadian rhythm plant (ko04712), photosynthesis (ko00195), etc. DEGs of groups A and C were mainly enriched in plant hormone signal transduction (ko04075), oxidative phosphorylation (ko00190), phenylpropanoid biosynthesis (ko00940), starch and sucrose metabolism (ko00500), ubiquinone and other terpenoid-quinone biosynthesis (ko00130), terpenoid backbone biosynthesis (ko00900), flavonoid biosynthesis (ko00941), circadian rhythm plant (ko04712), carotenoid biosynthesis (ko00906), carbon fixation in photosynthetic organisms (ko00710), etc. DEGs in groups B and C were mainly concentrated in the biosynthesis of unsaturated fatty acids (ko01040), protein processing in the endoplasmic reticulum (ko04141), pentose phosphate pathway (ko00030), citrate cycle (ko00020), etc. The main regulatory pathways of DEGs enrichment between groups A and B and between groups A and C were similar and more concentrated in the process of secondary metabolism, especially in the enrichment of ubiquinone and other terpenoid-quinone biosynthesis. This pathway regulates shikonin biosynthesis. The DEGs between groups B and C mainly regulated the primary metabolic processes of the substances. Among the genes of the three origin samples, 37 representative genes (CDS) with significant differences owing to different regions and climates were selected for genetic evolution analysis (Figure 3). The results showed that the selected genes could be divided into four main branches, represented by light green, light yellow, light blue and light pink (G1-G4). Among them, Cluster-164174.141068 and defensin SD2 (Cluster-164174.160237), transaldolase (Cluster-164174.177972) and cytochrome P450 monooxygenase (Cluster-225483.5), B2 protein (Cluster-164174.158171) and albumin-1 (Cluster-164174.106959), ERF transcription factor (Cluster-164174.124558), and transcription factor BHLH148-like (Cluster-164174.117707) genes are closely related or homologous genes. A. guttata contains shikonin and phenolic acid and other active ingredients. In the screened genes, ACC oxidase 1, 4-coumarate: CoA ligase (Cluster-164174.168700) and cytochrome P450 monooxygenase psoD-like are important for regulating the synthesis of these two components. Among transcription factors, the ERF and bHLH families play key roles in plant resistance to drought.




Figure 3 | Genetic evolution analysis of representative differentially expressed genes. The heat map shows the expression of each gene in the samples of the three production areas.






3.3 Significant metabolite differences among A. guttata samples from different production areas

The PCA results showed significant differences in the PC1 and PC2 levels among the different samples, with small intragroup differences and good repeatability (Figure 4A). The results showed a high degree of separation between group A and the other two groups, indicating significant differences in the formation and accumulation of metabolites. All samples and metabolites were clustered, and the macroscopic relationships between the total samples and metabolites were analysed (Figure 4B). As shown on the cluster heat map, the metabolites of the two sample points in group A were clustered into one group. The distribution of metabolites in group B was also similar, and there was a certain relationship between the distribution of C6 metabolites and group B metabolites. The samples from each group were further analysed by hierarchical cluster analysis to form a cluster tree. The samples of groups B and C were clustered into one branch, and the samples of group A were clustered into another. In group B, the samples of groups B3 and B4 were clustered into one branch. Compared with group C, B3, C3, and C6 were clustered together, and B4 and B5 were clustered into one group (Supplementary Figure S3). The metabolite accumulation patterns of the samples that aggregated into one branch were similar. Analysis of the differences in metabolite content among the different groups is of great significance for studying the material formation process of samples from different production areas (Figure 4C). The metabolites with significant differences between groups A and B included N1-dihydrocaffeoyl-N10-coumaroylspermidine (alkaloids), α-hydrojuglone glucoside (quinones), 3’-p-coumaroyl-sucrose (phenolic acids) lithospermoside (alkaloids), Phe-Phe-Thr (amino acids and their derivatives), 1,7-dihydroxy-6-methoxy-2-methylanthraquinone (anthraquinones), vinilloylcaffeoyltartaric acid (phenolic acid), and trachelanthamine Oxide (pyrrole alkaloid). Laccaic acid D (anthraquinone), Asn-Gln-His (amino acid and its derivatives), dihydrokaempferol-3-O-glucoside (dihydroflavonol), and vinilloylcaffeoyltartaric acid (phenolic acids) were significantly different between groups A and C. There were significant differences in metabolites between groups B and C, including Amoenin (flavonol), lycopsamine N-oxide (pyrrole alkaloids), 6-methoxynaphthalen-1(4H)-one (quinones), toralactone-9-O-gentiobioside (naphthols), N-phenylacetylglycine (amino acids and their derivatives), and naringenin-7-O-(6’’-malonyl) glucoside (dihydroflavonoids).




Figure 4 | PCA score chart of each group of samples (A). Overall sample cluster diagram (B). Radar map of differential metabolites (C).



Shikonin (including the isomer aganin) is a unique and main medicinal component in A. guttata, and its content is an important basis for evaluating the quality of A. guttata. Therefore, we analysed the content of shikonin to analyse the accumulation of effective components in samples from different production areas. According to the qualitative and quantitative results, 17 shikonins were identified. The sum of all shikonin contents was calculated, and the highest were A1 (1.51E+08) and B5 (1.22E+08). The BIO18 value of the A1 point was relatively low (30.285 mm), whereas the BIO18 of the B5 point was in the median of all sampling points, and the precipitation in the warmest season was moderate. The shikonin content of C6 was the lowest. The BIO18 value was 200.422 mm, which was the highest at all sample points.




3.4 Significant soil microbial community differences among A. guttata samples from different production areas

After paired end-to-end alignment, mass filtration, chimerism, and deletion of a single gene, mitochondrial, and chloroplast sequences, a total of 48244 operational taxonomic units (OTUs) were found in all samples. In general, the number of OTUs gradually decreased from Inner Mongolia to Ningxia and then to Xinjiang, with significant differences between Xinjiang and Inner Mongolia (pA-vs-B = 0.025, p < 0.05); however, there were no significant differences between Inner Mongolia and Ningxia and Xinjiang and Ningxia (pB-vs-C = 0.394, pA-vs-C = 0.136, p > 0.05). The total number of OTUs in the three major production areas was 4099. The number of OTUs shared by Inner Mongolia and Ningxia was the largest (10660), whereas that shared by Xinjiang and Ningxia was the lowest (4861). Alpha diversity revealed significant differences in the rhizosphere bacterial community diversity among samples from Xinjiang, Inner Mongolia, and Ningxia. Community species diversity in Inner Mongolia and Ningxia was significantly higher than that in Xinjiang, whereas that in Inner Mongolia was slightly higher than that in Ningxia (Figures 5B, C). In addition, the dominant species evenness index calculated using the Wilcoxon rank-sum test showed that the species evenness in Xinjiang was significantly higher than that in Inner Mongolia and Ningxia and that in Ningxia was slightly higher than that in Inner Mongolia (Figure 5A). NMDS and anosim analyses based on unweighted UniFrac distances showed significant differences in the rhizosphere bacterial community and composition among samples from different regions (stress = 0.16, stress < 0.2; R = 0.4174, p = 0.005), indicating that each cultivation area and soil had a distinct population (Figure 5E; Supplementary Table S3).




Figure 5 | Rhizosphere bacterial communities of samples from different producing areas box plot of dominance index of species uniformity (A) and box plot of Shannon species diversity index (B) and box plot of Simpson species distribution diversity and evenness index differences (C). Evolutionary cladogram of rhizosphere bacterial communities from different producing areas (D). Differences of bacterial community composition in rhizosphere of samples from different producing areas based on NMDS (E).



A total of 61 phyla, 164 classes, 405 orders, 680 families, and 1525 genera were detected by analysing the composition of the rhizosphere bacteria. The top 10 dominant bacteria in the rhizospheres of the samples from the three production areas were the same; however, there were significant differences in the abundance of bacteria in the different production areas and at different levels. Therefore, based on the species abundance at different levels, MetaStat was used to screen for species with significant differences between the groups. The results showed significant differences in the biomarkers among the three production areas (Supplementary Table S4). Simultaneously, the LDA Effect Size (LEfSe) method was used to identify the differentially enriched bacterial communities among the rhizosphere soils of the samples from the three major production areas (Figure 5D; Supplementary Figure S4). By combining the LEfSe and MetaStat methods, 16 bacterial biomarkers with significant differences at different classification levels were identified in rhizosphere soil samples from Xinjiang, Inner Mongolia, and Ningxia. These included Actinobacteria, Proteobacteria, Chloroflexi, Bacteroidetes, Bacteroidia, Rubrobacteria, Chloroflexia, Micrococcales, Rhodobacterales, Rubrobacterales, Gaiellales, Micrococcaceae, Rhodobacteraceae, Rubrobacteriaceae, Longimicrobiaceae, and Rubrobacter.




3.5 Association between genes, metabolites, and soil microbial communities in field A. guttata samples

In each comparison group, the expression of trans-cinnamic acid 4-monooxygenase and 4-coumarate-coenzyme A ligase, the key regulatory genes of shikonin biosynthesis, was consistent with the trend of shikonin accumulation. Trans-cinnamic acid, the key substance in shikonin biosynthesis, was similarly expressed. Other genes may also have regulated shikonin synthesis. For example, Cluster-164174.132198 can regulate the transcription of DNA templates, and negatively regulate the synthesis of angeloylshikonin and β, β-dimethylacrylyl shikonin. Serine-protein kinases ATM and isobutyl shikonin were also negatively regulated. The cohesin complex subunit SCC1, transcription factor SPT5, B-cell receptor-associated protein 31, and long-chain acyl-CoA synthetase negatively regulated deoxyshikonin synthesis.

A correlation between key metabolites and microorganisms was found. A strong negative correlation was observed between Chloroflexia and acetylacanin. Rubrobacteria, Rubrobacteriaceae, Rubrobacter, Rubrobacterales and Actinobacteriota were negatively correlated with the synthesis of acetylshikonin, alkannin, and shikonin. The correlation between metabolites and soil microorganisms indicated that the metabolism of A. guttata was affected by the composition and activity of the microorganisms.

In summary, we found significant differences and correlations in gene expression, material accumulation, and soil microbial community composition among samples from different habitats. There was also a relationship between the maximum contribution factor BIO18 and shikonin content in the sample. BIO18 may have affected the synthesis and accumulation of shikonin. Precipitation controls the water content of the soil, and insufficient water leads to drought stress. This study showed that in Inner Mongolia, Xinjiang, Ningxia, and other northwestern regions, drought is the most important natural factor restricting plant and ecological development (Chen et al., 2023). Therefore, in the following sections, the metabolic process of A. guttata under drought stress is discussed.




3.6 Prediction of suitable growth areas of A. guttata in the next 40 years

Using MaxEnt software, the contribution rates of various ecological factors affecting the growth of A. guttata were obtained, and the climatic factor with the highest contribution was still BIO18 (Table 2).


Table 2 | Contribution of ecological factors to future growth suitability zoning and distribution of A. guttata.



The potentially suitable distribution areas for A. guttata under future climates of two different periods were predicted, and the currently suitable distribution areas were compared. The results show that under current climatic conditions, the most suitable areas are mainly located in northern Xinjiang, northern Gansu, central and western Inner Mongolia, and a few areas in northern Ningxia. The most suitable growth area showed a radiating trend.

Compared with the current climatic conditions, the most suitable distribution area for A. guttata in the 2021–2040 and 2041–2060 periods showed a general westward trend, and the distribution in northwestern and southern Xinjiang and northern Gansu was significantly higher than that under the current climatic conditions (Figure 6). In Inner Mongolia, the optimal distribution areas for A. guttata in the Xilin Gol League, while Ulanqab City showed a decreasing trend. The trend of the more suitable distribution areas is similar to that of the most suitable distribution areas; however, the distribution of the more suitable distribution areas will increase in eastern Mongolia over the next 40 years.




Figure 6 | Current and projected suitable habitats for A. guttata from 2021–2060 based on MaxEnt.






3.7 Phenotypic characteristics of A. guttata under drought stress

Morphological observations showed that seedling samples did not change significantly during the 2Day drought stress, but in the 5Day drought stress, leaves began to straighten and converge and underwent leaf thinning, followed by wilting. After rehydration, plant leaves began to stretch, fill, and thicken, and were essentially restored to the state before drought stress (Figure 7A). This indicated that A. guttata could resist mild drought and maintain normal growth; however, severe drought affected its life activities with various phenotypic effects. Seedlings returned to normal after rehydration.




Figure 7 | Phenotypic morphological changes of A. guttata (A) and physiological and biochemical indexes (B). Scale bar, 2 cm. (n = 3. *p < 0.05; **p < 0.01; ***p < 0.001).






3.8 Significant changes in physiological indexes in the drought response

Drought stress affected the physiological indices of A. guttata seedlings (Figure 7B). The activity of SOD, POD, and CAT increased significantly under drought stress and reached the peak during the 2Day drought or 5Day drought. When the seedlings were rehydrated, enzyme activity tended to be stable, indicating that it played an important role in drought resistance. Under drought stress, the content of ABA in seedlings increased to a certain extent, reached the highest level during the 2Day drought stress, and then decreased during the 5Day drought stress. After rehydration, the ABA content was almost the same as that in the CK group, achieving drought resistance. Chlorophyll content increased first and then decreased, and the content was the highest in the 2Day drought. With increasing drought stress, the Pro content in seedlings gradually increased, and it was most significant in the 5Day drought stress treatment. The results showed that the content of MDA in seedlings increased under drought stress, whereas the content of MDA in the 2Day and 5Day droughts was basically the same, which was not significantly higher than that in the CK. The MDA content did not increase significantly even when the stress level increased, indicating a strong ability of A. guttata to withstand drought stress.




3.9 Drought stress significantly affects metabolic processes

UPLC-MS/MS and 4D-lable-free quantitative analysis techniques were used to analyse the metabolic changes in A. guttata during drought. The results showed that the four groups of samples under different drought stress conditions had significant differences in metabolites, and the related regulatory proteins showed the same content trend (Supplementary Figure S5). The concentrations of quinones, phenolic acids, alkaloids, flavonoids, terpenoids, carbohydrates, amino acids, and their derivatives differed significantly under drought stress conditions (Figure 8A). All identified proteins were screened for significant differences, and the protein expression patterns among the treatment and comparison groups were analysed. There were 25 differentially expressed proteins (DEPs) common among the three comparison groups (Figure 8B). In the CK vs. 2Day comparison groups, there were 487 DEPs, of which 41 were upregulated and 446 were downregulated. In the CK vs. 5Day comparison groups, there were 182 DEPs, of which 49 were upregulated and 133 were downregulated. In the 2Day vs. 5Day comparison groups, there were 404 DEPs, of which 330 were upregulated and 74 were downregulated (Supplementary Figure S5).




Figure 8 | OPLS-DA S-plot (A), and DEPs upset diagram (B).



In the CK vs. 2Day groups, shikonin (including isoamyl shikonin and propanyl shikonin), quinones (including 1/4-methoxylithospermidin A and 1/4-methoxylithospermidin B), flavonoids (including geranyin, Acacia-7-O-rutin) and other metabolites were most significantly upregulated. In the CK vs. 5Day groups, shikonin (including shikonin, acetyl shikonin, and acetylakanin), quinones (including 1/4 methoxylithospermidin A and 1/4 methoxylithospermidin B), flavonoids (including centathrin-3-O-rutin) and other metabolites were the most significantly upregulated. In the 2Day vs. 5Day groups, flavonoids (including centaurin-3-O-rutin and quercetin-3-O-(6”-o-acetyl)-glucoside), alkaloids (including intermedine and rinderine), phenolic acids (including 2-O-cafeoylmalic acid and coniferol) and other metabolites were the most significantly upregulated. The results showed significant changes in the types and contents of metabolites under different drought stress levels (Figure 9A).




Figure 9 | Dynamic distribution map of metabolite content difference (A), domain annotation bar chart (B), and pie chart of subcellular localisation results (C).



DEPs annotated by all secondary GO items under the three primary classifications (molecular function (MF), biological process (BP), and cellular component (CC)) were counted. As shown in Figure 10, in the CK vs. 2Day comparison groups, the main functions of DEPs under BP were annotated as metabolic process, cellular process, regulation of biological process, response to stimulus, and others. Most DEPs were downregulated, whereas the upregulated DEPs included 4-coumarate:coenzyme A ligase, phenylalanine ammonia lyase, cinnamic acid-4-hydroxylase, dimethylallyl pyrophosphate isomerase, hydroquinone-3”- hydroxylase, and others. The main functions of DEPs in the CC category were described as cell parts, membrane parts, and protein-containing complexes. The upregulated DEPs included KAG9160943.1, KAG9160943.1 and the other predicted proteins. These proteins are involved in shikonin biosynthesis (Auber et al., 2020). The main functions of DEPs in the MF category were catalytic activity, structural molecule activity, and binding. The upregulated DEPs included 4-coumaric acid:CoA ligase 3, KAG9138459.1, KAG9138459.1, and others. In the 2Day vs. 5Day comparison groups, DEPs in the BP category annotated the negative regulation of biological processes, in addition to the same main functions as the CK vs. 2Day comparison groups. The number of upregulated proteins was significantly higher than that of downregulated proteins. This suggests that after 5 days of severe drought stress, endogenous biofeedback regulation was activated or enhanced, and the accumulation of certain substances peaked. Stimulus reversal or multiple pathways play coordinating roles (Li et al., 2022). Similarly, the functional DEPs annotation in CC and MF categories was the same as that in the CK vs. 2Day comparison group, and the number of upregulated DEPs increased greatly, including cytochrome b559α subunit, NADh-quinone REDOX reductase subunit I, photosystem II reaction centre protein H, and others. These proteins are located in chloroplasts. Additionally, they affect photosynthesis. Simultaneously, the antioxidant activity function items showed a significant expression of DEPs. The 2Day vs. 5Day comparison group was used as an example to analyse the GO entry nodes enriched by DEPs and their hierarchical relationships (Supplementary Figure S6). The DEPs were significantly enriched in photosynthesis (GO:0015979). The functions of these proteins included light reactions (GO:0019684) and light harvesting (GO:0009765). In addition, cellular metabolic compound salvage (GO:0043094), which can regulate the synthesis of many metabolic derivatives and provide consumption substrates, showed significant enrichment of DEPs, photorespiration assistance (GO:0009853), and a series of reactions. Simultaneously, the biological processes of anabolic products were also underway. For example, organic acid metabolic processes (GO:0006082) included carboxylic acid metabolic processes (GO:0019752) and alpha-amino acid metabolic processes (GO:1901605). Enrichment of the above functional DEPs indicated that photosynthesis and synthesis of stress-resistant substances were the main measures of plant resistance to drought under 5Day drought stress.




Figure 10 | Regulation of enzymes related to the biosynthesis of shikonin under drought stress. PAL, phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; IPPI, isopentenyl pyrophosphate:dimethyllallyl pyrophosphate isomerase; GPPS, geranyl diphosphate synthase; GHQ 3”-hydroxylase, geranylhydroquinone 3’’-hydroxylase.



The domains of the DEPs were annotated to further analyse their biological function and structural evolution (Figure 9B). The CK vs. 2Day comparison group and the 2Day vs. 5Day comparison group had similar clustering of the DEPs domain, and the main domain was a P-loop-containing nucleoside triphosphate hydrolase (IPR027417), NAD(P)-binding domain superfamily (IPR036291), thioredoxin-like superfamily (IPR036249), nucleic acid binding, and OB-fold (IPR012340). Subcellular localisation of DEPs was performed (Figure 9C), which were mainly distributed in the chloroplasts, cytoplasm, nucleus, and plasma membrane. The first 10 domains of the CK vs. 2Day group comparison and 2Day vs. 5Day group comparison were analysed, and there were eight common domain entries. DEPs containing these eight domains were analysed using phylogenetic analysis and DEPs with similar genetic information were identified (Figure 11). For example, KAG9140665.1, KAG9141846.1, KAG9159037.1, and KAG9160572.1 not only have similar domains but also similar genetic information. Although there is no exact annotation of these proteins, more molecules of the same type can be extracted according to their functional domains, gene modification, or gene synthesis using biotechnology, which will be of great value in future drought resistance and genetic research on A. guttata and other plants belonging to the same family. For example, proteins KAG9133091.1 and KAG9140889.1, with a similar genetic background to known proteins QOS48519.1 (note that ATP synthetase CF1β subunit), are likely to have the same function. The ATP synthetase CF1β subunit is involved in oxidative phosphorylation and photophosphorylation and catalyses the synthesis of ATP from ADP and inorganic phosphorus (Shi et al., 2001). Studying the genetic evolution of DEPs can help further analyse the relationship between DEPs and understand the evolution of key regulatory proteins under drought stress according to classification, which is conducive to further exploration at the gene level.




Figure 11 | Phylogenetic tree of domain-similar DEPs.



The biosynthetic pathway of shikonin and its derivatives, which are the main active components of A. guttata, is composed of three pathways (Liao et al., 2015; Suttiyut et al., 2022). The 2-C-methyl-D-erythritol-4-phosphate pathway (MEP) with pyruvate-3-phosphoglyceraldehyde as the starting substrate for the synthesis of the key substance geraniolate pyrophosphate, dimethylallyl pyrophosphate, is produced from isopentenyl pyrophosphate synthesised via the mevalonate pathway (MVA) under the action of geraniolate pyrophosphate synthase. Para-hydroxybenzoic acid and geranyl pyrophosphate from the phenylpropanoid (PP) pathway are catalysed by the key enzyme para-hydroxybenzoine-geranyl transferase to form an important precursor, geranyl para-hydroxybenzoic acid, which is then epoxidised, hydroxylated, and reacted enzymatically to produce shillin compounds. They are transported to the cell wall via exocytosecretion (Fu et al., 2020). Among these, cinnamic acid 4-hydroxylase is a key enzyme in the PP pathway, dimethyl allyl pyrophosphate isomerase is a node enzyme of the MVA pathway that regulates the synthesis of geranyl pyrophosphate, and hydroquinone geranyl-3”-hydroxylase is an important precursor catalytic enzyme for the synthesis of shikonin and directly affects the accumulation of shikonin. Ubiquinone and other terpenoid-quinone biosynthetic pathways are the main pathways involved in shikonin biosynthesis. The results showed that drought stress affected the synthesis and metabolism of shikonin and other related substances (Supplementary Figures S7A, B). In CK vs. 2Day, compounds such as shikonin, deoxyshikonin, isovalerylshikonin, propionylshikonin, dimethylacrylshikonin, angelylshikonin, and p-hydroxybenzoic acid were significantly upregulated, with p-hydroxybenzoic acid being the key substance for the synthesis of shikonin. Simultaneously, resistant substances, such as 3,7-di-O-methylquercetin, rosiendrobium, citric acid, xylitol, L-n-leucine, L-piperidinic acid, and jasmonyl-L-isoleucine, began to accumulate. The accumulation of these substances is involved in the regulation of flavone and flavonol biosynthesis (ko00944) and tyrosine metabolism (ko00350). Compared with 2Day of drought stress, 5Day of drought stress showed changes in plant metabolism. Shikonin was still accumulating, and the contents of shikonin, alkannin, and arnebin-4 were significantly higher than those under 2Day drought stress. However, it is worth noting that the accumulation in this period was much less than that in 2Day relative to CK, and the content of deoxyshikonin was lower than that in 2Day. The p-hydroxybenzoic acid content was only slightly higher than that of the 2Day drought stress treatment. These results show that deoxyshikonin was decomposed but not synthesised after 5Day drought stress. P-hydroxybenzoic acid is involved in the regulation of other drought stress responses, and its decomposition is accelerated, resulting in a slowdown in shikonin synthesis. After rehydration, the major effective components, such as shikonin and alkannin, did not change significantly, indicating that severe drought stress affected the synthesis and accumulation of major components and that the normal functional state may not be restored after rehydration (Xiong et al., 2022).

By analysing the correlation of expression trends between proteins and metabolites, regulatory proteins of biological significance related to key substances can be identified. Shikonin-related proteins include 4-coumaric acid:CoA ligase, 4-coumaric acid:CoA ligase 3, phenylalanine ammoniase, cinnamate-4-hydroxylase, isopentenyl pyrophosphate, dimethylallyl pyrophosphate isomerase, geranylhydroquinone 3’’-hydroxylase, and others. These proteins are involved in regulating shikoninoid synthesis and accumulation. In the CK vs. 2Day comparison group, the expressions of the key proteins in the synthesis pathway, 4-coumaric acid:CoA ligase, 4-coumaric acid:CoA ligase 3, phenylalanine ammoniase, cinnamate-4-hydroxylase, dimethylallyl pyrophosphate isomerase, and geranylhydroquinone 3’’-hydroxylase were significantly upregulated (Figure 12), consistent with the expressions of shikonin, deoxyshikonin and 4-hydroxybenzoic acid, indicating that the 2Day drought stress promoted the synthesis of key enzymes and led to the accumulation of bioactive substances such as shikonin. In the 2Day vs. 5Day group comparison, there was still significant accumulation of shikonin, but the extent of accumulation was much smaller than that in the CK vs. 2Day group comparison. The expression of deoxyshikonin decreased, and the expression of 4-hydroxybenzoic acid was slightly higher in 5Day drought than in 2Day drought. Simultaneously, the expression of shikonin synthases was downregulated. It is speculated that shikonin biosynthesis was no longer the main internal activity during 5Day drought but tended to resist drought stress (Supplementary Figures S7C, D). Simultaneously, the results of quantitative real-time PCR validation (qRT-PCR) and parallel reaction monitoring protein verification (PRM) quantitative detection also verified that the trend of related mRNA and protein expression was consistent with the results of 4D-lablefree data, which confirmed our view (Supplementary Figures S8, S9).




Figure 12 | Content of shikonin-related enzymes in each group.






3.10 Drought stress promotes the synthesis and accumulation of phenolic acids

Phenolic acids also show different accumulation patterns under drought conditions. After 2 days of drought stress, the levels of 4-hydroxybenzoic acid, salidroside, 3-O-p-coumaryl shikimic acid, 4-cafeoyl shikimic acid, protocatechualdehyde, and trans-5-O-p-coumaryl shikimic acid increased significantly. Danshensu, 2-O-caffeoyl malic acid, coniferol, and other substances accumulated after 5 days of drought stress. The synthesis of protocatechualdehyde and danshensu as active components under drought stress conditions warrants further study. The proteins associated with protocatechualdehyde, including KAG9158682.1 and KAG9148015.1, showed the same upregulated expression trend and were also involved in the biosynthesis of shikonin. ACC oxidase 1 and LEDI-5c proteins were negatively correlated with Danshensu content. Protocatechualdehyde and Danshensu are the important active components of Salvia miltiorrhiza. Moderate drought stress can stimulate the activity of phenolic acid component synthetase in S. Miltiorrhiza, initiate the phenolic acid metabolic system, and promote the accumulation of protocatechualdehyde and danshensu (Zhou et al., 2022). The same components in different species induced the same enzymes and genes and may have the same expression trend under the same external stress.

The network relationships of shikonin and phenolic acids with related proteins are shown in Figure 13.




Figure 13 | Correlation between shikonins, phenolic acids, and proteins.



Analysis of the differential expression metabolites (DEMs) during 5Day drought stress revealed that the contents of alkaloids, flavonoids, organic acids, amino acids, and their derivatives increased significantly, suggesting that the plants activated and enhanced their resistance mechanisms and regulated their drought-resistant metabolic pathways to produce protective substances while maintaining normal life activities in response to severe drought stress. Therefore, the synthesis of shikonin is limited (Khandaker et al., 2022).

In response to this prediction, it was found that the protein KAG9142734.1 is a key enzyme in the synthesis of plastoquinol-9 and phenols such as (alpha-tocopherol) alpha-tocotrienol, was significantly upregulated in another branch of the synthetic pathway. Tocopherol content is positively correlated with the response of plants to drought stress. Under stress conditions, the expression of genes inducing tocopherol synthesis pathway can enhance the accumulation of tocopherol, and the increase in α-tocopherol content can reduce the level of lipid peroxidation and enhance the tolerance of plants to drought stress (Guan et al., 2016). In addition, 4-hydroxybenzoic acid is the key point of pathway branching, and its accumulation of 4-hydroxybenzoic acid regulates the negative feedback of the pathway ko00400 (phenylalanine, tyrosine, and tryptophan biosynthesis). The results showed that the expression of l-phenylalanine in the ko00400 pathway was significantly upregulated, and the enzyme KAG9155995.1 that catalysed its synthesis was also significantly increased. L-phenylalanine is a key substance in tropane, piperidine, pyridine alkaloid biosynthesis (ko00960), isoquinoline alkaloid biosynthesis (ko00950), indole alkaloid biosynthesis (ko00901), anthocyanin biosynthesis (ko00942), and other pathways. In the phenylpropane biosynthetic pathway, the content of coniferol, which can be polymerised into the natural polymer guaiac lignin, increases significantly. Lignin filling the cellulose network structure of the cell wall of land plants not only provides cell wall rigidity but also enhances the ability of plant cells and tissues to withstand other stresses. The aromatic properties determine the hydrophobicity of the cell wall, which is conducive to reducing water loss and maintaining normal expansion pressure under drought stress (Yan et al., 2021). In the anthocyanin biosynthesis pathway, the content of cyanidin 3-rutinoside chloride is significantly increased, and anthocyanins accumulate in plants during drought, low temperatures, and other stresses because anthocyanins can help plants adapt to stresses by reducing cell osmotic potential and freezing point (Muscarà et al., 2019). Therefore, anti-stress substances are highly active during the late period of drought stress, thereby maintaining metabolic processes.




3.11 Exploration of metabolic processes based on modular analysis

To further explore the associations between proteins and metabolites under drought stress, as well as potential regulatory factors, we performed weighted gene co-expression network analysis (WPCNA), which measures changes in protein expression in different treatment groups (Figure 14). Proteins with similar expression levels may be functionally related and clustered into one module. In this study, all proteins that met the criteria (proteins with low expression and no difference in expression between groups were screened) were defined into a total of 15 modules, which were represented by 15 colours. For example, proteins in the black module were significantly expressed in the 2Day drought stress group, mainly phenylalanine ammonia lyase, 4-coumarate:CoA ligase 3, cinnamic acid 4-hydroxylase, and other proteins associated with shikonin synthesis. It is worth noting that the content of BAHD acyltransferase increased, which is an essential enzyme for the synthesis of acylation modifications of plant secondary metabolites, especially in the conversion of the shikonin derivative acetylshikonin. Specific BAHD acyltransferases recognise acetyl-CoA, isobutylkylase A, and isoglutarate CoA as acyl donors to produce the corresponding shikolin derivatives (Oshikiri et al., 2020). The kWithin (connectivity of proteins within modules) values of these related enzymes were all in the top rank, and they were the core proteins in the black module. Their expression levels increased, which was consistent with the increasing trend of shikonin content in the metabolic data. The ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit is the core protein in the green module which significantly accumulated in the 5Day drought stress group. Theoretically, under severe drought stress for 5 days, the activity of the ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit should be weakened because of the reduced electron transfer efficiency of photosynthesis (Zhang et al., 2023), but the results were the opposite. It has been speculated that the interior of plants responds positively to severe drought stress. In addition, the content of carboxylase of ribulose diphosphate/oxygenase activator also increased, and their strongly related metabolites, L-phenylalanine and coniferol, are important stress-resistant substances (Chen et al., 2020; Qin et al., 2022), their contents were the highest under 5Day drought stress and jointly regulate the influence of drought.




Figure 14 | Main functional modules in the samples. The note on the left indicates the important proteins and related metabolites in each module and is distinguished by circles of different colours.



In the blue module, proteins, including zeta-carotene desaturase, alpha-tubulin, delta-6-desaturase, and farnesyl diphosphate synthase 2, were highly expressed in the CK group. These proteins are involved in carotenoid biosynthesis, chloroplast biocomposition, microtubule-based processes, and lipid metabolism. Under normal water supply, plants have these normal functions; however, under drought stress, the expression of related proteins is inhibited, especially in the 5Day drought stress group.

The proteins in the purple module showed high expression in the drought stress groups (2Day and 5Day) and strong inhibition of expression in the CK and Rehydration groups. They are involved in the biosynthesis of secondary metabolites, flavonoids, amino sugars, nucleotide sugars and other metabolic pathways. The results showed that the normal environment was suitable for plant growth and development. In contrast, under environmental stress, plants accumulate secondary substances, including flavonoids and alkaloids (Naliwajski et al., 2022).

The expression of some proteins decreased with the deepening of drought and was concentrated in the red module. Two of these proteins, namely aminocyclopropane-1-carboxylate oxidase 1 (ACO1) and geranyl diphosphate synthase (GPPS), deserve attention. Both genes were downregulated under drought stress and the degree of downregulation was proportional to the degree of drought stress. ACO1 regulates ethylene synthesis in plants under abiotic stresses, such as salt stress. Ethylene signalling plays an important role in plant growth and development. ACO1 catalysed aminocyclopropane-1-carboxylate (ACC) conversion to ethylene via negative regulation (Chen et al., 2014). The results showed that drought stress inhibited the expression of ACO1, promoted ethylene production, and improved drought tolerance. GPPS are key enzymes in the synthesis of shikonin derivatives and are responsible for providing substrates for alkenyl transferases (Ueoka et al., 2020). Unlike other regulatory proteins involved in shikonin synthesis, GPPS catalyses geranyl diphosphate (GPP) synthesis through negative regulation under drought stress. Thus, the regulation of enzymes involved in shikonin synthesis under drought stress was analysed (Figure 10).

These results indicate that additional metabolic regulation strategies under drought stress can be explored using modular analysis.





4 Discussion



4.1 A. guttata quality is closely related to climate

BIO18 was the largest contributor among climate factors to the national distribution of A. guttata, and precipitation from May to September was closely related to the suitability distribution of A. guttata. Flowering and fruiting periods of A. guttata occur from June to September, and precipitation during the warmest season has a significant effect on its growth and metabolism. After resource investigation, we found that the abundance of A. guttata in Xinjiang was low, and the corresponding climatic phenomena were characterised by low precipitation. It has been speculated that the growth and development of A. guttata are limited by a lack of rainfall, drought, and poor habitat. In Inner Mongolia, precipitation during the warmest season in Bayanbaolig Town, Wulat Back Banner, was in the middle of all sample points, and A. guttata was the most abundant. There was a correlation of precipitation and sample distribution, and the area with moderate rainfall was more suitable for the growth of A. guttata. Using multi-omics, phylogenetic analysis, and laboratory verification, a major scientific matter was solved: what is the relationship between soil drought and quality formation owing to rainfall differences. For example, ginsenosides are the active ingredients in Panax ginseng, and their content affects the quality of the derived medicinal materials. Previous studies have shown that the soil moisture content affects ginsenoside synthesis and accumulation. Moderate drought can increase ginsenoside content, but long-term drought can inhibit the growth of roots (Lei et al., 2023). Codonopsis pilosula is mainly distributed in arid and semi-arid areas in northwest China. Studies on drought stress and synthesis of medicinal components showed that moderate drought was conducive to the accumulation of polysaccharides and codonopsis acetylene glycosides in the above ground and roots of C. pilosula. Severe drought promotes the biosynthesis of lipid III in atractyla, indicating that drought stress has a significant effect on the accumulation of metabolites of C. pilosula (Sun et al., 2022). In addition, it was found that under mild drought stress, a large number of flavonoids accumulated significantly in Sophora alopecuroides, but under moderate drought stress, the flavonoid abundance decreased, the expressions of related flavonoid biosynthesis genes IF7GT and IF7MAT were downregulated, and the lipid abundance increased (Huang et al., 2023). These studies have shown that drought significantly affects the accumulation of active ingredients in medicinal materials. In this study, the shikonin content in the samples from Daban City of Urumqi and Bayanbaolige Town of Urat Houqi of Bayannur City was the highest; however, the degree of drought in the two regions was different. The precipitation in the warmest season in Daban City of Urumqi was low, the precipitation in Bayanbaolig town in Urat Houqi of Bayannur City had a median value, shikonin content in the samples of Baijigou Street in Dawukou District of Ishuishan City was the lowest, and the precipitation in the warmest season was also the highest. It can be seen from the analysis of this rule that under drought stress, the accumulation of shikonin substances in A. guttata increased significantly, and the content of active substances under severe drought stress was high, but there was no significant difference when compared to that under moderate drought stress. In contrast, because of its low water content, plant growth was inhibited, which was not conducive to its survival and affected its yield. When plants suffer from a severe water deficit, metabolite synthesis gradually transforms into primary metabolism to maintain normal physiological activities (Tiedge et al., 2022). Therefore, moderate drought stress is conducive to increasing the quality of A. guttata.




4.2 Metabolic diversity reveals the environmental adaptability of A. guttata

The metabolic richness improved the adaptability of A. guttata to a drought environment. With interactions with climate, the regulatory relationship between gene proteins and material metabolism has changed significantly, resulting in more tolerant life strategies. Shikonin is the main active ingredient in A. guttata. Moderate drought stress is beneficial to the regulation of proteins 4-coumarate-coenzyme A ligase, cinnamic acid 4-hydroxylase, phenylalanine ammonia lyase, 4-coumarate-coenzyme A ligase 3, cinnamic acid-4-hydroxylase, dimethyl allyl pyrophosphate isomerase, hydroquinone-3”-hydroxylase, and others, and increases the accumulation of 4-hydroxybenzoic acid, deoxyshikonin, and shikonin. Severe drought stress inhibits the normal growth and development of A. guttata, which is not conducive to the continuous synthesis of medicinal components and affects their medicinal functions. Phenolic acids, including protocatechualdehyde and danshensu, and its related proteins KAG9158682.1, KAG9148015.1, ACC oxidase 1, and LEDI-5c, regulate substance accumulation through different regulatory modes. KAG9158682.1 and KAG9148015.1 also regulate shikonin biosynthesis. The drought resistance of plants is reflected not only in the degree of drought resistance but also in their ability to recover normal growth after rehydration (Han et al., 2022), indicating the A. guttata has some drought resistance. During drought, the antioxidant enzyme system plays a role in scavenging ROS and improving A. guttata to cope with drought stress. When seedlings are subjected to drought stress, many free radicals and hydrogen peroxide are produced in the cells, and lipid peroxidation of the cell membranes intensifies, damaging the cell membrane system (Nadeem et al., 2021). Under these circumstances, the activities of enzymes, including CAT, POD, and SOD, increase, helping remove internal toxic substances. ROS within plants are in a state of dynamic equilibrium. Zhuang et al. (2021) showed that, under certain abiotic stress conditions, certain genes can regulate the balance of reactive oxygen species in plants by affecting the rate of H2O2 production in chloroplasts. Therefore, it is highly likely that fluctuations in the levels of reactive oxygen species within plants can lead to corresponding fluctuations in the levels of endogenous antioxidant enzymes. For instance, Jian et al. (2021) found that in tomatoes subjected to simulated drought stress, the activities of SOD and POD peaked at 24 h and then declined by 72 h. SOD can convert excess oxygen free radicals into H2O2. POD and CAT can convert H2O2 into O2, and the three enzymes protect each other and play a synergistic role (Khaleghi et al., 2019). ABA regulates plant responses to drought stress by inducing enzymes and genes related to cellular dehydration tolerance (Vonapartis et al., 2022). ABA is a stress hormone that helps plants adapt to external environmental stress and improves their drought tolerance (Perin et al., 2019). Chlorophyll is the primary component of plant photosynthesis. Drought stress restricts the metabolism and physiological processes of plants, inhibits chlorophyll synthesis, accelerates the decomposition rate, and reduces chlorophyll content (Demirkol, 2021). However, the results of these experiments showed that the chlorophyll content increased significantly under drought stress and reached its peak after the 2Day drought stress. An increase in chlorophyll content can improve a plant’s adaptability to drought stress. Under moderate drought conditions, the synthesis rate of chlorophyll was higher than the decomposition rate, the photosynthetic capacity was strengthened, and the synthesised assimilated organic matter was preferentially assigned to the root position. It increased the mass of root dry matter, thereby increasing the amounts of metabolites. However, 5Day drought stress was severe in the seedlings. At this time, the chloroplast membrane structure is destroyed, which directly leads to a reduction in chlorophyll synthesis and photosynthesis and inhibits the overall growth and development of A. guttata (Cao et al., 2021; Zhu et al., 2021). Pro is a free osmotic regulatory substance. Cells reduce their intracellular osmotic potential by accumulating osmotic regulatory substances to ensure normal intracellular turgor pressure and water absorption capacity to adapt to drought (Huang et al., 2022). The effective regulation of Pro content indicated that A. guttata has a strong ability to resist dehydration and drought stress. Drought stress increases membrane lipid peroxidation and the accumulation of MDA. The degree of response of MDA plants to stress is also defined as the degree of damage caused by the stress. When plants are subjected to drought stress, the content of MDA generally shows a steady increase. In short, plants with a small increase in MDA content are more tolerant to drought, whereas those with a large increase in MDA content are less tolerant to drought (Wang Y. et al., 2022). The changes in ABA, MDA, Pro and chlorophyll contents indicate that it can self-regulate a certain degree of drought. Ribulose diphosphate carboxylase/oxygenase-activating enzymes are involved in the synthesis of flavonoids and alkaloids, which play important regulatory roles under severe drought stress.

4-Coumarate-CoA ligase is a terminal enzyme in the downstream branch of the phenylpropane metabolic pathway (Tian et al., 2017). Phenylalanine ammonia lyase is the starting enzyme of the PP pathway, which may be involved in the synthesis of shikonin (Wang X. et al., 2022), cinnamic acid-4-hydroxylase, dimethylallyl pyrophosphate isomerase, and hydroquinone-3”-hydroxylase are key regulatory enzymes involved in shikonin synthesis. The phenylpropane metabolic pathway, which provides p-hydroxybenzoic acid necessary for shikonin synthesis, is a key pathway in shikonin biosynthesis. At the gene level, 4-coumarate:CoA ligase mRNA, 4-coumarate:CoA ligase 3 mRNA, ribulose bisphosphate carboxylase/oxygenase activase (RCA) mRNA, N-carbamoylputrescine amidase (LOC115678090) mRNA, and other protein-coding genes showed significant positive regulatory correlations with key proteins. The gene sequences of 4-coumaric-CoA ligase, 4-hydroxylase of cinnamic acid, and phenylalanine ammonlyase have been identified and cloned from Lithospermum erythrorhizon (Yazaki et al., 1995; Yazaki et al., 1997). In terms of stress resistance, flavonoids, alkaloids, organic acids, sucrose, amino acids and their derivatives accumulated significantly, and related proteins, including ribulose diphosphate carboxylase/oxygenase activase, were actively expressed during drought regulation. The accumulation of flavonoids and other substances can improve the antioxidant capacity of plants to respond to drought stress and, at the same time, the increase of amino acids, sucrose and other contents help plants resist the damage caused by drought stress (Li et al., 2020). There were different evolutionary relationships among the differentially functional genes in samples from the three locations. Cluster-164174.141068 and Defensin SD2 (Cluster-164174.160237), transaldolase-like (Cluster-164174.177972) and cytochrome P450 monooxygenase psoD-like (Cluster-225483.5), B2 protein-like (Cluster-164174.158171) and albumin-1 (Cluster-164174.106959), ERF transcription factor (Cluster-164174.124558) and transcription factor bHLH148-like (Cluster-164174.117707), and other differential genes have close relatives or homologous genes. ACC oxidase 1,4-coumarate:CoA ligase (Cluster-164174.168700) and cytochrome P450 monooxygenase psoD-like were key functional genes, which regulate the synthesis of shikonins and phenolic acids. The ERF and bHLH families are closely related to the development of transcription factors and play important roles in drought resistance. Owing to the external climate, their expression differs among samples from different production areas. Phylogeny revealed the genetic evolution of the differential functional genes in the samples from the three locations and found functional genes that were homologous or closely related, which could be used as target genes to trace more functional genes and expand the functional gene dataset. Simultaneously, their expression in different samples was analysed to explore the correlation between differential gene expression and climate in different samples. In the future, gene sequences may be modified using genetic technology to optimise provenance and improve drought tolerance and effective component accumulation in A. guttata.




4.3 Drought stress and future development of suitable areas for A. guttata

In the next 40 years, suitable areas for A. guttata will be distributed in the eastern part of Inner Mongolia, and the degree of drought in the eastern part of Inner Mongolia will be moderate. The results of this study indicate that the natural distribution of A. guttata was closely related to the degree of drought. Among the collections from three cultivation areas, the distribution of A. guttata in Xinjiang was the lowest, and the densest area was approximately 200 plants/km2. During the warmest season in Xinjiang, precipitation is low, the degree of drought is strong, and environmental conditions are harsh. Although the total content of the effective components of the samples was slightly higher in some areas, there was no significant difference. In addition, living conditions limited growth and development, resulting in low yields and uneven quality. In Inner Mongolia, the distribution is the densest (approximately 1000 plants/km2), and the total content of effective components and the yield are high. Eastern Inner Mongolia is the main distribution area of A. guttata. Suitable drought conditions not only affect growth but also promote the accumulation of effective components. Under future conditions of a stable climate, Eastern Inner Mongolia will become the main growth area, which provides a reference for future artificial cultivation.
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Background

Grass-legume mixture can effectively improve productivity and stimulate overyielding in artificial grasslands, but may be N-limited in semi-arid regions. This study investigated the effects of N addition on chlorophyll fluorescence and production in the grass-legume mixtures community.





Methods

An N addition experiment was conducted in the Bothriochloa ischaemum and Lespedeza davurica mixture community, with seven mixture ratios (B0L10, B2L8, B4L6, B5L5, B6L4, B8L2, and B10L0) according to the sowing abundance of B.ischaemum and L.davurica and four N addition levels, N0, N25, N50, and N75 (0,25,50,75kgNhm-2 a-1), respectively. We analyzed the response of chlorophyll fluorescence parameters of the two species, the rapid light-response curves of chlorophyll fluorescence, as well as aboveground biomass (AGB) and overyielding.





Results

Our results showed that the two species showed different photosynthetic strategies, with L.davurica having significantly higher initial fluorescence (Fo), effective photochemical quantum yield of PSII (ΦPSII), and coefficient of photochemical fluorescence quenching (qP) than B. ischaemum, consisting with results of rapid light-response curves. N addition and mixture ratio both had significant effects on chlorophyll fluorescence and AGB (p<0.001). The ΦPSII and qP of L.davurica were significantly lowest in B5L5 and B6L4 under N addition, and the effect of N varied with mixture ratio. The photosynthetic efficiency of B. ischaemum was higher in mixture than in monoculture (B10L0), and ΦPSII was significantly higher in N50 than in N25 and N50 at mixture communities except at B5L5. The community AGB was significantly higher in mixture communities than in two monocultures and highest at B6L4. In the same mixture ratio, the AGB was highest under the N50. The overyielding effects were significantly highest under the N75 and B6L4 treatments, mainly attributed to L.davurica. The partial least squares path models demonstrated that adding N increased soil nutrient content, and complementary utilization by B.ischaemum and L.davurica increased the photosynthetic efficiency. However, as the different photosynthetic strategies of these two species, the effect on AGB was offset, and the mixture ratio’s effects were larger than N. Our results proposed the B6L4 and N50 treatments were the optimal combination, with the highest AGB and overyielding, moderate grass-legume ratio, optimal community structure, and forage values.
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1 Introduction

Mixing species with complementary functional traits in time and/or space is a widely adopted planting pattern for artificial grassland (Schipanski and Drinkwater, 2012). Mixture sowing can increase resource use efficiency and complementarity, thereby enhancing biomass and ecosystem function (De Long et al., 2019). The grass-legume mixtures is a widely used model for obtaining high yields and forage value, also improve grassland diversity and stability (Yan et al., 2022). It is well known that legumes have rhizobia that fixes nitrogen (N2) in the atmosphere, thus easing nitrogen competition interspecies (Schipanski and Drinkwater, 2012). Generally speaking, symbiosis with legume species can increase soil nitrogen pool, enhance nitrogen transformation rate, and reduce nutrient limitation to some extent (Wang et al., 2022). Plant relations can be positive (facilitation, N2 fixation), but inappropriate species combinations can also be negative (competitive exclusion, allelopathy) (Sanderson et al., 2004). Consequently, mixing in grassland ecosystems needs to consider the interspecific connections and species’ adaptations to their environments. The Bothriochloa ischaemum is a C4 perennial herbaceous plant, with excellent characteristics, such as strong tillering power, drought resistance, trampling resistance, strong soil and water retention, etc. The Lespedeza davurica is a C3 leguminous plant, with strong adaptability and wide distribution, and an excellent native forage grasses that livestock prefer. For a long time, B. ischaemum and L. davurica have had a good symbiotic relationship in temperate typical grasslands, which have considerable conservational and agricultural values. In the field experiment of B. ischaemum and L. davurica mixture, B. ischaemum had higher photosynthesis and leaf water use efficiency than L. davurica at B8D2 and B6D4 ratios (Wang et al., 2012). Previous pot experiment studies suggest that the 8:4 ratio of B. ischaemum and L. davurica mixture had significantly greater relative yield totals, transpiration water use efficiency, and biomass production under deficit water conditions (Xu et al., 2011). Furthermore, the N and P capture and absorption of B. ischaemum were greatly improved by both fertilization and the mixture proportions (Xu et al., 2016). This distinct evidence suggests that the optimal mixture ratio of artificial grasslands of B. ischaemum and L. davurica remains controversial. Studying species’ photosynthetic physiology, interspecific competition and complementarity, and nutrient utilization strategies can contribute to reasonable grassland structure, high yield, and high community stability in grass-legume mixtures, with significant ecological and practical implications (Xu et al., 2011, 2016).

The grass-legume mixtures is in the pursuit of higher productivity, and a reasonable mixture ratio is one of the effective ways to improve the utilization of light energy (Liu et al., 2016). The hypotheses of interspecies relationship, material cycle, and soil ecology can explain the overyielding effect in a mixture community (Li et al., 2014; Van der Werf et al., 2021). Li et al. (2015) found that soil total nitrogen and available nitrogen concentrations increased with legume component ratios (from 1:0 to 1:1 of grass: legume), but further decreased when the grass: legume ratio was 1:3 to 0:1 (legume monoculture). Legume introduction can serve as an alternative to nitrogen fertilization for enhancing grassland productivity (Li et al., 2015). One study in European grassland showed that the total yield of mixture cultivation exceeded that of monoculture by more than 97%, and the invasion of forbs weakened the production of legumes with the extension of time (Finn et al., 2013). Yan et al. analyzed the relationship between grass-legume mixtures and forage production through bacterial community and pointed out that the rhizosphere bacterial community played a critical role in enhancing plant growth (Yan et al., 2022). However, although nitrogen (N) addition in mixture community did not significantly affect soil nutrients and microbial biomass, the production of mixture communities was higher than that of monocropping communities (Dhakal and Anowarul Islam, 2018). The mixture had higher net photosynthesis, water use efficiency, and leaf nitrogen content, lower carbon-to-nitrogen ratios, and absorbed light that was used more for photosynthetic electron transfer and heat dissipation (Liu et al., 2016). When the responses of species to the environment are not perfectly positively correlated, declines in some populations are compensated by increases in others, thus diminishing the variability of ecosystem production (Hector et al., 2010). Inevitably, there exists intensive competition or synergistic interaction among species, and the differences in photosynthetic traits of species affect the photosynthetic capacity of the community, and ultimately the production of the community (Schreiber et al., 1995; Finn et al., 2013).

The advantage of the grass-legume mixture lies in the complementary utilization of nutrients and light resources between the two species. Light is the key factor in synthesizing organic matter. Chlorophyll fluorescence parameters and rapid light-response curves reflect the light energy conversion efficiency, electron transfer rate, energy dissipation rate, and light response characteristics of plant photosystem II (Schreiber et al., 1995; White and Critchley, 1999; Baker and Rosenqvist, 2004). Therefore, chlorophyll fluorescence is more sensitive in detecting plant adaptations in response to environmental changes and understanding the photosynthetic strategies of different species (Frankenberg and Berry, 2017). Over the past century, the effects of drought stress (Zhao et al., 2019), nutrient addition (Lin et al., 2013; Yue et al., 2023), and shading (Hallik et al., 2012) on chlorophyll fluorescence have been a research hotspot, and the differential responses in different studies are closely linked to the genetic characteristics of species, habitat characteristics (Sharma et al., 2020). Frankow-Lindberg et al, confirmed that legumes were able to transfer 17.08 kg N ha-1 to non-legumes in the community, indirectly promoting photosynthesis in other species (Frankow-Lindberg and Dahlin, 2013). Current studies mainly focus on the influences of habitats or environmental stress, still lacking an understanding of how interspecific symbiotic or competitive relationships affect species’ chlorophyll fluorescence in the mixture community.

Soil nitrogen content in semi-arid grasslands is relatively low due to external factors such as soil erosion and intensified anthropogenic activities, which limits plant growth on the Loess Plateau (Jiao et al., 2011). N addition is an effective way to boost production and improve community structure, mainly by increasing the nitrogen content of leaves, chlorophyll content photosynthetic enzyme activity, etc. to enhance the efficiency of plant photosynthesis (Chen et al., 2020a). Lin et al. demonstrated that N application increased the maximum photochemical efficiency (Fv/Fm), effective photochemical quantum yield of PSII (ΦPS II), electron transfer rate (ETR), and coefficient of photochemical fluorescence quenching (qP) of photosystem II (PSII) of naked oat (Avena nuda L.) (Lin et al., 2013). After N addition, the maximum quantum yield of photosystem II was correlated with both basic and supplemental N application of spring triticale (Janušauskaite and Feiziene, 2012). Research conducted in the semi-arid Loess Plateau revealed that N and P addition markedly boosted the activity of photosystem II (ΦPSII) of B.ischaemum and L.davurica. Additionally, the response degree was regulated by species attributes and fertilization levels (Lai et al., 2021). Ullah et al. discovered that high N supply increased photochemical efficiency (Fv/Fm) but failed to promote biomass accumulation, emphasizing the importance of nutrient level (Ullah et al., 2020). In summary, mixture affects the photosynthetic strategy of plants by changing interspecific relationships within the community, and there also exists species-specificity response of plant chlorophyll fluorescence to N addition.

We are interested in whether the combination of mixture sowing and exogenous nitrogen addition can further enhance plant photosynthetic capacity and how it will affect the productivity of the community. Based on the above background, the importance and originality of this study was to investigate the effects of N addition on the chlorophyll fluorescence parameters and production in the B.ischaemum and L.davurica mixture community. Specifically, we consider three questions: (1) Effect of mixture and N interaction on the chlorophyll fluorescence characteristics on B.ischaemum and L.davurica. (2) The effect of mixture and N interaction on community production and whether it produces an overyielding effect. (3) Associations between plant chlorophyll fluorescence and community production of B.ischaemum and L.davurica. This study aimed to investigate the physiological and ecological effects of N addition and mixture sowing on the vegetation of the Loess Plateau, and to provide a scientific basis for vegetation restoration and management on the Loess Plateau.




2 Materials and methods



2.1 Experimental site description

The study area is located in Ansai County, Shaanxi Province, with a geographic location of E109°19’23″, N36°51’30″, and an average elevation of 1100–1300 m. The annual mean temperature is 8.8°C, and the annual precipitation is 541 mm. The rainfall distribution is uneven across seasons, with 60% to 80% of the annual rainfall occurring from July to September. The climate type is transitional warm-temperate semi-arid, with vegetation type transit from warm temperate deciduous broad-leaved forest to steppe. The zonal herbaceous vegetation includes B.ischaemum, L.davurica, Artemisia sacrorum, Thymus mongolicus, Stipa grandis, Stipa bungeana, etc.




2.2 Experimental design

The experiment site is in the mountainous experimental terraced field of ‘Ansai Soil and Water Conservation Comprehensive Experimental Station of the Chinese Academy of Sciences, with 23 m long and 10 m wide (Figure 1). The grass-legume mixture experiment started in July 2009, using two typical native species, B.ischaemum and L.davurica (Wang et al., 2012). The mixture ratio was designed using the ecological substitution method, that is, the total number of sowing densities remained constant, but changed the sowing ratio of these two species. Seven combinations of mixture ratios (i.e., B0L10, B2L8, B4L6, B5L5, B6L4, B8L2, and B10L0) were set according to the sowing abundance of B.ischaemum and L.davurica. Seven main plots with the seven mixing ratios were arranged vertically for each repetition, and three repetitions were spaced apart using a 50 cm buffer. All seven mixture ratios were set by a completely randomized block design in each repetition. There were 21 main plots with seven mixing ratios in total. Each main plot was 3m×3m, and the row spacing was 20cm. No fertilization or irrigation was applied during the test period, and other forbs were removed at the right time in the middle of each month during the growing season, at last, all plants’ aboveground parts were mowed flush at the end of the reproductive period at the end of each year.




Figure 1 | Experiment site location and experimental design schematic.



In August 2018, we conducted a basic survey on the mixture experimental field and measured the soil total nitrogen, and soil total phosphorus contents. In 2019, the second stage N addition experiment started in May 2019, before the growing season. The N addition experiment was carried out in the mixture-sowing site. The main plot of seven mixture ratios was divided into four subplots (1.5 m ×1.5 m) within each 3m × 3m plot. Four N levels were applied: N0 (0 kg N hm-2 a-1, blank control), N25 (25 kg N hm-2 a-1), N50 (50 kg N hm-2 a-1), and N75 (75 kg N hm-2 a-1) (Chen et al., 2020b). Unlike the mixture treatments, N addition was distributed consistently across the same replicate, but another distribution order was used in another replicate (Figure 1). Combining the mixture ratio and N addition, there were 28 treatments in total, with three replicates for each treatment, resulting in 84 plots.




2.3 Determination of chlorophyll fluorescence parameters and rapid light-response curves

The chlorophyll fluorescence parameters were measured using PAM-2500 (Walz Company) on 11–13 August 2019 from 8:00 a.m. to 12:00 p.m. At this time, B.ischaemum was in the tassel stage and L.davurica was in the flowering stage. In each subplot, three plants of B. ischaemum and three plants of L.davurica were randomly selected, and a fully expanded mature leaf for determination. Measurements were averaged over the three plants. Leaf clamps were opened after 30 minutes of dark adaptation, and the following chlorophyll fluorescence parameters were automatically calculated by the system in the selected mode, including initial fluorescence (Fo), Maximum quantum efficiency of PSII photochemistry (Fv/Fm), effective photochemical quantum yield of PSII (ΦPSII), non-photochem-ical fluorescence quenching (NPQ), coefficient of photochemical fluorescence quenching (qP) (Baker, 2008).

Next, the rapid light-response curves of chlorophyll fluorescence were conducted to analyze the two species’ photosynthetic performance (electron transport rate, ETR) with changing photosynthetically active radiation (PAR) (Baker, 2008). ETR is the electron transport rate, which is an important indicator of the light energy conversion efficiency of photosystem II. The rapid light-response curves of chlorophyll fluorescence were measured using the multiphase pulse technique by PAM-2500. In each sample plot, fully expanded leaves of B. ischaemum and L.davurica were randomly selected, and the leaf chamber leaves were exposed to different photosynthetically active radiation (PAR) gradients [0, 60, 150, 250, 400, 600, 800, 1000, 1200 μmol/(m2s)-1]. The CO2 concentration was 400 μmol·mol-1, the temperature was controlled at 27°C, the maximum photosynthetically active photon flow density was 300 μmol·s-1, the retardation rate was 30%, the modulation frequency was 20 kHz, and the averaging filter frequency was 50 Hz.




2.4 Community survey and biomass measure

Community surveys were conducted in August 2019, during the peak plant growth period. A 1m×1m standard sample plot was placed directly in the middle of each plot and all species in the sample plot were surveyed. Three plants of each species were randomly selected and their natural upright height was measured. Vegetation cover was determined by visual estimation. After the survey, the aboveground parts of all species in the sample square were harvested for both species subsequently, divided into species bagged, and brought back to the laboratory where they were placed in a 75°C oven for 48h and weighed to obtain the aboveground biomass (AGB) of the community. In the following text, the AGB means total above-ground biomass of the community, while the biomass of B.ischaemum and L.davurica is expressed by “biomass of B.ischaemum and L.davurica”.

The transgressive overyielding is a phenomenon in which the production of a mixture community is higher than the sum of the monoculture yield of each species within that mixture (Van der Werf et al., 2021). This is quantified using the relative yield total (RYT), which represents the ratio of the actual production of a species in the mixture community to its predicted production in its monoculture (Nyfeler et al., 2009). Specifically: If RYT is greater than 1, it indicates that there is an overyielding effect; if RYT is equal to 1, it indicates no overyielding effect; if RYT is less than 1, it means that there is a yield reduction effect.

The RYT is defined as:

	

	

	

Here, RYB is the relative production of B.ischaemum in the mixture community, MBactual is the actual production in the mixture community, MBpredict is the predicted production in the monoculture, and i is the mixture ratio of B.ischaemum. Similarly, RYL is the relative production of L.davurica in the mixture community, MBactual is the actual production in the mixture community, MBpredict is the predicted production in the monoculture, and j is the mixture ratio of L.davurica.




2.5 Determination of plant and soil nitrogen and phosphorus content

After drying and weighing, the aboveground parts of the plants were ground by a pulverize. After the community survey, three soil samples were randomly collected at 0–30 cm depth using a 2 cm soil auger in each plot. Soil samples were divided into two parts, one was used for soil moisture content (SMC) measurement, and the other part was allowed to air dry naturally. Air-dried soils were ground through a 0.25 mm sieve to determine soil total nitrogen (STN), and soil total phosphorus (STP) contents. To differentiate from the soil nutrient content in 2019, background values for 2018 were expressed using STN2018 and STP2018. The nitrogen content of B.ischaemum (NBi), L.davurica (NLd), and soil total nitrogen (STN) was determined by Kjeldahl nitrogen determination. The phosphorus content of B.ischaemum (PBi), L.davurica (PLd), and soil total nitrogen (STP) was determined by the molybdenum blue colorimetric method.




2.6 Data and statistical analyses

Before the analysis of variance (ANOVA), the Shapiro–Wilk test was used to assess normality and an F-test to assess the homogeneity of variance. A one-way analysis of variance (ANOVA) was used to compare the significant differences in fluorescence parameters (Fo, Fv/Fm, ΦPSII, NPQ, qP) and plant nutrient content (nitrogen and phosphorus) between B.ischaemum and L.davurica under the same treatment (same mixture and same N level) (p< 0.05). Next, two-way ANOVA was used to analyze the significant differences between the treatments (mixture and N addition) in fluorescence parameters (Fo, Fv/Fm, ΦPSII, NPQ, qP), plant nutrient content (nitrogen and phosphorus), soil nutrient content (nitrogen and phosphorus), aboveground biomass, and overyielding (RYB, RYL, RYT) (p< 0.05). Furthermore, to examine the effects of the pre-test soil characteristics, the soil total nitrogen (STN2018) and soil total phosphorus (STP2018) in 2018 were included as covariates in the two-way ANOVA. Since they were not measured at the same time, we did not consider the interaction of the covariates with mixture and nitrogen addition. All statistical analyses were performed with SPSS 22.0 (SPSS Inc., Chicago, IL, USA). After ANOVA, the Turkey method was used for multiple comparisons of between-group differences.

The partial least squares path models (PLS-PM) provide a framework to test multivariate hypotheses that the complex relationship among mixture ratio, N addition, soil nutrients, plant nutrients, chlorophyll fluorescence, and community production (Hu et al., 2021). According to previous studies, exogenous N addition and mixture ratio both have direct effects on soil nutrients, and plant nutrients (Schipanski and Drinkwater, 2012; Chen et al., 2020b; Li et al., 2015; Xu et al., 2016). Furthermore, plant nutrients affect community AGB by directly influencing species’ fluorescence parameters (Hallik et al., 2012; Yue et al., 2023). Moreover, the soil background nutrients might have effects on the community (Janušauskaite and Feiziene, 2012). The mixture ratio was characterized as an exogenous latent variable, reflected by two observed variables, that was the mixture ratio of B.ischaemum and L.davurica. The ‘soil conditions’ is an endogenous latent variable, characterized by soil moisture content, soil total nitrogen, and total phosphorus; The ‘plant nutrient’ is also an endogenous latent variable, which is directly affected by the plant N content, P content, N:P ratio of B.ischaemum and L.davurica, respective. Among the fluorescence parameters, the pathway coefficients of Fv/Fm, ΦPSII of B.ischaemum were not taken into account because of its too low effect affecting the overall fitting accuracy of the model. Similarly, the Fv/Fm and NPQ of L.davurica were not considered in the path. Correlation significant test at p< 0.05 level. Evaluate the overall predictive performance of the model using goodness-of-fit metrics, and the PLS- PM analyses were done with the ‘plspm’ package in R 4.3.2.





3 Results



3.1 Response of chlorophyll fluorescence parameters to N addition in B.ischaemum and L.davurica mixture community

One-way ANOVA results showed that there was a significant difference in Fo, PSII, NPQ, and qP between B.ischaemum and L.davurica in the same community (p<0.05). The Fo, ΦPSII, and qP of L.davurica were significantly higher than those of B.ischaemum, but there was no significant difference in FV/Fm, while the NPQ of B.ischaemum was significantly higher than that of L.davurica (Figures 2, 3).




Figure 2 | Response of chlorophyll fluorescence of Bothriochloa ischaemum and Lespedeza davurica to mixture ratios and nitrogen additions. (A) Fo of B.ischaemum; (B) Fo of L.davurica; (C) Fv/Fm of B.ischaemum; (D) Fv/Fm of L.davurica; (E) FPSII of B.ischaemum; (F) FPSII of L.davurica. The asterisk * indicate significant differences between B.ischaemum and L.davurica in same treatment at p< 0.05. Different capital letters indicate significant differences among the mixture ratio in the same N addition levels at p< 0.05; Different lowercase letters indicate significant differences among the N addition levels in the same mixture ratio at p< 0.05.






Figure 3 | Response of non-photochem-ical fluorescence quenching (NPQ), coefficient of photochemical fluorescence quenching (qP) of B.ischaemum and L.davurica to mixture ratios and nitrogen additions. (A) NPQ of B.ischaemum; (B) NPQ of L.davurica; (C) qP of B.ischaemum; (D) qP of L.davurica. The asterisk * indicate significant differences between B.ischaemum and L.davurica in same treatment at p< 0.05. Different capital letters indicate significant differences among the mixture ratio in the same N addition levels at p< 0.05;Different lowercase letters indicate significant differences among the N addition levels in the same mixture ratio at p< 0.05.



The results of the two-way analysis (ANOVA) showed that STN2018 had significant effects on Fo of B.ischaemum, and ΦPSII of L.davurica; STP2018 had significant effects on Fo of B.ischaemum, and NPQ of L.davurica (Supplementary Table S1). However, these effects were relatively smaller than mixture alone, N addition alone, and mixture × N interaction, which all have significant effects on Fv/Fm, ΦPSII, NPQ, and qP of B.ischaemum (Figure 2, p<0.05). The Fo and ΦPSII of B.ischaemum were significantly higher in the mixture communities than in its monoculture under all N treatments (Figures 2A, C, p<0.05). N addition significantly increased Fo of B.ischaemum in the mixture communities but decreased the ΦPSII (Figure 2E). NPQ significantly decreased with the mixture ratio from 0:10 to 10:0 (grass-legume), while there was no significant difference in Fv/Fm and qP. Under N50 treatment, the PSII and qP of B.ischaemum were significantly higher than those of N20 and N75, without relation to the mixture ratio. In the monoculture community of B.ischaemum, the N25 treatment significantly reduced the Fo, FV, ΦPSII, NPQ, and qP, but the N50 treatment significantly increased fluorescence.

For L.davurica, the mixture ratio and N interaction all have a significant impact on Fv/Fm, ΦPSII, NPQ, and qP, except for Fo. Specifically, the Fv/Fm, ΦPSII, and qP were significantly lower under B5L5 and B6L4 treatment than those under monoculture (B0L10). Under the monoculture of L.davurica, N addition did not affect Fo and ΦPSII but significantly reduced the Fv/Fm and NPQ (Figures 2B, D, F). Under the mixture community, the Fo and qP gradually decreased with the grass-legume ratio and was significantly lowest at B5L5. Whereas there were no significant differences in Fv/Fm, ΦPSII NPQ. Under N0 treatment, there was no significant difference in fluorescence of L.davurica between monoculture and mixture (except for B5L5, which was significantly the lowest). The effect of N addition was affected by the mixture ratio. Under B4L6 and B5L5, N25 treatment significantly increased the Fv/Fm ΦPSII, NPQ, and qP of L.davurica.




3.2 Response of the rapid light-response curves of chlorophyll fluorescence

The rapid light-response curves of B.ischaemum and L.davurica showed significant differences under different mixture ratios and N addition treatments, indicating various light utilization and dissipation strategies (Figure 4). In the two monoculture communities (B0L10 and B10L0), the changing rate of ETR with PAR of L.davurica was significantly higher than that of B.ischaemum.




Figure 4 | The rapid light-response curves of chlorophyll fluorescence of B.ischaemum and L.davurica in different mixture ratios and nitrogen levels. (A) B0L10; (B) B10L0; (C) B2L8; (D) B8L2; (E) B4L6; (F) B6L4; (G) B5L5.



In mixture communities (except for B2L8 and B4L6), the changing rate of ETR with PAR of L.davurica was also higher than that of B.ischaemum, indicating that L.davurica had stronger adaptability to high light intensity, while B. ischaemum was relatively weaker. Compared with monoculture (B10L0 and B0L10), the mixture decreased L.davurica’s ETR. In mixture treatments, there was no significant difference in the ETR of L.davurica among different N levels. The ETR of L.davurica under N0 was higher than that of N25 and N50, and N addition had an inhibitory effect on the photosynthesis of L.davurica. The ETR of B.ischaemum increased first and then decreased as the mixture ratio of B.ischaemum increased. It was significantly highest in B6L4 and lowest in B10L0.




3.3 Effect of N addition on the biomass in B.ischaemum and L.davurica mixture community

The biomass contribution of B.ischaemum and L.davurica was highly correlated with their mixture ratio, but N addition changed the biomass contribution of species (Figure 5). The proportion of biomass of other species in the L.davurica monoculture community (B0L10) was significantly higher than that of B.ischaemum (B10L0). As the N addition levels increased, the biomass contribution of B.ischaemum and other species both increased, at the expense of a decrease in L.davurica in the L.davurica monoculture community. The biomass contribution of B.ischaemum was significantly higher than that of other species in B.ischaemum monoculture and B6L4, B8L2 mixture communities, occupying a dominant ecological niche. As the mixture ratio of B.ischaemum increased, the biomass contribution of L.davurica and other species significantly decreased. The biomass contribution of L.davurica in B6L4 significantly increased with N addition levels.




Figure 5 | The biomass contribution difference of B.ischaemum, L.davurica and other species in different mixture and N addition communities.



The AGB in the B.ischaemum monoculture was significantly higher than that of the L.davurica monoculture (Figure 6). Under the same N level, the AGB of the mixture community was significantly higher than that of the monoculture of L.davurica (B0L10). Compared with N0, the AGB increased and then decreased with N addition levels. Under N0, AGB showed a significant decrease from B0L10 to B5L5, with B6L4 being significantly the highest, then B8L2 and B10L0 showed a linear decrease. The AGB under N50 was significantly higher than that of N0, N25, and N75 in both monoculture (B10L0 and B0L10) and mixture communities. Under N25 treatment, AGB first increased and then decreased with mixture ratio, being significantly highest in B6L4. At the same N level, the AGB in B6L4, B8L2, and B10L0 treatments were significantly higher than that of B0L10, B2L8, B4L6, and B5L5. These results showed that the higher the mixture ratio of B.ischaemum, the greater the biomass contribution.




Figure 6 | Response of community aboveground biomass to mixture ratios and nitrogen additions. Different capital letters indicate significant differences among the mixture ratio in the same N addition levels at p< 0.05; Different lowercase letters indicate significant differences among the N addition levels in the same mixture ratio at p< 0.05. ***means P ≤ 0.001, ** means P ≤ 0.01, *means P ≤ 0.05.






3.4 Effect of N addition on the overyielding in B.ischaemum and L.davurica mixture community

Figure 7 showed that the RYT was greater than 1 under all mixture communities, indicating a significant overyielding effect. However, there were significant differences between different mixture ratios or N treatments. Under N0, the overyielding effects of mixture communities were attributed to B.ischaemum’s overyielding, whereas L.davurica produced yield reduction effects. The total relative yield (RYT) of mixture communities was significantly higher under N75 than that of N0, N25, and N50 treatments. N75 significantly improved the relative yield of L.davurica in mixture communities.




Figure 7 | The relative yield (RY) for B.ischaemum, for L.davurica, and relative yield total (RYT) for community in different N addition and mixture ratio treatments. Different capital letters indicate significant differences among the mixture ratio in the same N addition levels at p< 0.05; Different lowercase letters indicate significant differences among the N addition levels in the same mixture ratio at p< 0.05. ***means P ≤ 0.001, ** means P ≤ 0.01, *means P ≤ 0.05.






3.5 PLS-PM detects the relationship among mixture ratio, N addition, soil and plant nutrients, chlorophyll fluorescence parameters, and AGB

The PLS-PM analysis revealed the relationships between mixture ratio, N addition, and community biomass (Figure 8). When the STN2018 and STP2018 (covariate) were taken into account in statistical models, soil nutrients before fertilization only had a weak negative effect on SMC, STN, and STP (r=0.14). N addition had a significant direct positive effect on soil nutrients (0.47, p<0.001) but had a weak indirect effect on plant nutrients, fluorescence, and AGB (0.07, 0.03, -0.03) (Supplementary Figure S2). Mixture ratio had a direct negative effect on soil nutrients and plant nutrients (-0.51, -0.56, p<0.001), and a significant direct positive effect on AGB (0.73). The direct effects of fluorescence parameters on AGB were very slight (r=-0.05, p>0.05), whereas the direct effects of plant nutrients on AGB were stronger (r=0.47, p<0.001). The biomass contribution of B.ischaemum was positively correlated with the mixture, while the biomass contribution of L.davurica was negatively correlated, indicating that the higher the mixture ratio of B.ischaemum, the higher the community AGB. This was consistent with the results of the analysis of variance (Figure 6). Interestingly, plant nutrients had the same positive effect on both fluorescence parameters and AGB (0.47, p<0.001). The correlation between STN and soil nutrients reached 0.86, indicating that soil nutrients were mainly affected by soil N. Among plant nutrients, the NBi was significantly negatively correlated with PBi, and the NLd, and PLd, indicating that the nitrogen utilization strategy of B.ischaemum was different from that of L.davurica.




Figure 8 | Partial least squares path models (PLS-PM) for testing the effects of mixture, N addition on soil nutrient, plant nutrient, plant fluorescence and AGB. The gradual arrow widths are proportional to the strength of the path coefficient. Orange lines indicate positive impacts (p< 0.05), blue lines indicate negative impacts (p< 0.05), and dashed lines indicate path coefficients that are not significant (p > 0.05). Correlation significant test at p< 0.05 level. Reflective latent variables (ellipse) are indicated by measured variables with their respective loadings shown. ***means P ≤ 0.001, ** means P ≤ 0.01, *means P ≤ 0.05.







4 Discussion



4.1 Effects of N addition on the chlorophyll fluorescence in B.ischaemum and L.davurica mixture community

The chlorophyll fluorescence and rapid light-response curves represent plant photosystem processes such as light energy absorption, transmission, dissipation, and distribution, which play significant roles in plant biomass accumulation (Zhao et al., 2019). Chlorophyll fluorescence parameters can be easily measured and provide useful probes of photosynthetic performance in vivo and the extent to which performance is limited by photochemical and nonphotochemical processes (Baker, 2008). In this study, L.davurica had significantly higher maximum fluorescence (Fo), photochemical efficiency (ΦPSII), and photochemical quenching coefficient (qP) than B.ischaemum, indicating a more active photochemical reaction and efficient utilization of absorbed light energy. Similarly, the rapid light-response curves showed a consistent pattern, the ETR of L.davurica increased with PAR higher than that of B.ischaemum, indicating that L.davurica had stronger adaptation to high photosynthetically active radiation, and higher photosynthetic capacity and production (Liu et al., 2016). On the contrary, the non-photochemical quenching (NPQ) of B.ischaemum was higher than that of L.davurica, suggesting that B.ischaemum was able to dissipate excitation energy as heat more strongly, thus protecting photosynthesis from photoinhibition (Baker, 2008). Furthermore, the significant differences in rapid light-response curves of B.ischaemum and L.davurica indicate various light utilization and dissipation strategies of these two species. In this study, the changing rate of ETR with PAR of B. ischaemum increased and then decreased, showing a clear photoinhibition phenomenon. This phenomenon could be attributed to the different upper photochemical and non-photochemical pathways in the membranes of C3, and C4 plant-like vesicles, as well as the ecological niches of the two plants (Lin et al., 2013; Guidi et al., 2019). Studies have revealed that C4 species are more adaptable to temperature, photosynthetically active radiation, and carbon dioxide concentration, allowing for efficient photosynthesis in high temperature, high light, and low carbon dioxide environments. In contrast, photosynthesis in C3 plants is subject to suppression by high temperature, high light, and low carbon dioxide (Baker, 2008; Guidi et al., 2019). In summary, L.davurica and B.ischaemum exhibited different photosynthetic acclimatization strategies, with L.davurica having higher photosynthetic capacity and photosynthetic yield, whereas B.ischaemum having stronger photoprotective capacity and photosynthetic stability.

The differences in the photosynthetic strategies of the two species in the above results are not only because of the genetic differences between the two species, the interaction of mixture and N addition greatly also affected the photosynthetic strategies and adaptive mechanisms (Liu et al., 2016). Mixture ratio affected the photosynthetic strategies mainly by altering interspecific relationships within the community, while N addition through nutrient cycling (Nyfeler et al., 2009; Schleuss et al., 2020; Abalos et al., 2021). In this study, the rate of electron transport rate (ETR) change with photosynthetically active radiation (PAR) was significantly higher in the monoculture of L. davurica (B0L10) compared to that in the mixture community. Additionally, non-photochemical fluorescence quenching (NPQ) decreased with increasing mixture ratio, suggesting that the mixture enhanced light dissipation in L.davurica and consequently reduced its photosynthetic efficiency. The Fv/Fm and ΦPSII of L.davurica decreased and then increased with mixture ratio, and showed an inflection point at B5L5 treatment, indicating that the photosynthetic efficiency of L.davuric was affected by the ratio of grasses. When L.davuric remains dominant in a mixture community, it can maintain a high photosynthetic capacity. However, as a companion species, its photosynthesis becomes constrained due to reduced light availability (Tejera et al., 2016). This limitation may be associated with L.davurica’s high photosynthetic production but relatively low light protection capacity. Given L.davurica’s shorter stature and creeping growth habit, the shading effect from the taller B.ischaemum canopy gradually intensifies, resulting in a competitive disadvantage for L. davurica in terms of light competition (Chen et al., 2020b). All fluorescence parameters of B.ischaemum in the mixture communities were significantly higher than those in the monoculture (Figures 2, 3). When mixed with legumes, the gramineous species was able to benefit from N fixation by legumes, and N obtained in this way was much more than direct exogenous N addition (Schipanski and Drinkwater, 2012). The effect of the mixture on B.ischaemum’s ETR was higher than that of N addition and was highest in B6L4 treatment, which was not significantly different from that of L.davurica. The above results indicated that the photosynthetic efficiency of B.ischaemum reached its maximum in this specific mixture ratio, aligning with the observed pattern of ΦPSII (Xu et al., 2011). The divergent response patterns in chlorophyll fluorescence parameters between the two species across different mixture ratios reflect the dynamic interplay of coexistence and competition (Brophy et al., 2017). In summary, the mixture altered interspecific relationships, affecting light dissipation and photosynthetic efficiency.

Fertilization was the limit on photosynthetic efficiency, as evidenced by the decreasing effect of N addition on Fv/Fm and ΦPSII of L.davurica with N levels (Chen et al., 2020a). Conversely, as autotrophic nitrogen-fixing plants, high nitrogen input reduced the nitrogen and phosphorus content in the plant (Supplementary Figures S2B, D) (Xu et al., 2016). This reduction affects L.davurica’s photosynthetic carbon assimilation capacity and pigment synthesis, resulting in decreased chlorophyll content and photosynthetic rate (Wang et al., 2019). In contrast, the Fv/Fm and ΦPSII of B.ischaemum exhibit an inflection point in response to N levels, indicating a non-linear relationship. The weak effect of STN2018 and STP2018 on fluorescence parameters as well as soil nutrients after fertilization confirmed that exogenous N additions had a much stronger effect on the species than mixing ratios (Figure 8 and Supplementary Table S1). Moderate N input promotes the photosynthetic efficiency of B.ischaemum, while excessive N inhibits photosynthesis. In this study, ΦPSII and qP of B.ischaemum under N75 treatment were significantly lower than in N25, and N50 in mixture communities, which had already adversely affected the photosynthesis, consistent with the findings of (Zhao et al., 2019). Studies of the brassica juncea found the same pattern, with N supply increasing light energy conversion efficiency and potential photosynthetic reaction center activity, but excessive N failing to promote their growth (Ullah et al., 2020). In summary, B.ischaemum and L.davurica revealed varied photosynthetic physiological responses under different mixtures and N addition treatments. Mixture increased ΦPSII of B.ischaemum but decreased photosynthesis in L.davurica. N addition can improve soil fertility, but it can also cause soil acidification, thus it is vital to adequately limit the amount and frequency of N addition to avoid its detrimental influence on grassland ecosystems (Wang et al., 2022). In summary, the photosynthetic responses of B.ischaemum and L.davurica varied under different mixture ratios and nitrogen (N) addition treatments. N addition adversely affected L.davurica’s photosynthesis, likely due to reduced nitrogen and phosphorus content.




4.2 Effects of mixture ratio and N addition on community above-ground biomass and overyielding

Consistent with the expected results, the mixture ratio significantly increased AGB and stimulated the overyielding effect (Figures 6, 7) (Finn et al., 2013; Li et al., 2014; Liu et al., 2016). Without N addition, the community AGB in B2L8, B4L6, and B5L5 was significantly lower than that of L.davurica monoculture, suggesting that L.davurica contributed less to community AGB than B.ischaemum and other species. The biomass contribution of other species in B0L10, B2L8, and B4L6 was high (>50%) (Figure 4), implying that species invasion limited L.davurica’s growth and L.davurica could not maintain its dominance in the community indefinitely (Finn et al., 2013). It might be because legume species have shallow roots, low water use efficiency, short size, and relatively low resistance and adaptability (Tognetti et al., 2021). The overyielding in the B0L10, B2L8, and B4L6 treatments was mainly from B.ischaemum. The biomass contribution of B.ischaemum in the mixture communities was an important factor for the direct positive effect on overyielding (Figure 8 and Supplementary Figure S3). This effect was associated with several factors, including competitive advantages in light resource utilization, efficient nitrogen uptake, and enhanced photosynthetic stability (higher photosynthetic yield) (Atwater and Callaway, 2015; Chen et al., 2020b). Previous pot experiment studies have indicated that the 8:4 ratio of B.ischaemum and L.davurica mixture exhibited significantly greater relative yield totals and enhanced biomass production (Xu et al., 2011). Additionally, both fertilization and the mixture proportions substantially enhanced plants’ N and P content by B.ischaemum (Xu et al., 2016). Although our results differed from those of the pot experiment, these results provided evidence that the optimal ratio of grass-legume mixture should not exceed 1:1. Species identity and functional composition influenced production and stability, the production of grasses was more stable across growing seasons (Küchenmeister et al., 2012). Although the abundance of B.ischaemum had a positive effect on community AGB, a higher ratio of B.ischaemum in the mixture did not result in increased production.

The community AGB after N addition in the B8L2 mixture remained smaller than that in B6L4, and L.davurica exhibited a significant yield reduction effect (Figure 7). Non-legumes benefit more from N additions by legumes, resulting in mixed mixtures surpassing non-legume monocultures but falling short of legume monocultures (Frankow-Lindberg and Dahlin, 2013). Our findings suggested that the B.ischaemum and L.davurica mixture should prioritize grass as the dominant species and legume as the companion species. Notably, the overyielding of L.davurica was significantly increased with N levels in B6L4 treatment, accompanied by substantial enhancements in community AGB and overyielding effects. Specifically, under N50 in the B6L4 treatment, both species exhibited higher ΦPSII values and reduced heat dissipation, indicative of optimal light energy conversion efficiency. A synergistic effect between B.ischaemum and L.davurica. was evident. Furthermore, Legumes can be used as an alternative measure to nitrogen fertilizer and legumes have the greatest ecological and economic potential. Li et al. (2015) concluded that the ratio of grasses to legumes is most reasonable when the ratio of grasses to legumes is 1:1. In summary, our study highlights the importance of considering both grass and legume species in mixed grassland communities. Specifically, the B.ischaemum and L.davurica mixture should prioritize grass as the dominant species and legume as the companion species. Under N50 in the B6L4 treatment, both species demonstrated optimal light energy conversion efficiency.




4.3 Relationship between chlorophyll fluorescence and production, and overyielding effects under mixture and N addition

The overyielding effect of the mixture community varied with the level of N addition, suggesting that the production depended not only on species composition and abundance but also the external environmental factors. The chlorophyll fluorescence reflects the photosynthetic capacity, allowing rapid detection of metabolic changes in a plant’s photochemical system under environmental stress or disturbances (Schreiber et al., 1995; Baker, 2008). In the absence of N addition, L. davurica’s nitrogen-fixing capacity may be sufficient to meet N limitations (Schipanski and Drinkwater, 2012), but other species exhibit greater competitiveness for effective soil N, resulting in yield reduction across mixture ratios. Remarkably, the relative yield total (RYT) was significantly highest under N75, suggesting that N application stimulated overyielding effects in mixed communities (Nyfeler et al., 2009). In general, the mixture increased the species diversity and functional diversity of the community, and improved community stability and resilience, while N addition decreased diversity (Rajaniemi, 2002; Tejera et al., 2016). The interaction between mixture and N addition affects the competitive and complementary relationships between the two species, which in turn affects the structure and function of the community.

The results of PLS-PMs indicated that N addition significantly increased soil total nitrogen and positively affected plant nutrients (Supplementary Figure S1). The effective nitrogen input promoted the production of plant photochemical reaction enzymes and chlorophyll, and increased plant photosynthesis (Guidi et al., 2019). Complementary utilization of nutrients by B.ischaemum and L.davurica in the community significantly increased the photosynthetic efficiency, but the effect of N on community AGB was counteracted due to the difference between the two species’ photosynthetic strategies (Cui et al., 2023). This discrepancy may arise because the ΦPSII and qP of L.davurica were higher than B.ischaemum, and the photosynthetic center passively received more light energy under the mixture and N addition combined influence, resulting in damage to the photosynthetic apparatus (White and Critchley, 1999). In contrast, B.ischaemum being more stable and adapted to high light conditions, exhibited higher non-photochemical quenching (NPQ), allowing for the dissipation of excess light energy as a self-defense mechanism (Hallik et al., 2012). Consequently, both N addition and mixture can promote B.ischaemum productivity.

The overyielding effects of B.ischaemum were higher than those of L.davurica across all mixture ratios, suggesting that L.davurica’s nitrogen fixation process was not efficiently converted to biomass. Grasses, on the other hand, exhibited higher efficiency in converting nitrogen uptake to biomass (van Paassen et al., 2020). The accumulation of biomass led to increased water consumption by plants, and water limitation may have hindered the expression of rhizobia activity (Schubert, 1995). Excessive nitrogen addition not only disrupted legume species but also resulted in interspecific asymmetric competition, leading to reduced community diversity and ultimately compromising grassland stability and resistance (Verma and Sagar, 2020). Another important result was that N addition did not increase community productivity indefinitely; the overyielding effects of B.ischaemum and L.davurica were not the highest under N50, but the AGB was significantly highest. The N50 treatment not only promoted synergistic effects of grass-legume, but also increased the biomass accumulation of other species, and the positive correlation between diversity and production was particularly essential (Lü et al., 2019). Furthermore, the plant nitrogen and phosphorus levels of B.ischaemum were negatively linked with those of L.davurica, indicating that their ecological niches for nutrient application were complementary (Figure 7; Supplementary Figure S2). In addition, the plant nitrogen and phosphorus contents of B.ischaemum were negatively correlated with those of L.davurica, indicating that their ecological niches for nutrient application were complementary (Figure 7; Supplementary Figure S1). The highest threshold for N addition in this study region was 50 kg N km-2 a-1, which was less than the thresholds for temperate grasslands (90 kg N km-2 a-1) and meadow grasslands (75 to 200 kg) (Tang et al., 2017) (Verma and Sagar, 2020). N application of 90 kg km-1 decreased light damage in the photosystem of Naked oat (Avena nuda L.), which in turn increased the yield during the grain-filling stage in naked oat monoculture grassland (Lin et al., 2013). Naked oats, which are classified as C3 gramineous plants, have higher carbon absorption efficiency than C4 plants but lower assimilate transport efficiency (Guidi et al., 2019), which was why its nitrogen need threshold was higher than that of B.ischaemum, another C3 plant in this study. In summary, the complex effects of N addition and mixture on soil nutrients, plant nutrients, and fluorescence parameters suggested that the soil-plant is a complex dynamic system that continually shapes the current community structure and function through the matter circulation and energy flow (Nyfeler et al., 2009). Taken together, it is necessary to choose reasonable mixture ratios and N addition levels to achieve functional optimization and balance in grassland ecosystems, which provides an important implication for assessing and predicting the stability and sustainability of grassland ecosystems.





5 Conclusion

This study revealed significant effects of nitrogen (N) addition on plant nutrients, chlorophyll fluorescence, and production in grass-legume mixture communities. The competitive and complementary relationship between B.ischaemum and L.davurica was evident. Notably, L.davurica exhibited higher photosynthetic capacity and yield, while B.ischaemum demonstrated stronger photoprotective capacity and photosynthetic stability. The N50 treatment enhanced the photosystem II efficiency of B.ischaemum when it dominated the mixture communities. However, the N addition negatively impacted the photosynthetic capacity of L.davurica in other mixtures.

The result of PLS-PMs highlighted that N addition increased soil nutrients, leading to improved photosynthetic efficiency through complementary nutrient utilization by both species. Although this positively influenced community productivity, the effect on aboveground biomass (AGB) was species-specific. The B6L4 ratio combined with N50 emerged as the optimal ratio treatment, maximizing photosynthetic electron transfer efficiency while minimizing heat dissipation. In summary, for grass-legume mixtures in the Loess Plateau, balancing species composition and N availability is crucial for sustainable productivity and ecosystem stability. This study can provide enlightenment for future construction of the grass-legume mixture artificial grassland in the Loess Plateau.





Data availability statement

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





Author contributions

FW: Writing – original draft, Methodology, Investigation, Formal analysis, Conceptualization. LS: Writing – original draft, Visualization, Investigation, Formal analysis. RZ: Writing – review & editing, Formal analysis, Data curation. WX: Writing – review & editing, Supervision, Resources, Project administration, Funding acquisition, Conceptualization. YB: Writing – review & editing, Project administration.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was financially supported by the National Natural Science Foundation of China (42067069; 41701602), and the Technology Innovation Leading Program of Shaanxi (2024QCY-KXJ-101).





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1400309/full#supplementary-material




References

 Abalos, D., De Deyn, G. B., Philippot, L., Oram, N. J., Oudová, B., Pantelis, I., et al. (2021). Manipulating plant community composition to steer efficient N-cycling in intensively managed grasslands. J. Appl. Ecol. 58, 167–180. doi: 10.1111/1365-2664.13788

 Atwater, D. Z., and Callaway, R. M. (2015). Testing the mechanisms of diversity-dependent overyielding in a grass species. Ecology 96, 3332–3342. doi: 10.1890/15-0889.1

 Baker, N. R. (2008). Chlorophyll fluorescence: A probe of photosynthesis in vivo. Annu. Rev. Plant Biol. 59, 89–113. doi: 10.1146/annurev.arplant.59.032607.092759

 Baker, N. R., and Rosenqvist, E. (2004). Applications of chlorophyll fluorescence can improve crop production strategies: An examination of future possibilities. J. Exp. Bot. 55, 1607–1621. doi: 10.1093/jxb/erh196

 Brophy, C., Finn, J. A., Lüscher, A., Suter, M., Kirwan, L., Sebastià, M. T., et al. (2017). Major shifts in species’ relative abundance in grassland mixtures alongside positive effects of species diversity in yield: a continental-scale experiment. J. Ecol. 105, 1210–1222. doi: 10.1111/1365-2745.12754

 Chen, Z. F., Xiong, P. F., Zhou, J. J., Lai, S. B., Jian, C. X., Wang, Z., et al. (2020a). Photosynthesis and nutrient-use efficiency in response to N and P addition in three dominant grassland species on the semiarid loess plateau. Photosynthetica 58, 1028–1039. doi: 10.32615/ps.2020.056

 Chen, Z., Xiong, P., Zhou, J., Yang, Q., Wang, Z., and Xu, B. (2020b). Grassland productivity and diversity changes in responses to N and P addition depend primarily on tall clonal and annual species in semiarid Loess Plateau. Ecol. Eng. 145, 105727. doi: 10.1016/j.ecoleng.2020.105727

 Cui, E., Xia, J., and Luo, Y. (2023). Nitrogen use strategy drives interspecific differences in plant photosynthetic CO2 acclimation. Glob. Change Biol. 29, 3667–3677. doi: 10.1111/gcb.16706

 De Long, J. R., Jackson, B. G., Wilkinson, A., Pritchard, W. J., Oakley, S., Mason, K. E., et al. (2019). Relationships between plant traits, soil properties and carbon fluxes differ between monocultures and mixed communities in temperate grassland. J. Ecol. 107, 1704–1719. doi: 10.1111/1365-2745.13160

 Dhakal, D., and Anowarul Islam, M. (2018). Grass-legume mixtures for improved soil health in cultivated agroecosystem. Sustain 10, 2718. doi: 10.3390/su10082718

 Finn, J. A., Kirwan, L., Connolly, J., Sebastià, M. T., Helgadottir, A., Baadshaug, O. H., et al. (2013). Ecosystem function enhanced by combining four functional types of plant species in intensively managed grassland mixtures: a 3-year continental-scale field experiment. J. Appl. Ecol. 50, 365–375. doi: 10.1111/1365-2664.12041

 Frankenberg, C., and Berry, J. (2017). Solar induced chlorophyll fluorescence: Origins, relation to photosynthesis and retrieval. Comprehensive Remote Sensing. 3, 143–162. doi: 10.1016/B978-0-12-409548-9.10632-3

 Frankow-Lindberg, B. E., and Dahlin, A. S. (2013). N2 fixation, N transfer, and yield in grassland communities including a deep-rooted legume or non-legume species. Plant Soil 370, 567–581. doi: 10.1007/s11104-013-1650-z

 Guidi, L., Lo Piccolo, E., and Landi, M. (2019). Chlorophyll fluorescence, photoinhibition and abiotic stress: Does it make any difference the fact to be a C3 or C4 species? Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00174

 Hallik, L., Niinemets, Ü., and Kull, O. (2012). Photosynthetic acclimation to light in woody and herbaceous species: A comparison of leaf structure, pigment content and chlorophyll fluorescence characteristics measured in the field. Plant Biol. 14, 88–99. doi: 10.1111/j.1438-8677.2011.00472.x

 Hector, A., Hautier, Y., Saner, P., Wacker, L., Bagchi, R., Joshi, J., et al. (2010). General stabilizing effects of plant diversity on grassland productivity through population asynchrony and overyielding. Ecology 91, 2213–2220. doi: 10.1890/09-1162.1

 Hu, J., Yu, H., Li, Y., Wang, J., Lv, T., Liu, C., et al. (2021). Variation in resource allocation strategies and environmental driving factors for different life forms of aquatic plants in cold temperate zones. J. Ecol. 109, 3046–3059. doi: 10.1111/1365-2745.13719

 Janušauskaite, D., and Feiziene, D. (2012). Chlorophyll fluorescence characteristics throughout spring triticale development stages as affected by fertilization. Acta Agric. Scand. Sect. B Soil Plant Sci. 62, 7–15. doi: 10.1080/09064710.2011.560122

 Jiao, F., Wen, Z. M., and An, S. S. (2011). Changes in soil properties across a chronosequence of vegetation restoration on the Loess Plateau of China. Catena 86, 110–116. doi: 10.1016/j.catena.2011.03.001

 Küchenmeister, F., Küchenmeister, K., Wrage, N., Kayser, M., and Isselstein, J. (2012). Yield and yield stability in mixtures of productive grassland species: Does species number or functional group composition matter? Grassl. Sci. 58, 94–100. doi: 10.1111/j.1744–697X.2012.00242.x

 Lai, S., Xu, S., Jian, C., Chen, Z., Zhou, J., Yang, Q., et al. (2021). Leaf photosynthetic responses to nitrogen and phosphorus additions of dominant species in farm-withdrawn grassland in the loess hilly-gully region. cta Ecol. Sin. 41, 5454–5464.

 Li, L., Tilman, D., Lambers, H., and Zhang, F. S. (2014). Plant diversity and overyielding: Insights from belowground facilitation of intercropping in agriculture. New Phytol. 203, 63–69. doi: 10.1111/nph.12778

 Li, Q., Song, Y., Li, G., Yu, P., Wang, P., and Zhou, D. (2015). Grass-legume mixtures impact soil N, species recruitment, and productivity in temperate steppe grassland. Plant Soil 394, 271–285. doi: 10.1007/s11104-015-2525-2

 Lin, Y., Hu, Y., Ren, C., Guo, L., Wang, C., Jiang, Y., et al. (2013). Effects of nitrogen application on chlorophyll fluorescence parameters and leaf gas exchange in naked oat. J. Integr. Agric. 12, 2164–2171. doi: 10.1016/S2095-3119(13)60346-9

 Liu, M., Gong, J., Pan, Y., Luo, Q., Zhai, Z., Xu, S., et al. (2016). Effects of grass-legume mixtures on the production and photosynthetic capacity of constructed grasslands in Inner Mongolia, China. Crop Pasture Sci. 67, 1188–1198. doi: 10.1071/CP16063

 Lü, X. T., Hu, Y. Y., Wolf, A. A., and Han, X. G. (2019). Species richness mediates within-species nutrient resorption: Implications for the biodiversity–productivity relationship. J. Ecol. 107, 2346–2352. doi: 10.1111/1365–2745.13180

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

 Rajaniemi, T. K. (2002). Why does fertilization reduce plant species diversity? Testing three competition-based hypotheses. J. Ecol. 90, 316–324. doi: 10.1046/j.1365-2745.2001.00662.x

 Sanderson, M. A., Skinner, R. H., Barker, D. J., Edwards, G. R., Tracy, B. F., and Wedin, D. A. (2004). Plant species diversity and management of temperate forage and grazing land ecosystems. Crop Sci. 677, 1132–1144. doi: 10.2135/cropsci2004.1132

 Schipanski, M. E., and Drinkwater, L. E. (2012). Nitrogen fixation in annual and perennial legume-grass mixtures across a fertility gradient. Plant Soil 357, 147–159. doi: 10.1007/s11104-012-1137-3

 Schleuss, P. M., Widdig, M., Heintz-Buschart, A., Kirkman, K., and Spohn, M. (2020). Interactions of nitrogen and phosphorus cycling promote P acquisition and explain synergistic plant-growth responses. Ecology 101, 1–14. doi: 10.1002/ecy.3003

 Schreiber, U., Bilger, W., and Neubauer, C. (1995). Chlorophyll fluorescence as a nonintrusive indicator for rapid assessment of in vivo photosynthesis. Ecophysiol. Photosynth. 100, 49–70. doi: 10.1007/978–3-642–79354-7_3

 Schubert, S. (1995). Nitrogen assimilation by legumes - processes and ecological limitations. Fertil. Res. 42, 99–107. doi: 10.1007/BF00750503

 Sharma, A., Kumar, V., Shahzad, B., Ramakrishnan, M., Singh Sidhu, G. P., Bali, A. S., et al. (2020). Photosynthetic response of plants under different abiotic stresses: A review. J. Plant Growth Regul. 39, 509–531. doi: 10.1007/s00344-019-10018-x

 Tang, Z., Deng, L., An, H., Yan, W., and Shangguan, Z. (2017). The effect of nitrogen addition on community structure and productivity in grasslands: A meta-analysis. Ecol. Eng. 99, 31–38. doi: 10.1016/j.ecoleng.2016.11.039

 Tejera, M., Speranza, P., Astigarraga, L., and Picasso, V. (2016). Forage biomass, soil cover, stability and competition in perennial grass–legume pastures with different Paspalum species. Grass Forage Sci. 71, 575–583. doi: 10.1111/gfs.12208

 Tognetti, P. M., Prober, S. M., Báez, S., Chaneton, E. J., Firn, J., Risch, A. C., et al. (2021). Negative effects of nitrogen override positive effects of phosphorus on grassland legumes worldwide. PNAS 118, e2023718118. doi: 10.1073/pnas.2023718118

 Ullah, I., Haupiug, M., Javed, Q., Rasool, G., Ali, M., Azeein, A., et al. (2020). Nitrogen fertilization effects on growth, leaf gas exchange and chlorophyll fluorescence of Brassica juncea. Int. J. Agric. Biol. 24, 1070–1076. doi: 10.17957/IJAB/15.1534

 Van der Werf, W., Zhang, L., Li, C., Chen, P., Feng, C., Xu, Z., et al. (2021). Comparing performance of crop species mixtures and pure stands. Front. Agric. Sci. Eng. 8, 481–489. doi: 10.15302/J-FASE-2021413

 van Paassen, J. G., Britton, A. J., Mitchell, R. J., Street, L. E., Johnson, D., Coupar, A., et al. (2020). Legacy effects of nitrogen and phosphorus additions on vegetation and carbon stocks of upland heaths. New Phytol. 228, 226–237. doi: 10.1111/nph.16671

 Verma, P., and Sagar, R. (2020). Responses of diversity, productivity, and stability to the nitrogen input in a tropical grassland. Ecol. Appl. 30, e02037. doi: 10.1002/eap.2037

 Wang, B., Gong, J., Zhang, Z., Yang, B., Liu, M., Zhu, C., et al. (2019). Nitrogen addition alters photosynthetic carbon fixation, allocation of photoassimilates, and carbon partitioning of Leymus chinensis in a temperate grassland of Inner Mongolia. Agric. For. Meteorol. 279, 107743. doi: 10.1016/j.agrformet.2019.107743

 Wang, J., Xu, B., Gao, Z., Duan, X., Niu, F., and Xu, W. (2012). Photosynthetic Diurnal Changes of Bothriochloa ischaemum Mixed Sowing with Lespedeza davuricain Loess Hilly-gully Region. Acta agrestia Sin. 20, 692–698.

 Wang, R., Yang, J., Liu, H., Sardans, J., Zhang, Y., Wang, X., et al. (2022). Nitrogen enrichment buffers phosphorus limitation by mobilizing mineral-bound soil phosphorus in grasslands. Ecology 103, 1–15. doi: 10.1002/ecy.3616

 White, A. J., and Critchley, C. (1999). Rapid light curves: A new fluorescence method to assess the state of the photosynthetic apparatus. Photosynth. Res. 59, 63–72. doi: 10.1023/A:1006188004189

 Xu, B., Gao, Z., Wang, J., Xu, W., Palta, J. A., and Chen, Y. (2016). N:P ratio of the grass Bothriochloa ischaemum mixed with the legume Lespedeza davurica under varying water and fertilizer supplies. Plant Soil 400, 67–79. doi: 10.1007/s11104-015-2714-z

 Xu, B., Xu, W., Huang, J., Shan, L., and Li, F. (2011). Biomass production and relative competitiveness of a C3 legume and a C4 grass co-dominant in the semiarid Loess Plateau of China. Plant Soil 347, 25–39. doi: 10.1007/s11104-011-0724-z

 Yan, H., Gu, S., Li, S., Shen, W., Zhou, X., Yu, H., et al. (2022). Grass-legume mixtures enhance forage production via the bacterial community. Agric. Ecosyst. Environ. 338, 108087. doi: 10.1016/j.agee.2022.108087

 Yue, X. L., Liu, X. F., and Fang, S. Z. (2023). Influence of nitrogen and phosphorus additions on parameters of photosynthesis and chlorophyll fluorescence in Cyclocarya paliurus seedlings. Photosynthetica 61, 318–327. doi: 10.32615/ps.2023.023

 Zhao, J., Lang, Y., Zhang, S., Zhao, Q., Zhang, C., and Xia, J. (2019). Photosynthetic characteristics and chlorophyll a fluorescence transient in Lonicera japonica under drought stress. Acta Physiol. Plant 41, 1–9. doi: 10.1007/s11738-019-2912-z




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


Copyright © 2024 Wang, Shi, Zhang, Xu and Bo. 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.




BRIEF RESEARCH REPORT

published: 04 July 2024

doi: 10.3389/fpls.2024.1426424

[image: image2]


Comparison of five equations in describing the variation of leaf area distributions of Alangium chinense (Lour.) Harms


Linli Deng 1†, Ke He 2,3†, Karl J. Niklas 4, Zhuyue Shi 1, Youying Mu 1 and Peijian Shi 1*


1 Department of Applied Mathematics, College of Science, Nanjing Forestry University, Nanjing, China, 2 Architectural Design and Research Institute, Shenzhen University, Shenzhen, China, 3 School of Civil Engineering and Architecture, Xiamen University of Technology, Xiamen, China, 4 School of Integrative Plant Science, Cornell University, Ithaca, NY, United States




Edited by: 

Jie Gao, Xinjiang Normal University, China

Reviewed by: 

Hede Gong, Southwest Forestry University, China

Wang Haitao, University of Göttingen, Germany

Tian Dong, Central South University, China

*Correspondence: 

Peijian Shi
 pjshi@njfu.edu.cn








†These authors have contributed equally to this work



Received: 01 May 2024

Accepted: 13 June 2024

Published: 04 July 2024

Citation:
Deng L, He K, Niklas KJ, Shi Z, Mu Y and Shi P (2024) Comparison of five equations in describing the variation of leaf area distributions of Alangium chinense (Lour.) Harms. Front. Plant Sci. 15:1426424. doi: 10.3389/fpls.2024.1426424



Previous studies have validated a performance equation (PE) and its generalized version (GPE) in describing the rotated and right-shifted Lorenz curves of organ size (e.g., leaf area and fruit volume) distributions of herbaceous plants. Nevertheless, there are still two questions that have not been adequately addressed by prior work: (i) whether the PE and GPE apply to woody plant species and (ii) how do the PE and GPE perform in comparison with other Lorenz equations when fitting data. To address these deficiencies, we measured the lamina length and width of each leaf on 60 Alangium chinense saplings to compare the performance of the PE and GPE with three other Lorenz equations in quantifying the inequality of leaf area distributions across individual trees. Leaf area is shown to be the product of a proportionality coefficient (k) and leaf length and width. To determine the numerical value of k, we scanned 540 leaves to obtain the leaf area empirically. Using the estimated k, the leaf areas of 60 A. chinense saplings were calculated. Using these data, the two performance equations and three other Lorenz equations were then compared and assessed using the root-mean-square error (RMSE) and Akaike information criterion (AIC). The PE and GPE were found to be valid in describing the rotated and right-shifted Lorenz curves of the A. chinense leaf area distributions, and GPE has the lowest RMSE and AIC values. This work validates the GPE as the best model in gauging variations in leaf area of the woody species.
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1 Introduction

Prior work has shown that even small differences in the morphological traits of leaves can affect the photosynthetic and respiration rates (Zirbel et al., 2017) and that leaf (lamina) area is a critical functional trait for a large number of plant species (Westoby, 1998), providing the maximum information on plant growth and resource utilization (Hodgson et al., 1999). Therefore, accurately measuring the leaf area and the extent to which it varies across and within species is important to understand plant ecology and evolution.

The Montgomery equation (ME) assumes a proportional relationship between leaf area and the product of leaf length and leaf width (Montgomery, 1911). Previous work has shown that the ME can effectively predict the area of even intricately shaped lamina (Shi et al., 2019a, b; Yu et al., 2020; Schrader et al., 2021). In addition, Yu et al. (2020) found that the ME is superior to other mathematical models using leaf length and width based on data drawn from 15 species of vines which included some complex leaf shapes. However, prior studies delving into the utility of the ME have used computer recognition methods to identify the leaf maximum width perpendicular to the leaf length axis. This approach is difficult under field research conditions to accurately and non-destructively identify leaf maximum width. Fortunately, a recent study has shown a negligible difference between the use of computer recognition methods and manual measurements defining leaf width by simply connecting two leaf boundary landmarks (Mu et al., 2024).

To assess variations in leaf area, prior work has turned to using the mathematics of the Lorenz curve, which is commonly used in economics to describe the inequality of income distributions (Lorenz, 1905; Kakwani, 1977) by plotting the cumulative proportion of household income against the cumulative proportion of the number of households. When the income distributions across households are absolutely equal, the Lorenz curve overlaps with the straight line passing through (0, 0) and (1, 1), i.e., y = x. In turn, the Gini coefficient (GC) is used to quantify the extent to which the Lorenz curve deviates from the line of absolute equality, which equals twice the area formed by the Lorenz curve and the line of absolute equality. The closer the GC is to 0, the more equal the income distribution tends to be. More recently, the GC has been used in some botanical studies due to its ability to quantify the inequality of urban green space, plant, and plant organ size distributions (Taylor and Aarssen, 1989; Matlack, 1994; Metsaranta and Lieffers, 2008; Chen et al., 2014; Nero, 2017; Huang et al., 2023; Lian et al., 2023)—for example, the unevenness of leaf size distributions can be quantified by the GC because the Lorenz curve can quantify the relationship between the cumulative proportion of leaf area and the cumulative proportion of the number of leaves.

The accuracy of this approach has been investigated using a performance equation (PE) and its generalized version (GPE) to fit the rotated and right-shifted Lorenz curves of the organ size distributions of herbaceous species (Huang et al., 2023; Lian et al., 2023; Shi et al., 2024; Wang et al., 2024)—for example, Wang et al. (2024) compared the PE and the GPE with two other performance equations based on a temperature-dependent square root equation proposed by Ratkowsky et al. (1983) and found that the GPE had the best goodness of fit and lowest Akaike information criterion (AIC). In recent years, researchers have compared Lorenz equations in quantifying the inequality or non-uniformity of the size distributions of abiotic as well as biotic quantities (Sarabia, 1997; Sarabia et al., 1999; Sitthiyot and Holasut, 2023). However, prior work has not compared the two performance equations that describe the rotated and right-shifted Lorenz equations with other Lorenz equations, perhaps because the parameters of the Lorenz equations are estimated by minimizing the residual sum of squares (RSS) between the observed and predicted cumulative proportions of plant (or organ) size, whereas the parameters of the PE and the GPE are estimated by minimizing the residual sum of squares (RSS) between the observed and predicted cumulative proportions of plant (organ) size when rotated and right-shifted. Consequently, there is a need to develop a method that can directly compare the two performance equations and other Lorenz equations to evaluate which equation is more accurate when quantifying the inequality of plant (or organ) size distributions.

In the present study, we measured the leaf length (L) and width (W) data of 752 leaves from 60 Alangium chinense (Lour.) Harms saplings. The leaf area (A) was determined using the ME, which assumes a proportional relationship between A and LW. In addition, 540 leaves were scanned to determine the A, L, and W of the 540 leaves empirically. We employed five models to fit the rotated and right-shifted Lorenz curves of individual leaf area distributions (i.e., the cumulative proportion of leaf area per sapling vs. the cumulative proportion of the number of leaves per sapling). Our goals were to address two questions: (i) Can the PE and GPE be used to describe the rotated and right-shifted Lorenz curve of leaf area distributions of woody species? (ii) Are the two performance equations superior to other Lorenz equations used in nonlinear regression? If true, this approach provides a non-destructive method to quantify leaf area and inequalities in organ size distributions of both woody and herbaceous species, which could provide deeper insights into extant (and possibly extinct) plant ecology and evolution.




2 Materials and methods



2.1 Leaf sampling information and data acquisition

Dataset 1: A total of 540 fresh, mature, and undamaged leaves of A. chinense were sampled from the middle canopy of 10 saplings with a diameter at breast height (DBH) of 2 to 7 cm growing in the Nanjing Forestry University campus, Nanjing, China (32°4′48″ N, 118°49′12″ E) on July 31, 2019. Leaves in groups of four were placed in plastic self-sealing bags (28 cm × 20 cm) to avoid tissue dehydration and taken to the laboratory within 1 h. Laminae were scanned to bitmap images at 600-dpi resolution using a photo scanner (Aficio MP 7502; Ricoh, Tokyo, Japan). ImageJ software (https://imagej.nih.gov/ij/index.html) was used to measure the area (A), length (L), and width (W) of each leaf (see online Supplementary Table S1). W was defined by the maximum distance between two lobe apices (Figure 1).




Figure 1 | Freehand drawing of the above-ground part of A. chinensis and definition of leaf length (L) and width (W). L was defined as the distance between leaf tip and the connection point between the lamina and the petiole, and W was defined as the distance between the two leaf apices.



Dataset 2: On October 17, 2023 and on May 18, 2024, we randomly selected 60 A. chinense saplings, each with at least nine leaves, to provide a sample size of not less than 1.5 times the minimum data required to perform nonlinear regression analyses to estimate the regression parameters of Equation 4 (see below for details). The above-ground height of the saplings ranged between 30.6 and 136.4 cm, with a mean ± standard error of 81.3 ± 28.5 cm. We measured the L and W of each leaf of the 60 saplings without removing the leaves from the branches. A total of 752 leaves from the 60 saplings were examined (see online Supplementary Table S2).




2.2 Estimate of leaf area based on leaf length and width

Montgomery (1911) proposed a formula to estimate the leaf area (A) of corn (Zea mays Linn.) using the product of a proportionality coefficient (k) and leaf length (L) and width (W):

	

which is denoted as Montgomery equation (ME), and k is referred to as Montgomery parameter (MP) hereinafter. To normalize A, Equation 1 was log-transformed:

	

where c is a constant to be estimated. It is apparent that c = logk. Equation 2 was used to fit the 540 empirical observations of A vs. LW and thereby determine the numerical value of c.




2.3 Equations to describe the rotated and right-shifted Lorenz curve

The cumulative proportions of leaf area per sapling vs. the cumulative proportion of the number of leaves per sapling were rotated counterclockwise by 135° around the origin and shifted to the right by a distance of  . Previous studies have used two performance equations for fitting the size frequency distributions of leaf size and fruit volume data of herbaceous plants (Huang et al., 2023; Lian et al., 2023; Wang et al., 2024):

(i) The performance equation, denoted as PE, which was initially used to describe the jumping distance of green frogs at different body temperatures (Huey, 1975; Huey and Stevenson, 1979):

	

In the context of our study, x and y represent the rotated and right-shifted cumulative proportion of the number of leaves per sapling and the cumulative proportion of leaf area per sapling, respectively; c, K1, and K2 are constants to be estimated; x1 and x2 are equal to 0 and  , respectively (Lian et al., 2023; Wang et al., 2024).

(ii) The generalized performance equation, denoted as GPE, which increases the flexibility of data fitting by adding two parameters, a and b, to PE (Lian et al., 2023):

	

In the context of our study, x and y represent the rotated and right-shifted cumulative proportion of the number of leaves per sapling and the cumulative proportion of leaf area per sapling, respectively; x1, and x2 are also equal to 0 and   (Lian et al., 2023).

Equations 3 and 4 were used to evaluate the performance of Lorenz curve fitting. In terms of the latter, Sarabia (1997) proposed a highly flexible parameter family of Lorenz curves based on the generalized Tukey λ distribution for fitting Lorenz curves:

	

In the context of our study, xl and yl represent the cumulative proportion of the number of leaves per sapling and the cumulative proportion of leaf area per sapling, respectively, and λ, η, a1, and a2 are constants to be estimated, where  ,  ,  ,  , and  . Equation 5 is denoted as SarabiaE hereinafter.

Sarabia et al. (1999) proposed a general method for building parametric-functional families of Lorenz curves generated from an initial Lorenz curve, which satisfies some regularity conditions:

	

In the context of our study, xl and yl represent the cumulative proportion of the number of leaves per sapling and the cumulative proportion of leaf area per sapling, respectively, and α, β, and γ are constants to be estimated, where  ,  , and  . Equation 6 is denoted as SCSE hereinafter.

Importantly, the existing parameter function forms of Lorenz curve are not suitable for extreme inequalities in size distributions. To fit sample data with typical convex segments better in a Lorenz curve, a universal function for fitting Lorenz curves was proposed (Sitthiyot and Holasut, 2023):

	

when  ;  , when  . Here xl and yl represent the cumulative proportion of the number of leaves per sapling and the cumulative proportion of leaf area per sapling, respectively, and δ, ρ, ω, and P are constants to be estimated, where  ,  ,  , and  . Equation 7 is denoted as SHE hereinafter.

We rotated and right-shifted the three foregoing Lorenz equations [i.e., Equations 5-7] to evaluate the performance of the PE and GPE with these three Lorenz equations in describing the rotated and right-shifted data of the cumulative proportion of leaf area per sapling vs. the cumulative proportion of the number of leaves per sapling.




2.4 Data fitting and model evaluation

We used the PE, GPE, SarabiaE, SCSE, and SHE equations to fit the empirical data after the data were rotated counterclockwise by 135° and shifted to the right by a distance of  . The Nelder–Mead optimization algorithm (Nelder and Mead, 1965) was then used to minimize the fitting criteria for nonlinear regression and the residual sum of squares (RSS) between empirical and predicted y-values to estimate the parameters of each model. To better evaluate the goodness of fit of nonlinear regression, the root-mean-square error (RMSE) was used to measure the prediction accuracy. The smaller the RMSE, the higher the prediction accuracy of the model. The “fitLorenz” function in the “biogeom” package (version 1.4.3; Shi et al., 2022) based on statistical software R (version 4.3.3; R Core Team, 2024) was used to fit the leaf area distribution:

	

where n represents the number of leaves per sapling. The Akaike information criterion (AIC) that compared to the adjusted coefficient of determination is frequently recommended in nonlinear regression to balance the goodness of fit and the model constructive complexity (Spiess and Neumeyer, 2010). The model with the smallest AIC is considered as the optimal model. Paired t-test at a significance level of 0.05 was used to test the significance of differences in the RMSE or AIC values between any two of the five equations.





3 Results

The number of leaves per sapling ranged between nine and 25, with a mean ± standard error of 12.5 ± 3.8. The Montgomery equation (ME) was validated in estimating A by multiplying the leaf length and width by the estimated k. The correlation coefficient (r) between A and LW was 0.9726, and the RMSE (see Equation 8) of linear regression was 0.1557 (Figure 2). The estimated value of the proportionality coefficient k was 0.6469. Using this value of k, the area of each leaf of the 60 saplings was obtained. The total leaf area per sapling ranged between 564 and 2,875 cm2, with a mean ± standard of 1,391 ± 548 cm2. The mean leaf area of each sapling ranged between 56 and 183 cm2, with a mean ± standard error of 111 ± 28 cm2.




Figure 2 | Results of fitting the Montgomery equation that assumes a proportional relationship between A and LW, which represent the leaf area, length, and width, respectively. Here RMSE represents the root-mean-square error; r represents the correlation coefficient; n represents the number of samples;   represents the estimated value of the Montgomery parameter, i.e., the proportionality coefficient of the Montgomery equation; 95% CI represents 95% confidence intervals of the Montgomery parameter based on 3,000 bootstrap replicates.



The PE, GPE, SarabiaE, SCSE, and SHE fitted the rotated and right-shifted data of the leaf area distributions of the 60 saplings well, with RMSE values <0.013. However, the GPE had the lowest RMSE and AIC values among the five equations. The SarabiaE and PE worked the second best and were better than SCSE and SHE (Figure 3). The RMSE and AIC values of GPE were both significantly lower than those of the other equations (p < 0.05). Figure 4 shows the fitted results of the five equations to the rotated and right-shifted data of leaf area distribution of one sapling example.




Figure 3 | (A, B) Boxplot of the root-mean-square error between any two of the five equations (i.e., PE, GPE, SarabiaE, SCSE, and SHE) for 60 datasets. Paired t-test was used to determine the significance of differences between any two equations at the 0.05 significance level, and different letters represent a significant difference of any two equations. The vertical solid line in each box represents the median.






Figure 4 | (A–D) Comparison of the observed and predicted data of the rotated and right-shifted Lorenz curve for the leaf area distribution of a representative individual sapling of A. chinensis. Data points represent observations; curves represent predicted values. Specifically, in (A), the blue curve represents the estimated PE, and the red curve represents the estimated GPE. n represents the number of leaves on this individual sapling; AIC represents the Akaike information criterion of the corresponding nonlinear equation in each panel; RMSE represents the root-mean-square error.






4 Discussion

The goals of this paper were to compare equations describing the inequality of plant size distributions and to evaluate which among the contending equations perform the best. It is important, therefore, to review the criteria used to evaluate the equations investigated in this study. A secondary but equally important goal was to demonstrate the utility of the approach taken in this and other studies using the Montgomery equation. These goals are discussed in the following two sections.



4.1 Criteria to evaluate competitive equations

When evaluating the superiority of competitive nonlinear models, researchers often use the root-mean-square error (RMSE) and Akaike information criterion (AIC) (Akaike, 1998). RMSE can be used not only to measure the prediction accuracy of a model on continuous data but also to measure the average degree of deviation between the predicted and observed values. A smaller RMSE indicates a more accurate prediction of the model. The AIC is based on the concept of entropy and can balance the complexity of the estimated model with the goodness of fit of the estimated model. It is apparent that increasing the number of free parameters in a model can improve the goodness of fit and enhance the flexibility of a model to fit the data. Thus, the value of the likelihood function increases as the model complexity increases, which leads to a smaller AIC. Conversely, when the increased rate of the likelihood function slows down, it can lead to an increase in AIC, i.e., AIC encourages the goodness of fit but avoids an overfitting, if the model is complex. We argue that the priority of model selection should focus on the lowest AIC value.

In the present study, the performance equation (PE) and its generalized version (GPE) are validated based on 60 empirical datasets (i.e., the leaves removed from 60 saplings). The RMSE and AIC values of GPE were significantly smaller than those of the four other contending equations. Specifically, GPE worked best, and PE worked second best in that it had the second lowest AIC value. Both were superior to the SarabiaE, SCSE, and SHE. Clearly, the GPE has more parameters than PE. However, PE contains fewer parameters that can reduce the probability of overfitting. Although GPE has the lowest RMSE and AIC values, PE is still recommended due to its fewer parameters and validity in fitting the rotated and right-shifted data. Only for extremely right-skewed distributions can SHE perform better than the two performance equations (Shi et al., 2024).




4.2 The general applicability of the Montgomery–Lorenz Performance approach

A pivotal goal of this paper was to evaluate a very specific and targeted approach to quantifying the size frequency distributions of plants and plant organs (in this case, the leaves of saplings). The approach presented here, which can be called the Montgomery-Lorenz-Performance (MLP) approach, involves a threefold mathematical methodology. The Montgomery equation allows us to quantify leaf area (as well as many other variables of interest) non-destructively once the Montgomery parameter (i.e., the proportionality coefficient of ME) is determined (Schrader et al., 2021), which requires a comparatively small number of samples from a population of leaves. The Lorenz curve, in tandem with the Gini coefficient, as a methodology, allows us to quantify the evenness/unevenness of any size frequency distribution. Lastly, the performance equation and its generalized form allow us to evaluate the reliability of the quantification of size frequency distribution evenness/unevenness.

At issue is whether this overall approach has general applicability. We argue that the evidence indicates that the methodology has general applicability because the mathematics underlying each component of the overall approach has been validated here and elsewhere both in terms of its mathematical rigor and its empirical predictive ability. Because of its analytical rigor and empirical robustness, the methodology presented here and elsewhere has application to many aspects of ecological enquiry, not just to plant organs, because the metrics used to measure “size” (e.g., length, width, volume, and biomass) can be applied to any cellular form of life, extant or extinct.





5 Conclusions

We compared the two performance equations (i.e., PE and GPE) with three other Lorenz equations (i.e., SarabiaE, SCSE, and SHE) in describing the rotated and right-shifted data of the cumulative proportion of leaf area per sapling vs. the number of leaves per sapling for a representative broad-leaved plant (i.e., Alangium chinensis). The five equations were found to be valid in describing the rotated and right-shifted Lorenz curve of the leaf area distributions of this tree species. However, the GPE was found to be superior, and PE worked the second best compared with the other three equations based on the comparison of their AIC values. This refined method provides a general protocol for quantifying the inequality of any organic size distribution, which is of great significance in analyzing the allocation of organismic resources.
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Introduction

The precipitation pattern has changed significantly in arid desert areas, yet it is not clear how the water use strategies of Tamarix ramosissima Ledeb. on coppice dunes along a natural precipitation gradient are affected.





Methods

In this study, the hydrogen and oxygen isotope compositions of xylem water, soil water, precipitation, and groundwater were measured by stable isotope techniques in Huocheng, Mosuowan, and Tazhong. Additionally, the water use strategies of natural precipitation gradient were investigated in conjunction with the MixSIAR model.





Results

The results indicated that the water sources of T. ramosissima exhibited significant variation from semi-arid to hyper-arid areas. In semi-arid areas, T. ramosissima mainly absorbed shallow, shallow-middle, and middle soil water; however, T. ramosissima shifted its primary water sources to middle and deep soil water in arid areas. In hyper-arid areas, it mainly utilized deep soil water and groundwater. In contrast, the water source contribution rate of T. ramosissima exhibited relative uniformity across each layer in an arid area. Notably, in hyper-arid areas, the proportion of groundwater by T. ramosissima was significantly high, reaching 60.2%. This is due to the relatively shallow groundwater supplementing the deep soil water content in the area. In conclusion, the proportion of shallow soil water decreased by 14.7% for T. ramosissima from semi-arid to hyper-arid areas, illustrating the occurrence of a gradual shift in potential water sources utilized by T. ramosissima from shallow to deep soil water and groundwater.





Discussion

Therefore, T. ramosissima on coppice dunes shows flexible water use strategies in relation to precipitation and groundwater, reflecting its strong environmental adaptability. The findings hold significant implications for the conservation of water resources and vegetation restoration in arid areas.
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1 Introduction

In arid desert areas, the growth of vegetation can effectively prevent desertification and promote the restoration of local habitats (Wang et al., 2008; Zhou et al., 2023). However, plant growth is subject to a variety of challenges, with water playing a crucial role in influencing plant development and overall survival (Su et al., 2020; Ma et al., 2021; Zhang et al., 2022). In situations where a plant experiences water scarcity, the symptoms of wilting and decline can be exacerbated (Zhang et al., 2018). The water use strategies of plants are predominantly influenced by factors such as precipitation, groundwater, and soil water availability (Wang et al., 2017; Gow et al., 2018). When groundwater is unavailable for plant use, precipitation becomes a crucial environmental factor influencing the growth and distribution of plants (Cheng et al., 2006; Zhao et al., 2021). Precipitation influences the soil water content (SWC), which in turn impacts the activity of root water uptake (Fan et al., 2017; Liu et al., 2022b). Precipitation patterns have changed significantly in the arid desert areas of northwest China (Luo et al., 2018), within which the frequency of extreme precipitation events can directly influence the development of plants (Peng and Zhou, 2017; Shi et al., 2020; Wang et al., 2021; He et al., 2022; Yang et al., 2023), prompting them to adjust their water use strategies (Nicotra et al., 2010; Grossiord et al., 2017). For example, in the Loess Plateau region, Zhao et al. (2020b) found that Robinia pseudoacacia L. mainly utilizes deep soil water in the dry season, and that the proportion of plant uptake of shallow and medium soil water gradually increases with increasing precipitation. In semi-arid areas, the main water source for riparian plants after experiencing precipitation is shallow soil water, while deep soil water and groundwater are the main water sources in the dry season (Wang et al., 2019; Wu et al., 2019). Despite the ability of desert plants to endure arid conditions, the mechanisms through which they optimize their utilization of scarce water resources warrant additional investigation. In addition, the short-term enrichment of water resources induced by each precipitation event plays a pivotal role in the growth of desert plants, even though precipitation is rare in desert areas (Yang et al., 2015a; She et al., 2016). Consequently, it is essential to investigate the water uptake patterns of desert plants, particularly how they adjust their water use strategies along a precipitation gradient. Such knowledge is crucial for evaluating the adaptability of vegetation restoration and protection in desert areas.

Stable isotopes of hydrogen and oxygen (δD and δ18O) exhibit several properties that are scientifically advantageous, such as minimal damage to plants, high sensitivity, and excellent accuracy. As a result, they are commonly used to evaluate and track plant water sources and to study water use strategies in arid and semiarid environments (Rothfuss and Javaux, 2017; Sprenger et al., 2018). Most terrestrial plants have a low concentration of isotopes during plant water uptake prior to transpiration flux (Ellsworth and Williams, 2007; Rothfuss and Javaux, 2017). Therefore, by comparing the isotopic values of xylem water with those derived from potential water sources, such as soil water and groundwater, we can reveal the sources of water for plants (Geris et al., 2017; Barbeta et al., 2019). Existing studies using isotope technology have demonstrated that desert shrubs can use shallow and middle soil water when the surface soil water content is high. However, they switch to utilizing deep soil water and groundwater during periods of severe drought in the dry season (Ma et al., 2021; Pei et al., 2024). In addition, Tamarix ramosissima Ledeb. relies more on shallow soil water in floodplain habitats with higher SWC compared to hillsides with low SWC (Su et al., 2020). This suggests that T. ramosissima has the ability to adjust its water consumption strategy in response to changes in SWC. The study also found that T. ramosissima mainly utilizes shallow and mid-depth soil water in spring, which is replenished by snowmelt water, while deep soil water and groundwater are mainly utilized in summer and fall in the shallow water table of the desert plain area (Tiemuerbieke et al., 2018). It is clear that the utilization of water by plants can be flexibly shifted under various moisture conditions. Therefore, the use of stable isotope technology can reveal the water sources of plants in desert areas, aiding in the comprehension of the water use strategies of desert plants along a natural precipitation gradient.

Tamarix ramosissima is a typical deep-rooted desert shrub that is widely distributed in the arid desert areas of Xinjiang (Su et al., 2020). It is one of the key species in the arid desert ecosystem and plays a vital role in resisting wind and sand and maintaining the stability of the desert ecosystem (Yang et al., 2014; Li et al., 2021). Thus far, most research on the water use strategies of T. ramosissima has been based on seasonal dynamics and changes in groundwater levels (Wu et al., 2016; Su et al., 2020; Li et al., 2021; Liu et al., 2022a). However, in the arid desert areas of Xinjiang, Northwest China, precipitation patterns have experienced significant changes due to global warming (Ning et al., 2021), and such changes may influence the water use strategies of desert plants in this area. In spite of this, uncertainty remains in our understanding of the water use strategies of T. ramosissima at coppice dunes along natural precipitation gradients. To address this knowledge gap, we used stable isotope technology to determine the δD and δ18O values of plant xylem water, soil water, and groundwater from T. ramosissima at various coppice dunes sites. Specifically, we sought to answer the following questions: (i) Are there differences in the water sources of T. ramosissima at coppice dunes along a natural precipitation gradient? (ii) Do changes in precipitation influence the water use strategies of T. ramosissima at coppice dunes? (iii) What are the primary factors that influence the water use strategies of T. ramosissima at coppice dunes? The overarching aim of answering these questions was to elucidate the water use strategies of desert plants along a natural precipitation gradient and thus provide a scientific basis for better water resource management and ecological restoration in arid desert areas.




2 Materials and methods



2.1 Study sites

The study area is located in the Xinjiang Uygur Autonomous Region of China. We selected three representative sites from the north to the south of Xinjiang along a natural precipitation gradient—namely, Huocheng, Mosuowan, and Tazhong (Figure 1; Supplementary Table S1). Along this gradient, the annual mean precipitation diminishes from 218 mm to 24 mm. Based on the natural precipitation gradient, we categorized Huocheng, Mosuowan, and Tazhong into semi-arid, arid, and hyper-arid areas, respectively. Additionally, all three areas have typically T. ramosissima coppice dunes.




Figure 1 | Location of the study sites (red dots) in the desert area of Northwest China.



Huocheng is located in the Yili Valley area, where the annual average precipitation is 200–500 mm. Precipitation predominantly occurs from March to August, representing 71% of the total annual precipitation (Supplementary Figure S1). The annual average evaporation ranges from 1260 to 1900 mm and the annual average temperature from 2.6°C to 9.2°C, thus meaning the site is classified as having a temperate and semi-arid continental climate (Zhao et al., 2019). The groundwater depth is 10–20 m (Huo et al., 2020), and the vegetation in the area is relatively diverse, encompassing trees, shrubs, and herbaceous plants such as Haloxylon ammodendron (C. A. Mey.) Bunge, Caragana sinica (Buc’hoz) Rehd., and Halimodendron halodendron (Pall.) Voss. These species are widely distributed throughout the area, and the total vegetation coverage in this region ranges from 35% to 40% (Yang et al., 2010).

Mosuowan is located on the southwest edge of the Gurbantunggut Desert, where the climate is classified as typical temperate arid desert. The annual average precipitation is approximately 70–180 mm, predominantly occurring from March through October and accounting for 79% of the total annual precipitation (Supplementary Figure S1). The average annual air temperature in this area is 6–10°C, while the annual potential evaporation exceeds 2000 mm (Zhao et al., 2023). The groundwater level between the southern edge of the Gurbantunggut Desert and the internal dunes exceeds 16 m (Xu et al., 2022). The soils of the coppice dunes in this area are predominantly composed of 4% clay, 77% silt, and 19% sand (Supplementary Figure S2). The vegetation mainly consists of shrubs, trees, and various short-lived herbaceous plants, and the vegetation coverage ranges from 15% to 30% (Yang et al., 2015b). The main dominant species are H. ammodendron, Haloxylon persicum Bge. ex Boiss. et Buhse., and T. ramosissima (Li et al., 2007).

Tazhong is located in the hinterland of the Taklimakan Desert and has a typical extreme arid continental climate. The average annual precipitation is 24–65 mm, which mainly occurs from May to August, making up 73% of the total annual precipitation (Supplementary Figure S1). The average annual temperature in this area is 12.4°C, while the average annual potential evaporation is 3,639 mm (Zhang et al., 2016). The groundwater depth is 5–6 m (Dong et al., 2020). The soils of the coppice dunes in this area are predominantly composed of 2% clay, 59% silt, and 39% sand (Supplementary Figure S2). The vegetation of the Taklimakan Desert exhibits notably low coverage, limited species diversity, and a simplistic community structure. The main dominant species include Populus euphratica Oliv., T. taklamakanensis M. T. Liu, and H. ammodendron (Li et al., 2015).




2.2 Experiment design and sampling

In this study, we chose to collect samples from Huocheng, Mosuowan, and Tazhong, because they are three representative sites in the arid desert areas of Xinjiang.

A 20 × 20m plot was set up in each region, and three typical T. ramosissima coppice dunes with good growth and similar morphology were selected in each plot area. The dune heights were all around 2.5 m, and the vegetation on the dunes was well established with few dead branches. According to the growth conditions of local T. ramosissima, we collected plant, soil, and groundwater samples from the Mosuowan, Huocheng, and Tazhong sites on 3, 12, and 17 July 2021. These samples were collected on the third day after precipitation, with precipitation amounts of 4.39mm, 2.89mm, and 0.82mm for semi-arid, arid, and hyper-arid areas, respectively. All sampling processes were completed between 10:00 and 11:00 local time to reduce the influence of external conditions such as light intensity on isotope results.



2.2.1 Soil sample collection

We collected soil samples from three randomly selected sample points at the top of each of the selected T. ramosissima coppice dunes. Soil samples were taken from 0 cm to 500 cm using a soil auger with a diameter of 5 cm, sampling every 20 cm as a soil layer. For each layer, three replicates of the soil samples were gathered to ensure accuracy and reliability in the subsequent analysis. Soil samples collected from each layer were divided into two parts, one of which was quickly packed into sample bottles sealed with Parafilm to prevent evaporation–distillation, placed in a portable refrigerator, and brought back to the laboratory for freezing (− 20°C) ahead of stable isotope analysis. The other part was packed into an aluminum box and then oven-dried in the laboratory to determine the SWC as follows:



Where M1 is the mass of wet soil added to the aluminum box before drying (g), M2 is the mass of dry soil in the aluminum box after drying (g), and M0 is the mass of the empty aluminum box (g).




2.2.2 Plant xylem sample collection

Plant samples were collected along with soil samples. On the selected T. ramosissima coppice dunes in the three sites, six randomly selected embolized twigs were cut with tree clippers into small sections (roughly 0.5 cm in diameter, with a length of around 3–5 cm). For each sample, three replicates were collected, resulting in a total of 54 twigs. The outer bark and phloem were quickly peeled off, retaining the xylem. Subsequently, the samples were immediately packed into vials and sealed with Parafilm to prevent evaporation–distillation. The samples were then placed in a portable refrigerator and brought back to the laboratory for freezing (− 20°C). These samples were then stored for subsequent extraction of water and stable isotope analysis.




2.2.3 Water sample collection

Groundwater samples were collected at three selected sites, each near a well (approximately 10 km away from each plot), with three replicates for each sample. A total of nine groundwater samples were collected during the sampling period. Before each sampling, the water was drained for 5–10 min. When the well water was cold to the touch, the sample bottles were washed three times with well water. Subsequently, the samples were collected, sealed with Parafilm, and refrigerated at 2°C until isotopic analysis.




2.2.4 Meteorological data collection

The meteorological data for the experiment were sourced from the WheatA wheat germ-agricultural meteorological big data system V1.5.6 (http://www.wheata.cn/). Key meteorological variables included monthly average temperature, monthly average evapotranspiration, and monthly precipitation.





2.3 Isotopic analysis

A cryogenic vacuum distillation system (LI-2100Pro, Beijing Lijia United Technology Co. Ltd., Beijing, China) was used to extract plant xylem water and soil water. The samples of plant xylem water, soil water, groundwater, and precipitation were initially filtered using disposable aqueous filters with a pore size of 0.22 μm. Subsequently, they were transferred into 2 ml sample vials that were sealed with Parafilm and refrigerated at a temperature of 2°C until isotopic analysis. Stable hydrogen and oxygen isotopic compositions were determined using a liquid water isotope analyzer (LGR DLI-100, Los Gatos Research, Mountain View, CA, USA). The analytical precision of individual measurements was ± 0.25‰ and ± 1.00‰ for δ18O and δD, respectively. In order to eliminate the memory function of the instrument, each sample was measured six times. The stable isotope values can be expressed as:



Where Rsample and Rstandard are the stable isotope values (D/1H and 18O/16O) of the sample and standard water (standard mean ocean water), respectively. Since the vacuum condensation extraction device will fractionate some methanol and ethanol substances that have similar spectral absorption peaks to water molecules when extracting plant water, the stable isotope values of plant xylem water and soil water may be wrong. In order to reduce the measurement error, the spectral analysis software developed by Los Gatos Research Company (LWIA-SCI) was used to determine the spectral measurement values of the pollution degree of methanol and ethanol substances and to correct the isotopic spectral pollution (West et al., 2011) to obtain more accurate isotope values.

The lc-excess (Landwehr and Coplen, 2006) was used to describe the isotopic offset value between xylem water and its potential water sources of T. ramosissima in the three sites, which was calculated as follows:



Here, δD and δ18O are the hydrogen and oxygen isotope values of soil water at coppice dunes of different sites; a and b are the slope and intercept of the local meteoric water line (LMWL), respectively.




2.4 Classification of water sources

Two methods were used to study the water utilization of T. ramosissima. One method directly compared the δ18O of xylem water with the δ18O of various potential water sources; the potential water sources mainly used by plants are similar to the δ18O of xylem water (Ehleringer and Dawson, 1992). The other method used the MixSIAR model calculation to determine the proportion of plants using different potential water sources (Parnell et al., 2013). The MixSIAR model is an installation package used in R. Not only can it analyze multiple potential sources at the same time and run fast, but it can also take into account the differences between isotope values, which can effectively improve the calculation accuracy of the model (Ma and Song, 2016). Potential water sources were divided according to the SWC at different soil-layer depths and the difference in δ18O values of soil water. The δ18O values of soil water and the SWC in each layer were compared, with multiple repeats, using the least significant difference (LSD) method, with significance tested at the 0.05 level, merging similar adjacent soil layers. The whole soil profile (0–500 cm) was divided into four potential water sources (soil water of 0–80 cm, 80–180 cm, 180–420 cm, and 420–500 cm). The four potential water sources were identified as follows:

	(1) Shallow soil layer (0–80 cm): The δ18O of soil water is notably influenced by climatic factors such as precipitation, temperature, and evaporation, exhibiting the most significant fluctuations.

	(2) Shallow-middle soil layer (80–180 cm): Although the δ18O of soil water exhibits significant fluctuations, these variations are relatively gentle when compared to those in the surface layer.

	(3) Middle soil layer (180–420 cm): Compared with the above two soil layers, the changes in SWC and isotope ratios are relatively low.

	(4) Deep soil layer (420–500 cm): Since it is less affected by the external environment, the δ18O of soil water exhibits a consistent trend with increasing soil depth.






2.5 Data analysis

The contributions of potential water sources to the T. ramosissima were evaluated using the MixSIAR package in R. The correlation between the proportion of water absorption across the range of soil layers and various environmental factors was examined with the corrplot package in R. One-way analysis of variance (ANOVA) was utilized, followed by a post-hoc Turkey test (p < 0.05), to identify significant differences in the isotope ratios across various water sources in all sites. The relationship between δD and δ18O values in soil water was analyzed using a common linear regression model. All figures were drawn in Origin 2021.





3 Results



3.1 Variations in SWC and stable isotope values

The SWC was observed to be generally low at all sites, but there were significant differences between them (Figure 2). The mean values of SWC in arid areas were significantly higher than those in semi-arid and hyper-arid areas (p < 0.05), and the same trend was observed for shallow and shallow-middle SWC in arid areas. The SWC in the middle layer followed the order semi-arid (2.52%) > arid (2.45%) > hyper-arid (0.97%), while the deep SWC followed the order hyper-arid (18.78%) > arid (10.64%) > semi-arid (3.30%) (Equation 1). As soil depth increased, there was an increasing trend in SWC across all sites. Particularly noteworthy was the significantly lower SWC in the 0–420 cm soil layer compared to the 420–500cm layer in arid and hyper-arid areas. Additionally, in a semi-arid area, the SWC in the 0–180 cm layer was significantly lower than that in the 180–500 cm layer (p < 0.05). The SWC of T. ramosissima coppice dunes in semi-arid, arid, and hyper-arid areas exhibited a primary peak at 240–260 cm (2.88% ± 0.09%), 260–280 cm (6.90% ± 0.34%), and 240–260 cm (2.70% ± 0.56%), respectively. The SWC increased significantly with depth in the range of 420–500 cm of soil layer in all sites (p < 0.05).




Figure 2 | Soil water content of T. ramosissima at coppice dunes at all sites. Bars represent standard error bars.



The δD and δ18O values of soil water at coppice dunes exhibited significant variations across different natural precipitation gradients (Figure 3). The average order of δD and δ18O was as follows: hyper-arid > arid > semi-arid. The ranges of δD values of soil water in semi-arid, arid, and hyper-arid areas were − 83.57‰ to − 56.47‰, − 69.02‰ to − 43.04‰, and − 79.02‰ to − 32.34‰, respectively; while the ranges of δ18O values were − 10.02‰ to − 4.41‰, − 7.12‰ to 2.96‰, and − 7.79‰ to − 0.87‰, respectively (Equation 2). The δD and δ18O values exhibited comparable trends across both the arid and hyper-arid areas. Specifically, the average δD and δ18O values of soil water in each layer exhibited a decreasing trend from the shallow to deep layer in arid and hyper-arid areas, with the highest values observed at 0−20 cm. However, in semi-arid areas, the mean δD and δ18O values of soil water exhibited a significant increase in the shallow-middle layer compared to the shallow layer. Furthermore, both δD and δ18O values initially rose and then declined with the depth of the soil layer. As the soil depth increased, the isotopic composition of soil water gradually decreased and stabilized at all sites. The lc-excess values of arid areas were significantly higher than those of semi-arid and hyper-arid areas, suggesting that the evaporation of soil water has the most significant impact in arid areas (Equation 3). The lc-excess value was lowest in the shallow-middle layer of semi-arid areas, while the values were lowest in the shallow layer of arid and hyper-arid areas.




Figure 3 | Variation characteristics of soil water isotopes and lc-excess at coppice dunes from semi-arid (A), arid (B) and hyper-arid (C) areas. Bars represent standard error bars.



The xylem water and groundwater isotope values of T. ramosissima also showed differences from semi-arid to hyper-arid areas (Table 1). The δD and δ18O values of T. ramosissima in both xylem water and groundwater demonstrated a progressive increase from semi-arid to hyper-arid areas, with the δD and δ18O values in hyper-arid areas being significantly higher than those in other areas. In semi-arid areas, the δD values of xylem water and groundwater of T. ramosissima were notably lower compared to those in other areas (p < 0.05). However, in hyper-arid areas, the δ18O value of groundwater was significantly higher than that in other areas (p < 0.05). There was no significant difference in the δ18O of xylem water at all sites (p > 0.05).


Table 1 | Stable isotope values of plant xylem water and groundwater at all sites.






3.2 Relationships between soil water, groundwater, and xylem water isotopes

There was a linear relationship between δD and δ18O in precipitation, soil water, xylem water, and groundwater at three sites (Figure 4). In semi-arid, arid, and hyper-arid areas, their soil water line (SWL) slopes and intercepts were observed to be significantly lower than those of both the global meteoric water line (GMWL) (δD = 8δ18O + 10) and LMWL, indicating that precipitation and soil water at each site have experienced fractionation due to evaporation. The δD and δ18O values of soil water at all sites exhibited a deviation from the LMWL, suggesting that soil water was replenished by precipitation and experienced evaporative fractionation effects at each site. In addition, the composition of hydrogen and oxygen isotopes in soil water gradually approached the LMWL as the soil depth increased, indicating a gradual decrease in soil evaporation intensity from the surface layer to the deep layer. The SWL fitted by the linear regression of δD and δ18O in hyper-arid areas was steeper compared with that in semi-arid and arid areas. The isotopes of xylem water at the three sites were plotted in soil water intervals at different levels, suggesting that precipitation is not the direct water source for T. ramosissima at the various sites. Instead, the soil water from different soil layers serves as the main water source for T. ramosissima.




Figure 4 | Relationship between δD and δ18O in different water bodies of coppice dunes in semi-arid (A), arid (B), and hyper-arid (C) areas. SWL, soil water line in three sites (Huocheng: δD = 3.2818O − 45.45; Mosuowan: δD = 2.5618O − 47.51; Tazhong: δD = 5.7618O − 27.28); LMWL, local meteoric water line (Tazhong: δD = 7.27δ18O + 6.47 (Zhou et al., 2017); Mosuowan: δD = 7.54δ18O + 7.98 (Tiemuerbieke et al., 2018); Huocheng: δD = 7.24δ18O + 8.23 (Feng and Yang, 2022)); GMWL, global meteoric water line (δD = 10 + 8δ18O (Craig, 1961)).



Significant variations were observed in the water-absorbing layer position of T. ramosissima transitioning from semi-arid to hyper-arid areas (Figure 5). In the semi-arid area, the δ18O value of the xylem water of T. ramosissima was relatively close to the δ18O values of the soil water in the 40–60cm, 80–160cm, 180–220cm, and 260–340cm layers. Thus, we speculate that T. ramosissima mainly absorbs shallow, shallow-middle, and middle layers of soil water in arid areas. In the arid area, the δ18O value of the xylem water of T. ramosissima was close to the δ18O values of soil water at 240–280 cm and 440–500 cm. This suggests that T. ramosissima mainly utilizes the middle and deep layers of soil water as its primary water source in arid areas. In the hyper-arid area, the δ18O value of the xylem water of T. ramosissim was close to that of the groundwater and the soil water at 180–240 cm, 300–340 cm, and 400–500 cm, suggesting that T. ramosissima may use the middle and deep soil water as well as groundwater as its main water source. Furthermore, the δ18O values of soil water at 340–380 cm coincided with those of groundwater in arid areas, indicating that soil water may be replenished by groundwater. From the semi-arid to the hyper-arid areas, the δ18O values of xylem water (semi-arid: − 6.88‰; arid: − 6.75‰; hyper-arid: − 6.42‰) exhibited similarities to those of shallow (0–80 cm), middle (180–420 cm), and deep (420–500 cm) soil water, suggesting that T. ramosissim gradually utilizes deep soil water as precipitation decreases.




Figure 5 | Comparison of δ18O values of soil water, groundwater, and xylem water at coppice dunes from semi-arid (A), arid (B) and hyper-arid (C) areas. Bars represent standard error bars.






3.3 Quantitative analysis of vegetation utilization of various water sources

The MixSIAR model was used to quantify the relative contributions of different potential water sources to T. ramosissima in semi-arid, arid, and hyper-arid areas (Figure 6). There were differences in water use strategies among the three sites during the study period. In the semi-arid area, the proportions of T. ramosissima utilized different soil depths (0–80 cm, 80–180 cm, 180–420 cm, and 420–500 cm) and groundwater were 18.4%, 27.9%, 16.7%, 20.5%, and 16.5%, respectively, suggesting that the plant mainly utilizes shallow, shallow-middle, and deep soil water. In the arid area, the proportions of T. ramosissima utilized different soil depths and groundwater was 12.4% (0–80 cm), 16.8% (80–180 cm), 19.5% (180–420 cm), 22.8% (420–500 cm), and 28.4% (groundwater), indicating that the plant predominantly relies on water sources from the middle and deep soil layers as well as groundwater. In the hyper-arid area, the proportions of T. ramosissima utilized different soil depths: 3.7% (0–80 cm), 5.9% (80–180 cm), 13.5% (180–420 cm), and 16.7% (420–500 cm). Furthermore, groundwater was a significant contributor to its water source at 60.2%. This shows that the plants in hyper-arid areas mainly utilized deep soil water and groundwater. In semi-arid areas, T. ramosissima had the highest utilization rate of soil water, reaching 83.5%. On the contrary, in hyper-arid areas, T. ramosissima had the lowest utilization rate of soil water, at 39.8%. The utilization rate of soil water by T.ramosissima exhibited a significant increase from hyper-arid to semi-arid areas, with the contribution rate of soil water rising by 43.7%.




Figure 6 | The utilization ratio of potential water sources by T. ramosissima at coppice dunes at all sites.






3.4 Environmental factors affecting water absorption by T. ramosissima

Pearson’s correlation analysis was employed to investigate the correlation between environmental factors and the water absorption fraction of T. ramosissima at coppice dunes (Figure 7). In semi-arid areas, a significant negative correlation existed between precipitation (Pre) and the water absorption ratio of the 180–420cm soil layer. Similarly, there was a significant negative correlation between SWC and the water absorption ratio of the 0–80cm soil layer, suggesting that the SWC will influence the water use of T. ramosissima in semi-arid areas. Other environmental factors were not significantly correlated with the water absorption rate of each soil layer. In arid areas, there was a significant negative correlation between temperature (Tem) and the absorption ratio of groundwater. Similarly, a significant negative correlation was observed between evapotranspiration (Eva) and the absorption ratios of soil layers ranging from 0–80 cm to 80–180 cm, as well as groundwater. Furthermore, a significant positive correlation was found between pH and the water absorption ratio within the 420–500cm soil layer, and conversely, a significant negative correlation was noted between electrical conductivity (EC) values and the water absorption ratio within this same soil layer. In the hyper-arid area, an extremely significant negative correlation was found between Tem and the water absorption ratio of the 80–180cm soil layer. Additionally, there was a significant positive correlation between Eva and the water absorption ratio of the same soil layer. A significant correlation was observed between the SWC and the water absorption rate of the 0–80cm layer, suggesting that plants have difficulty utilizing their shallow soil water when the available water in the soil is low, prompting them to rely on deep soil water instead. Furthermore, there was an extremely significant positive correlation between pH and the water absorption ratio of the 180–420cm soil layer. Conversely, a significant negative correlation was observed between EC and the absorption ratio of groundwater.




Figure 7 | Correlation between environmental factors and the water source utilization efficiency of T. ramosissima in semi-arid (A), arid (B), and hyper-arid (C) areas. Tem, temperature; Pre, precipitation; Eva, evapotranspiration; SWC, soil water content; EC, electrical conductivity. *p < 0.05; **p < 0.01.







4 Discussion



4.1 Change characteristics of SWC and δD and δ18O

The SWC plays a pivotal role in determining the water use pattern and growth of vegetation in desert areas (Ganjegunte et al., 2018; Cao et al., 2020). The SWC plays a pivotal role in determining the water use pattern and growth of vegetation in desert areas (Ganjegunte et al., 2018; Cao et al., 2020). In this study, significant variations in SWC were observed across the sites under a natural precipitation gradient. Notably, the SWC was significantly higher in arid areas compared to the other areas (p < 0.05) (Figure 2). The observed differences may be attributed to the meltwater replenishment of the arid area. Upon snowmelt, the majority is transformed into soil water via vertical infiltration into the coppice dune soil. The sampling period (July) coincides with the local dry season, during which shallow soil water content progressively diminishes due to increased evaporation. In addition, prior to sampling, the area experienced continuous rainfall, accumulating a total of 5.87 mm, which replenished its surface soil moisture (0–20 cm). On the other hand, arid coppice dunes exhibit a higher soil clay content than hyper-arid areas (Supplementary Figure S2), contributing to their higher water-holding capacity (Cao et al., 2020; Dong et al., 2020; Liu et al., 2021). Consequently, the SWC in arid areas surpasses that of other areas. In arid desert areas, the influence of precipitation on soil moisture is limited, with larger precipitation events (> 10 mm) having certain replenishment effects on soil water in the > 40cm layer (Li et al., 2013; Wu et al., 2023). As a result, when precipitation is low, the changes in surface SWC are also minor, and the roots within the surface soil become inactive during drought conditions (Kulmatiski et al., 2020). In this study, the SWC of the shallow layer at all three sites was found to be notably low, which prevented the plants from absorbing water efficiently from the shallow layer and forced them to depend on groundwater or deeper soil water (Wang et al., 2019). In a semi-arid area, the SWC of the shallow layer was lower than that of the shallow-middle layer (Figure 2). Despite the fact that precipitation in semi-arid areas exceeds that at other areas (Supplementary Figure S1), it is not enough to compensate for the substantial water demand for plant growth and intense evaporation rates (Li et al., 2013). Consequently, T. ramosissima predominantly absorbs water from the shallow-middle soil (Figures 5, 6). In the arid and hyper-arid areas, meanwhile, monthly average precipitation is notably sparse, leading to soil water being insufficient for effective replenishment, with plants exhibiting adaptive mechanisms to drought conditions by augmenting the utilization of deep soil water. In arid and hyper-arid areas, the SWC of the deep layer were both significantly higher than that of the semi-arid areas, indicating that the deep soil water in these sites is the main source of water (Figure 6). Furthermore, the groundwater depth in semi-arid areas is relatively shallow, at approximately 6 m, which serves as a supplementary source of deep soil water (Zhang et al., 2018), so the deep SWC in hyper-arid areas was significantly higher than that in the other areas.

In general, the δD and δ18O values of soil water are predominantly influenced by two primary processes: evaporation and infiltration (Ehleringer and Dawson, 1992; Pei et al., 2024). In this study, the mean values of δD and δ18O in soil water of hyper-arid areas were found to be higher than those recorded in semi-arid and arid areas (Figure 3), suggesting that the intensity of evaporation of soil water in hyper-arid areas surpasses that of the other sites. Furthermore, its low precipitation impeded the ability of T. ramosissima to utilize shallow soil water in hyper-arid areas, leading to a mere 3.7% contribution (Figure 6). Shallow soil water exhibits isotopic enrichment due to evaporation fractionation, leading to a decrease in SWC and an increase in δD and δ18O values (Liu et al., 2018). In contrast, we observed a trend toward lower δ18O values in shallow soil water in semi-arid areas (Figure 3). Additionally, lc-excess effectively delineates the intensity of soil water evaporation fractionation signals across various soils in arid areas (Qiu et al., 2023). Notably, in semi-arid areas, the shallow soil exhibited the highest lc-excess value (Figure 3), suggesting that its evaporation intensity is relatively low. This might be attributable to the inhibition of shallow soil layer isotopic enrichment following precipitation infiltration (Song et al., 2016), which would indicate that precipitation can infiltrate into the soil surface layer to serve as a water source for T. ramosissima in semi-arid areas. In arid and hyper-arid areas, the δD and δ18O values of shallow-layer soil water displayed significant fluctuations, which gradually stabilized as the soil layer depth increased. This suggests that the δD and δ18O values of the surface soil at these sites are significantly influenced by the substantial evaporation intensity. This finding aligns with the observed trend of SWC in this study and is consistent with previous research (Wu et al., 2016; Liu et al., 2018; Pu et al., 2020). Correspondingly, the lc-excess values of soil water also exhibited an increase with the depth of the soil layer. The lower lc-excess values in shallow soils suggest a higher evaporation intensity within these soils (Pei et al., 2023), which further illustrates that the proportion of shallow soil water utilization is lower in arid and hyper-arid areas.

Previous studies have demonstrated that the slope of the SWL is typically lower than that of the LMWL owing to the evaporative enrichment of stable isotopes in soil water (Benettin et al., 2018; Sprenger et al., 2018; Wang et al., 2020). In this study, the slopes of the SWL and LMWL were all found to be lower than those of the GMWL at all sites (Figure 4), suggesting that the precipitation and soil water have undergone fractionation as a result of evaporation. The slopes and intercepts of the LMWL at the three sample sites were clearly smaller than those of the GMWL, suggesting that the stable isotope values were affected by secondary evaporation during precipitation. There were differences in the slope and intercept of the SWL at all sites (Figure 4), which may be related to differences in evaporation intensity at coppice dunes across different sites (Pei et al., 2023). In this study, the SWL line in hyper-arid areas was steeper than that in arid and semi-arid areas, indicating higher evaporation intensity in hyper-arid areas. The isotopic compositions of xylem water at all sites are plotted in proximity to the soil water within various soil layers, suggesting that soil water at different depths serves as a direct water source for T. ramosissima, indeed, similar conclusions have been reached previously (Su et al., 2020). In semi-arid areas, the δD and δ18O values of a part of the soil water were distributed around the LMWL, suggesting that precipitation can serve as a supplementary source for its soil water. In hyper-arid areas, the isotopic values of groundwater are distributed near those of soil water, while in semi-arid and arid areas, there is a significant deviation between the isotopic values of groundwater and soil water. This indicates that groundwater can serve as a source to replenish soil water in hyper-arid areas, but this is not the case in other areas. In summary, the soil water content and the composition of soil isotopes were influenced by precipitation and evaporation. Consequently, T. ramosissima at each site adjusts its water absorption depth in response to fluctuations in precipitation and SWC. When soil moisture is adequate, T. ramosissima primarily utilizes shallow layers of water. However, in instances of water scarcity, it shifts toward deeper soil water or groundwater sources (Fan et al., 2017; Cao et al., 2020; Ma et al., 2021).




4.2 Water utilization strategies and influencing factors of T. ramosissima at coppice dunes

Water plays a crucial role in facilitating plant growth. Plants exhibit varying water use strategies depending on their respective habitats, with significant variations in water sources, particularly notable in desert areas (Nie et al., 2012). The water use patterns of plants are influenced by factors such as root distribution and water availability. Several studies have demonstrated that precipitation levels of varying magnitudes can affect rates of plant water contribution in different habitats (Loarie et al., 2009; Ma et al., 2021; He et al., 2022). The water use of plants is influenced by the quantity of precipitation, which gradually shifts from the low to the high water soil layer as the amount of precipitation increases (Liu et al., 2016; Zhao et al., 2020a). In this study, T. ramosissima was found to be dependent on soil water from the shallow, shallow-middle, and middle layers in semi-arid areas, which may be related to the higher precipitation in this area (Figure 8). When precipitation infiltrates the soil, the shallow layers are particularly responsive to changes in SWC, and consequently, plants tend to absorb water from these shallow soil layers during root transport, their aim being to reduce energy expenditure (Hasselquist and Allen, 2009; Wang et al., 2017). However, when conditions in the shallow soil become inadequate for water uptake, plants shift their focus to deeper soil layers (Liu et al., 2018). In the present study, T. ramosissima mainly utilized middle and deep soil water in arid areas, with its water use strategy being intimately associated with the SWC, and showing a preference for soil layers with high water content, similar to the results of previous studies (Yang et al., 2015a; Dai et al., 2022). However, in arid areas, the proportion of use in the shallow and shallow-middle layers was smaller, likely due to the lc-excess of the shallow layer being notably lower than that of the middle and deep layers. This suggests that the evaporation rate of shallow soil water is high, prompting plants to adapt to the arid conditions by drawing upon deeper soil water. Consequently, T. ramosissima has adapted by utilizing a larger proportion of deep soil water. Although the proportion of T. ramosissima using groundwater reached 28.4% in arid areas, the groundwater level was more than 30 m deep, meaning it may be difficult for the roots of T. ramosissima to reach the depth of groundwater. In hyper-arid areas, T. ramosissima primarily absorbed deep soil water and groundwater. It had a high utilization rate of groundwater, at 60.2%, with a rate of only 3.7% for shallow soil water and 5.9% for shallow-middle soil water. This was due to the precipitation of 0.82 mm (< 5 mm) during the sampling month and the fact that soil situated at depths of more than 10 cm remains largely unaffected by such precipitation (Dai et al., 2020). Moreover, the correlation between precipitation and the water absorption ratio of each soil layer was found to be insignificant in hyper-arid areas (Figure 7), suggesting that precipitation has little effect on shallow soil replenishment. In the hyper-arid areas, factors such as low precipitation, high air temperatures, and intense evaporation (Supplementary Figure S1) have accelerated the evaporation rate of surface soil moisture, which resulted in the extremely low SWC in shallow layers in the hyper-arid area (Figure 2). When the water demand of plants increases, T. ramosissima adjusts its water utilization pattern by relying on stable deep soil water and groundwater, using them as the primary water sources for plant growth.




Figure 8 | Conceptual model of potential water sources for T. ramosissima at coppice dunes along a precipitation gradient. The blue and green arrows represent the average precipitation and evapotranspiration in July from 2020 to 2022, respectively. The percentages illustrate the utilization of soil water at varying layers and groundwater by T. ramosissima across different areas.



Precipitation is an essential resource for the growth and survival of plants, so variations in precipitation significantly influence plant water use strategies and diversity (Loarie et al., 2009; He et al., 2022). From the semi-arid area to the hyper-arid area, the δ18O values of xylem water (semi-arid: − 6.88‰; arid: − 6.75‰; hyper-arid: − 6.42‰) exhibited similarities to those of shallow (0−80 cm), middle (180−420 cm), and deep (420−500 cm) soil water, respectively. Moreover, the proportion of shallow soil water utilized by T. ramosissima decreased by 14.7% from the semi-arid to hyper-arid areas (Figure 6). The potential water sources utilized by T. ramosissima gradually shifted from shallow to deep soil water and groundwater, with a decrease in natural precipitation. It was found that T. ramosissima tended to choose shallow soil water in the semi-arid area with its relatively high precipitation (Figure 5A), with plants then acquiring deep soil water when the shallow soil moisture is insufficient (Figures 5B, C). It has been shown that T. ramosissima has a dimorphic root system and the ability to switch its water absorption between shallow and deep soil layers (Wang et al., 2019). In arid environments, the root system remains dormant because the surface soil is affected by the dry climate, and T. ramosissima relies on deep roots to absorb deep soil moisture in order to ensure survival (Kulmatiski et al., 2020; Ma et al., 2021). These results demonstrate that T. ramosissima has regional variations in its water sources, which are strongly influenced by the rainfall patterns of their respective environments. This observation underscores the adaptability of T. ramosissima in its water usage patterns, particularly under drought conditions. It demonstrates that T. ramosissima has plasticity in utilizing potential water sources, which can maintain the vitality of the root system to the maximum extent and enable plants to obtain more stable water sources.





5 Conclusion

This study used stable isotope technology in conjunction with the MixSIAR model to analyze the water sources and water use strategies of T. ramosissima at coppice dunes along a natural precipitation gradient. The findings indicate that alterations in precipitation can induce a shift in plant water use patterns, optimizing the utilization of available water resources. Specifically, T. ramosissima primarily utilizes shallow, shallow-middle, and middle soil water in semi-arid areas, while it predominantly relies on middle and deep soil water in arid areas. In hyper-arid areas, its main water source transitions to deep-soil water and groundwater. The proportion of shallow soil water decreased by 14.7% for T. ramosissima from semi-arid to hyper-arid areas, illustrating the occurrence of a gradual shift in potential water sources utilized by T. ramosissima from shallow to deep soil water and groundwater. The water use strategies of T. ramosissima were significantly influenced by changes in precipitation and soil water content across all sites. In conclusion, the water use patterns of T. ramosissima across diverse sites exhibit a high degree of flexibility along a natural precipitation gradient. Consequently, T. ramosissima utilizes a variety of water utilization strategies to modulate its growth characteristics in response to varying precipitation conditions. The primary objective is to maximize the acquisition of water, which reflects its strong adaptability and increases its competitive advantage over limited water resources in the desert. The findings offer a scientific foundation for the management of water resources and the restoration of ecological systems in arid desert areas.
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Supplementary Figure 1 | Average monthly precipitation (mm), average monthly evapotranspiration (mm), and average monthly temperature (|°C) at Huocheng (A), Mosuowan (B), and Tazhong (C). These values represent monthly averages for the period 2020–2022.

Supplementary Figure 2 | Vertical distribution of soil particle size composition at Tazhong (A) and Mosuowan (B). Data from Dong et al. (2020). The soil particle size composition is described as the percentage of clay (<0.002 mm), silt (0.002–0.050 mm), and sand (0.050–0.250mm).
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Specific leaf area (SLA) and leaf dry matter content (LDMC) are key leaf functional traits often used to reflect plant resource utilization strategies and predict plant responses to environmental changes. In general, grassland plants at different elevations exhibit varying survival strategies. However, it remains unclear how grassland plants adapt to changes in elevation and their driving factors. To address this issue, we utilized SLA and LDMC data of grassland plants from 223 study sites at different elevations in China, along with climate and soil data, to investigate variations in resource utilization strategies of grassland plants along different elevational gradients and their dominant influencing factors employing linear mixed-effects models, variance partitioning method, piecewise Structural Equation Modeling, etc. The results show that with increasing elevation, SLA significantly decreases, and LDMC significantly increases (P < 0.001). This indicates different resource utilization strategies of grassland plants across elevation gradients, transitioning from a “faster investment-return” at lower elevations to a “slower investment-return” at higher elevations. Across different elevation gradients, climatic factors are the main factors affecting grassland plant resource utilization strategies, with soil nutrient factors also playing a non-negligible coordinating role. Among these, mean annual precipitation and hottest month mean temperature are key climatic factors influencing SLA of grassland plants, explaining 28.94% and 23.88% of SLA variation, respectively. The key factors affecting LDMC of grassland plants are mainly hottest month mean temperature and soil phosphorus content, with relative importance of 24.24% and 20.27%, respectively. Additionally, the direct effect of elevation on grassland plant resource utilization strategies is greater than its indirect effect (through influencing climatic and soil nutrient factors). These findings emphasize the substantive impact of elevation on grassland plant resource utilization strategies and have important ecological value for grassland management and protection under global change.
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Introduction

Plant functional traits are closely related to plant survival, growth, and reproduction. It not only can reflect plant responses to environmental changes and adaptation strategies, but also influencing the functions of individual plants and ecosystems (Song et al., 2024). For example, specific leaf area (SLA) and leaf dry matter content (LDMC) are commonly used to represent plant resource utilization strategies (Kattge et al., 2020; Liu et al., 2021). Among them, specific leaf area is the ratio of leaf area to dry mass (Worthy et al., 2020), reflecting a plant’s light resource utilization and allocation strategies (Liu et al., 2023), and leaf dry matter content is the ratio of leaf dry mass to fresh mass, indicating a plant’s nutrient conservation capacity (Smart et al., 2017). Typically, in favorable environments, plants exhibit higher SLA and lower LDMC, displaying a “faster investment-return” resource utilization strategy (Májeková et al., 2014). However, in harsh environments such as those with nutrient and water scarcity, plants tend to reduce SLA and increase LDMC in order to better withstand adverse conditions and prolong leaf lifespan, exhibiting a “slower investment-return” resource utilization strategy (Dwyer et al., 2014; Gong and Gao, 2019).

Grasslands cover approximately one quarter of the global terrestrial area and are an important component of terrestrial ecosystems (Villoslada Peciña et al., 2019). Grasslands also have a very wide distribution, ranging from low to high elevations (New, 2019). The vertical range of grassland distribution in our country is also very wide (Yu et al., 2021; Shen et al., 2022). Existing studies have shown differences in adaptation strategies among grassland plants at different elevations, but there is currently no comprehensive research on the adaptation strategies of plants at different elevations in China. To fill this gap in China, we obtained data from published authoritative papers covering 223 study sites at different elevations in China (i.e., SLA, LDMC) with the aim of exploring the adaptive strategies of grass plants at different elevations in China. Furthermore, exploring the resource utilization strategies of grassland plants at different elevational gradients and their controlling factors has significant ecological value for understanding the specific impacts of global change on grassland plants, and provides theoretical basis and important guiding significance for grassland management and conservation under global change (Fontana et al., 2017).

Different elevations and environments result in different adaptation strategies for plants (Liu et al., 2021). For instance, in high-elevation areas, due to low temperatures, strong ultraviolet radiation, and short growing seasons, herbaceous plants must maximize the use of the environment through traits adapted to habitat conditions (Abbas et al., 2022). Moreover, Plants living at high elevational gradients exhibit cold-tolerant traits; they generally grow slowly but have long lifespans, are small in size, and have thick leaves (Hultine and Marshall, 2000), with high LDMC and low SLA, adopting a “slower investment-return” resource utilization strategy to achieve survival and reproduction. However, plants living at middle and lower elevations generally have higher SLA and lower LDMC to quickly acquire ample resources, exhibiting a “faster investment-return” resource utilization strategy (Islam et al., 2024). In general, SLA decreases with increasing elevation, while LDMC increases with elevation, indicating that plants choose different resource utilization strategies at different elevational gradients (Rixen et al., 2022). However, most current studies on the elevation variation of grassland plant resource strategies have been conducted at small, localized scales (Fontana et al., 2017; Wieczynski et al., 2019; Kramp et al., 2022; Feng et al., 2023), lacking integration and synthesis of these findings at broader macroscopic scales. It remains unknown whether grassland plant resource utilization strategies and their driving factors at large scales are similar to those observed at local scales. Therefore, there is an urgent need for research on the elevation variation of grassland plant resource utilization strategies and their driving factors at larger scales, aiming to provide valuable insights for guiding grassland management and conservation under global climate change scenarios.

Numerous studies have found that plant resource utilization strategies are influenced by various ecological factors (Huang et al., 2021; Wang et al., 2022a). Similarly, plants adapt to different environments by adjusting the SLA and LDMC of their leaves. For example, as precipitation and temperature decrease, plants adopt a conservative approach to resist moisture stress and cold stress, with a significant reduction in SLA and an increase in LDMC. This leads to slower growth and greater investment in leaf construction, adopting a “slower investment-return” resource utilization strategy (Firn et al., 2019). However, plants exhibited higher SLA and lower LDMC when soil moisture increased and soil temperatures rose because soil nutrient availability was higher at this time, and plants needed to increase the plant’s net photosynthetic rate and transpiration rate, displaying a “faster investment-return” resource utilization strategy (Pietsch et al., 2014; Gong and Gao, 2019). In addition to water and thermal conditions, the duration of sunlight also significantly affects plant resource utilization strategies. For instance, in low light conditions, to capture more light, plants increase leaf area and reduce leaf thickness to enhance SLA, adopting a “faster investment-return” resource utilization strategy (Lusk et al., 2008).

Among many environmental factors, soil, as the direct living environment of plants, soil physical and chemical properties and soil nutrient factors have significantly impact on plant resource utilization strategies (Wang et al., 2021; Cui et al., 2022). For example, plants in acidic soils have higher SLA and lower LDMC, enabling more efficient nutrient uptake (Tao et al., 2019). Plant species living in arid and barren environments tend to conserve more nutrients in plant tissues that are long-lived and resistant, thus exhibiting a “slower investment-return” resource utilization strategy (Kramp et al., 2022). Furthermore, soil nutrients, particularly nitrogen (N) and phosphorus (P), significantly affect plant photosynthesis (Yang et al., 2017), e.g., as soil nitrogen content increases, SLA tends to increase and LDMC tends to decrease (Hodgson et al., 2011), leading plants to adopt a “faster investment-return” resource utilization strategy. Therefore, to explore the effects of environmental factors on plant adaptive strategies, we also analyzed the relationship between different environmental factors and SLA and LDMC.

Based on data from 223 field grassland sites at various elevations in China, this study aims to explore the differences in resource utilization strategies of grassland plants across different elevation gradients and their dominant factors. To address the above issues, we propose the following hypotheses: (1) As the elevation gradient increases, the resource utilization strategy of grassland plants shifts from “fast investment-return” to “slower investment-return”; (2) Climatic factors are the dominant environmental factors influencing the resource utilization strategies of grassland plants at different elevational gradients, with soil nutrient factors also playing a significant coordinating role; (3) The direct effect of elevation on the resource utilization strategy of grassland plants is greater than its indirect effects.





Materials and methods




SLA and LDMC data

China’s vast territory and diverse climates make it a major grassland country in the world. Furthermore, the elevational range of grasslands in China is broad (Yu et al., 2022; Shen et al., 2022). The continuous variation in elevation provides conditions for exploring the resource utilization strategies of grassland plants at different elevational gradients (Goll et al., 2017).

In this study, we conducted a literature search on two major websites, namely the China National Knowledge Infrastructure (CNKI) and Web of Science, using “China”, “grassland”, “LDMC”, and “SLA” as keywords. We collected data from some of these sources, covering studies from 2004 to 2022. The time span of this period is small enough to minimize the impact of time on this study. We collected data from 223 grassland sites. These grassland sites ranged from 27.8°N to 50.2°N latitude and 79.72°E to 121.1°E longitude, encompassing temperate continental, temperate monsoon, and alpine mountain climates. The elevation ranges from 13 meters to 5,000 meters (Figure 1A).

In the process of literature data selection, we followed several principles: (1) Studies that specifically address SLA and LDMC at the community level within Chinese grassland ecosystems, far from human interference, are necessary to ensure the data is directly applicable to the research question; (2) Prioritize peer-reviewed articles and studies conducted by reputable institutions to ensure the reliability and accuracy of the data; (3) Studies that measure SLA and LDMC using similar study designs and methods, such as sampling time, sampling methods, laboratory measurement, and analytical techniques, should strive for consistency to ensure comparability of data across different studies; (4) Studies from diverse geographical locations within China to cover a broad range of elevations and grassland types, ensuring a comprehensive understanding of the variations; (5) Prioritize studies with large sample sizes and appropriate plot sizes to enhance the reliability of the results; (6) The selected literature should provide as complete, detailed, and standardized data as possible, including necessary geographic information such as latitude, longitude, and elevation, as well as statistical information such as means, standard deviations, or standard errors of the data, which ensures comparability and integration for rigorous analysis and accurate results; (7) The selected literature should have the smallest possible time span to minimize the impact of time on this study.

The specific experimental methods and calculation methods for SLA and LDMC are as follows:

At each sampling site, randomly select at least four plots of vegetation typical to the region, each larger than 10 m × 10 m. Within each plot, establish at least three quadrats larger than 1 m × 1 m. Collect leaves from each herbaceous plant in the north, south, east, and west directions, mix them, and place them in moisture-preserving bags for transport to the laboratory for SLA and LDMC measurements. Measure the fresh leaf area using a leaf area meter after removing the petioles, and measure the fresh mass of the leaves using an electronic balance with an accuracy of 0.1 mg. Subsequently, place the fresh leaves in an oven at approximately 105°C for high-temperature blanching, and then dry them at 60-70°C for 48-72 hours. Weigh the dried leaves using an electronic balance with an accuracy of 0.1 mg to obtain the dry mass. Calculate SLA as the ratio of leaf area to leaf dry mass, and calculate LDMC as the ratio of leaf dry mass to leaf fresh mass. Calculate the community-weighted mean (CWM) of grassland SLA and LDMC based on species abundance. Due to the varying units used for SLA and LDMC across different studies, convert the units uniformly to m²/kg for SLA and g/g for LDMC before data analysis.





Environmental data

The environmental data used in this study includes annual mean temperature (MAT), coldest month mean temperature (MACT), hottest month mean temperature (MAHT), and mean annual precipitation (MAP) were extracted from the WorldClim global climate database (https://www.worldclim.org/, accessed on 1 July 2023) at a spatial resolution of 1 km. Annual sunshine duration (ASD) and mean annual evaporation (MAE) were both extracted from the Meteorological Data Center of the China Meteorological Administration (http://data.cma.cn/site/index.html, accessed on 1 July 2023) at a spatial resolution of 1 km. Soil pH, soil nitrogen, and available soil phosphorus within the top 30 cm of the soil layer were extracted from a 250 m resolution grid (http://www.csdn.store, accessed on 1 July 2023; https://www.osgeo.cn/data/wc137, accessed on 1 July 2023).





Data analysis

SLA and LDMC data were log10-transformed before analyses to improve data distributions. All statistical analyses were conducted in R (version 4.3.1, R Core Team, 2023). To simultaneously account for fixed effects such as elevation, climate, and soil factors influencing SLA and LDMC, as well as random effects arising from different sampling sites and plant species, in order to enhance the precision and reliability of data analysis, we used linear mixed-effects models to explore the impact of elevation on grassland plant resource utilization strategies (characterizing with SLA and LDMC) and analyze differences in resource utilization strategies among grassland plants at different elevational gradients. Additionally, linear mixed-effects models also are employed to analyze changes in climatic and soil factors along elevational gradients and their effects on SLA and LDMC, thereby assessing the impact of climatic and soil factors on resource utilization strategies of grassland plants at different elevations. This analysis was conducted using the “lme4” package in R. R-squared represents the model’s goodness of fit, and the P-value indicates significance.

Climatic factors primarily include mean annual temperature (MAT), coldest month mean temperature (MACT), hottest month mean temperature (MAHT), mean annual precipitation (MAP), mean annual evaporation (MAE), and annual sunshine duration (ASD). Soil factors mainly include soil nitrogen content (Soil N), soil phosphorus content (Soil P), and soil pH. Considering potential multicollinearity among these factors, we use the “linkET” package in R to perform multivariate correlation analysis to elucidate the interrelationships among the influencing factors.

We employed variance partitioning methods to quantify the explanatory power of climatic and soil factors on the spatial variation of SLA and LDMC at different elevational gradients. The variance decomposition analysis was completed using the “rdacca.hp” package in R. A machine learning approach using boosted regression trees was utilized, with significance testing conducted at the 0.05 level, to explore the independent contributions of each potential influencing factor to the spatial variability of grassland plant resource utilization strategies. This analysis was performed using the “gbm” package in R.

We used piecewise Structural Equation Modeling (piecewiseSEM) to explore the pathways through which each influencing factor within the climatic and soil variables affects the SLA and LDMC of grassland plants. To assess the robustness of the relationships between key ecological factors and SLA and LDMC, we utilized piecewiseSEM to account for the random effects of sampling sites and to provide “marginal” and “conditional” contributions of environmental predictors. These analyses were implemented in R using the “piecewiseSEM”, “nlme”, and “lme4” packages. The goodness of fit for the models was assessed using Fisher’s exact test. Based on acceptable model criteria, specifically a significance level of P < 0.05 and optimal model fit (0 ≤ Fisher’s C/df ≤ 2 and 0.05 < P ≤ 1.00), the models were progressively refined and enhanced to select the best model.






Results




Elevational patterns in investment strategies of grassland plants

With the increase in elevation gradient, grassland SLA significantly decreased (P < 0.001, Figure 1B), while grassland LDMC significantly increased (P < 0.001, Figure 1C). As the elevation gradient increased, the MAT, the MAHT, and the MAE all significantly decreased, whereas the MAP and the ASD both significantly increased (P < 0.001, Supplementary Figure S1). With the rise in elevation, the soil N and soil P significantly increased (P < 0.01, Supplementary Figure S2).




Figure 1 | Geographic distribution of grassland sampling sites (A) and the linear relationship between elevation and SLA (B) and LDMC (C). The size of the circles at the sampling sites represents the relative elevation. SLA stands for specific leaf area, and LDMC represents leaf dry matter content. Both SLA and LDMC data have been log-transformed. R2 indicates the model’s goodness of fit, and the P-value indicates the level of significance. The shaded area shows a 95% confidence interval.







Climatic factors influencing investment strategies of grassland plants

As MAP increased, grassland plant SLA significantly increased (P < 0.001, Figure 2D), while with increases in ASD and MAE, grassland plant SLA significantly decreased (P < 0.001, Figures 2E, F). Grassland LDMC showed a significant negative correlation with the MACT and MAHT (P < 0.001, Figures 3B, C). As MACT and MAHT increased, grassland LDMC significantly decreased (Figures A–C). With rising temperatures and increasing precipitation, grassland plants shifted to a “faster investment-return” survival strategy. Among all climatic factors, MAP and ASD had better predictive power for grassland plant SLA (R2 = 0.23, P < 0.001; Figure 2D; R2 = 0.21, P < 0.001; Figure 2F), while MACT and MAHT had similar predictive effects on grassland LDMC (R2 = 0.09, P < 0.001, Figure 3B; R2 = 0.09, P < 0.001, Figures 3A–F).




Figure 2 | Linear relationships between climatic factors and specific leaf area (SLA). (A) mean annual temperature (MAT); (B) coldest month mean temperature (MACT); (C) hottest month mean temperature (MAHT); (D) mean annual precipitation (MAP); (E) mean annual evaporation (MAE); (F) annual sunshine duration (ASD). SLA data have been log-transformed. R2 indicates the model’s goodness of fit, and the P-value indicates the level of significance. The shaded area shows a 95% confidence interval.






Figure 3 | Linear relationships between climatic factors and leaf dry matter content (LDMC). (A) mean annual temperature (MAT); (B) coldest month mean temperature (MACT); (C) hottest month mean temperature (MAHT); (D) mean annual precipitation (MAP); (E) mean annual evaporation (MAE); (F) annual sunshine duration (ASD). LDMC data have been log-transformed. R2 indicates the model’s goodness of fit, and the P-value indicates the level of significance. The shaded area shows a 95% confidence interval.







Soil nutrient factors influencing investment strategies of grassland plants

Grassland plant SLA is significantly negatively correlated with soil N and soil pH (P < 0.05, Figure 4A; P < 0.001, Figure 4C), and LDMC decreases with an increase in soil N and soil P (P < 0.01, Figures 4D, E). As soil nutrients increase, the resource utilization strategy of grassland plants shifts from a “conservative” mode to a “faster investment-return” survival strategy (Figures 4B, F).




Figure 4 | Linear relationships between soil nutrient factors and SLA (A–C) and LDMC (D–F). Both SLA and LDMC data have been log-transformed. Soil factors include: soil nitrogen (N) content, available soil phosphorus (P) content, and soil pH. R2 indicates the model’s goodness of fit, and the P-value indicates the level of significance. The shaded area shows a 95% confidence interval.







The dominant environmental factors affecting investment strategies for grassland plants

There exists significant correlation between the potential influencing factors (Figure 5). Variance decomposition results show that climatic factors contribute more to SLA and LDMC than soil factors (Figure 6), dominating the resource utilization strategy of grassland plants. MAP and MAHT make the largest independent contributions to the spatial variability of SLA and LDMC in grasslands (Figure 7).




Figure 5 | Multivariate correlation analysis among potential influencing factors for SLA (A) and LDMC (B). Both SLA and LDMC data have been log-transformed. Influencing factors include: climatic factors [mean annual temperature (MAT), coldest month mean temperature (MACT), hottest month mean temperature (MAHT), mean annual precipitation (MAP), mean annual evaporation (MAE), and annual sunshine duration (ASD)] and soil nutrient factors [soil nitrogen content (Soil N), available soil phosphorus content (soil P), and soil pH)]. Asterisks indicate levels of significance (***P < 0.001; **P < 0.01; *P < 0.05).






Figure 6 | Relative impacts of climatic and soil nutrient factors on SLA (A) and LDMC (B) based on variance decomposition models. Both SLA and LDMC data have been log-transformed. Climatic factors include: mean annual temperature (MAT), coldest month mean temperature (MACT), hottest month mean temperature (MAHT), mean annual precipitation (MAP), mean annual evaporation (MAE), and annual sunshine duration (ASD). Soil nutrient factors include: soil nitrogen content (Soil N), available soil phosphorus content (Soil P), and soil pH. The relative importance of each factor is represented as the percentage of explained variance (left panel). The mean parameter estimates of the model predictors (right panel) are presented as standardized regression coefficients ± 95% confidence intervals and P-values for each predictor are given as: ***P < 0.001; **P < 0.01; *P < 0.05.






Figure 7 | Independent contributions of each climatic and soil nutrient factor to SLA (A) and LDMC (B). Both SLA and LDMC data have been log-transformed. Climatic factors include: mean annual temperature (MAT), coldest month mean temperature (MACT), hottest month mean temperature (MAHT), mean annual precipitation (MAP), mean annual evaporation (MAE), and annual sunshine duration (ASD). Soil nutrient factors include: soil nitrogen content (Soil N), available soil phosphorus content (Soil P), and soil pH. Percentage increase in mean square error (MSE, %) of variables was used to estimate the importance of these predictors, and higher MSE% values implied more important predictors. Asterisks indicate levels of significance (***P < 0.001; **P < 0.01; *P < 0.05).







The direct and indirect effects of elevation on investment strategies for grassland plants

Structural equation model results indicate that elevation not only directly affects SLA and LDMC, but also influences them through soil nutrient factors and climatic factors, with its direct effects being greater than its indirect effects (Figure 8).




Figure 8 | The structural equation model shows the direct and indirect effects of elevation on SLA (A) and LDMC (B). Both SLA and LDMC data have been log-transformed. Arrows represent hypothesized impact pathways, with numbers next to the arrows indicating standardized path coefficients, and asterisks denoting levels of significance (***P < 0.001; **P < 0.01; *P < 0.05). The thickness of the arrows represents the relative magnitude of the path coefficients. R2M and R2C represent marginal and conditional R2, respectively.








Discussion




Investment strategies for grassland plants at different elevations

Environmental conditions along elevation gradients affect the adaptability, growth, survival, and functionality of plants, which adopt different resource utilization strategies under varying environmental conditions (Islam et al., 2024). Our research findings indicate that herbaceous plants in lower elevation areas have higher SLA and lower LDMC, while those at higher elevations exhibit lower SLA and higher LDMC (Figures 1B, C). This is primarily due to changes in climatic and soil nutrient conditions caused by different elevation gradients (Sundqvist et al., 2013; Gong et al., 2020). In lower elevation areas, where the climate is milder and the water and thermal conditions are more favorable, plants generally adopt a “faster investment-return” resource utilization strategy. They increase SLA and decrease LDMC, achieving rapid growth and development at lower construction costs, which allows them to gain more resources and competitive advantages for a wider ecological niche (Kunstler et al., 2016; Niu et al., 2018). Conversely, in higher elevation areas, where temperatures are low, ultraviolet radiation is strong, the growing season is short, and soil nutrient availability is poor, the living conditions are harsher. Therefore, plants usually adopt a “slower investment-return” strategy, increasing LDMC and decreasing SLA to prolong leaf lifespan, and they invest more in leaf thickness construction to combat adverse conditions and enhance survival rates (Gong and Gao, 2019).

Our study findings indicate that grassland plants adopt different resource utilization strategies across different elevations, shifting from a “fast investment-return” acquisitive strategy at lower elevations to a “slow investment-return” conservative strategy at higher elevations, which is consistent with the study findings of Wieczynski et al. (2019); Kramp et al. (2022), and Feng et al. (2023). In the context of global climate change, understanding how these strategies affect grassland resilience and productivity is crucial. Conservative strategies at higher elevations may enhance resilience by allocating resources efficiently under harsh conditions, potentially buffering against climate fluctuations (Wang et al., 2022a). Meanwhile, acquisitive strategies at lower elevations might maximize productivity but could also increase vulnerability to environmental stressors (Zemunik et al., 2015). Balancing these strategies through adaptive management could optimize grassland health and sustainability amid changing climates (Wang et al., 2022b). Through scientifically sound management measures, it is possible to effectively enhance grassland resilience and productivity, protect biodiversity, enhance plant adaptation to climate change, and maintain the ecological functions of grasslands (Moore and Schindler, 2022).





The impact of climate factors on investment strategies for grassland plants

Our data indicates that with increasing temperature, SLA generally increases while LDMC significantly decreases (Figures 3B, C), which is contrary to the findings of Gong and Gao (2019) and Wang et al. (2022a). This may be because as temperatures increases, plants typically increase leaf area to enhance photosynthesis, thus more efficiently utilizing available light. A higher SLA indicates thinner leaves, which facilitates light capture and gas exchange in photosynthesis (Huang et al., 2020). An increase in leaf area with significantly thinner leaves is related to a reduction in leaf tissue thickness caused by a decrease in the number of cell layers and cell size in the epidermal, palisade, and spongy tissues (Hartikainen et al., 2009; Jin et al., 2011). In cold environments, cell growth is restricted, leading to smaller cell sizes, increased intracellular contents, and more cell layers. These changes increase the content of proteins and secondary metabolites in leaves, slowing down freezing rates and reducing frost damage and stress, thus enhancing the plant’s cold resistance. This may explain the increase in LDMC and the decrease in SLA (Tardieu and Granier, 2000; Atkin et al., 2006; Usadel et al., 2008). In addition, our results also indicate that with increasing rainfall, SLA tends to increase (Figure 2D), which is consistent with the study findings of Akram et al. (2023). Previous studies have shown that under low precipitation, plants experience water stress and reduce stomatal opening to minimize water loss, increasing LDMC and reducing SLA, and invest more in leaf construction, increasing the thickness of epidermal cells, particularly palisade tissues, making cells more compact and reducing water loss from the plant (Galmés et al., 2013). Nevertheless, as precipitation increases, soil conductivity and photosynthetically active radiation decrease, weakening grassland plant photosynthesis. Plants increase SLA and decrease LDMC to capture more light, enhancing photosynthesis and acquiring more resources to sustain life activities and growth (Kröber et al., 2015). Furthermore, with an increase in ASD, SLA shows a decreasing trend (Figure 2F). This may be because when sunlight duration is insufficient, plants reduce leaf thickness and density, increasing SLA to expand the leaf area for light capture. This improves photosynthetic efficiency under low light conditions, thereby enabling plants to survive periods of insufficient light (Lusk et al., 2008; Coble and Cavaleri, 2015). In addition, our results also indicate that with increasing evapotranspiration, SLA shows a decreasing trend (Figure 2E). Research has shown that evapotranspiration is often related to soil moisture content. Specifically, in dry soil areas, evapotranspiration tends to significantly increase, typically resulting in lower soil moisture content (Liu et al., 2023). Therefore, when evapotranspiration is high and soil moisture is severely deficient, plants experience water stress and respond by increasing LDMC and reducing SLA to minimize water loss.





The impact of soil factors on investment strategies for grassland plants

Most of the nutrients required for plant growth are provided by the soil, and soil nutrients are closely related to plant resource utilization strategies (Gao et al., 2019; Joswig et al., 2022). Our study results show that soil nitrogen and phosphorus content are negatively correlated with LDMC (Figures 4D, F), which is consistent with the study findings of Hodgson et al. (2011). The level of soil nitrogen often indicates the overall nutrient status of the soil, with higher soil nitrogen content associated with more fertile soil. In contrast, in conditions of low soil nitrogen, where nutrients are scarce, nutrient conservation becomes crucial for plants, which then increase LDMC and grow slowly, adopting a “slower investment-return” resource utilization strategy (Ordoñez et al., 2009). Additionally, soil phosphorus content significantly influences the composition of microbial communities (Finkel et al., 2019). An increase in soil phosphorus enhances microbial activity and soil nutrient availability, prompting plants to increase SLA and grow rapidly and develop. Furthermore, our results indicate SLA significantly decreases with increasing soil pH (Figure 4C). Tao et al. (2019) found that under acidic conditions, plants exhibit higher SLA and lower LDMC, rapidly acquiring nutrients to achieve maximum growth, adopting a “faster investment-return” resource utilization strategy, our results are similar to them.





The impact and relationship of elevation and environmental factors on grassland plant investment strategies

Elevation not only directly affects plant resource utilization strategies, but also indirectly influences them by modulating climatic and soil nutrient factors, with its direct effects being greater than its indirect effects (Figure 8). As the elevation gradient increases, key environmental factors affecting plant growth, including climatic factors and associated soil factors, undergo significant changes (Sundqvist et al., 2013). Our study results also confirm that climate and soil factors vary with elevation. In lower elevation areas, the climate is suitable and hydrothermal conditions are favorable for plant survival. In contrast, in higher elevation areas, harsh environmental conditions such as low temperatures, intense ultraviolet radiation, and low oxygen environments have a direct and significant impact on plant physiological processes, forcing plants to adapt directly in order to survive (Abbas et al., 2022). Moreover, the environmental changes caused by elevation changes (e.g., atmospheric pressure, radiation, and duration of sunlight) are rapid and direct. On one hand, these environmental factors directly act on plants, affecting their growth and development processes, leading to changes in their resource utilization strategies and rapid adjustments in key plant functional traits. On the other hand, elevation indirectly affects plant resource utilization strategies by influencing climatic and soil factors. This is usually more complex and involves a time lag.

Research has found that differences in SLA and LDMC among grassland plants are primarily driven by hydrothermal conditions (Wang et al., 2022a). For example, precipitation and temperature can not only directly affect the physiological and biochemical characteristics of plants, but also influence plant resource utilization strategies by affecting microbial activity, accelerating the leaching and transformation of soil nutrients (Yang et al., 2022; Zhu et al., 2023). The availability of soil nutrients depends on climatic factors and soil microbes (Fang et al., 2021; Gao et al., 2021). Therefore, soil nutrients and climatic factors together influence the resource utilization strategies of herbaceous plants, with the contribution of climatic factors being greater than that of soil nutrient factors.

This study investigated the resource utilization strategies of grassland plants across different elevation gradients and their driving factors. The findings bear significant ecological implications for grassland management and conservation under global climate change. However, the study has limitations as the elevation data were sourced from multiple grasslands in China rather than from different elevations within the same region, leading to considerable habitat heterogeneity. High habitat heterogeneity implies diverse environmental conditions within the same elevation range, potentially compromising the comprehensive representation of unique ecological conditions at each elevation. Moreover, in highly heterogeneous habitats, interactions among different plant species and between plants and their environment may be more complex, making it challenging to understand and elucidate the relationships between plant resource utilization strategies and elevation gradients, as well as their driving factors. Therefore, future research addressing this scientific question at a larger scale needs to carefully consider the influence of habitat heterogeneity. This can be achieved by collecting long-term monitoring data, integrating more research datasets, and employing advanced statistical models to more accurately predict plant resource utilization strategies and their responses to climate change.






Conclusions

Our study examined the differences in resource utilization strategies of grassland plants across various elevation gradients in China and their influencing factors. The results indicate that grassland plants exhibit different resource utilization strategies at different elevations. With increasing elevation, SLA significantly decreases while LDMC significantly increases, shifting from a “faster investment-return” strategy in lower elevations to a “slower investment-return” strategy in higher elevations. These changes are primarily regulated by climatic factors, among which MAP and MAHT are the relatively independent key climate factors with the greatest contribution. Soil nutrient factors also play a non-negligible coordinating role. This study highlights the substantial impact of elevation on grassland plant resource utilization strategies, which is crucial for understanding the elevational patterns of grassland plant resource utilization strategies under global change. The different resource utilization strategies of grassland plants at high and low elevations have important implications for grassland management and conservation. Building on our findings, future research could focus on temporal changes in grassland plant resource utilization strategies to better understand these strategies under the background of global climate change.
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Supplementary Figure 1 | Linear relationships between climatic factors and elevation. (A) mean annual temperature (MAT); (B) coldest month mean temperature (MACT); (C) hottest month mean temperature (MAHT); (D) mean annual precipitation (MAP); (E) mean annual evaporation (MAE); (F) annual sunshine duration (ASD). LDMC data have been log-transformed. R2 indicates the model’s goodness of fit, and the P-value indicates the level of significance. The shaded area shows a 95% confidence interval.

Supplementary Figure 2 | Linear relationships between soil nutrient factors and elevation. Soil nutrient factors include: soil nitrogen (N) content (A), available soil phosphorus (P) content (B), and soil pH (C). R2 indicates the model’s goodness of fit, and the P-value indicates the level of significance. The shaded area shows a 95% confidence interval.
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Cuticular waxes coating leaf surfaces can help plants tolerate drought events by reducing non-stomatal water loss. Despite their role in drought tolerance, little is known about how cuticular wax composition has changed during breeding in Canadian bread wheat (Triticum aestivum L.) varieties. To fill in this gap, flag leaves of the Canadian Heritage Bread Wheat Panel, which include 30 varieties released between 1842 and 2018, were surveyed to determine if and how cuticular wax composition in wheat has changed at two breeding ecozones over this period. Following this, a subset of varieties was subjected to drought conditions to compare their responses. As expected, modern varieties outperformed old varieties with a significantly larger head length and reaching maturity earlier. Yet, when challenged with drought, old varieties were able to significantly increase the accumulation of β-diketones to a higher extent than modern varieties. Furthermore, RNAseq was performed on the flag leaf of four modern varieties to identify potential markers that could be used for selection of higher accumulation of cuticular waxes. This analysis revealed that the W1 locus is a good candidate for selecting higher accumulation of β-diketones. These findings indicate that the variation in cuticular waxes upon drought could be further incorporated in breeding of future bread wheat varieties.
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1 Introduction

Wheat is the most widely grown crop in the world accounting for 20% of the global population’s calorie and protein intake (Shiferaw et al., 2013; Bi et al., 2017). Nearly 90% of all wheat grown is the bread wheat variety (Triticum aestivum L.), with Canada being one of the largest producers holding a 10% share in the global wheat market (He et al., 2013; Jing et al., 2021). Most production occurs within Western Canada with Canadian Western Red Spring (CWRS) accounting for 60% of all wheat grown in the region (Kumar et al., 2019). However, global warming has led to fluctuations in soil moisture, with the frequency, duration, and severity of drought events rising globally from 2001 to 2020 (Dai, 2011; Chen et al., 2022). Climate models have predicted that Western Canada, one of the largest producers of wheat in the world, will experience an increase in the frequency and intensity of drought events posing a risk to productivity. Crops in Southern Alberta and Saskatchewan are often affected by drought, and historical trends reveal that low yields in bread wheat coincide with severe drought events (McCaig and DePauw, 1995). Similarly, projections indicate there is over an 80% chance that wheat production will fall below average under exceptional drought, especially in Canada and the United States (Leng and Hall, 2019). Clearly, there is an exceptionally high demand for drought-tolerant wheat varieties that can thrive in future climate scenarios. One mechanism that limits water loss is via cuticular wax accumulation on the leaf surface. Cuticular waxes can reduce non-stomatal water loss under drought settings and also assist in reflecting UV radiation, which can lower leaf transpiration and canopy temperature, without reducing stomatal conductance (Laila et al., 2017; Willick et al., 2018).

These properties are conferred by the hydrophobicity of the components that make up the cuticular waxes. Waxes are predominantly composed of aliphatic compounds, derived from very long-chain fatty acids (VLCFAs, more than 18 carbons long) synthesized at the endoplasmic reticulum surface by the fatty acid elongation complex (Yeats and Rose, 2013). In bread wheat, VLCFAs can undergo several modifications giving rise to homologous series of compounds through three biosynthetic pathways: the alkane-forming pathway (responsible for alkanes, secondary alcohols, and ketones), the alcohol-forming pathway (responsible for primary alcohols and wax esters), and the diketone-forming pathway (responsible for β-diketones, hydroxy-β-diketones, and 2-alkanols) (Tulloch and Hoffman, 1973; Hen-Avivi et al., 2016; Sun et al., 2023). Several genes involved in the biosynthesis of cuticular waxes in wheat have already been characterized. Decarbonylation of VLCFAs to odd-chain alkanes is carried out by the combined activity of CER1 and CER3, with two homologs characterized in wheat (TaCER1–1A and TaCER1–6A) (Li et al., 2019; He et al., 2022). Reduction to primary alcohols is catalyzed by the fatty acyl-CoA reductase (FAR), with five genes in wheat implicated in the biosynthesis of primary alcohols in the leaf (TaFAR1 through 5). Heterologous expression of TaFARs in yeast has shown that these enzymes have preference for making alcohols of specific lengths (Wang et al., 2015a, 2016). More recently, it was discovered that diketone production is controlled by a biosynthetic gene cluster referred to as the WAX1 (W1) locus. The W1 gene cluster is present in the B and D subgenomes and composed of a thioesterase (DMH), a type-III polyketide synthase (DKP), and a cytochrome P450 oxidase (DMC); and the long non-coding RNA encoded by INHIBITOR of WAX1 (Iw1) (Hen-Avivi et al., 2016; Huang et al., 2017; Sun et al., 2023).

Given the protective role of cuticular waxes against drought, the chemical composition can change to better meet function. This is particularly seen with the accumulation of β-diketones and alkanes. The abaxial surface of wheat leaves, flower heads and stems display a bluish-white phenotype referred to as glaucousness imparted by β-diketone deposition (Bi et al., 2017; Su et al., 2020). Under drought-stressed field conditions, glaucousness can reduce leaf temperatures by 0.7°C (Richards et al., 1986). Moreover, glaucous bread wheat near isogenic lines produce significantly more wax and yield than its non-glaucous counterparts when exposed to drought (Guo et al., 2016). Additionally, Australian and American bread wheat varieties have also been seen to respond to drought with alkane accumulation. Under field conditions with reduced irrigation in Texas, winter wheat produced significantly more alkanes in the flag leaf (Liu et al., 2017). Similarly, Australian bread wheat varieties displayed significant increases in flag leaf alkane content when drought was applied in glasshouse conditions (Bi et al., 2017). Notably, most studies have focused on the flag leaf, which is the last leaf to develop and is responsible for producing 45%–58% of the photosynthates required for the grain-filling stage (Liu et al., 2018). These studies indicate that both β-diketone and alkane accumulation can improve bread wheat drought tolerance.

Previous studies have been performed on bread wheat varieties outside Canada (Guo et al., 2016; Bi et al., 2017; Liu et al., 2017). Yet, little is known about the wax responses of Canadian bread wheat varieties, despite their large contribution to the global wheat market. To leverage this knowledge, we focused on a CWRS panel, comprised of 30 wheat varieties based on historic popularity among growers, and released from 1842 to 2018. The varieties differed on their year of release, as well as on the ecozone they were bred for: Eastern (Manitoba), Western (Saskatchewan), or Founder (not bred for a specific region). We initially surveyed the cuticular wax composition of the 30 CWRS wheat varieties under field conditions. Following this, the two oldest and two most modern lines from each ecozone were subjected to drought in a greenhouse setting. Gene expression was then analyzed in four modern varieties under control conditions. We hypothesized that Western lines would outperform Eastern lines under drought conditions, as they were bred for a more arid climate. Additionally, we predicted that older varieties might outperform modern lines under drought, as beneficial traits for drought tolerance may have been lost in the pursuit of breeding for higher yield. Our results show that cuticular wax composition has remained stable; however, significant differences were detected in the accumulation of β-diketones. In contrast to older varieties, most modern varieties were unable to accumulate high levels of β-diketones under drought conditions suggesting that breeding for higher β-diketone accumulation in newer varieties could improve drought tolerance.




2 Materials and methods



2.1 Field experiment

Thirty CWRS wheat varieties were grown in the field at the Llewellyn Farm, Agriculture and Agri-Food Canada (AAFC), Saskatoon, Saskatchewan, from May to August 2021 (Supplementary Table 1) with five replicate plots per variety (n = 150 plots). To lessen the impact of seed age on germination, seeds from all 30 varieties were collected from field-grown plants the year before. The plots were seeded on 21 May 2021 at 263 seeds/m2, with five 4.26-m-long rows spaced 0.18 m apart, for a total seeded area of 3.79 m2. After plot trimming, the harvested area was 2.98 m2. Each plot was separated along its length by a row of fall rye, with buffer plots along the field’s border to account for border effects. The plots were rainfed, with 139.5 mm of rain falling during the growing season (Government of Canada, 2023). On 8 July, two fully expanded flag leaves were collected from the middle of each plot in 15-ml falcon tubes and placed in a dry ice container. The tubes were then shipped on dry ice to the University of Toronto Scarborough for cuticular wax analysis. Following the end of the growing season in August, grain was harvested and yield was expressed as the  total weight of grain for each variety from each plot. The experiment was repeated the following year (2022) to collect plot yields. The presence of drought at the field site in 2021 and 2022 was tracked using the Canadian Drought Monitor, which provides a consolidated drought rating based on a five-category system (Supplementary Figure 1) (Government of Canada, 2023).




2.2 Greenhouse experiments

The two oldest and two most modern varieties from each ecozone were selected for a greenhouse drought experiment at the University of Toronto Scarborough (Supplementary Table 1). A 1:1 mixture of Promix HPCC Mycorrhizae and Promix PGX soil (PlantProducts, Ancaster, Ontario, Canada) was used to fill 3.8-L pots. Two seeds were planted in each pot, and four pots were grown for each variety. Plants were grown on a 14-h day cycle, with natural light supplemented with high-pressure sodium lights when natural light fell below 30,000 lx from 8:00 a.m. to 10:00 p.m. The drought treatment started 30 days after germination. Half of the pots were assigned to the drought treatment and received half the volume of water than plants in the control treatment. The quantity of water was adjusted as the plants grew to maintain a relatively constant water content in the soil throughout the experiment (Supplementary Figure 2A). Soil relative water content (RWC) was monitored twice a week for two random pots from each experimental condition using the gravimetric method (Supplementary Figure 2B) (Willick et al., 2018). Plant performance was measured in terms of tiller count, days to heading, final plant height, number of heads per plant, and head length at the end of each experiment. After 4 weeks of drought treatment, when plants were at the flowering stage, one flag leaf was collected from each pot for cuticular wax analysis. One representative plant from each experimental condition was photographed prior to flag leaf collection.




2.3 Cuticular wax extraction and analysis

Cuticular waxes were collected by submerging flag leaves in chloroform for 45 s. Tetracosane was added as the internal standard, with the quantity varying from 30 to 50 μg depending on the experiment. Following extraction, the wax extract was derivatized using N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine at 75°C for 60 min. Wax samples from the greenhouse drought experiment were analyzed using an Agilent 5977A Series GC/MSD System fitted with a 30-m × 0.25-mm × 0.25-μm HP-5 column. Samples were initially injected at 200°C and held for 1 min. The temperature was then increased to 320°C at a rate of 3°C/min and held at 320°C for 10 min. For all other samples, this method was translated to an Agilent 6890N GC/FID System fitted with a 30-m × 0.32-mm × 1-μm HP-1 column. For GC-MS analysis, peak areas were normalized to the specific amount of internal standard added to the sample and quantified using an external standard curve of pentadecanol for alcohols and an alkane mixture standard curve for all other compound classes. For GC-FID analyses, the internal standard was used for peak area normalization. Flag leaves were photographed following all wax extractions, and individual leaf area was determined using ImageJ (Wang et al., 2015b; Schneider et al., 2012). Compounds were grouped by compound class for statistical analysis. The total wax content was defined as the combined total of all compound classes, including all unidentified peaks.




2.4 Transcriptome analysis

To determine differences in gene expression across varieties, RNA was extracted from the flag leaf of AAC Tradition, AAC Concord, AAC Magnet, and AAC Starbuck plants grown under control conditions. Flag leaf samples were collected from three replicates from each variety for a total of 12 samples and immediately frozen in liquid nitrogen. Samples were shipped on dry ice to AAFC-Saskatoon, in Saskatchewan, Canada. RNA was extracted from 0.1 g of each sample using a Qiagen RNeasy Mini Kit and checked for quality using a Thermo Scientific NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer before making libraries with the TruSeq UD V1.5 Kit. Samples were loaded on the Illumina NovaSeq 6000 platform for pair-end sequencing with 150 cycles at the Omics and Precision Agriculture Laboratory, Saskatoon, Canada. Reads were pre-processed by trimming the adaptor sequences, filtering low-quality reads, and eliminating short reads using Trimmomatic, with the argument ILLUMINACLIP: TruSeq3-SE:2:30:10 SLIDINGWINDOW:5:20 MINLEN:75 (Bolger et al., 2014). Due to the complexity of wheat genomes with multiple close homologs and homoeologs, Salmon, a quasi-mapping tool, was used to align the cleaned reads to the IWGSC RefSeq v2.1 complete reference genome database (Patro et al., 2017; Zhu et al., 2021). To find differences between varieties, a principal component analysis (PCA) was performed by the plotPCA function from DESeq2 (Love et al., 2014). To identify differentially expressed genes (DEGs), DESeq2 was used to perform pairwise comparisons between varieties (DEGs defined as log2 fold change >1 or <−1, adjusted p-value < 0.05). Next, to find expression markers, a targeted gene approach that focused on genes previously implicated in the three wax biosynthetic pathways in wheat was taken (Supplementary Table 2).




2.5 Statistical analysis

For the cuticular wax analysis, normality was assumed according to the central limit theorem for sample sizes larger than 30 (Kwak & Kim, 2017). The equal variance assumption was met if it passed either the Bartlett or Levene tests for homogeneity of variances; in the cases where it did not, data were log transformed and re-tested. The field experiment was analyzed as a two-way ANOVA with ecozone and year as categorical independent variables, with varieties released after 2000 being considered modern. Similarly, the greenhouse experiment was analyzed as a three-way ANOVA adding drought treatment as the third variable. The morphological data were analyzed following the same procedure, except for plant height that required non-parametric Kruskal–Wallis tests. For the expression analysis, a one-way ANOVA, alongside a Tukey HSD test, was applied on the transcripts per million (TPM) values of the wax genes and wax component quantities to determine differences based on variety. Statistical analysis was performed on MVApp and R-studio using the rstatix and dplyr packages (Julkowska et al., 2019; Kassambara, 2023; RStudio Team, 2020; Wickham et al., 2023).





3 Results



3.1 Yield in a historical collection of wheat germplasm is impacted by environmental conditions

Drought events have been shown to coincide with reduction in wheat yield; hence, it is important to identify germplasm that maintains relatively stable yields despite challenging environmental conditions (McCaig and DePauw, 1995). As a first step toward this goal, the yield of a historical collection of CWRS wheat varieties was compared over 2 years. These varieties had been bred for two different Canadian ecozones, with the Eastern ecozone being more moist than the Western (Grant et al., 2012; He et al., 2018). Although varieties were selected at two sites, Western and Eastern varieties have been developed by repeated crossing with a few common lines like Neepawa, Thatcher, and Columbus (Supplementary Table 1). Hence, they might still share some pedigree even when bred for different conditions. Nevertheless, we anticipated better yields for the modern varieties given the gains obtained through breeding, particularly for the local Western varieties when grown at Saskatchewan. Comparisons over two growth seasons showed a twofold difference in yield, with varieties in 2021 producing 538.77 ± 7.21 g, compared to 1145.85 ± 10.83 g in yield in 2022 (Figure 1). Interestingly, the lower yield in 2021 coincided with drier conditions at the field site implying the impact of drought stress on wheat yield (Supplementary Figure 1) (Government of Canada, 2023). Furthermore, varieties from both ecozones were negatively affected (Figure 1A). Yet under near optimal growth conditions in 2022, the increase in yield in more modern varieties was evident for the local Western varieties (Figure 1B). These observations suggest that, although breeding has been successful in improving productivity, crop resilience is not necessarily present in modern varieties.




Figure 1 | Yield of 30 Canadian Western Red Spring wheat varieties. Plants were grown in Saskatoon, Saskatchewan, from May to August in (A) 2021 and (B) 2022. Bars show the mean and standard error (n = 5, shown as individual points); dotted lines indicate the mean across all samples. Varieties are arranged in reverse chronological order by ecozone. The yield was measured in grams for each plot.






3.2 Variation in cuticular waxes seen in quantity not quality

Since cuticular wax composition has not actively been selected for breeding programs in Canada, we hypothesized that chemical diversity in the wax components might have been lost over the years. To investigate this, we profiled the cuticular waxes of flag leaves grown during the 2021 season. Several wax compound classes corresponding to the three biosynthetic pathways in wheat were identified: odd-chain alkanes (C23–C33), primary alcohols (C24–C30), fatty acids (C14–C26), and a C31 β-diketone (Figure 2). The predominant compound class for most varieties was primary alcohols (accounting for 25.1%–78.3% of the total wax load), particularly octacosanol (19.7%–64.0% contribution), followed by odd-chain alkanes (6.2%–39.0% contribution), β-diketones (2.1%–41.8% contribution), and fatty acids (0.4%–2.2% contribution). When comparing all 30 varieties, the compounds identified were the same, with some differences in the contribution of each class, as seen when comparing AAC Starbuck (the most modern Western variety), Canuck (the oldest Western variety), and Red Fife (Canada’s oldest founder variety) (Figures 2A–C). Moreover, no significant differences were observed for any of the compound classes between ecozones (Table 1; Supplementary Figure 3). Additionally, even the Founder varieties show similar variation and composition to the Canadian bred varieties. However, the quantity of each wax compound class differed significantly when varieties were compared based on the year of release (Table 1). This indicates that, although there is limited chemical diversity in wax composition in the CWRS collection, the quantity and contribution of each compound class has changed over the years.




Figure 2 | Representative cuticular wax profiles of flag leaves of wheat varieties from different years of release. GC-FID chromatograms of (A) AAC Starbuck, (B) Canuck, and (C) Red Fife. The percentage composition is shown on the sunburst plot. Each compound class is identified with a different color (blue: primary alcohols, purple: alkanes, green: β-diketones, gray: unknown) with the number corresponding to the number of carbons in the molecule. The most predominant compounds are labeled on the chromatograms with the color of the label corresponding to the compound class. IS, internal standard; U, unknown.




Table 1 | Statistical analysis for the wax analyses from the field.



To investigate if the differences in quantity are due to one or all compounds changing in accumulation, the total quantity of each compound class was plotted (Figure 3). Unlike primary alcohols, a large variation was found in the accumulation of β-diketones, with older varieties producing, on average, significantly higher levels (Figure 3A). Older varieties also accumulated more wax, on average, than modern varieties indicating that modern varieties have reduced β-diketones and total wax compared to older germplasm (Figure 3E). This overall trend was observed in varieties from both ecozones. Overall, a twofold difference was seen between the variety accumulating the most wax per surface area (Somerset, Eastern variety released in 2004) and the least wax (AAC Magnet, Eastern variety released in 2018) (Figure 3E). While modern varieties tend to have lower levels of β-diketones, they have significantly higher levels of odd-chained alkanes (Figure 3B). Modern lines, such as AAC Viewfield from the Western ecozone and AAC Magnet from the Eastern ecozone, had a notably higher alkane content compared to older lines. To test if any of the wax classes has an effect on yield, a correlation analysis was performed between yield and each compound class, but no clear associations were found. It is worth noting that during the 2021 field season, no major differences were observed in yield in the historic collection. Therefore, the lack of association might be a result of the reduced variability in yield in 2021. Altogether, these results indicate that during the breeding history of CWRS wheat, cuticular wax composition has remained fairly constant, except for significant differences in the accumulation of two compound classes. Older varieties accumulated more β-diketones and wax overall, whereas modern varieties accumulated more odd-chained alkanes.




Figure 3 | Cuticular wax composition of flag leaves in a field setting. Bar plots showing averages and standard errors (n = 5, shown as individual points) for (A) β-diketones, (B) odd-chained alkanes, (C) primary alcohols, (D) fatty acids, and (E) total wax for 30 CWRS wheat varieties grown in 2021 in Saskatoon, Saskatchewan. Dotted lines indicate the mean across all samples for that particular trait. Waxes were extracted from flag leaves using chloroform and quantified using gas chromatography and flame ionization detection. Varieties are arranged in reverse chronological order by ecozone (light green: Western, orange: Eastern, periwinkle: Founder).






3.3 Drought treatment impacts wheat growth and cuticular wax load

The field observations indicated that the historic collection has variation in the quantity of β-diketones, odd-chained alkanes, and total wax load. Additionally, the 2021 growing season was drier, which negatively affected the yield of all varieties. This prompted the question on how CWRS wheat varieties respond to drought stress. To address this, a drought experiment was performed with eight varieties representing the two oldest and two most modern varieties at each ecozone: Neepawa, Columbus, AAC Tradition, AAC Magnet from the Eastern ecozone; and Katepwa, Canuck, AAC Starbuck, and AAC Concord from the Western ecozone. Plants were allowed to grow under control conditions for 30 days, after which half of the pots received 50% of the water given to controls. Soil RWC measurements confirmed that plants assigned to the drought treatment had lower water content (Supplementary Figure 2B). After a month under these conditions, the negative effects of drought were seen across several traits. Drought-treated plants had visibly less aboveground biomass than control-treated plants (Supplementary Figure 4), and they formed significantly fewer tillers and heads than well-watered plants (Supplementary Figures 5A–E), which will affect their yield. Yet, the water regime used here did not significantly affect time to flowering, plant height, or head length. Even though Western varieties have been bred to withstand a more arid climate than Eastern varieties, similar responses to drought were observed. The results indicate that in terms of growth, older varieties produced a higher number of heads but shorter in length than modern varieties (Supplementary Figures 5D, E). It is worth noting that modern breeding efforts have predominantly focused on obtaining higher yield and pathogen resistance; hence, we expected modern varieties would be more sensitive to drought.

The formation of tillers and heads was negatively affected by drought in most varieties, apart from AAC Concord and Neepawa. Hence, similar responses were also expected in terms of their cuticular waxes (Figures 4A–E). Surprisingly, the wax response to drought was different across varieties. Whereas AAC Tradition and AAC Starbuck responded to the treatment by increasing their total wax load, AAC Concord, Katepwa, and Columbus showed the opposite response (Figure 4E; Supplementary Figure 6E). Despite the variable changes in wax load, a consistent increase in β-diketone accumulation with drought was observed across varieties, while the magnitude of the increase varied from 19.3% in AAC Starbuck to 74.9% in Columbus (Figure 4A; Supplementary Figure 6A). Even though the β-diketone content increased in drought-treated samples, visible differences in glaucousness were not observed on the abaxial surface of the flag leaf, except for Katepwa (Supplementary Figure 7). Interestingly, in the varieties that showed a reduction in total wax load with the treatment, the reduction in primary alcohols was responsible for the observed decrease in total wax (Figure 4C).




Figure 4 | Flag leaf cuticular wax composition upon drought treatment. Averages and standard error (n = 4, shown as individual points) and results of a multivariate regression using treatment, ecozone, and year of release (modern versus old) as variables (ns, p-value > 0.01, *p-value < 0.01) are shown for a (A) β-diketone, (B) odd-chained alkanes, (C) primary alcohols, (D) fatty acids, and (E) total wax for eight CWRS varieties grown in a greenhouse. Waxes were extracted from flag leaves using chloroform and quantified using gas chromatography and mass spectrometry. Light blue: control conditions, yellow: drought treated. Dotted lines indicate the mean across all samples for that particular trait.



When comparing varieties from both ecozones, Western varieties had, on average, significantly higher β-diketone, alkane, and overall wax content compared to Eastern varieties (Supplementary Figure 8A). This aligns with the hypothesis that Western varieties are better suited to withstand drought conditions given that they have been selected in a more arid climate. Older varieties also accumulated significantly more β-diketones than modern varieties suggesting that older varieties might possess higher stress tolerance relative to newer varieties (Supplementary Figure 9A). AAC Magnet showed minimal differences in wax content between control and drought-treated conditions for all compound classes. Unlike AAC Concord and AAC Magnet, both AAC Tradition and AAC Starbuck shared similar wax responses to drought and produced higher wax content for all compound classes. The results indicate that, in terms of cuticular wax composition and load, older varieties show higher induction of β-diketone accumulation upon drought conditions, a trait that will become important under future climate scenarios.




3.4 Gene expression analysis supports differences between modern varieties

The data presented above show that, although wheat varieties have similar cuticular wax composition, they respond differently to drought stress. To assess if the differences are also seen at the gene expression level, the transcriptome of the flag leaf of four modern varieties grown under control conditions was investigated. A principal component analysis (PCA) segregated the samples by variety indicating that there are overall distinct patterns of gene expression (Figure 5). To incorporate cuticular wax traits in future breeding programs, it would be helpful to identify expression markers to accelerate the selection of individuals that have desirable wax traits. We used a targeted gene approach focusing on genes previously implicated in the three wax biosynthetic pathways in wheat (Supplementary Table 3). Using the reported sequences from the wheat accession Zavitan (Hen-Avivi et al., 2016) as queries for BLASTP searches on EnsemblPlants, we were able to identify several isoforms for the previously characterized genes (Supplementary Table 3). VLCFAs are reduced into primary alcohols by FAR. Across all varieties screened, C28 primary alcohol was the dominant wax component, with lower quantities of C24, C26, and C30 alcohols (Figure 2). Three homologs of TaFAR4, one from each sub genome, were found to be expressed in all cultivars. This was followed by lower expression levels for one TaFAR2, while one TaFAR5 was exclusively expressed in AAC Magnet and AAC Tradition. The biosynthesis of β-diketones and related compounds is controlled by the W1 locus. A cluster on chromosome 2B and a smaller on 2D were found in IWGSC RefSeq v1.1. with a total of eight DKPs, four DMHs, and seven P450s [The International Wheat Genome Sequencing Consortium (IWGSC) et al., 2018] (Figure 6). Large variation in expression levels was observed across DKP-encoding genes from low expression in TraesCS2B02G007000 to high levels in TraesCS2D02G016100. Additionally, some genes were differentially expressed between accessions, like TraesCS2B02G006800 (Supplementary Table 3). Interestingly, an overall pattern can be seen across the expression of the different genes, with higher expression in AAC Starbuck and AAC Tradition, the two varieties with slightly higher accumulation of C31 β-diketone (Supplementary Figure 10A). This could indicate that the genes in the cluster are not only physically linked but also their expression is coordinately regulated. This confirms the strong effect of the W1 locus on the levels of β-diketones, which makes it a promising marker for breeding. AAC Magnet accumulated more alkanes than the other varieties, yet the expression of TaCER1–1 genes did not follow the same pattern. Instead, TaCER1–6 genes, particularly the gene from the A sub genome TraesCS6A02G226500, followed the pattern of accumulation of alkanes (Figure 7). Taken together, the analysis indicates that the expression of these genes could be used to select germplasm that accumulates a higher wax load. The next step would be to identify single-nucleotide polymorphisms that predict the expression of these genes for marker-assisted selection.




Figure 5 | Principal component analysis of gene expression data. Three flag leaf samples from four modern CWRS wheat varieties were used for a transcriptome analysis. Plants were grown under control conditions in a greenhouse setting and flag leaves collected during the flowering stage.






Figure 6 | Gene expression of the W1 locus controlling β-diketone accumulation. Sequences from the previously characterized W1 locus from the cultivar Zavitan were used to conduct BLASTP searches in the IWGSC assembly (Hen-Avivi et al., 2016). (A) Structure of the two clusters identified on chromosomes 2B and 2D. Genes and distances between genes are not drawn to scale. Genes not expressed are indicated with an *. (B) Expression levels plotted as TPM for each of the four varieties. A one-way ANOVA was performed to test for differences in expression across varieties (Supplementary Table 3). When significant, it was followed by a Tukey’s HSD test. Letters above the bars indicate which pairwise comparisons are significantly different (p-value < 0.05).






Figure 7 | Gene expression of the TaCER1 genes involved in alkane accumulation. (A) TaCER1–1 homologs (Li et al., 2019). (B) TaCER1–6 homologs (He et al., 2022). Average expression and standard error for the three replicates per variety are plotted in transcripts per million (TPM) units. A one-way ANOVA was performed to test for differences in expression (Supplementary Table 3). When significant, it was followed by a Tukey’s HSD test. Letters above the bars indicate which pairwise comparisons are significantly different (p-value < 0.05; ns, not significant).







4 Discussion

The repetitive use of the same germplasm for crossing leads to genetic bottlenecks in domesticated material (Metakovsky et al., 2019). This could be seen in the homogenous composition of the flag leaf cuticular waxes of the 30 CWRS wheat varieties, even though Red Fife was introduced in approximately 1842. Although cuticular waxes were not intentionally selected for or against, the early observations that found glaucous appearance associated with drought resistance might have favored the indirect selection of varieties with more dense wax crystals and hence higher wax load. Nevertheless, this was not the case for CWRS wheat varieties, and instead, a lower total wax load and diketone composition was seen in modern varieties. It is worth noting that similar wax profiles have been previously reported for wheat germplasm elsewhere, such as varieties bred for Southern Australia (Bi et al., 2017) highlighting the narrow genetic diversity in cereal crops even in a trait that has not been under direct selection. Furthermore, varieties released for the Eastern and Western ecozones in Canada have undergone independent breeding efforts, yet no significant differences in cuticular wax, apart from odd-chained alkanes, were seen when all varieties were grown under the same field conditions (Table 1). Instead, differences could be observed in the quantity of the individual compound classes, particularly in the β-diketone, 14,16-hentriaconta-dione. The higher accumulation of β-diketones in older varieties was clear in the field and under greenhouse settings. In contrast, modern varieties have a higher alkane content.

To investigate the variation in β-diketones further, eight varieties were chosen for a greenhouse drought experiment. The common feature in all varieties was the increased accumulation of β-diketones upon reduced watering. Yet, the increase did not always result in a higher total wax load. This could be explained by the accompanying decrease in primary alcohols in AAC Concord, Katepwa, and Columbus upon drought stress. One possible explanation is that there could be limitations on the total carbon flux into cuticular waxes. To achieve higher levels of alkanes and β-diketones under drought conditions, it might be necessary to redirect the precursor VLCFAs used in the alcohol-forming pathway into the other two pathways. Hence, finding wheat germplasm with reduced primary alcohols, such as Pasqua (released in 1990 for the Eastern ecozone), might be worth investigating.

In addition to minimizing non-stomatal water loss, cuticular waxes can assist with reflecting harmful radiation, such as UV-B, UV-C, and near infrared (Mulroy, 1979; Balouchi et al., 2009), and reflecting light in the 330- to 680-nm range (Camarillo-Castillo et al., 2021). When surface waxes were removed on the abaxial and adaxial surface of wheat leaves, reflectance was reduced by twofold on the abaxial surface relative to the adaxial surface (Uddin and Marshall, 1988). However, it is important to note that, although all wax compounds are hydrophobic, the functional groups that decorate them are known to affect their physical and chemical properties, for example, alcohol-rich waxes form platelet-shaped crystals, whereas β-diketones form tubule-shaped crystals (Su et al., 2020). The morphology of the crystals can be associated with different attributes in light reflection. Moreover, fatty acids have been shown to create poor hydrophobic barriers in both natural and artificial membranes (Bi et al., 2017), whereas alkanes have been reported to minimize water diffusion through the cuticular membrane and increase mesophyll conductance (Kosma et al., 2009; Su et al., 2020). Hence, the properties of the cuticular wax layer can be adjusted by changing the contribution of individual compounds. Modern CWRS wheat varieties had a higher accumulation of alkanes. Similarly, Australian bread wheat and American winter wheat varieties have been observed to respond to drought stress via alkane accumulation (Bi et al., 2017; Liu et al., 2017). Another study that compared wax responses to drought in glaucous and non-glaucous Chinese bread wheat varieties found that non-glaucous varieties were more likely to respond to drought with higher alkane accumulation, while glaucous varieties responded with higher β-diketone levels (Su et al., 2020). Similarly, in this study, AAC Starbuck did not increase the accumulation of β-diketones with drought, but higher levels of alkanes, alcohols, and fatty acids were observed. This suggests that the glaucous and non-glaucous responses reported in Chinese varieties are conserved in Canadian varieties. Most varieties responded by increasing the accumulation of β-diketones, but when this was not possible, other compound classes, including alkanes, can be upregulated. Therefore, breeding for higher wax content might be complicated by competition between the three wax biosynthetic pathways in wheat and the particular properties conferred by each functional class.

Understanding the functional role of each compound class under stress conditions could assist in breeding a better cuticular wax for future climates. The wheat ideotype would have the capacity to induce a large increase in β-diketone accumulation upon drought treatment, while maintaining a stable yield. The greenhouse experiment allowed us to identify material that meets this criterion. AAC Concord was notable in this respect showing a large increase in β-diketone accumulation and no negative effects in growth with reduced water. Although there are other varieties with higher yield, the tolerance of AAC Concord to reduced water is a desirable trait that could be incorporated in breeding programs. This is in agreement with prior studies that have observed that glaucous wheat varieties containing high levels of β-diketones outperform non-glaucous varieties under drought (Guo et al., 2016; Hunt et al., 2018). Some of the effects of higher β-diketone content are not a mere consequence of increasing the cuticular wax load. For example, the glaucous Chinese bread wheat variety HY 2912 increased β-diketone deposition, which, in turn, allowed the plants to maintain high stomatal and mesophyll conductance and higher intercellular CO2 concentration. It has been observed that the tubule structure of β-diketone crystals reduces CO2 diffusion from the mesophyll to the atmosphere (Su et al., 2020). This implies that drought tolerance is linked to β-diketone deposition. Based on this, reincorporating a higher and inducible β-diketone content into modern varieties that have a low β-diketone content, such as AAC Magnet, may improve drought responses (Figure 3A). The RNASeq results suggest that AAC Magnet exhibits low expression for DMPs, which may explain why less β-diketones were observed in AAC Magnet flag leaf samples (Supplementary Table 3). Increasing DMP expression in AAC Magnet may, in turn, increase β-diketone accumulation in this variety. However, it is also important to note that AAC Brandon, which showed the highest yield in 2021 and 2022, accumulates very low quantities of β-diketones. Clearly, other mechanisms that provide tolerance to stress are at play, and cuticular waxes should be incorporated in breeding programs as an additional trait, not in replacement of others.

In terms of understanding how the cuticular wax responses are orchestrated at the gene level, future experiments should look at early and late time points upon application of the stress to check the induction/repression of wax biosynthetic genes. To move forward with the screening of waxes in new germplasm, having genetic markers that aid in the identification of elite material will be crucial. Three main wax biosynthetic pathways are present in wheat and other cereal crops, with key enzymes previously characterized (Wang et al., 2015b; Hen-Avivi et al., 2016; Wang et al., 2016; Li et al., 2019; He et al., 2022). Primary alcohols were the dominant compound class in flag leaves, and several FAR genes were found expressed in CWRS germplasm. Unexpectedly, TaFAR3, which produces C28 primary alcohols when expressed in yeast, was not expressed in any of the four modern varieties studied here (Wang et al., 2016). In contrast, homologs of TaFAR4 from each sub genome were highly expressed in the flag leaves analyzed, even when the in vitro activity of TaFAR4 is to synthesize C24 alcohols (Supplementary Table 2). This highlights the need to test the carbon length preference of additional TaFAR alleles to determine how fast substrate specificity can change.

Results from the expression analysis of flag leaves presented here and in past work suggest that the W1 locus could be an effective marker for selecting varieties with high β-diketone content (Hen-Avivi et al., 2016). The fact that the three enzymes required for β-diketone synthesis (DMH, DKP and P450s) are physically linked in the same locus facilitates their selection. Moreover, the high β-diketone content in AAC Tradition and AAC Starbuck was closely matched by the expression levels of the genes within the W1 locus indicating that not only are the genes physically linked, but their expression is too. Particularly, the higher expression levels of PKS-encoding genes suggest that they encode the rate-limiting step in the biosynthesis of β-diketones, whereas P450-encoding genes had the lowest levels of expression (Figure 6). Interestingly, recent studies have found that AAC Tradition differs in the position of the hydroxyl group that decorates β-diketones in the spike cuticular waxes (Chen et al., 2023). The P450s within the W1 locus are good candidates for explaining this chemical phenotype.




5 Conclusion

Due to accelerated climate change, there is an urgency for drought-tolerant bread wheat varieties to meet global food demands. Evidence from this study in Canadian germplasm and work from other groups suggest that increasing β-diketone accumulation can assist with increasing drought tolerance in wheat. However, both field and greenhouse experiments indicate that this response is reduced in modern lines. Through selective breeding for a stronger β-diketone response in the flag leaves of future CWRS varieties, wheat breeders may be able to develop more resilient varieties that are capable of withstanding future climate scenarios.
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Soil and water conservation measures (SWCM) have wide-ranging effects on vegetation and soil, and their effects on the ecosystem are multifaceted, with complex mechanisms. While numerous studies have focused on the impact of such measures on soil, the improvement of plant functional traits is a major factor in the ecological recovery of the Loess Plateau. This survey extensively investigated no measure plots, vegetation measure plots, and engineering measure plots in the Loess Plateau. The impact of SWCM on plant functional traits was investigated using structural equation modeling. We examined six plant functional traits—leaf dry weight (LD), specific leaf area (SLA), leaf tissue density (LTD), leaf total phosphorus (LTP), leaf total nitrogen (LTN), and leaf volume (LV)—correlated with resource acquisition and allocation. In 122 plots, we explored the effects of measures, soil, diversity, and community structure on the weighted average of plant functional traits. The findings showed substantial positive correlations between LD and SLA, LD and LV, SLA and LV, SLA and LTP, and LTP and LTN. LTD has a substantial negative correlation with LD, LTD with SLA, and LTD with LV. SWCM limits diversity, and the mechanisms by which it affects plant functional traits vary. In the structural equation model (SEM) of vegetation measures, improving community structure enhances plant functional traits, but soil factors have the greatest influence on plant functional traits in SEM engineering measures. Plant functional trait differences on the Loess Plateau result are due to differential plant responses to diverse soil properties and community structure. Vegetation measures enhance the chemical properties of plant functional traits, while engineering measures improve physical properties. The study provides a theoretical foundation for vegetation restoration and management following the implementation of diverse SWCM.
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1 Introduction

In areas affected by soil erosion, vegetation has been extensively studied due to its significant role in erosion control and environmental improvement. Plant functional traits, which describe and evaluate the functions performed by plants in their habitat, play an important role in plant survival and reproductive strategies (Newell and Tramer, 1978; de Bello et al., 2010; Perez-Harguindeguy et al., 2016). They serve as indicators of how plants respond to changes in environmental responses (Duan et al., 2022). Numerous studies have consistently demonstrated that plant functional traits are intricately influenced by multifaceted factors, encompassing soil environment and water availability, among others (Nizamani et al., 2024; Tariq et al., 2024). For instance, afforestation and vegetation restoration projects significantly enhance soil’s physical and chemical properties, including boosting soil organic matter content, ameliorating soil structure, and augmenting its water- and nutrient-holding capacities. These improvements foster superior environmental conditions for plant growth, thereby stimulating their growth and development (Schneider et al., 2023). Furthermore, manual interventions regulate surface runoff and groundwater levels, optimizing water conditions for vegetation (Zölch et al., 2017). In arid regions, soil and water conservation forests mitigate soil water evaporation, elevate soil moisture content, and provide a stable water source for plants. This facilitates the maintenance of normal physiological processes like photosynthesis and respiration. Additionally, an ample water supply fosters leaf expansion, enhancing leaf area and photosynthetic efficiency (Ling et al., 2019). These mechanistic insights underpin a robust foundation for vegetation restoration in areas plagued by soil erosion.

Plant functional traits constitute crucial elements within the ecosystems of the Loess Plateau (de Bello et al., 2010; Perez-Harguindeguy et al., 2016; Lavorel and Grigulis, 2012; Bouallala et al., 2020). Soil and water conservation measures (SWCM) are among the most often used strategies on the Loess Plateau, with their effects on plant functional traits serving as a focus point for vegetation restoration initiatives. For example, Dharmawan et al. (2023) illuminated how both vegetation and engineering measures can bolster native plant adaptability to local climatic and edaphic conditions, thereby shaping plant functional traits. Hautier et al. (2020) reported a decline in plant species diversity under VM, attributable to alterations in the community environment and plant functional traits. Dimtsu et al. (2018) discovered that EM had no substantial effect on crop functional traits in degraded land, probably due to soil nutrients being the key limiting factor. Notably, the underlying mechanisms governing these interactions remain largely elusive (Van der Putten et al., 2013). Despite some studies focusing on individual factors, such as soil properties, water availability, runoff, and sediment transport, under various SWCM, a comprehensive analysis encompassing plant factors, abiotic components, and ecosystem dynamics at all levels remains deficient (Diaz and Cabido, 2001; Díaz et al., 2007; Faucon et al., 2017).

Soil erosion poses a pervasive global environmental challenge, often resulting in land degradation, reduced agricultural productivity, and water contamination. It also threatens both food security and ecological balance (Lal, 2001; Bewket and Teferi, 2009). The Loess Plateau in China exemplifies extreme erosion globally and serves as a significant sediment source for the Yellow River (Huo et al., 2020). To mitigate soil and water loss, a diverse array of SWCM, encompassing both engineering (EM) and vegetation measures (VM), have been extensively implemented (Shi et al., 2019; Zhao et al., 2018; Guo et al., 2007; Duan et al., 2023). These measures have led to a notable increase in vegetation cover by over 30% on the Loess Plateau and a reduction in soil and water loss by approximately 90% (Sun et al., 2014). However, the study underscores the inadequacy of focusing solely on erosion control measures, as they neglect vegetation growth dynamics and their long-term implications on runoff and sediment dynamics (Arbuckle and Roesch-McNally, 2015). Importantly, increased vegetation cover does not necessarily translate into optimized vegetation structure and functional attributes (Zhongming et al., 2010; Wen et al., 2023). The intricate pathways by which various SWCM modulate vegetation structure and function, particularly plant functional traits, and consequently influence the ecological environment of the Loess Plateau, remain largely unexplored (Jiang et al.,2019; Bekele and Drake, 2003; Duan et al., 2022).

There exists a significant knowledge gap regarding the intricate interplay between SWCM, soil properties, and plant functional traits. Currently, it remains uncertain how SWCM directly or indirectly influences these plant attributes. To bridge this gap, we employed structural equation modeling (SEM) as a tool to elucidate the causal relationships among SWCM, soil properties, community structure, plant diversity, and functional traits (Grace, 2006). This approach aids in unraveling the complexity of SWCM impacts on ecosystems (Wang et al., 2015). The present study was conducted in a soil and water conservation demonstration watershed, established 70 years ago, and a corresponding control watershed with no such measures. This study aims to explore the underlying mechanisms of the impacts of SWCM on plants and soil, especially plant functional traits. This study addressed the following research questions: (1) which plant functional traits exhibit trade-offs or synergies on the Loess Plateau; (2) what are the associations between SWCM and soil factors, community structure, diversity, and plant functional traits? (3) How can SWCM influence plant functional traits? These questions will enhance our understanding of how plant functional traits respond to changes in measures at the community level. Additionally, they will provide a theoretical foundation for future vegetation restoration efforts on the Loess Plateau.




2 Materials and methods



2.1 Site description

The study was conducted in two adjacent watersheds, Xindiangou and Qiaogou watersheds (110° Q15 17′20″E, 37°31′09″N), located in China (Figure 1A). The Xindiangou watershed was established in 1952 as a SWCM national park for 72 years. In contrast, the Qiaogou watershed is characterized by its pristine and undisturbed natural environment. Both watersheds are among the most prevalent sites of soil erosion in China, situated in the northern region with a continental monsoon climate (Duan et al., 2024). The average temperature for the study period is 10.0°C, accompanied by an average annual precipitation of 430 mm from 2020 to 2024 (Wang et al., 2016), with the majority of rainfall occurring in the form of rainstorms during August. Currently, SWCM covers 80% of the Xindian watershed, resulting in a sediment reduction efficiency exceeding 97% (Duan et al., 2022).




2.2 Experimental design

A field survey and sampling were conducted in August 2021. We established 122 plots of 10 m × 10 m (Figure 1B), with a minimum distance of 10 m separating neighboring plots to prevent reciprocal influence, and one shrub plot (5 m × 5 m) and three herb plots (1 m × 1 m) were established in the plots (10 m × 10 m). The total number of plots was 122, with 36 plots in the Qiaogou watershed categorized as having no measurements (NM), 42 plots with VM (including pine, cypress, and sea buckthorn), and 44 plots with EM (such as terraces, stepwise plots, and fish scale pits) in the Xindiangou watershed.




Figure 1 | Figure (A) is the research area, Xindian watershed (with soil and water control measures), Qiaogou watershed (control watershed) and buffer watershed are shown, respectively; Figure (B) shows the position of shrub and herbaceous quadrats and the soil sampling strategy; VM, EM and NM represent vegetation measures plots, engineering measures plots and no measures plots, respectively.






2.3 Field data collection and analysis

We recorded the species names and counts within each plot, conducted individual plant surveys, and documented the vegetation coverage and average height. Unmanned aerial vehicle (UAV) photography, using a Dji Phantom 4, was employed to capture images of the plots. These images were then processed using ENVI 5.3 software to identify vegetation, followed by the use of ArcGIS 10.6 software to calculate the ratio of vegetation area to plot area, thereby determining vegetation coverage. Following the field survey, leaf samples were collected from each species. The physical characteristics of 10 fresh leaves were measured, and the remaining samples were sent to the laboratory for further analysis (Duan et al., 2023).

Soil data were collected simultaneously from each plot. Initially, soil data were gathered from five points at depths of 0–30 cm in each plot using an 8-cm auger (Figure 1B). Concurrently, soil bulk density, porosity, and water content were measured using a cylindrical weight sampler (100 mm2) (Wang et al., 2019). After impurities were removed through grinding and sieving, all soil samples were brought back to the laboratory and air-dried.

Leaf area was measured using a scanner with 10 replicates, while leaf volume was determined via the water displacement method (Pierce et al., 2013). Subsequently, the leaves were oven-dried at 65°C for 48 h to obtain the leaf dry matter mass (Guo et al., 2022). Soil bulk density was assessed using the soil core method, and soil water content was determined by the gravimetric method. Soil organic matter was quantified using the TOC analytical method, while soil nitrogen content was determined through the Kjeldahl method. Soil phosphorus was digested with H2SO4-HCIO4 and determined by the Bray method. For pH measurement, we prepared a 1:5 slurry by mixing soil with deionized water and utilized a Hanna HI98107 GroLine pH Tester for the measurement (Duan et al., 2023).




2.4 Variables

This study employed SEM to elucidate the causal relationships among various factors. SEM
incorporated four independent variables (measures, soil properties, community structure, and plant
diversity) and one dependent variable (plant functional traits). Three indicators, namely the
tillage practice factor (C), slope (S), and SWCM factor (P), were used to characterize the measures.
The soil properties were comprehensively described using nine observation variables:
soil–water content (SWC), soil bulk density (BD), soil pH (pH), soil porosity (SP),
soil-specific gravity (SWS), soil total nitrogen content (STN), soil organic carbon content (STC),
field water capacity (FC), and soil total phosphorus content (STP). To ensure the completeness of
diversity information, species richness (RIC) and species evenness (EVE) were selected. For
depicting the spatial status of vegetation within the community, three community structure
indicators were chosen: vegetation coverage (VC), plant height (H), and number of plants
(N). To illuminate plant functional trait variables, the following were selected:
specific leaf area (SLA), leaf volume (LV), leaf tissue density (LTD), leaf total phosphorus content
(LTP), leaf dry weight (LD), leaf thickness (LT), leaf organic carbon/total nitrogen ratio (LC/N),
leaf total nitrogen/total phosphorus ratio (LN/P), leaf organic carbon content (LTC), and leaf total
nitrogen content (LTN) (Supplementary Table A1).




2.5 Analytical method

Random forest algorithm (RF) is a collaborative learning method that uses a voting mechanism to create final predictions (Dietterich, 2000). Initially, RF was applied to screen for crucial indices associated with plant functional traits and soil properties in the research (Kobler and Adamic, 2000; Chang and Lin, 2007; Rodriguez-Galiano et al., 2014; Pham et al., 2017; Guo et al., 2021). Subsequently, to investigate any potential relationships among plant functional traits, Pearson’s correlation analysis was employed (Huang et al., 2023). Additionally, one-way ANOVA and LSD tests were conducted to assess variations in plant functional traits under different SWCM (Wawire et al., 2021). To streamline the dataset, reduce dimensionality, and extract key information, principal component analysis (PCA) was implemented, with each variable represented by its first principal component (He et al., 2021). Lastly, SEM, a statistical model integrating causality and testing methods, was utilized to concurrently examine the effects of different measures, soil properties, vegetation structure, and diversity on plant functional traits.

All statistical analyses were performed using R version 4.1.2. The “FD” software package was utilized to calculate plant functional traits, where the results represented weighted averages. The RF algorithm was conducted utilizing the “Boruta” package in R. For structural equation modeling, we utilized the IBM AMOS 25.0. In general, a valid SEM model should fulfill the following criteria, as outlined by Wen et al. (2023): (1) a nonsignificant χ2 test (p > 0.05), (2) a comparative fit index (CFI) > 0.95, (3) an incremental fix index (IFI) > 0.9, and (4) a root mean squared error of approximation (RMSEA) < 0.08.





3 Results



3.1 Filter key indicators

In Random Forest, we incorporated additional variables to assess their influence on both plant functional traits and soil property variables, ultimately identifying the most crucial ones through a voting process. The contribution of other variables to soil property variables was deemed significant, resulting in the identification of 18 sets of statistically significant values through regression analysis (Figure 2A). Notably, the P group and LV group garnered the most votes, with the most groups achieving acceptability with high coefficients. Interestingly, pH was the only variable voted for in the RIC group. However, the importance values showed no correlation, prompting the rejection of all variables in the LN/P. The importance values for measures, diversity, community structure, and plant functional traits in each observed variable were 15, 3, 8, and 48, respectively. As illustrated in Figure 2B, we obtained 17 groups voting on plant functional traits. The STP group achieved the most votes, and the vote values for the group were indicated by the high coefficient, except for the impact on LT. The significant values of the EVE group revealed no correlation, leading to the rejection of all variables. Across observed variables, measures, diversity, community structure, and soil properties exhibited importance values of 18, 1, 16, and 53, respectively. Ranking nine dependent variables based on 74 important values, as shown in Figure 2A, the results were in descending order: SP (14) > BD (13) > pH (11) > FC (9) > STN (8) > STP (7) SWS (7) > STC (3) > SWC (2). Notably, SP received the most votes, primarily originating from plant functional trait variables. Conversely, SWC did not receive any votes from plant functional traits or community structure but garnered one vote each from measures and diversity. Consequently, we selected SP, BD, pH, FC, and STN as the observation variables for soil properties. In Figure 2B, 10 dependent variables were sorted based on 88 important values, as follows: LTD (13) LV (13) > SLA (11) > LTN (9) LD (9) LTP (9) > LC/N (8) > LN/P (7) LTC (7) > LT (2). LTD and LV garnered the greatest number of votes, with soil properties constituting the majority of votes. Notably, only LTD received a unique vote from diversity. LT received the fewest votes, with two votes from soil properties. To mitigate data collinearity, we selected LTD, LV, SLA, LTN, LD, and LTP as observation variables for plant functional traits based on voter feedback.




Figure 2 | RF was employed to identify the key indicators of soil properties (A) and plant functional traits (B). C, tillage practice factor; S, slope; P, soil and water conservation measure factor; BD, soil bulk density; SWC, soil water content; FC, field water capacity; SWS, soil-specific gravity; SP, porosity of soil; STC, soil total carbon content; pH, soil pH; STN, soil total nitrogen content; STP, soil total phosphorus content; Ric, species richness; Eve, species evenness; VC, vegetation coverage; H, plant height; N, total number of vegetation; SLA, specific leaf area; LC/N, ratio of carbon and nitrogen content in leaves; LTN, total nitrogen content in leaves; LN/P, ratio of nitrogen and phosphorus content in leaves; LD, leaf dry weight; LT, leaf thickness; LTP, total phosphorus content in leaves; LTC, total carbon content in leaves; LV, leaf blade volume; LTD, leaf tissue density.






3.2 Relationships among plant functional traits

The correlation heat map presented in Figure 3 illustrates the relationships among plant functional trait variables. Specifically, LD exhibited a strong positive correlation with both SLA (r = 0.69, p < 0.001) and LV (r = 0.89, p < 0.001), suggesting a close association between these traits. Furthermore, the positive correlation between SLA and LV (r = 0.53, p < 0.001) and SLA and LTP (r = 0.25, p < 0.05) was consistent, indicating a coherence in the functional traits. Notably, a significant positive correlation was also observed between LTP and LTN (r = 0.54, p < 0.001). Conversely, LTD displayed a negative correlation with LD (r = − 0.57, p < 0.001), SLA (r = − 0.69, p < 0.001), and LV (r = − 0.61, p < 0.001), suggesting an inverse relationship between these variables.




Figure 3 | Relationships between plant functional traits. SLA, specific leaf area; LTN, total nitrogen content in leaves; LD, leaf dry weight; LTP, total phosphorus content in leaves; LV, leaf blade volume; LTD, leaf tissue density. * indicates p < 0.05; *** indicates p < 0.001.






3.3 Plant functional traits under different measures

The SWCM significantly improved plant functional traits (Figure 4). Most plant functional traits varied significantly in response to the implemented measures. Generally, in EM plots, SLA, LV, and LD indices increased significantly, while the LTN index decreased slightly as compared to NM plots. SLA, LV, LD, LTN, and LTP indices showed a slight increase in VM plots. Additionally, the probability distribution of SLA, LTD, and LD indices was more dispersed than those of LV, LTN, and LTP indices, and the standard deviations followed a similar trend. Most plant functional traits under various SWCM differed significantly from NM plots. Specifically, SLA, LTD, and LV exhibited significant differences across various measures. There was no significant difference between EM and VM in LD and LTP (Figures 4D, F) or NM and VM in LTN (Figure 4E).




Figure 4 | Plant functional traits under different SWCM. NM, no measure plot; VM, vegetation measure plot; EM, engineering measure plot; SLA (A), specific leaf area; LTD (B), leaf tissue density; LV (C), leaf blade volume; LD (D), leaf dry weight; LTN (E), total nitrogen content in leaves; LTP (F), total phosphorus content in leaves.






3.4 Factors affecting plant functional traits (no measures, vegetation measures, engineering measures)

In the following table, PCA revealed that the first principal component accounted for 61.72%, 48.18%, 51.43%, 46.24%, and 40.69% in measures, diversity, community structure, soil properties, and plant functional traits, respectively (Table 1).


Table 1 | PCA results for the independent variables and dependent variables (with all plots).



SEM was developed to investigate the impact of measures, diversity, community structure, and soil properties on plant functional traits. The measurement data supported the hypothesized model. The results revealed that the contribution rates were 22.1% for community structure, 28.7% for diversity change, 8.7% for soil properties, and 60.7% for plant functional traits change in the NM model. The model indicated that measures had significant direct effects on community structure (p < 0.01) and diversity (p < 0.001), and plant diversity significantly influenced community structure (p < 0.001). Community structure (p < 0.001) and soil properties (p < 0.01) directly influenced plant functional traits. Furthermore, measures had indirect effects on community structure (p < 0.01), and both measures (p < 0.05) and diversity (p < 0.01) indirectly influenced plant functional traits through community structure (Figure 5A). The results revealed contribution rates of 67.8%, 26.5%, 29.2%, and 40.3% for community structure, diversity, soil properties, and plant functional traits, respectively. VM significantly influenced community structure (p < 0.001), diversity (p < 0.01), and soil properties (p < 0.01). Community structure (p < 0.001) and soil properties (p < 0.001) directly influenced plant functional traits. VM had a significant indirect effect on plant function (p < 0.01) via community structure (Figure 5B). Figure 5C illustrates that structural equations account for 61.8%, 0.093%, 50.8%, and 26.5% of community structure, diversity, soil properties, and plant functional traits, respectively. According to regression weight estimation, EM significantly influenced both community structure (p < 0.001) and soil properties (p < 0.001). Soil property factors significantly impacted community structure (p < 0.001), diversity (p < 0.05), and plant functional traits (p < 0.001). Plant diversity strongly impacts community structure (p < 0.05). Additionally, EM had significant indirect effects on diversity (p < 0.05), community structure (p < 0.001), and plant functional traits (p < 0.05) via soil properties.




Figure 5 | Effects of various variables on plant functional traits. (A) NM plots, (B) VM plots, and (C) EM plots. Green and orange indicate positive and negative effects, respectively. The solid and dashed lines indicate direct and indirect effects, respectively, and the gray arrows represent insignificant effects (p > 0.05). The up and down arrows after the indicators indicate lifting or lowering in different measures. Path standardized coefficients (β) are marked on the arrows, and significance levels are categorized as follows: *p < 0.05; **p < 0.01; ***p < 0.001. C, tillage practice factor; S, slope; P, soil and water conservation measure factor; BD, soil bulk density; FC, field water capacity; SP, porosity of soil; pH, soil pH; STN, soil total nitrogen content; Ric, species richness; Eve, species evenness; VC, vegetation coverage; H, plant height; N, total number of vegetation; SLA, specific leaf area; LTN, total nitrogen content in leaves; LD, leaf dry weight; LTP, total phosphorus content in leaves; LV, leaf blade volume; LTD, leaf tissue density.







4 Discussion



4.1 Trade-offs and synergies between plant functional traits

Investigating the correlation among plant functional traits is pivotal for understanding how
plants adapt to environmental fluctuations within ecological processes (Nicotra et al., 2010; Chillo et al., 2018; Wang and Ali, 2020). Over time, plants interact with their environment, evolving adaptive traits synergies to thrive and reproduce under given conditions (Oscarson, 2000). The leaf economic spectrum theory, which integrates these traits, emphasizes how plant functional traits vary under environmental stress, spanning from resource acquisition to protection (Cornwell et al., 2010). The coordination of plant functional traits arises from biophysical trade-offs inherent in ecological strategies (Lavorel et al., 2011). For instance, SLA exhibits a positive correlation with LTP and LD, signifying enhanced photosynthetic capacity and nutrient turnover (Shu-Xia et al., 2016). This implies that higher SLA leads to increased photosynthetic efficiency, enabling plants to synthesize organic matter more efficiently, resulting in faster growth rates, consistent with the global leaf economic spectrum (Poorter and Evans, 1998). Furthermore, LTN and LTP display a positive linear relationship, indicating their concerted changes in vegetation on the Loess Plateau. This provides a robust foundation for sustained plant growth and development. LTN and LTP reflect the plant’s capacity to utilize these vital nutrients, which increase with SWCM (Huang et al., 2023). The significant negative correlation between LTD and LD and LV is primarily attributed to SWCM mechanisms, which enhance soil moisture retention and subsequently elevate leaf water content (Zhang et al., 2009). Conversely, the arid conditions prevalent on the Loess Plateau exert stress on vegetation, necessitating a reduction in leaf volume and area to minimize water consumption (Wang et al., 2011). This observation aligns with the notable negative relationship between LTD and SLA, indicating that under harsh environmental conditions, plants allocate greater amounts of synthesized dry matter to leaf structures (Yan et al., 2016). This strategy enhances drought resistance by facilitating the diffusion of internal moisture to the leaves, as demonstrated by Duan et al. (2023).




4.2 Effect of measures on plant functional traits in no measure plots

The model underscores the indirect influence of measures on plant functional traits via community structure and diversity in NM plots. Furthermore, community structure and soil properties exert direct effects on plant functional traits, whereas plant diversity mediates an indirect effect. Zheng et al. (2017) conducted plot-based experiments, demonstrating that changes in soil nutrients resulting from N and P addition accounted for over 50% of the variation in plant functional traits. Similarly, Chaturvedi et al. (2021) identified soil moisture as the primary regulator of plant functional trait variation (Li et al., 2021). Furthermore, Huang et al. (2023) emphasized the significance of community structure, with a primary influence on plant functional traits such as SLA, LD, LTP, and LTN, through selective thinning experiments. Notably, measures imposed strongly negatively impacted diversity, highlighting the primary effect of artificial interventions in Loess Plateau ecosystems as the reduction of diversity (Huang et al., 2023). Concurrently, measures significantly and directly influenced community structure, exemplified by SWCM’s capacity to mitigate soil erosion, thereby preserving plant communities (DeKeyser et al., 2003). Introducing locally adapted species can also enhance habitats and enrich plant communities (Terborgh, 1973). In summary, SWCM has a multifaceted impact on plant communities, intricately linked to soil–vegetation interactions.




4.3 Effect of vegetation measures on plant functional traits

VM are extensively utilized for soil and water conservation, significantly influencing various vegetation variables. The results of SEM demonstrated that VM exerts considerable indirect effects on plant functional traits through alterations in community structure. Additionally, soil properties directly impact plant functional traits. When compared to the NM plots, VM improved community structure and diversity by 1.12 and 0.091, respectively, while decreasing soil properties by 0.67. Notably, the influence of community structure on plant functional traits diminished by 0.128, whereas the impact of soil properties on plant functional traits increased by 0.288. Furthermore, the indirect effects of VM on plant functional traits increased by 0.659. In the study area, measures such as afforestation have bolstered forest coverage and fortified grassland protection, particularly in the remediation of degraded land ecosystems (Yurui et al., 2021). These interventions mitigate herbaceous plant damage during heavy rainfall and provide shade to plants during dry seasons, facilitating water retention (Jian et al., 2015; Gardiner et al., 2016; Wu et al., 2023). Consequently, the improved microclimate fosters vegetation growth, leading to enhanced community structure and diversity (Yang et al., 2011). However, researchers have observed that excessive vegetation restoration through VM can have adverse effects, with soil drying emerging as a prominent consequence due to excessive soil moisture consumption (Roa-Garcia et al., 2011; Zhang et al., 2018). Ultimately, these factors collaborate to shape the functional traits of plants.

VC and H increased by 13% and 61%, respectively, whereas N decreased by 15%. The application of VM led to varying degrees of enhancement in plant height, coverage, and significant improvements in community structure. This phenomenon may be ascribed to the measures’ ability to bolster ecosystem functioning, fostering more stable and conducive environments for plant growth, thereby influencing plant community composition (Duan et al., 2023). Conversely, the plant diversity index, RIC, decreased by 7%, while EVE increased by 1%. Long-term experiments on nitrogen addition in grasslands have revealed that heightened soil nitrogen content can lead to reduced species diversity, potentially due to vegetation’s inability to adapt to acidified soils (Fang et al., 2012). Among the factors contributing to grassland diversity decline are differing levels of adaptability to environmental amelioration, variations in nutrient acquisition and utilization strategies among species, and habitat fragmentation stemming from land use changes (Niedrist et al., 2009). Among soil properties, FC, SP, and STN increased by 29%, 24%, and 10%, respectively, while BD decreased by 34% and pH remained unchanged. This and other similar studies have shown that VM enhances soil physical properties (Gu et al., 2019; Davari et al., 2020; Kooch et al., 2020). It has been observed that the extensive planting of trees and shrubs can significantly improve the physical quality of soil, subsequently fostering an increase in photosynthetic capacity and stomatal conductance in plant leaves (Black et al., 1991; Bond, 2000). Additionally, plant functional traits such as SLA, LV, LTP, and LTN increased, while LTD remained stable. This evidence supports the notion that improved soil quality promotes rapid plant growth and efficient resource acquisition (Volkmann et al., 2016). In conclusion, SEM analysis revealed a notable enhancement in community structure and soil properties with VM plots, ultimately influencing plant functional traits.




4.4 Effect of engineering measures on plant functional traits

The SEM analysis of EM demonstrated a statistically significant positive correlation between the measures and soil properties, indirectly influencing plant functional traits. This linkage arises from the core objective of EM, which is aimed at mitigating soil erosion through modifications to the terrain. As a result, EM facilitates the retention of soil moisture and nutrients, leading to substantial and sustained enhancements in both soil properties and plant functional traits (Hudson, 2015). In comparison with the control plot, the effect of EM on soil properties increased by 0.7, and the negative effect on community structure increased by 1.383. Additionally, the effects of soil properties on community structure and plant functional traits increased by 0.733 and 0.164, respectively. Furthermore, the indirect effects on community structure and plant functional traits increased by 0.82 and 0.557, respectively. The observed findings can be attributed to several factors: (1) The use of EM altered the terrain structure, resulting in changes in water and air temperature, which subsequently modified soil characteristics and structure. These alterations proved conducive to vegetation growth (Duan et al., 2023). (2) The varying water and air temperature conditions induced by EM impacted soil properties and community structure. Furthermore, enhancements in soil quality influenced plant diversity and competitive interactions among species, leading to intricate consequences on plant functional traits (Dubuis et al., 2013; Pellegrini et al., 2018). (3) These influences simultaneously altered plant functional traits by modifying both soil conditions and community structure.




4.5 Prospects for the influence of soil and water conservation measures on plant functional traits

The influence of SWCM on plant functional traits is intricate and interdependent. Firstly, amidst the intensifying impacts of global climate change, the significance of SWCM in mitigating extreme weather events, such as floods and droughts, becomes paramount. These measures can potentially aid plants in adapting to more variable climatic conditions by enhancing soil water retention and optimizing plant water use efficiency. Consequently, we foresee an augmented influence of SWCM on plant functional traits in the foreseeable future. Secondly, advancements in ecological and plant biological research will facilitate a deeper comprehension of plant functional traits, enabling more accurate predictions of how SWCM affects plant functioning. For instance, research may reveal that specific SWCM exerts a stronger influence on certain plant functional traits (e.g., photosynthetic efficiency and fertilizer use efficiency). Moreover, future SWCM may prioritize ecosystem integrity and synergy, encompassing more intricate plant communities and comprehensive land management strategies. In this context, SWCMs are anticipated to exert more complex and diverse effects on plant functional traits. To gain a deeper understanding and accurate forecasting of the impacts of soil and water conservation techniques on plant functional traits, continuous research, and monitoring are imperative. Furthermore, to effectively safeguard our land resources and biological environment, it is crucial to adapt to future changes and continually refine and optimize these techniques.





5 Conclusions

The study reveals synergistic interactions among plant functional traits within different SWCM and identifies trade-offs between specific traits. It also highlights that SWCM has varying impacts on plant functional traits, with some enhancing certain traits while reducing plant diversity. The results suggest that VM and EM affect plant function traits through changes in community structure and soil properties, respectively. While both measures (VM and EM) can improve plant traits, VM is more effective in long-term ecological restoration due to its ability to reduce soil erosion and create better habitats for plants. Therefore, VM should be prioritized in areas with lower erosion risk for future interventions.
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Introduction

The impacts of climate change can be profound in many ecosystems worldwide, including drylands such as arid and semi-arid scrublands and grasslands. Foundation plants such as shrubs can provide microclimatic refuges for a variety of taxa. These shrubs can directly influence micro6 environmental measures, and indirectly increase the local environmental heterogeneity as a result. We examined the hypothesis that, in comparison to an open gap, foundation shrubs improve the microclimate beneath their canopy and that microclimate is in turn a significant predictor of annual vegetation. The following predictions were made: 1) mean air temperature (NSAT), ground temperature (SGT), and vapour pressure deficit (VPD) will be significantly lower under the shrubs than in the open microsites; 2) shrub canopy size predicts microclimate; 3) site-level aridity estimates and percent shrub cover influence annual plant abundance and richness; and 4) the site13 level mean of NSAT and VPD predict annual plant abundance and richness.





Methods

Our study took place in Southwestern California, U.S.A. We used a handheld device with a probe to measure microclimatic variables such as near-surface air temperature (NSAT), near-surface relative humidity (NSRH), and surface ground temperature (SGT) at the shrub species Ephedra californica and in the open gap, across six sites in California, United States. Air temperature and RH were then used to calculate VPD. The mean number of vascular plant species across each site was also recorded.





Results & discussion

Only SGT was significantly reduced under shrub canopies. Canopy volume was not a significant predictor of all three microclimatic variables, demonstrating that even small, low-stature shrubs can have facilitative effects. Furthermore, total shrub cover and aridity at sites significantly predicted mean plant richness and abundance. There were significantly more plants associated with shrubs and there were significantly more species associated with the open. Mean air temperature and VPD at the site-level significantly predicted vegetation abundance and richness, though microsite-level differences were only significant for richness. Foundation shrubs are a focal point of resiliency in dryland ecosystems. Understanding their impact on microclimate can inform us of better management, conservation, and restoration frameworks.
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Introduction

Facilitation, defined as an interaction where one or more species (beneficiary) benefit from another species (benefactor) while none are harmed (Bertness and Leonard, 1997), is well-studied in community ecology (Brooker et al., 2007; McIntire and Fajardo, 2014). This interaction is often present in relatively high-stress environments, such as drylands, and generally, the magnitude of this interaction also increases with an increase in abiotic pressures (Bertness and Callaway, 1994). Foundation species like shrubs can act as structural agents of facilitation through many mechanistic pathways, one of which is microclimatic amelioration (Filazzola et al., 2017). Shrub understories provide more favorable environments for plants and animals by buffering against extreme temperatures, offering refuge from direct solar radiation, and increasing soil moisture (Filazzola and Lortie, 2014; Flores and Jurado, 2003; Holzapfel and Mahall, 1999). Thus, foundation shrubs are critical for community structure and diversity in many dryland ecosystems (Ivey et al., 2020; Zuliani et al., 2021).

Foundation shrubs are key components of environmental heterogeneity. Foundation shrubs physically ameliorate the understory microclimate compared to the open gap (Anthelme et al., 2014; Filazzola et al., 2017; Zuliani et al., 2021); thus, resulting in environmental heterogeneity as a byproduct of this microclimatic difference. Environmental heterogeneity (EH), defined as non-uniformities in physical and ecological landscape characteristics (Dronova, 2017), can be divided into many subcomponents including climatic, vegetation, land cover, soil, and topography heterogeneity (Stein and Kreft, 2015). ‘Microclimate’ is the climate experienced in the lower 2m of the atmosphere and the upper 0.5-1m of the soil and is dependent on local topography, soil type, and vegetation (Stoutjesdijk and Barkman, 2014). Foundation plans provide resilience and microclimatic heterogeneity in drylands (Lortie et al., 2022), where elevated mean temperatures, fluctuations in temperature and precipitation, and prolonged drought episodes are on the rise (Maestre et al., 2021). Resiliency is a concept that refers to the ability of a system to resist changes in response to perturbations (Van Meerbeek et al., 2021). Plants can buffer perturbations that are the result of harsh climatic conditions (De Frenne et al., 2019). The impacts of plants in buffering climate have been primarily tested through landscape-level analyses, such as NDVI (Normalized Difference Vegetation Index) or vegetation land cover (Bagley et al., 2017); however, the structure of foundation species offers significant ecological functions that are crucial for offering climatic refuge at finer scales (Milling et al., 2018).

Like plant canopies in other systems, shrub canopies can, directly and indirectly, buffer climatic regimes. Plant canopies offer mediation from harsh climates by increasing environmental heterogeneity and cover (De Frenne et al., 2019). The quantity, quality, and temporal distribution of incoming sunlight are governed by the canopy’s structure, which also affects air movement, which in turn affects temperature and precipitation regimes via boundary layer effects (Jennings et al., 1998). Shrub volume is directly associated with micro-environmental conditions, with larger shrubs showing a greater environmental heterogeneity in their understory (Alday et al., 2014). Similar to other studies with plants (Yang et al., 2017), this is likely due to the greater heterogeneity of conditions beneath larger plant canopies. Many dryland organisms are vulnerable to small, fine-scale oscillations in addition to large-scale changes (Shrode and Gerking 1977; Hadley 1970), which can further push species past the point of no return. Thus, foundation shrubs, including Ephedra californica, can help facilitate some of these species (Lortie et al., 2018) through small-scale climatic amelioration. The idea of vegetation and microclimate in arid systems is well-explored (El-Bana et al., 2002; Jankju, 2013; Xue et al., 2019) but not necessarily concerning the size of the foundation species at multiple arid sites. Shrub volume measured and reported to such an extent at multiple arid sites in addition to its impact on annual plant richness and abundance is where the novelty of this study lies.

Ephedra Californica (Mormon Tea) is a foundation shrub native to the Southwestern regions of California that can occur dominantly or co-dominantly with Larrea tridentata (Sawyer et al., 2009), a flowering shrub that is often found in sandy soils, desert pavements, and the well-developed cryptogram layer of the Mojave (Braun et al., 2021; Sawyer et al., 2009). In this study, we measured microclimatic variables, including near-surface air temperature (NSAT), near-surface relative humidity (NSRH), and surface ground temperature (SGT) using a handheld device across six sites in California. NSAT is a point-station, air temperature measure that differs from a direct land surface measure of temperature and is a critical factor in the process of energy exchange between the land and the atmosphere (Xu et al., 2012). SGT (also referred to as Land Surface Temperature in the literature) is the measure of temperature directly on land as opposed to NSAT (Good et al., 2017). Similar to NSAT, NSRH refers to the measurement of the air moisture content near the surface (Pfahl and Niedermann, 2011). We used NSAT and NSRH to calculate vapor pressure deficit (VPD). We tested the hypothesis that foundation shrubs ameliorate the microclimate underneath their canopy relative to the open gap and that microclimate is a significant predictor of annual vegetation. The following predictions were made: 1) mean air temperature (NSAT), ground temperature (SGT), and vapor pressure deficit (VPD) will be significantly lower under the shrubs than in the open microsites; 2) shrub canopy size predicts microclimate; 3) site-level aridity estimates and percent shrub cover influence annual plant abundance and richness; and 4) the site-level mean of NSAT and VPD predict annual plant abundance and richness. Shrubs and vegetation improve microclimate and can thus provide key environmental heterogeneity that is crucial to the persistence of many dryland species given the current trajectory of climate change.





Materials & methods




Site description

We surveyed a total of six sites across arid and semi-arid areas during the winter of 2023 (Table 1). The sites were located in Southwestern California, United States, and divided into two main ecological areas: Cuyama Valley and Carrizo Plain National Monument. The surveys took place between February 13 and 23, 2023. We surveyed a total of three sites in Cuyama Valley and three sites in the Carrizo Plain. Sites were always surveyed in the morning at approximately 9:00 AM. The year this study took place was considered a high precipitation year, characterized by a ‘superbloom’ and winter rainfall exceeding the long-term means by ≥70% (Jennings and Berry, 2023). We chose this study period because the early species of annuals normally begin germinating in March (Jennings and Berry, 2023), but because of the superbloom and high rainfall periods, they germinated earlier in late January (Jennings, 2001). We retrieved daily min and maximum temperatures (F) and precipitation (in) for each day of the study period from the National Oceanic and Atmospheric Administration (NOAA) (https://www.noaa.gov/; Supplementary Appendix C) using the nearest satellite located in New Cuyama, Cuyama Valley. Moreover, site-level mean annual temperature (MAP) and mean annual precipitation (MAP) were obtained from WorldClim (https://www.worldclim.org/data/index.html) at a 1km resolution. We further calculated DeMartonne’s aridity values using the following formula: aridity = P/(T + 10) where P = annual precipitation and T = mean annual temperature and classified the climate gradient according to Croitoru et al. (2013).


Table 1 | Sites. List of study sites in California, United States surveyed for this study and their respective geographical coordinates.







Vegetation sampling & microclimate

We selected 30 pairs of shrub-open microsites at each study site. Ephedra californica was the dominant shrub across all these sites and there were no other dominant or co-dominant shrub species present. The length (at longest axis), width (perpendicular to length), and height to the tallest vegetation branch that had green tissue (Mormon tea is a shrub with many branches) were measured for every shrub (Lortie et al., 2018). We used the equation for the volume of a hemisphere ( ) to calculate canopy volume and the equation for the area of a circle ( ) to calculate the canopy area (Liczner et al., 2016; Lortie et al., 2018). We recorded the percent shrub cover at each site within a 20m radius at the center of the site via Google Earth composite satellite images at a spatial resolution of 30cm (Hestrio et al., 2021; Owen et al., 2024). Within each circular plot (20m in radius), the length at the longest axis of every shrub was measured and used to calculate the individual shrub cover area using a formula of a circle (Liczner et al., 2016; Lortie et al., 2018). Shrub covers were then summed and divided by the total area of the circular plot to produce percent shrub cover estimates of each site (Supplementary Appendix D, L).

We used the Mengshen Digital Temperature and Humidity Meter (Mengshen, 2023) to record near-surface air temperature (NSAT, °C) and near-surface relative humidity (NSRH, %). To record these microclimatic variables, the handheld probe was positioned at approximately ∼10-15cm above the soil at the north side of the shrub, immediately within the canopy dripline (inside), and 1m away from a shrub in the adjacent, interstitial open area (outside). We used a cover to stop direct sunlight on the probe bulbs when air temperature and RH were being recorded. Furthermore, we also used the Etekcity Laser Thermometer Gun (Etekcity, 2023) to record surface ground temperature (SGT, °C) both underneath the shrub canopy at the north side of the shrub, and in the open area located adjacently 1m away from a shrub. We then used air temperature and RH to calculate the vapor pressure deficit (VPD) as vegetation structure and microtopography, directly and indirectly, impact this measurement (Novick et al., 2024). We used the following equation:   where saturation vapor pressure (SVP) is the maximum amount of water vapor that air can hold as a certain recorded temperature and RH = relative humidity.

To further explore if microclimate changes depending on the site-level differences in vegetation, we conducted vegetation surveys in shrub and open microsites at each study site. We identified all vascular plant species present in four paired 1 m2 quadrats at each microsite (8 total per site). In shrub microsites, one of the paired quadrats was placed under the drip line of randomly selected shrubs on the south-facing side and the paired open quadrat was placed due south with 1m spacing between the two quadrats. In open microsites, each pair of quadrats was randomly placed in what we deemed as the center of the site. We summarized the results of the eight plots to determine the mean annual plant abundance and richness.





Statistical analyses

All statistical analyses were done using R version 4.3.1 (R Core Team, 2024). Data and codes are publicly available on Zenodo (Ghazian and Lortie, 2023). Data distribution was examined using Q-Q plots, and homoscedasticity and normality were tested (Schützenmeister et al., 2012). The relationship between NSAT, SGT, NSRH, and VPD was examined using Pearson’s correlation (Benesty et al., 2009). The relationship between canopy area and volume was also examined using Pearson’s correlation, as well. We fit Generalized Linear Models (GLM) to test for differences in shrub volume and its effects on air temperature, VPD, and ground temperature for the open versus the shrub. GLM dispersion parameters with AIC scores were used to compare and select the appropriate family to fit to models (Richards et al., 2011). Post-hoc tests were done using the function emmeans from the emmeans R package (Lenth and Herve, 2019). We then used Generalized Linear Mixed Models (GLMM) to model shrub volume as a predictor of each microclimatic variable, with microsite nested in site to serve as a covariate. We further explored if mean plant richness and abundance were predicted by percent shrub cover, aridity, mean NSAT, and mean VPD using GLMs. We included predictors in these models by testing multicollinearity using the Performance package and excluded those that lead to high variance inflation factors (VIF) (Daoud, 2017), and hence high collinearity (Supplementary Appendix A, B).






Results

A total of 180 shrub-open microsites were surveyed for microclimatic measures (n = 180). Mean shrub volume and area for E. californica were 39.64 ± 27.80 m3 and 37.16 ± 22.06 m2, respectively (Supplementary Appendix F). Shrub area and canopy volume were significantly, and positively related (Pearson’s product-moment correlation = 0.92, p<0.01; Supplementary Appendix G); thus, we used shrub volume as a proxy for size in all our models. Percent shrub cover at study sites ranged from 6.68-31.18% (Supplementary Appendix D). Table 2 provides the mean air temperature and VPD under the shrub and in the open at each site. The lowest mean air temperature was recorded in the open at Carrizo_soda_shrub (15.06 ± 3.48 °C) and the lowest mean VPD was recorded under the shrub (0.55 ± 0.16 kPa) in Cuyama_3. Figure 1 depicts the frequency distribution of change in air temperature between the open and the shrub in Kelvin. Mean ground temperature was the only microclimatic parameter significantly lower under the shrub than in the open (Estimated Marginalized Mean (EMM) 13.5 ± 0.39 °C, p<0.01; Figure 2).


Table 2 | Air temperature & VPD summary.






Figure 1 | Frequency distribution. The frequency distribution of temperature differences between the open and shrub is presented. The x-axis represents the difference in temperature in Kelvin while the y-axis represents the particular frequency ΔT that was observed. Dashed red line is the mean of temperature changes.






Figure 2 | Shrub volume vs. microclimatic measures. The relationship between shrub volume (m3) and microclimatic measures including NSAT (°C), NSRH (%), and SGT (°C) are presented using points. Smoothed means are fitted using the linear method. Colors represent the different key microclimatic variables.



Overall, shrub volume did not have a significant effect on air temperature in fixed-effect models (GLMM estimated β = 0; Table 3). The same was observed for VPD (GLMM estimated (β = 0) and ground temperature (GLMM estimated β = -0.01). The confidence intervals for all three estimates were also narrow, which further confirms the weak effects of shrub volume on these microclimatic variables.


Table 3 | Model summary I.



A total of 27 different annual plant species were found under shrubs and in the open (Supplementary Appendix E). Bromus madritensis rubens (red brome) was the most abundant species observed under the shrubs, while Lasthenia gracilis (needle goldfield) was the most abundant species in the open. Astragalus lentiginosus nigricalycis (spotted locoweed), Brassica nigra (black mustard), Lactuca serriola (prickly lettuce), Lupinus microcarpus (chick lupine) were the equally the least abundant species under the shrub. Lupinus microcarpus (chick lupine) was also the least abundant species in the open. There were four species exclusively found under shrubs, including Brassica nigra (black mustard), Eremalche exilis (white mallow), Lactuca serriola (prickly lettuce), Pholistoma membranaceum (white fiesta flower). Both site-level shrub cover and aridity were significant predictors of plant abundance and richness (Figure 3 and Table 4). Mean plant abundance was significantly greater under the shrubs (EMM 23 ± 1.82, p<0.01), while mean richness was significantly greater in the open (EMM 6.82 ± 0.16, p<0.01). Site-level mean air temperature and mean VPD were significant predictors of plant richness both under the shrub and in the open, but not abundance (Figure 4, Table 5).




Figure 3 | Vegetation measures (I) Mean plant abundance and richness regressed against percent shrub cover (%) (A, B) and aridity (C, D). Smoothed means are fitted using the linear method.




Table 4 | Model summary II.






Figure 4 | Vegetation measures II. Mean plant abundance and richness regressed against mean NSAT (°C) (A, C) and mean VPD (kPa) (B, D). Smoothed means are fitted using the linear method. Color represents the microsite.




Table 5 | Model summary III.







Discussion

Abiotic amelioration via foundation shrubs is a key component of many dryland ecosystems. Herein, we examined the microclimate of the foundation shrub species, Ephedra californica in order to determine the relative significance of shrub volume on microclimate and the role of microclimate in predicting vegetation richness and abundance. These were tested across six sites in the drylands of California. We hypothesized that, in comparison to an open gap, foundation shrubs improve the microclimate beneath their canopy and that microclimate is in turn a significant predictor of annual vegetation. Despite our prediction that all microclimatic variables under the shrub would be significantly lower than in the open, we only observed significantly lower ground temperature under the shrub. Shrub volume was not a significant predictor of air temperature, ground temperature, and VPD. Thus, we propose that E. californica is a good benefactor species when it comes to facilitating some micro-environmental measures compared to the open gap; though, its role in microclimatic amelioration is weakly dependent on size. Furthermore, we concluded that site-level percent shrub cover and aridity are significant predictors of vascular plant abundance and richness. Mean air temperature and VPD at the site level significantly predicted vegetation richness and abundance, however, microsite-level differences were only significant to plant richness. Mean plant abundance was greater under shrubs suggesting that shrub cover has an impact on microclimate, and the environmental heterogeneity induced by shrubs that may act on different spatial scales, hence altering the dynamics of distribution and establishment of the herbaceous plant community (Madrigal et al., 2008). We suggest that one factor may be microclimatic amelioration, such as cooler ground temperatures, by foundation species that allow for the presence of species that would otherwise be absent. This is consistent with the results of Soliveres and Maestre (2014) who observed 29% more species associated with shrubs in drylands compared to the open. Furthermore, we observed that mean plant richness was higher in the open. We believe that this may be due to the fact some shrubs restrict the establishment and survivorship of certain annual plants because the reduction of light by shrub canopy can limit the photosynthetic activity of annuals (Swank and Oechel, 1991). Semi-arid annual plants attain high net photosynthetic rates by having very high light saturation levels (Werk et al., 1983). A reduction in radiation by shrubs can reduce resource acquisition (Jackson and Caldwell, 1992). Thus, we suggest that plant-plant interactions and their responses to ongoing climate change are more complex than previously thought (Seiferling et al., 2014), but these interactions are nonetheless crucial in maintaining biodiversity in dryland ecosystems, particularly given the number of species that exclusively associate with shrubs. Though beyond the scope of our study, we suggest that future experiments consider plant traits as a tool to understand why some species are more benefited than others.

More than 30% of the total land area in California is defined as a semi-arid ecoregion (Syphard et al., 2022). Shrubs create heterogeneity in these regions by creating variation in physical structure and thus provide a generalized facilitation function of ameliorating microclimate (Braun et al., 2021). Shrub canopies create micro-environmental benefits including increasing shade, reducing radiation load, increasing night-time winter temperature, and increasing soil moisture, and canopy structure play an important role in differences observed in these micro-environmental parameters (Jankju, 2013). In this study, we observed the facilitative effects of E. californica are not dependent on size. This shows that even the canopy of smaller, low-stature, long-lived ancient shrubs can nonetheless provide fine-scale climatic refuges for other species (Ivey et al., 2020; Lortie et al., 2018, 2020). Maintaining the biodiversity of semi-arid regions is crucial as it translates to the overall biodiversity of the entire region of California. There is a direct relationship between environmental heterogeneity (EH) and biodiversity, with species richness increasing with greater EH (Agra et al., 2021). Maintaining E. californica presence and promoting its persistence in the region through conservation, restoration, and management will result in greater heterogeneity in the region and thus higher regional biodiversity. Shrubs and annual plants enable small areas in the species niche that can allow species persistence in a shifting climate (Brooker et al., 2018). Thus providing animal species with the option to move around and behaviorally mitigate climate change effects. Hence, management and restoration efforts need to focus on not only protecting existing shrub species but also restoring and managing disturbed scrubland and they are key to the persistence of biodiversity. Supporting the persistence of other taxa through foundation shrubs like E. californica that both directly and indirectly influence microclimatic heterogeneity is crucial in the future well-being of dryland ecosystems under the current climate change paradigms.
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Introduction

Alterations in life forms could simultaneously influence the variability of fine root and leaf traits. However, our understanding of the organ-level coordination and patterns of variation in fine root and leaf traits among desert herbs and shrubs with distinct habits remains limited.





Methods

Consequently, this study examined the leaf and fine root traits of 9 shrubs and 9 herbs across three desert habitats through Sperman's correlation analysis, principal component analysis (PCA), and standardized major axis (SMA) analysis as a means of identifying the hub traits and the resource trade-off strategies employed by desert plants to adapt to their environment.





Results

The results showed that the extent of coordination between leaf and root traits, defined as similarity, was contingent upon the life form. While the traits in shrubs were completely decoupled, those in herbs exhibited a high degree of coordination. The traits related to water acquisition and storage are highly connected and do not depend on traits and life forms. Most leaves and fine roots were primarily loaded along the PC1 and PC2 axes of principal component analysis.





Discussion

Suggesting that herbs and shrubs each adopt the most advantageous trait syndrome in accordance with their life form to acquire and conserve resources. The leaf economic spectrum and the root economic spectrum evolved independently, showing no dependence on the variations in life form. In conclusion, in desert plants, leaf and root variations occur independently along two axes, with traits associated with water acquisition playing a neutral role in their ecological strategy.





Keywords: life form, hub traits, leaf economics spectrum, root economics spectrum, ecological strategy





Introduction

Plant is a component organism composed of three main components including root, stem and leaf, which are systematically coordinated (Chave et al., 2009). Leaf is the main organ that can capture light and fix CO2 for photosynthesis (Freschet et al., 2010). Stems can support leaves and transport water and nutrients between roots and leaves. Many plants also store a large amount of water and nutrients in their stems (Reich, 2014; Li et al., 2022). The roots anchor the whole plant and acquire water and available nutrient elements from the soil, and temporarily store them (Freschet et al., 2021; Han and Zhu, 2021). As a consequence, leaves and fine roots are the main organs to capture resources (Cheng et al., 2016; Zhou et al., 2024) and stems are nutrient transport organs (Li et al., 2022), which together affect the overall adaptability of an individual plant to the environment. The degree of interdependence between different organ traits of plants determines the coordination and response of different plant components to environmental changes (Stearns, 1989; Freschet et al., 2015b). Plant functional traits defined as hub traits usually have a high degree of connection with other traits and are located between multiple sub-networks (Kleyer et al., 2019). Variations of a hub trait can affect several sub-traits that play an important role in trait trade-offs (Cohen and Havlin, 2010; Messier et al., 2017).

Based on the variation and trade-off of leaf functional traits globally, Wright et al. (2004) defined a continuously changing one-dimensional leaf economics spectrum (LES) to explain the trade-off between leaf resource acquisition and preservation (Wright et al., 2005; Haynes, 2022). One end of the LES represents the quick-return on investment strategy, i.e., these species typically have larger specific leaf area, leaf nitrogen content, and faster photosynthetic rates as a means of achieving rapid access to light energy and carbon resources, but lower leaf thickness and tissue density and shorter lifespans. Species with this strategy have lower tissue investment and faster return on investment (acquisition strategy). The other end of LES indicates the slow-return on investment strategy, i.e., these species typically have higher tissue densities and leaf thicknesses, longer lifespans to retain resources, but lower specific leaf area, leaf nitrogen content, and photosynthetic rates. Species with this feature have higher tissue investment and lower rates of return (conservative strategy) (Reich, 2014; Fajardo and Siefert, 2018). Therefore, by studying LES, we can better understand the resource allocation strategies of plants at the leaf level and the external manifestations of this physiological function. This contributes to our understanding of ecosystem material cycling and energy flow, as well as explaining the mechanisms of species coexistence in plant communities and predicting the response of plant communities to environmental changes (e.g., climate, land use, etc.). At present, LES has been found on many scales, including interspecies, intraspecies, and even within individual plants(i.e. different parts of the individual plant) (Vasseur et al., 2012; Blonder et al., 2015; Zhou et al., 2024). With further research, many scholars have extended the resource economy spectrum to stem(Sakschewski et al., 2015; Zeballos et al., 2017), root (Isaac et al., 2017; Hogan et al., 2020; Carmona et al., 2021; Yu et al., 2022), whole-plant (Stahl et al., 2013; Reich, 2014; Li et al., 2022; Zhang et al., 2023), and community levels (Carvajal et al., 2019).

The traditional root economics spectrum (RES) represents a trade-off strategy between resource acquisition efficiency and resistance (Prieto et al., 2015). One side of the RES is a coarse-root plant with a conservative strategy, and the other side is a fine-root plant with an acquisition strategy (Ma et al., 2018). However, more and more evidences show that the variation of root traits is two-dimensional (Kramer-Walter et al., 2016; Weemstra et al., 2016; Ding et al., 2020; Carmona et al., 2021). Specifically, in addition to the fast-slow axis, root traits also cover the second dimension of the collaboration axis (Zhang et al., 2024). Fine root species with high specific root length (SRL, root length per unit root dry weight) are separated from coarse root species that are more dependent on mycorrhizal symbionts for nutrient capture (Bergmann et al., 2020). This ecological strategy means that traits that are similar in definition, such as specific leaf area (SLA) and specific root length (SRL), are functionally different. Although leaves with lower SLA are slower in aboveground resource capture, roots with low SLA can still achieve higher resource acquisition efficiency based on higher mycorrhizal fungal colonization rates (Kong et al., 2014; Cheng et al., 2016).

Ecological research based on the resource economics spectrum can help us understand the resource-economy trade-offs in different organs (Zhang et al., 2023). It is worth noting that the variation and coordination of above-ground and below-ground functional traits are limited to some extent by environmental conditions due to the general trade-off of resource allocation within plants (Hu et al., 2019; Ma et al., 2022; Luo et al., 2024). Although some of the existing research results provide a theoretical basis for us to understand the variation patterns of plant organ traits between and within species, and their adaptation strategies to environmental conditions (Zhang et al., 2023; Li et al., 2024; Zhou et al., 2024). However, there is very little data on whether leaf and root functional traits have similar variation patterns (Valverde-Barrantes et al., 2015), or whether they respond to environmental gradients in a coordinated manner among species (Wang et al., 2017).

Based on this situation, life forms may be a useful entry point for identifying common patterns of variation and coordination among species (Liu et al., 2019). Plants from different life forms are more affected by evolution and environment (Ma et al., 2024). Specifically, plant size, woodiness, life span, and root-leaf turnover rate, vary greatly among different growth forms (Dorrepaal, 2007). Similarly, the differences in life history strategies between woody and herbaceous species lead to differences in resource acquisition and conservation strategies (Freschet et al., 2017; Kong et al., 2019). For instance, some studies have found that herbaceous species with roots with higher SRL and root nitrogen content(RNC) could simultaneously have higher SLA and Leaf nitrogen content(LNC) (Craine et al., 2002; Tjoelker et al., 2005). However, the traits in woody plants are just the opposite (Tjoelker et al., 2005; Weemstra et al., 2016). This indicates that growth forms may simultaneously regulate the variation of fine root and leaf traits, but little is known about the coordination and variation patterns of fine root and leaf traits in desert herbaceous and shrubs species.

Herbaceous and Shrubs plants play an important role in plant composition of terrestrial ecosystems, especially desert ecosystems, which account for more than 35% of the world’s land area (Mares, 1999). Desert plants have developed specific morphological and physiological traits to adapt to arid environment through long-term evolutionary selection. Generally, plants can mitigate the water limitation on their growth and development in arid environments by reducing leaf area, increasing leaf thickness and relative water content, and increasing root surface area and volume. With regard to the relationship between leaves and roots, a large number of studies have concluded that their functional properties are highly compatible (Freschet et al., 2010; De La Riva et al., 2016), however, Isaac et al., 2017 found that root traits vary with environmental conditions, but not necessarily with leaf traits and their function. Given this, this study takes 9 shrubs and 9 herbs in the arid desert area of Northwest China as the research object, and combines their differences in life history strategies and the characteristics of arid and sparse vegetation in a desert environment, we hypothesized that (i) Hub traits varied with different life forms, but generally the traits related to nutrients acquisition and preservation were more neutral, and (ii) the resource strategies are different due to different life forms that shrubs are more dependent on leaf variation to adapt to the environment, while herbs are just the opposite, and (iii) the decoupling of leaf and root trait variation and the independent adaptation to the environment for both shrubs and herbs, which mean the risk sharing in harsh environments.




2 Materials and methods



2.1 Study sites

Field sampling was conducted in the typical desert region of Northwest China. Four desert plant communities, widely distributed along the precipitation gradient from west to east, were chosen as experimental sites. These sites represent extreme desert, typical desert, and desert steppe ecosystems, respectively (Figure 1). The climatic conditions of each station are detailed in Table 1.




Figure 1 | This study established four sampling sites across different desert and grassland ecosystems, which include the desert grassland of Baiyin, the typical deserts of Zhangye and Wuwei, and the extreme desert conditions found in Jiuquan.




Table 1 | General situation of the study area.






2.2 Species selection and samples collection

In July 2022, an investigation was conducted to assess the status of desert plant species and communities at four experimental sites. Specifically, shrub-grass vegetation areas with flat terrain and unaffected by grazing were chosen at each site. Subsequently, three large quadrats (50 m × 50 m) were established at each investigated site, resulting in a total of 12 quadrats across the four study sites. Within each large quadrat, five small quadrats (10m × 10m) were positioned at both ends and midpoints of the diagonal for investigating community structure. The species abundance of vegetation in each quadrat was meticulously recorded. Following the methodology described by Cheng et al. (2016) and considering the species distribution at the investigation site, we selected 18 common species (each with a relative abundance greater than 1%), comprising 9 shrubs and 9 herbs. (Supplementary Figure S1).

Based on the survey results, 10 individuals of common species were selected in each large quadrat. Following, 10 fully exposed mature leaves were randomly collected from each individual, and each of the 10 mature leaves from each plant consisted of 3-4 leaves from each of its upper, middle, and lower parts. The collected samples are immediately placed in an ice-plastic bag and transported to the laboratory (Yu et al., 2022). Afterwards, to ensure that the fine roots came from the same sample, we used the ‘ main root tracking method ‘ to excavate the fine root samples of the same plant. Specifically, considering the horizontal and vertical distribution of plant roots, in order to maximize the extraction of fine roots from each plant, we dug out soil cores measuring 1 m × 1 m × 0.4 m in length, width, and depth for herbs, and 1 m × 1 m × 0.8 m for shrubs, that over 75% of shrub roots could be found in this area (Jackson et al., 1996). After that, first of all, we must find our main root, and dig down based on the extension direction of the main root to find the fine roots connected to it. We then carefully removed the surrounding sediment near the end of the root to avoid damage to the fine roots. When the fine roots on a main root are completely exposed or a large number of fine roots appear, the tracking ends. We collected fine root samples (< 2mm) from the 1 ~ 2 roots at the tracking end. The soil and impurities on the root surface were carefully clarified and placed in a labelled self-sealing bag, and then placed in a refrigerator at about-4°C. The root traits were measured in the laboratory.




2.3 Plant trait measurements

After the sample was transported back to the laboratory, the fresh weight of each plant leaf was immediately weighed and recorded, and then the Epson Perfection V850 Pro Scanner (Epson, Los Alamitos, CA USA) was used to scan the leaves to obtain a leaf image with a resolution of 600 dpi. After that, the leaves were completely immersed in deionized water for 12 hours in a dark environment. After taking out, the water on the surface of the leaves was quickly absorbed by the absorbent paper and the saturated fresh weight was weighed. After weighing, the leaves transferred into the envelope bag were dried at 75°C for 48 h to constant weight, and the dry weight was weighed and the data were recorded. The degree of leaf succulence (DOF) was calculated as the ratio of leaf fresh weight to dry weight, and the leaf water content (WC) was calculated as the ratio of the difference between leaf fresh weight and leaf dry weight to leaf fresh weight. Leaves were analyzed in Win-RHIZO 2008 (Regent, Instruments Inc., Canada) to obtain leaf area and leaf volume. Specific leaf area (SLA) was calculated as the ratio of leaf area to leaf dry weight, and leaf tissue density (LTD) was calculated as the ratio of leaf dry weight to leaf volume.

Likewise, we carefully cleaned with deionized water to remove impurities from the surface of the roots. The cleaned roots were scanned into 600 dpi images, and then analyzed in Win-RHIZO 2008 (Regent, Instruments Inc., Canada) to obtain root diameter(RD), root length, root surface area and root volume. After the scanning was completed, the roots transferred into the envelope bag were dried at 75°C for 48 h to constant weight, and the dry weight was weighed and the data were recorded. The specific root length (SRL) was calculated as the ratio of root length to root dry weight, the specific root surface area (SRA) was calculated as the ratio of root surface area to root dry weight, and the root tissue density(RTD) was calculated as the ratio of root volume to root dry weight.

The above-mentioned plant samples were dried, crushed, and sieved, and their leaf carbon concentration (LCC), leaf phosphorus concentration (LPC), leaf nitrogen concentration (LNC), root carbon concentration (RCC), root nitrogen concentration (RNC), and root phosphorus concentration (RPC) were measured. Among them, the carbon concentration was determined by potassium dichromate oxidation heating method (Bao, 2000). Total nitrogen concentration was measured by Kjeldahl method (Bao, 2000). The total phosphorus content was determined by vanadium molybdenum yellow colorimetric method (Bao, 2000). and then their stoichiometric ratios (carbon–nitrogen, carbon–phosphorus, and nitrogen–phosphorus) were calculated.




2.4 Data analysis

For each species, we took the average of each trait(SLA, LTD, DOF, WC, LCC, LNC, LPC, LCN, LCP and LNP of leaf, and RD, SRL, SRA, RTD, RCC, RNC, RPC, RCN, RCP and RNP of root). The Sperman’s correlation analysis was used to test the relationship between the traits of each organ. The OmicStudio tools calculated correlation coefficient, p value and relation value (https://www.omicstudio.cn/tool/62) and summarized them in Excel. After that, the visualization of the network diagram was realized by using the summarized data in Gephi-0.9.2 software. The coefficient of variation (CV) of each trait was calculated as the standard error divided by the mean and then multiplied by 100%.

Principal components analysis (PCA) was used to detect the resource-economic spectrum coordination model at the organ level and the whole-plant level. PC1, the principal component with the largest eigenvalue, represents the direction of greatest variation in the data. PC2, ensuring orthogonality with PC1, has the next largest eigenvalue and captures the second most significant variation. In principal component analysis, PC1 and PC2 simplify data dimensionality by projecting raw data into a new space defined by these components, maximizing information retention while reducing dimensionality. Based on the axis scores of PCA analysis results, the differences in the scores of each axis in different climatic regions were compared by one-way analysis of variance to determine the differences in the root economic spectrum of herb and shrub species resources in different climatic regions. The standardized major axis (SMA) regression method was used to determine the bivariate correlation between the axis scores of PC1 and PC2 in leaves, stems, and roots to determine the differences in slope and intercept between different life-form species (Niklas, 1994; Warton et al., 2006; Vasseur et al., 2012). All data analyses were performed in R 4.3.0.





3 Results



3.1 Correlation of root and leaf traits

The results of trait network analysis showed that similar leaf and root traits defined in shrub species were completely decoupled (Figure 2A; P > 0.05); In herbaceous species, conceptually similar LTD was positively correlated with RTD, RNC was negatively correlated with LNC, RPC was negatively correlated with LPC, and RNP was negatively correlated with LNP (Figure 2B; P < 0.05). Herbaceous and shrub species had different hub traits (Figure 2). Among shrub species, RTD had the highest connectivity(largest node, highest total number of connections), followed by SRA and SRL, and the connectivity of root and leaf chemical traits was generally higher (Figure 2A). Among herbaceous species, LNP had the highest connectivity(largest node, highest total number of connections), followed by DOF, WC, SRA and SRL. Similar to shrub species, the connectivity of root and leaf chemical traits of herbaceous species was generally higher (Figure 2B).




Figure 2 | (A) The trait correlation network of shrub; (B) The trait correlation network of herb. Green nodes symbolize leaf functional traits, while orange nodes denote root functional traits. The size of a node reflects the extent of its connectedness. The number in parentheses following a trait’s abbreviation indicates the total number of connections that trait has with other traits (numbers in the figure indicate only the number of links between traits). Solid and dotted line represent positive and negative correlations (p < 0.05), respectively. DOF, Degree of fleshiness; WC, Leaf water content; SLA, Specific leaf area; LTD, Leaf tissue density; LCC, Leaf carbon content; LNC, Leaf nitrogen content; LPC, Leaf phosphorus content; LCN, Leaf carbon and nitrogen ratio; LNP, Leaf nitrogen and phosphorus ratio; LCP, Leaf carbon and phosphorus ratio; RD, Average root diameter; SRL, Specific root length; SRA, Specific root area; RTD, Root tissue density; RCC, Root carbon content; RNC, Root nitrogen content; RPC, Root phosphorus content; RCN, Root carbon and nitrogen ratio; RNP, Root nitrogen and phosphorus ratio; RCP, Root carbon and phosphorus ratio.






3.2 Comparison of coefficient of variation among species for leaf and fine root traits

The interspecific variation of root traits of shrubs was generally lower than that of leaf traits, and the variation of leaf traits of herbs was generally lower than that of root traits (Figure 3). In terms of leaf traits, the interspecific variation of shrubs was higher than that of herbs, and the LNC of shrubs had the highest interspecific variation. In terms of root traits, the variation of root traits of herbs was generally higher than that of shrubs, and the interspecific variation of SRL and SRA was the highest.




Figure 3 | Interspecific variation coefficients of leaf and root functional traits.






3.3 Principal component analysis of leaf, fine root and whole plant traits

Leaf, root, and whole plant principal component analysis showed that the PC1 axis explained 27.7%, 32.2% and 21.5% of the trait variation, and the PC2 axis explained 22.7%, 24.8% and 17.1% of the variation, and the cumulative contribution rate of the two variances was 50.4%, 57% and 38.6%, respectively (Figures 4A–C). In leaf traits, except for LCP and LPC, the contribution of other traits to the leaf PC1 axis was higher than that of the leaf PC2 axis (Supplementary Table S2). Among them, the traits LNC and SLA that had been defined as related to resource acquisition were mainly loaded positively along the leaf PC1 axis, while the conservative traits WC, DOF, and LTD had negative loads along the leaf PC1 axis (Supplementary Table S2). In root traits, root chemical traits contributed more to the PC1 axis (except RCN), and root morphological traits contributed more to the PC2 axis (Supplementary Table S2). RNC was loaded positively along the PC1 axis, and RTD was loaded negatively. SRL and SRA were loaded positively along the root PC2 axis, while RD was loaded negatively (Supplementary Table S2). In whole traits, RNC, LNC and LPC were loaded along the positive direction of whole-plant PC1, while LCP, RTD and RPC were loaded along the negative direction of whole-plant PC1. LCC, SRA and SRL were loaded along the positive direction of whole-plant PC2, while DOF, WC, RD and RTD were loaded along the negative direction of whole-plant PC2 (Figure 4C).




Figure 4 | (A) Principal components analysis (PCA) of the leaf traits; (B) PCA of fine root traits; and (C) PCA of whole-plant traits. Blue nodes symbolize leaf functional traits, while orange nodes denote root functional traits. DOF, Degree of fleshiness; WC, Leaf water content; SLA, Specific leaf area; LTD, Leaf tissue density; LCC, Leaf carbon content; LNC, Leaf nitrogen content; LPC, Leaf phosphorus content; LCN, Leaf carbon and nitrogen ratio; LNP, Leaf nitrogen and phosphorus ratio; LCP, Leaf carbon and phosphorus ratio; RD, Average root diameter; SRL, Specific root length; SRA, Specific root area; RTD, Root tissue density; RCC, Root carbon content; RNC, Root nitrogen content; RPC, Root phosphorus content; RCN, Root carbon and nitrogen ratio; RNP, Root nitrogen and phosphorus ratio; RCP, Root carbon and phosphorus ratio.



There was no significant difference in leaf and root PC1 axis scores between herbaceous and shrub species (Figure 5). However, along the leaf PC2 axis, shrub species were distributed on the side with high LPC content, while herb species were distributed on the side with low LPC content (Figure 4A). However, along the root PC2 axis, herbaceous species were distributed on the side of high SRL and SRA, while shrub species were distributed on the side of high RD (Figure 4A). Therefore, a two-dimensional leaf economic spectrum and root economic spectrum could be defined. There were significant differences in the whole-PC1 axis scores between shrub and herb species (P < 0.01). Shrub species were distributed on the right side of the Whole-PC1 axis, and herb species were distributed on the left side of the PC1 axis (Figure 4C).




Figure 5 | Results of independent sample t-test for elucidating the differences between herbs and shrubs species along PC1 and PC2. *P < 0.05, **P < 0.01.






3.4 The relationship between plant economic spectrums

The SMA regression showed that leaf PC1 had no significant correlation with fine root PC1 and whole-plant PC1 (P > 0.05) (Figures 6A, C). There was no significant correlation between leaf PC2 and fine root PC2 and whole-plant PC2 (P > 0.05) (Figures 6B, D). For all species studied, fine root PC1 was significantly correlated with whole-plant PC1 (P < 0.01) (Figure 6E), and fine root PC2 was significantly correlated with whole-plant PC2 (P < 0.01) (Figure 6F). The fine root PC1 of herbs and shrubs was significantly correlated with the whole-plant PC1 (P < 0.05), and there was no common slope between herbs and shrubs (P < 0.05). Fine root PC2 was significantly correlated with whole-plant PC2. There was a common slope between herb species and shrub species (P > 0.05), but there was no common intercept (P < 0.05) (Figures 6A, C).




Figure 6 | (A) Regression relationship between root PC1 and leaf PC1; (B) Regression relationship between root PC2 and leaf PC2; (C) Regression relationship between leaf PC1 and whole-plant PC1; (D) Regression relationship between leaf PC2 and whole-plant PC2; (E) Regression relationship between root PC1 and whole-plant PC1; (F) Regression relationship between leaf PC2 and whole-plant PC2. The yellow dots and lines represent shrub species. The blue dots and lines represent herb species. Black dots and lines represent all types. When P ≥ 0.05, the regression line was not drawn.







4 Discussion



4.1 Coordination of traits between and within organs

Our results show that the leaf and root traits that are similar in the definition of shrub species are completely decoupled, e.g., there were no correlation between leaf tissue density (LTD) and root tissue density (RTD), leaf nitrogen content (LNC) and root nitrogen content (RNC), leaf phosphorus content (LPC) and root phosphorus content (RPC), and leaf nitrogen and phosphorus ratio (LNP) and root nitrogen and phosphorus ratio (RNP) (Figure 2A), while some conceptually similar and key functional traits of herbaceous plants are highly coordinated, such as positive correlation between LTD and RTD, negative correlation between RNC and LNC, negative correlation between RPC and LPC, and negative correlation between LPC and LNP. (Figure 2B). This may be due to the higher mycorrhizal colonization rate of woody plants compared to herbs, resulting in the fact that similar traits are not necessarily the same in function (Luo et al., 2024). Specifically, compared with the softer and finer root tissues of herbaceous plants, the thicker root tissues of woody plants are more conducive to the colonization of mycorrhizal fungi (Ma et al., 2018), which makes woody plants with lower specific root length can also obtain nutrients by colonization of higher mycorrhizal fungi (Bergmann et al., 2020). However, herb roots are not conducive to mycorrhizal fungi colonization (Ma et al., 2018), and rely more on the larger specific root lengths for obtain nutrients. The decoupling characteristics between organs of shrub plants indicate that leaf and root traits evolve independently, allowing shrubs to have more trait combinations to cope with desert environments and promote local coexistence of species (Reich, 2014; Weemstra et al., 2021; Yu et al., 2022; Luo et al., 2024). On the contrary, the N content in roots and leaves of herbaceous plants was significantly negatively correlated with P content, while the tissue density was significantly positively correlated (Figure 2B), indicating that there was an inherent physiological and life history trade-off between leaves and roots in desert herbs (Laughlin et al., 2010; Hu et al., 2019). That is to say, there is a basic trade-off between nutrient acquisition efficiency and photosynthetic activity of herbaceous plants in this area, which is conducive to plants to adopt optimal resource acquisition strategies to alleviate the limitations of extreme environments.

The different degree of interdependence between traits has a profound impact on the coordination of different organs and tissue systems in response to environmental changes (Freschet et al., 2015a; Li et al., 2022). Therefore, there is a complex interaction network between different traits of different organs and tissue systems (Proulx et al., 2005). In the network, changes in some hub traits may lead to changes in the trade-offs between traits (Li et al., 2024). The results of our network analysis showed that the connectivity of chemical traits was generally higher than that of morphological traits in both herbaceous and shrub species (Figures 2A, B). This can be attributed to the important role of nitrogen and phosphorus in plant metabolism, function, growth and reproduction (Kerkhoff et al., 2006; Li et al., 2010; Crous et al., 2017). Specifically, plants absorb nitrogen and phosphorus from the soil through roots and transport them to other organs of plants to meet the functional needs of individual plants (Reich, 2014; Chen et al., 2020). Therefore, it is not surprising that chemical traits have higher connectivity. Consistent with our hypothesis (i), both shrubs and herbs showed higher connectivity in traits related to nutrient acquisition and storage [such as specific root length (SRL), specific root area (SRA), degree of fleshiness (DOF) and leaf water content (WC)] (Figures 2A, B). This may be because the species we collected are mostly distributed in desert habitats, where water is an important limiting factor for plant growth (Wang et al., 2024), and water is the basis for the transport and function of various chemicals. Therefore, it is expected that desert plants have a high degree of connectivity with traits related to water acquisition and storage.




4.2 Interspecific variation and resource economics spectrum strategies of root and leaf traits

The variation of interspecific functional traits not only helps us to understand the evolutionary adaptation strategies of different species (Li et al., 2024), but also reflects the influence of environmental filtering and competition on plant functional traits at the regional scale (Luo et al., 2024). Consistent with our hypothesis (ii), our results show that the interspecific variation of root traits is higher than that of leaf traits in shrubs, while the opposite is true in herbaceous plants (Figure 2). This indicates that under the combined action of environmental filtering and interspecific competition, the strategy of the aboveground and underground parts of herbs and shrubs occupying niches is decoupled. Specifically, shrubs rely on leaf variation to occupy different niches, while herbs rely more on root variation to achieve this goal. In addition, our study also found that the leaf nitrogen content of desert shrubs and the specific root length and specific root surface area of herbs have very high interspecific variation, indicating that the leaf metabolic activity of shrubs and the root absorption efficiency of herbs are strongly affected by interspecific competition, which makes different species show divergent adaptation (Wang et al., 2024). This divergent adaptation is beneficial for desert plants to adopt different life history strategies to reduce biological competition and resource constraints when dealing with highly resource-constrained desert environments (Yu et al., 2022).

Life form can regulate the variation of leaf and root traits at the same time, so that herbaceous and woody plants have different strategies of resource economic spectrum (Freschet et al., 2017; Kong et al., 2019). The results based on principal component analysis showed that the root, leaf and whole-plant economic spectra of the species we studied were all two-dimensional (Figures 3A, B). Herb and shrub species diverged along the PC2 axis of RES and LES. Herb species had higher SRL, SRA and lower LNP, while shrub species had higher RD and LNP. This indicates that in desert environments, shrubs rely mainly on leaf metabolism (Adler et al., 2014) and mycorrhizal colonization (Bergmann et al., 2020) to compete for nutrients, while herbs rely more on the high resource acquisition efficiency of underground roots (Roumet et al., 2016). Interestingly, for the plant strategy, herbaceous species were distributed on the higher RTD and tissue C/N ratio side of whole plant economics spectrum (WPES), while shrub species were distributed on the higher tissue N and P concentration side. This result is contrary to the analysis results based on global data that woody plants have higher tissue density (Freschet et al., 2017; Jiang et al., 2024). The result of this difference may be due to the greater ecological challenges faced by herbaceous species in the desert environment. First, shrubs can store more water by using coarse canopy and loose xylem liking porous sponges (McElrone et al., 2004). Secondly, shrubs can concentrate nutrients around themselves by changing soil structure and humidity, so as to ensure their normal physiological metabolism. However, due to the strong competition of shrubs for water and nutrients, herbaceous plants in the same environment can only adopt a relatively conservative resource acquisition strategy. In addition, shrub roots usually have higher cortical thickness, which is of great significance in resisting underground animal grazing, while herbaceous plants seem to rely only on tougher roots.




4.3 Resource economic spectrum coordination model from organ to individual

Although different traits are in a constant state of change due to species differences and environmental changes, the trade-offs and synergies between traits are relatively stable ecological strategies formed by adaptive evolution (Eviner and Iii, 2003). Consistent with our hypothesis (iii), Our study shows that the LES trade-off axis and the RES trade-off axis operate independently for both desert herbs and shrub species. This is inconsistent with the functional similarity hypothesis and deviates from the results of some studies (Poorter et al., 2014; Zhao et al., 2017; Li et al., 2022). However, the present results are consistent with some research results, that is, different organizations are decoupled from each other and adapt to environmental changes independently (Baraloto et al., 2010; Isaac et al., 2017; Kurze et al., 2021). On the one hand, these differences may arise from the distinct structural and functional characteristics of the organs. Desert plants possess thicker fleshy tissues, cuticles, and waxy layers, which enhance water storage and minimize water loss. In contrast, fine roots typically exhibit a slender morphology and a high surface area-to-volume ratio, facilitating extensive soil penetration and efficient water and nutrient absorption (Ekwealor et al., 2020). On the other hand, these differences may reflect the divergent survival strategies of different organs in heterogeneous environments. Leaves primarily acquire resources from the atmosphere, while fine roots are responsible for extracting soil resources. This functional independence allows each organ to adapt flexibly to spatial variations in resource availability, thereby reducing the overall risk to plant survival and providing a competitive advantage in resource-poor habitats (Kirschner et al., 2021; Tariq et al., 2024). In addition, our study also shows that LES and WPES are also decoupled, which is consistent with the results in tropical woody plants (Baraloto et al., 2010). The reason may be that previous studies were mostly based on trees rather than shrubs and herbs. They mostly grow in areas with abundant precipitation, soil nutrients, and high biodiversity, leading to more intense interspecific competition. Therefore, more robust leaf and root coordination is needed to improve their ability to compete for resources (Li et al., 2022).

Fine root PC1 and whole-plant PC1 reflect the trade-off between plant metabolic activity and stress resistance. Our study found that fine root PC1 of herbs and shrubs was significantly positively correlated with whole-plant PC1 and the slope of shrubs was greater than that of herbs. This may be because desert shrubs have deep roots (Kirschner et al., 2021), coupled with their well-developed fine roots that exhibit complex growth regulation mechanisms, robust absorptive capacity, and high-stress resistance. Even minor variations in these traits can significantly impact the entire plant (Danin, 1991). Additionally, the resource-scarce nature of desert habitats means that fine root traits are critical for resource acquisition. Desert shrubs usually occupy large ecological niches, and their considerable height and crown width. Fine root traits are intricately linked to the absorption and transport of materials and energy throughout the plant, thereby establishing a strong correlation between fine root characteristics and the overall growth and development of the plant (Comas and Eissenstat, 2009). In conclusion, whether plants improve metabolic activity or stress resistance depends on the ability of developed roots to acquire and transport groundwater. Therefore, the coordination between shrub fine roots and plant economic spectrum is stronger. In contrast, the roots of desert herbaceous plants are mostly distributed in the shallow soil layer (<30cm) (Jackson et al., 1996). These plants exhibit short growth cycles, simple regulatory mechanisms, and narrow ecological niches. Their above-ground parts are lesser, and their requirements for access to soil resources are relatively straightforward, leading to a weak integration between fine roots and the overall plant structure (Lambers and Oliveira, 2019). Although the metabolic activity and stress resistance selection of plant individual are also dependent on fine roots to a certain extent, the instability of water and nutrient supply in fine roots reduces the dependence of plants on them. Fine root PC2 and whole-plant PC2 reflect the trade-off between water absorption and water retention of plants. Our study found that fine root PC1 of herbs and shrubs was significantly positively correlated with whole-plant PC1 and the slope was the same, but the intercept was different. It shows that shrubs and herbaceous species respond to changes in growth characteristics through the separation of intercepts in the regression relationship. On the one hand, similar slopes indicate that shrub and herb species have consistent resource acquisition and preservation strategies at the organ and plant levels (Freschet et al., 2010). On the other hand, differences in intercepts indicate that shrubs and herbs have different economic spectrum strategies (Yu et al., 2022).





5 Conclusion

This study reveals the variation and coordination patterns of leaf and root traits in desert plants. The results showed that the independent variation of leaf and fine root traits of desert plants along the two axes did not depend on life form, and the traits related to water acquisition and preservation were important hub traits. Multidimensional variation of root and leaf traits of desert shrubs and herbs is more complicated, and they cannot be simply divided into acquired and preserved species because they all adopt trait syndromes that are beneficial to themselves.
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Studying key leaf functional traits is crucial for understanding plant resource utilization strategies and growth. To explore the patterns and driving factors of key leaf functional traits in forests along elevational gradients under global change, we collected survey data from 697 forests across China from 2008 to 2020. This study examined the elevational patterns of Specific Leaf Area (SLA, m²/kg), Leaf Dry Matter Content (LDMC, g/g), Leaf Nitrogen (LN, mg/g), and Leaf Phosphorus (LP, mg/g), and their responses to climate, soil nutrients, and stand factors. The results showed distinct differences in these key leaf traits at different elevational gradients. Generally, as elevation increased, SLA decreased, while LDMC significantly increased (P < 0.001), and LN first increase and then decreased (P < 0.001). The direct influence of elevation on the spatial variation of key leaf traits was greater than its indirect effects (through environmental and stand factors). The elevational patterns of leaf traits related to resource utilization strategies (SLA and LDMC) were mainly influenced by climate (temperature and precipitation) and soil nutrient factors, showing opposite trends in response to environmental changes. The patterns of leaf nutrient traits (LN and LP) along elevational gradients were primarily influenced by climatic factors, with LN exhibiting greater environmental plasticity. Compared to other stand factors, forest age predominantly influenced the spatial variation of key leaf traits, especially SLA. These findings have significant theoretical implications for revealing how plants adapt to global change.
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Introduction

Key leaf traits objectively reflect plant adaptation to environmental changes and significantly impact the structure and function of forest ecosystems (Wei et al., 2016). Common key leaf traits include Specific Leaf Area (SLA), Leaf Dry Matter Content (LDMC), Leaf Nitrogen (LN) content, and Leaf Phosphorus (LP) content (Wright et al., 2004). SLA and LDMC are commonly used to reflect trees’ resource utilization and allocation strategies (Kuppler et al., 2020; Wang et al., 2022a; Liu et al., 2023a). Leaf Nitrogen and Phosphorus contents are typically associated with trees’ growth rate and nutritional status (Tang et al., 2018). Studies have shown that the potential process of photosynthesis depends on leaf nitrogen (N) and phosphorus (P) concentrations, with trees having higher leaf N and P contents often exhibiting faster growth rates (Ellsworth et al., 2022).

Elevational gradients provide a unique natural laboratory for revealing variations in key leaf traits and their adaptations to environmental changes because they encapsulate a broad range of environmental conditions within a relatively confined geographical space (Gao and Liu, 2018). Changes in elevation are associated with systematic variations in temperature, moisture availability, and solar radiation, each of which can exert significant selective pressures on plant physiology (Shi et al., 2020; Wang et al., 2022b). Key leaf traits reflect the physiological and ecological adaptation strategies of plants under different environmental conditions (Li et al., 2021). Therefore, studying the variation patterns of key leaf traits along elevational gradients is crucial for understanding the survival and adaptation mechanisms of plants in different elevation environments (Zhang et al., 2021; Rixen et al., 2022). Moreover, research on elevational gradients can uncover how environmental factors such as climate change and soil nutrients, as well as stand factors like stand age and forest density, jointly influence key leaf traits, thereby providing a theoretical basis for predicting ecosystem functions in the context of global change. Thus, exploring the variation of key leaf traits across elevational gradients not only deepens our understanding of ecological processes but also provides strong support for species adaptive evolution and ecosystem management (Wang et al., 2022b).

Preliminary research has found that with increasing elevation, SLA significantly decreases and LDMC significantly increases, indicating a shift towards conservative survival strategies in plants (Bjorkman et al., 2018; Thomas et al., 2020). Leaf N content increases (Xu et al., 2021a), while leaf P content decreases, as low temperatures limit nitrogen mineralization rates, causing plants to accumulate more nitrogen in leaves to maintain adequate photosynthetic efficiency. Phosphorus elements are often harder for plants to absorb and utilize at high altitudes, resulting in lower leaf phosphorus content. However, some studies have observed decreases in leaf nitrogen and phosphorus contents with increasing elevation (Zhao et al., 2016; Zhang et al., 2023), suggesting that in certain ecosystems, low temperatures and soil nutrient limitations reduce the efficiency of nutrient absorption and utilization. Therefore, the patterns of key leaf traits along elevational gradients at the macro scale have not yet reached a consensus.

Along the elevational gradient, climatic factors, especially temperature and precipitation, undergo significant changes (An et al., 2020; Wang et al., 2022b). Numerous studies have found that key leaf traits are regulated by climatic factors. Under suitable temperature and precipitation conditions, trees allocate more resources to compete for light, increasing SLA and decreasing LDMC (Kuppler et al., 2020; Wang et al., 2022a; Zheng et al., 2024). Conversely, cold and arid environments increase survival stress in trees, forcing them to allocate more resources to survival. This is achieved by reducing SLA and increasing LDMC to prolong life span and slow growth, resulting in a conservative resource utilization strategy (Kramp et al., 2022; Yu et al., 2022). In cold environments, plant growth rates usually slow down, affecting their absorption and utilization of nutrients like nitrogen and phosphorus. Under drought conditions, plants may enhance nutrient acquisition by increasing root growth or altering root distribution (Wang et al., 2021a). Additionally, plants adjust the content and ratio of leaf nitrogen and phosphorus to adapt to water-limited environments (Tian et al., 2019). Furthermore, sunlight duration is another important climatic factor affecting key leaf traits. With decreasing elevation, the effective duration of sunlight reduces, leading trees to increase SLA and leaf nitrogen content and decrease LDMC. This strategy ensures efficient use of light energy and survival in intense resource competition (Reich et al., 1997).

Soil, as the direct living environment for plants, also plays a non-negligible role in key leaf traits (Wang et al., 2021b; Cui et al., 2022). Existing research shows that an increase in soil nitrogen typically leads to an increase in plant leaf nitrogen content. Higher soil nitrogen levels may cause a decrease in leaf LDMC, as plants might produce thinner, less fibrous leaves to optimize photosynthesis (Liu et al., 2021a; Pichon et al., 2022; Waring et al., 2023). Phosphorus limitation can lead to plants producing smaller leaves and higher LDMC to reduce growth demands and improve resource efficiency. Increased soil phosphorus enhances leaf phosphorus content, aiding in the synthesis of DNA and RNA and energy conversion processes, which could affect plant growth rates and leaf traits (Yang et al., 2023; Yan et al., 2024). Soil microbial activity is regulated by soil pH, and soil microbes participate in the decomposition of organic matter. Therefore, soil pH has a significant impact on plant nutrient utilization strategies and leaf nutrient traits (Kang et al., 2021; Han et al., 2023).

Forest age and stand density, among other stand factors, also have a critical impact on key leaf traits (Louis et al., 2012; Zhang et al., 2022). In the early stages of forest development, trees tend to grow rapidly, producing larger, thinner leaves (high SLA, low LDMC) to maximize photosynthesis. In the later stages of forest development, plants allocate more resources to structural reinforcement of leaves, thus increasing LDMC (Craven et al., 2018; Engbersen et al., 2022; Kramp et al., 2022). In high-density stands, competition among trees (especially for light) is more intense. This may lead to the production of smaller leaves (low SLA) and higher LDMC, adapting to lower light levels and increased competitive pressure. During the early stages of forest development, trees have a higher demand for soil nutrients, accelerating the absorption of N and P from the soil, resulting in higher leaf nitrogen and phosphorus contents (Li et al., 2017). In the later stages of forest development, the available nitrogen and phosphorus in the soil may decrease due to slower decomposition of organic matter and intensified competition between microbes and plants for nitrogen. Therefore, the leaf nitrogen and phosphorus contents in mature forests may be lower (Liu et al., 2021b, Liu et al., 2021c; Yang et al., 2021).

Based on field surveys and literature collection from 2008 to 2020, data from 697 forest sites across China were used to explore the patterns of key leaf traits along elevational gradients at a macro scale and their dominant factors. To address the above issues, we propose the following hypotheses: 1) With increasing elevation, SLA significantly decreases, and LDMC increases, indicating a more conservative plant resource utilization strategy. 2) Climatic factors are the dominant environmental factors influencing the variation of key leaf traits along elevational gradients, with stand factors (forest age) also playing a significant role. 3) The direct impact of climatic factors on the elevational variation patterns of key leaf traits is greater than their indirect effects (by affecting soil nutrient and stand factors).





Materials and methods




Research area and sample data

China boasts a rich variety of climate types and diverse forest ecosystems, with a forest cover of 24%. This study utilized data from 697 forests, collected through field surveys and literature between 2008 and 2020. Detailed sources are listed in Supplementary Table S1. 488 forest datasets from 67 sites were gathered through literature review, while the remaining 209 forest datasets from 20 sites were obtained from experiments conducted in this research. At each research site, we randomly selected at least four adjacent forest plots (30m × 30m), including typical zonal vegetation. We also recorded latitude, longitude, elevation, and slope of each site. In each plot, we mapped the spatial position of individual trees and collected the number of each tree species with a diameter at breast height (DBH) ≥ 1cm. All trees were identified by their scientific names and verified with actual herbarium specimens to confirm species identity. Forest age data was obtained through literature search and field visits, and stand density was calculated as the number of tree individuals per plot area. The forest age is primarily obtained by consulting historical records from local forestry bureaus and ecological stations, with a portion also acquired through reviewing literature sources.





Key leaf traits

During field surveys, in each forest plot, more than 20 mature and well-developed trees (dominant trees) of each species were selected. In this experiment, we measured the fresh single leaf area of leaves without petioles using a Japanese Cano Scan LIDE 110 portable leaf area meter. The fresh leaf weight was measured with an electronic balance (precision of 0.0001 g), and the leaves were then dried in an oven at 105°C before the temperature was lowered to 60°C. After drying, the leaf dry weight was measured with a 1/10000 electronic balance. SLA (m²/kg) was calculated as leaf area/dry leaf weight, and LDMC (g/g) as leaf dry weight/fresh leaf weight. The leaf nitrogen content (LN, mg/g) was determined using the Kjeldahl method, and the leaf phosphorus content (LP, mg/g) was determined using the Mo-Sb colorimetry (Gao et al., 2023).

Due to the varying species abundance among different species, which can lead to asymmetric competition, a mathematical average trait is insufficient to represent the overall functional trait characteristics of the entire community (Cadotte, 2017; Ray et al., 2023). Therefore, we used a species abundance-based Community Weighted Mean trait (CWM) to represent the trait values of the forest.

 

Here, CWM represents the community functional trait weighted characteristic value, Di represents the abundance of dominant tree species, and Traiti represents the selected functional trait.





Environmental data

The study extracted mean annual temperature (MAT), mean annual precipitation (MAP), and mean annual evaporation (MAE) at a spatial resolution of 1 km from WorldClim (https://www.worldclim.org, accessed on 1 August 2023). Annual sunshine duration (ASD) is another key environmental factor influencing plant resource utilization strategies (Coble et al., 2017), and data for this were obtained from the China Meteorological Administration Meteorological Data Center (http://data.cma.cn/site/index.html, accessed on 1 August 2023). Soil pH, total soil nitrogen (N), and available soil phosphorus (P) data for the top 30 cm of soil were extracted from a 250-meter resolution grid. The soil nitrogen data is available at http://www.csdn.store (accessed on 10 April 2023), and soil available phosphorus data can be found at https://www.osgeo.cn/data/wc137 (accessed on 10 April 2023).





Data analysis

We used Generalized Additive Models (GAMs) to explore the variation patterns of key leaf traits (SLA, LDMC, LN, and LP) at different elevational stages, where R2 represents the model’s goodness of fit, and the P-value indicates the level of significant difference. This approach utilizes both parametric and non-parametric components to reduce model risks inherent to linear models (Ravindra et al., 2019). The model can be summarized as:

 

where g is a link function, E(Yi) is the estimate for the responsible variable Yi, S1 is the smooth function of xi over different treatments, S2 is the smooth function of xi along spatial locations (Longitude and Latitude), xi (i = 1, 2, 3,…, 12) are the explanatory variables, and they are number of new rhizomes, new rhizome length, new rhizome diameter, etc.β0 is constant term and ei is the error term. This analysis was completed using the R package “mgcv” (version 4.3.1, R Core Team, 2023).

GAMs were also used to study the contributions of various environmental factors to the spatial variation of SLA, LDMC, LN, and LP, including climatic factors (mean annual temperature [MAT], mean annual precipitation [MAP], annual mean evaporation [MAE], annual sunshine duration [ASD]), soil factors (soil nitrogen [Soil N], soil phosphorus [Soil P], soil pH), and stand factors (forest slope, forest age, tree diameter at breast height [DBH], species richness, forest density). Heatmaps were used to show correlations between different environmental factors (climate, soil, stand factors), completed using the R package “linkET”.

Variance decomposition was employed to quantify the explanatory power of climate, soil, and stand factors on the spatial variation of key forest leaf traits (Figure 1). This analysis was conducted in the R language package “rdacca.hp” (Lai et al., 2022). The independent contribution of each potential influencing factor to key leaf nutrient traits’ spatial variation was explored using the machine learning method of boosted regression trees, with a significance level of 0.05 for significant difference testing, performed in the R package “gbm”.




Figure 1 | Relative effects of multiple factors on key leaf functional traits. Key leaf functional traits include: (A) specific leaf area (SLA); (B) leaf dry matter content (LDMC); (C) leaf nitrogen content (LN); and (D) leaf phosphorus content (LP). Climatic factors include: mean annual temperature (MAT); mean annual precipitation (MAP); mean annual evaporation (MAE); and annual sunshine duration (ASD). Soil factors include: soil total nitrogen content (Soil N); soil available phosphorus (Soil P); and soil pH. Stand factor includes forest age. All leaf functional trait data are log-transformed. The averaged parameter estimates (standardized regression coefficients) of the model predictors are shown with their associated 95% confidence intervals along with the relative importance of each factor, expressed as the percentage of explained variance. The adjusted (adj.) R2 of the averaged model and the P value of each factor are given as: ***P < 0.001; **P < 0.01; *P < 0.05.



Piecewise Structural Equation Modeling (piecewiseSEM) was used to explore the impact pathways of climatic factors, soil nutrient factors, and stand factors on key leaf traits. All observed variables were initially grouped as composite variables and included in the SEM. To validate the reliability of the relationships between key ecological factors and key leaf traits, we used piecewiseSEM to elucidate the random effects of sampling points and provide “marginal” and “conditional” contributions of environmental predictors. These analyses were conducted using the “piecewiseSEM” “nlme” and “lme4” packages.






Results




Elevational pattern of key leaf traits

The results of the Generalized Additive Model (GAM) showed clear differences in key functional traits at different elevational gradients (Figure 2). Overall, as elevation increased, SLA showed a decreasing trend (Supplementary Figure 1A), while LDMC significantly increased (P < 0.001; Supplementary Figure 1B). Similarly, LN and LP significantly increased with elevation (P < 0.001; Supplementary Figures 1C, D).




Figure 2 | Geographic location of forest sample sites in this study and correlation analysis of key leaf functional traits with elevation. (A) Distribution of sample sites; (B–E) Relationship between key leaf functional traits and elevation. SLA represents specific leaf area, LDMC represents leaf dry matter content, LN represents leaf nitrogen content, LP represents leaf phosphorus content. All leaf functional trait data are log-transformed. R2 represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.







Climatic factors influencing key leaf traits

As MAT increased, SLA significantly increased and LDMC significantly decreased (P < 0.001; Figure 3). With the increase in MAT, LN showed an upward trend while LP showed a downward trend (Figures 3I, M). As MAP increased, both LN and LP showed a decreasing trend (Figures 3J, N), with LN exhibiting stronger climatic plasticity (generally higher R2; Figures 3I, L).




Figure 3 | Relationship between key leaf functional traits and climatic factors. SLA, specific leaf area; LDMC, leaf dry matter content; LN, leaf nitrogen content; LP, leaf phosphorus content. Climatic factors include: mean annual temperature (MAT); mean annual precipitation (MAP); mean annual evaporation (MAE); and annual sunshine duration (ASD). All leaf functional trait data are log-transformed. R2 represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.







Soil nutrient factors influencing key leaf traits

Soil nutrient factors (soil N, soil P, and soil pH) had the highest predictive effect on the variation of LN (Figures 4G–I). SLA and LDMC showed opposite trends in response to changes in soil nutrients (Figures 4A–F), while LN and LP showed similar trends in response to soil nutrient factors (Figures 4G–L).




Figure 4 | Relationship between key leaf functional traits and soil nutrient factors. SLA, specific leaf area; LDMC, leaf dry matter content; LN, leaf nitrogen content; LP, leaf phosphorus content. Soil factors include: soil total nitrogen content (Soil N); soil available phosphorus content (Soil P); and soil pH. All leaf functional trait data are log-transformed. R2 represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.







Stand factors influencing key leaf traits

Compared to other stand factors, forest age had the strongest explanatory power for the spatial variation of key leaf traits (Figure 5). With increasing forest age, SLA showed an increasing trend (Figure 5B), LDMC showed a decreasing trend (Figure 5G), and LN and LP showed similar trends (Figures 5L, Q).




Figure 5 | Relationship between key leaf functional traits and stand factors. SLA, specific leaf area; LDMC, leaf dry matter content; LN, leaf nitrogen content; LP, leaf phosphorus content; DBH, diameter at breast height. All leaf functional trait data are log-transformed. R2 represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.







Direct and indirect effects of environmental factors on the elevational variation of key leaf traits

There is a significant correlation between the potential influencing factors of functional traits (Figure 6). Variance decomposition results indicated that leaf nutrient traits (LN and NP) have stronger (higher R2) environmental plasticity compared to traits related to resource utilization strategies (SLA and LDMC) (Figure 1). Climatic factors (R2 = 0.15, R2 = 0.10) were the primary environmental factors influencing key leaf nutrient traits (LN and LP), though soil and stand factors also played significant roles (Figures 1C, D). Stand factors had the highest explanatory power for the spatial variation of SLA (R2 = 0.059; Figure 1A), while soil nutrient factors were the dominant environmental factors for the spatial variation of LDMC (R2 = 0.036; Figure 1B).




Figure 6 | Multivariate correlation analysis of potential influencing factors of key leaf functional traits. (A) specific leaf area (SLA); (B) leaf dry matter content (LDMC); (C) leaf nitrogen content (LN); (D) leaf phosphorus content (LP). MAT, mean annual temperature; MAP, mean annual precipitation; MAE, mean annual evaporation; ASD, annual sunshine duration; Soil N, soil total nitrogen content; Soil P, soil available phosphorus content. All leaf functional trait data are log-transformed. Asterisks indicate levels of significance (***P < 0.001; **P < 0.01; *P < 0.05).



Results from the boosted regression tree model indicated that forest age had the strongest independent explanatory power for the spatial variation of SLA compared to other environmental factors (explaining 67.25%; Figure 7A). Soil P was the dominant environmental factor for the spatial variation of LDMC (explaining 32.1%; Figure 7B), and climatic factors were the main drivers for the spatial variation of LN and LP (Figures 7C, D).




Figure 7 | The relative importance of predictors in affecting key leaf functional traits. (A) specific leaf area (SLA); (B) leaf dry matter content (LDMC); (C) leaf nitrogen content (LN); (D) leaf phosphorus content (LP). MAT, mean annual temperature; MAP, mean annual precipitation; MAE, mean annual evaporation; ASD, annual sunshine duration; Soil N, soil total nitrogen content; Soil P, soil available phosphorus. All leaf functional trait data are log-transformed. Percentage increase in mean square error (MSE, %) of variables are used to estimate the importance of these predictors, and higher MSE% values imply more important predictors. Asterisks indicate levels of significance (***P < 0.001; **P < 0.01; *P < 0.05).



The SEM model results showed that elevation could not only directly affect SLA and LDMC but also indirectly through its impact on forest age and soil nutrients (Figures 8A, B). Elevation also directly influenced LN and LP, as well as indirectly through its impact on climatic factors (Figures 8C, D). Overall, the direct impact of elevation on the spatial variation of key leaf traits was greater than its indirect effects (Figure 8).




Figure 8 | Direct and indirect driving factors affecting key leaf functional traits. Path diagrams represent the standardized results of final structural equation model (SEM) examining the relationships among variables. Numbers alongside the pathways indicate the standardized SEM coefficients, with asterisks indicating significant differences (***P < 0.001; **P < 0.01; *P < 0.05). The thickness of the arrow indicates the relative size of the path coefficient. R2 represents the proportion of variance for each explanatory variable. All leaf functional trait data are log-transformed.








Discussion

Trees at different elevations adopt varying survival strategies to adapt to complex habitats, often reflected in changes in key leaf traits. Our results indicate that trees in lower elevations possess higher SLA and lower LDMC, while those in higher elevations have lower SLA and higher LDMC. Rixen et al. (2022) studied intraspecific variation in aboveground functional traits across 66 alpine plant species in four countries, exploring how these traits vary with elevation. They found that SLA significantly decreases and LDMC significantly increases with increasing elevation. These findings are consistent with the results of our study. This is primarily because lower elevation areas generally have better water and thermal conditions (Supplementary Figure 2) (Gao and Liu, 2018), leading trees to adopt faster investment-return resource utilization strategies to cope with biotic competition in the community. These trees typically increase their light capture area, reduce leaf construction investment, resulting in higher SLA and lower LDMC (Coble et al., 2017). In contrast, higher elevation areas are generally characterized by colder temperatures, less rainfall, and fewer available soil nutrients (Supplementary Figures 2, 3). Trees in these areas face survival pressure mainly from these environmental factors and adopt conservative survival strategies by reducing leaf area and increasing leaf construction investment, typically resulting in lower SLA and higher LDMC (Liu et al., 2023a). With increasing elevation, LN and LP also tend to increase. Xu et al. (2021a) sampled 428 plant individuals across 18 sampling sites along a 3000-meter elevation gradient on Gongga Mountain in China and found that leaf nitrogen content increased with elevation, consistent with the results of our study. This is mainly because the rise in elevation is usually accompanied by a decrease in temperature. Under low temperature conditions, trees’ metabolic rates decrease, leading to an increased demand for nitrogen and phosphorus to maintain normal physiological functions (Michaletz, 2018). Additionally, soils in high-altitude areas are often poor, with fewer available nutrients such as nitrogen and phosphorus. Trees adapt to these nutrient-poor environments by enhancing the efficiency of nitrogen and phosphorus absorption in roots, thereby accumulating more nitrogen and phosphorus in their leaves (Wang et al., 2021a). Our study emphasizes the significant influence of elevation on functional traits, and the observed variation in key leaf traits along the elevational gradient aligns with the leaf economics spectrum theory (Wright et al., 2004). Our findings are crucial for understanding plant adaptation, competition, ecosystem functioning, and responses to climate change across different elevations, providing valuable insights for future ecological research and forest management.

We also found that with increasing temperature, SLA significantly increases, and LDMC significantly decreases (Figures 3A, E). Wei et al. (2023) found that warming significantly increased SLA based on a seven-year field warming experiment, which is also consistent with our findings. This is because as temperatures rise, trees often increase their leaf area to enhance photosynthesis, thus more effectively utilizing available light. Higher SLA indicates thinner leaves, which is beneficial for light capture and gas exchange in photosynthesis (Huang et al., 2020). Increased temperatures also lead to a reduction in the accumulation of organic carbon compounds (such as cellulose and lignin) in leaves, thereby lowering LDMC. This reduction in investment in light energy allows the plant to be more efficient in growth and metabolic processes (Shi et al., 2022). As temperature increases, LN shows an increasing trend (Figure 3I), while with increased precipitation, both LN and LP tend to decrease (Figures 3J, N), which is consistent with the study findings of Chen et al. (2013). This may be because rising temperatures enhance soil microbial activity, increasing nitrogen release in the soil. Plants effectively absorb this nitrogen through their vascular systems, indirectly increasing leaf nitrogen content (Xu et al., 2021b). With continued increases in precipitation, surface runoff and subsurface flow carry away a significant amount of soil organic matter, leading to nutrient (especially nitrogen and phosphorus) depletion in the soil. Therefore, intense rainfall results in lower nitrogen and phosphorus content in plant leaves (Wang et al., 2014).

Soil, as the immediate living environment for plants, significantly influences key leaf traits. Our study found that as soil nitrogen (N) content increases, leaf nitrogen (LN) initially decreases and then increases (Figure 4G), which is consistent with the study findings of Chen et al. (2013). This is because when soil nitrogen content is low, plants are limited by nitrogen nutrition. They adapt by expanding their root system to seek more nitrogen sources and reduce the allocation of nitrogen in their leaves to cope with nitrogen deficiency (Wang et al., 2022c). As soil nitrogen content increases, plants can more easily absorb nitrogen. This leads to an increase in nitrogen content in leaves, enhancing photosynthesis efficiency and growth rate (Waring et al., 2023). With an increase in soil phosphorus, leaf nitrogen and phosphorus contents decrease (Figures 4H, K), which is contrary to the findings of Chen et al., 2013; Chen et al., 2024. According to the Nutrient Balance Theory, when a particular nutrient in the soil (e.g., phosphorus) becomes abundant, plants may alter their absorption and distribution strategies for other nutrients (e.g., nitrogen) to maintain nutrient balance (Li et al., 2023). In such cases, even if nitrogen is abundant, plants might reduce nitrogen absorption, leading to a decrease in leaf nitrogen content. The Dilution Effect also suggests that as leaf phosphorus content increases, plant growth may accelerate, causing a relative dilution of absolute nitrogen and phosphorus contents in leaves compared to the total leaf mass (Zhang et al., 2022; Liang et al., 2023). Therefore, even though the total nitrogen and phosphorus content in plants increases, the concentrations of nitrogen and phosphorus calculated per dry leaf weight might decrease. With increasing soil pH, the nitrogen and phosphorus contents in plant leaves significantly increase (Figures 4I, L), which is contrary to the findings of Lin et al. (2022). This discrepancy may be because acidic soil conditions can inhibit the release of soil nitrogen and phosphorus by affecting microbial activity (Liu et al., 2023b). As the pH rises, soil nitrogen and phosphorus gradually release, indirectly increasing the nitrogen and phosphorus content in plant leaves.

In addition to climatic and soil nutrient factors, stand factors, particularly forest age, significantly influence key leaf traits. As forest age increases, SLA significantly increases, LDMC decreases, and both LN and LP significantly decrease (Figure 5). Zhang et al. (2024) also found in their study on resource utilization strategies of trees in planted and natural forests that SLA significantly increases and LDMC significantly decreases with increasing forest age, which is consistent with our findings. As forest age changes, photosynthetic capacity and nutrient demand generally shift as trees grow. Trees at different growth stages exhibit substantial differences in physiological processes and nutrient requirements, leading to changes in resource utilization strategies and nutrient stoichiometry characteristics with increasing forest age (Zhang et al., 2022). As trees grow and mature, they may allocate more resources to the growth and maintenance of stems and roots rather than leaves (Deng et al., 2024). This means that with increasing forest age, leaf nitrogen and phosphorus accumulation may decrease to support the growth of other parts of the tree. With forest development, tree diversity increases, intensifying intra- and interspecific competition. Trees respond by increasing their light-catching surface area, typically resulting in higher SLA and reduced LDMC (Bongers et al., 2020). This competition also leads to a reduction in soil nitrogen and phosphorus content, indirectly decreasing LN and LP levels.

Leaf nutrient traits (LN and NP) exhibit greater environmental plasticity compared to traits associated with resource utilization strategies (SLA and LDMC) (Figures 1–8). In the study on the variation of plant leaf functional traits along environmental gradients and their driving factors, Akram et al. (2023) found that LN and LP are more influenced by environmental factors, particularly soil nutrients, than SLA and LDMC, which is consistent with our findings. This is primarily because they are directly related to the availability of nutrients in the environment and can quickly adjust to accommodate environmental changes (Guo et al., 2021). In contrast, SLA and LDMC, which reflect plants’ long-term adaptation strategies, change more slowly and steadily (Pierce et al., 2017). We found that stand factors, such as forest age, have the most significant direct impact on traits related to resource utilization strategies (SLA and LDMC), while climatic factors have the greatest direct influence on leaf nutrient traits (LN and LP). This is mainly because stand factors (especially forest age) directly affect traits related to resource utilization strategies by influencing plant growth strategies and resource allocation. On the other hand, climatic factors directly impact leaf nutrient traits by altering nutrient cycling and plant physiological processes, reflecting plants’ adaptability and ecological strategies under different environmental conditions (Liu et al., 2019).

Elevation not only directly affects key leaf traits but also indirectly influences them by regulating climatic, soil nutrient, and stand characteristics, with its direct impact being greater than its indirect impact (Figure 8). This is primarily because high-elevation environments typically present extreme physiological stress conditions, such as low temperatures, intense ultraviolet radiation, and low oxygen environments. These conditions have a direct and significant impact on plant physiological processes, forcing plants to adapt directly to survive (Abbas et al., 2022). Moreover, environmental changes caused by elevation changes (such as temperature, humidity, and light) are rapid and direct. These environmental factors directly affect plants, influencing their growth and development processes, leading to rapid adjustments in leaf traits (Supplementary Figure 4). Additionally, elevation’s impact on indirect factors like climate, soil nutrients, and stand characteristics is usually more complex and time-lagged (Gao and Liu, 2018). Therefore, although both direct and indirect effects of elevation influence plant leaf traits, in many cases, the direct effects, due to their immediacy, intensity, and necessity for physiological adaptation, may have a more significant impact on plants in the short term.





Conclusions

This extensive research across various forests in China illuminates how key leaf functional traits adapt along elevational gradients, crucial for understanding plant strategies under global change. Findings reveal that with increasing elevation, SLA decreases, while LDMC, LN, and LP significantly increase. These changes are predominantly influenced by climatic and soil nutrient factors, with forest age also playing a significant role. The study highlights the substantial impact of elevation on plant functional traits, offering insights into plant adaptation strategies and guiding future ecological research and forest management.
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Supplementary Figure 1 | Relationship between key leaf functional traits and elevation. (A) Specific leaf area (SLA); (B) Leaf dry matter content (LDMC); (C) Leaf nitrogen content (LN); (D) Leaf phosphorus content (LP). All leaf functional trait data are log-transformed. R² represents the goodness of fit for the Linear Regression Model, and P-value indicates the level of significance.

Supplementary Figure 2 | Relationship between climatic factors and elevation. (A) Mean annual temperature (MAT); (B) Mean annual precipitation (MAP); (C) Mean annual evaporation (MAE); (D) Annual sunshine duration (ASD). R² represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.

Supplementary Figure 3 | Relationship between soil nutrient factors and elevation. (A) Soil total nitrogen content (Soil N); (B) Soil available phosphorus content (Soil P); (C) Soil pH. R² represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.

Supplementary Figure 4 | Relationship between stand factors and elevation. (A) Forest slope; (B) Forest age; (C) Diameter at breast height (DBH); (D) Species richness; (E) Forest density. R² represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.
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Root exudation of N is a plant input to the soil environment and may be differentially regulated by the plant during drought. Organic N released by root systems has important implications in rhizosphere biogeochemical cycling considering the intimate coupling of C and N dynamics by microbial communities. Besides amino acids, diverse molecules exuded by root systems constitute a significant fraction of root exudate organic N but have yet to receive a metabolomic and quantitative investigation during drought. To observe root exudation of N during drought, mature cotton plants received progressive drought and recovery treatments in an aeroponic system throughout their reproductive stage and were compared to control plants receiving full irrigation. Root exudates were nondestructively sampled from the same plants at 9 timepoints over 18 days. Total organic C and N were quantified by combustion, inorganic N with spectrophotometric methods, free amino acids by high performance liquid chromatography (HPLC), and untargeted metabolomics by Fourier-transform ion cyclotron resonance-mass spectrometry (FT-ICR-MS). Results indicate that organic N molecules in root exudates were by far the greatest component of root exudate total N, which accounted for 20-30% of root exudate mass. Drought increased root exudation of organic N (62%), organic C (6%), and free amino acid-N (562%), yet free amino acids were <5% of the N balance. Drought stress significantly increased root exudation of serine, aspartic acid, asparagine, glutamic acid, tryptophan, glutamine, phenylalanine, and lysine compared to the control. There was a total of 3,985 molecules detected across root exudate samples, of which 41% contained N in their molecular formula. There were additionally 349 N-containing molecules unique to drought treatment and 172 unique to control. Drought increased the relative abundance and redistributed the molecular weights of low molecular weight N-containing molecules. Time-series analysis revealed root exudation of organic N was stimulated by drought and was sensitive to the degree of drought stress.
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Introduction

Root exudates stimulate the growth and diversity of microbial populations and signal the recruitment of beneficial microorganisms (Bais et al., 2006; Canarini et al., 2019). In turn, soil microorganisms influence the plant metabolome (Badri et al., 2013) and assist plants in enduring biotic and abiotic stresses (Zolla et al., 2013). The molecular profile of root exudates is sensitive to abiotic factors (Chai and Schachtman, 2022) and changes with plant growth stage (Ofosu-Budu et al., 1990; Tixier et al., 2023), day-night cycles (Ofosu-Budu et al., 1990; Tixier et al., 2023), and disturbances such as nutrient stress (Carvalhais et al., 2011). Furthermore, the composition and quantity of root exudates respond to drought severity and recovery (Lin et al., 2023), which differs by species and genotype (Canarini et al., 2016; Gargallo-Garriga et al., 2018; Williams and de Vries, 2020; Chen et al., 2022). Understanding the effects of drought on root exudation behavior can be used to harness drought-resilient rhizosphere microbiomes for improved climate resilience in agronomic crops that are increasingly threatened by water-limited environments (de Vries et al., 2020). Further, the effect of drought and subsequent recovery on root exudation mechanisms in agriculturally relevant crops requires significant attention (Williams and de Vries, 2020).

Throughout the growth period of wheat (Triticum aestivum), root exudation of N can account for up to 19% of total N in low-N plants and up to 33% in high-N plants (Janzen, 1990). The release of organic N from root systems may be a plant mechanism to balance internal N concentrations, as wheat (Triticum aestivum) possesses the ability to “salvage” up to 90% of lower molecular weight amino acids (Warren, 2015). Root exudation of inorganic N forms such as ammonium (NH4+) and nitrate (NO3-) also occurs (Feng et al., 1994; Jones et al., 2009; Scheurwater et al., 1999). Many plants stimulate organic N exudates, such as amino acids, organic acids, and sugars, in response to nutrient deficiency as a strategy to cope with limiting abiotic conditions. This has been observed with N, P, K, and Fe deficiency in sorghum (Sorghum bicolor; Carvalhais et al., 2011), K deficiency in maize (Zea mays; Kraffczyk et al., 1984), Zn deficiency in grasses (Zhang et al., 1991), and P deficiency in legumes (Lipton et al., 1987).

Root exudates have been considered a largely N-free milieu apart from amino acids (Moe, 2013). Rhizosphere microorganisms use amino acids to fulfill their C requirements, particularly when C is limiting for microbial use (Farrell et al., 2014). Amino acid efflux from root systems was previously assumed to occur as passive diffusion at the root tip (Jones and Darrah, 1994). However, recent evidence suggests plant trait-based controls on the concentration and profile of amino acids in root exudates (Lesuffleur and Cliquet, 2010; Kanté et al., 2023). Further, microbial exudation in the rhizosphere may also control amino acid efflux in plant roots (Phillips et al., 2004). Free amino acids are a primary system of osmolyte (i.e., compatible solute) movement during water-stress (Burg and Ferraris, 2008), thus increased accumulations of free amino acids in root tissues and root exudates is an expected effect of drought. Among temperate legumes (e.g., alfalfa; Medicago sativa), amino acids are the most prevalent class of low molecular weight N-containing molecules in root exudates (Paynel et al., 2008). However, the extent to which free amino acids contribute to the N balance of root exudates remains unclear. For instance, Waldo et al. (2021) quantified amino acids as less than half of organic N entering the rhizosphere of a bog environment. However, root exudation of N extends beyond amino acids; in reality, root exudates are a complex mixture of molecules resultant of plant metabolism along with nutrients previously taken up bound in organic molecules (Rengel et al., 2022).

While microbial biomass is C-limited in the bulk soil, N is the limiting nutrient in the rhizosphere (Wardle, 1992; Rengel et al., 2022). Low molecular weight C- and N-containing molecules in root exudates are also assimilated by microorganisms to synthesize proteins and other N-containing organic molecules (Haichar et al., 2008; Grzyb et al., 2021). The exudation of higher weight (>500 Da) N and S molecules are tied to microbial priming of oligotrophic environments, with a greater abundance of N-containing molecules promoting greater microbial activity when C supplies are limited (Waldo et al., 2021). To provide context to this finding, the degradation of high molecular weight (HMW) proteins into low molecular weight (LMW) peptides and amino acids is hypothesized to be at the frontier of plant-microbial competition for N in soils (Farrell et al., 2014). Nonetheless, plants utilize contrasting economic strategies to regulate C and N cycling in continuous feedback with rhizosphere microorganisms (Henneron et al., 2020a, b; Coskun et al., 2017), such as in a study of three tropical rainforest trees where drought tolerance strategies of root exudation were strategically altered in a species-specific manner (Honeker et al., 2022).

To date, total N content of root exudates during drought has been limited to an environmental observation from a temperate steppe environment that found reduced availability of soil water and N increased total N exudation and decreased the C:N ratio of root exudates (Li et al., 2021), along with an experimental study that shows tomato increased root exudation of organic N during drought (Preece et al., 2023). Many studies have clarified that drought alters the concentration of amino acids in root exudates (Hildebrand et al., 2023; Honeker et al., 2022; Gargallo-Garriga et al., 2018; Lesuffleur et al., 2007; Shaposhnikov et al., 2016; Jamil et al., 2018; Calvo et al., 2017). On the microbial side, increased exudation of N-containing molecules such as enzymes (e.g., protease and catalase) have been linked to drought tolerance in maize (Zea mays) (Song et al., 2012).

Recent untargeted metabolomics using Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) have revealed the vast and largely uncharted molecular profile of root system efflux. Root exudation of peas (Pinus sativum) was characterized by a significant number of N-containing molecules in a wide range of nucleosides, cytokines, amino acids, small oligopeptides, fatty acid amides, alkaloids, and phosphocholines (Calabrese et al., 2023). In a study of six plant species, degree of unsaturation and N content were the two key properties useful to distinguish the similarities and differences between root exudation of various species (Miao et al., 2020). In maize, Lohse et al. (2022) reported that greater root exudation rates correlated to greater presence of organic N-containing molecules. They further hypothesized that organic N in root exudates (e.g., growth factors, vitamins, fatty acids, and other secondary molecules) may be responsible for a large portion of high molecular diversity, although being exuded in smaller quantities than other C-containing compounds.

Root exudation of organic N, a principal element of plant and microbial nutrition, has received limited investigation during drought. Using cotton as an agronomically important model crop, the central hypothesis of this study is that drought stress alters root exudation of N as a mechanism of drought tolerance similar to altered C exudation. By pairing quantitative and nontargeted techniques, the extent that organic N and amino acids contribute to total N of root exudates, and how the N metabolome qualitatively shifts as a result of drought, were investigated. The objectives were to 1) quantify organic N exudation from whole root systems non-destructively and 2) identify drought-induced shifts in the N metabolome of root exudates by comparing root exudates of drought-treated plants to well-watered control plants during progressive drought stress and subsequent recovery in a time-series experiment.





Materials and methods




Experimental design and sample collection

Cotton (Gossypium hirsutum cv. TAM 421) was used as the model crop as it is frequently grown with no or deficit irrigation and its yield is known to be threatened by drought and heat stress (Ul-Allah et al., 2021). Plants were grown to the reproductive physiological stage (match-head square stage; Oosterhuis, 2015) in a growth chamber using the free-draining high-pressure aeroponic system described in Lin et al. (2022), using three plants per pot and five replications of each treatment. In brief, nutrient solution was sprayed directly onto plant roots. The treatment phase (11 days) consisted of two treatments: progressive drought and well-watered control. Progressive drought was applied by gradually reducing irrigation provided to root systems every 2-3 days to mimic drying of the soil environment, which was accomplished by increasing the interval between irrigation events as DAT progressed (Table 1). At the end of the treatment phase, when plants exhibited extreme drought stress, full irrigation was applied to all plants during the recovery phase (7 days) until plants no longer expressed visual drought symptoms. Nutrients were delivered in the form of full-strength Hoagland’s solution (Hoagland and Arnon, 1950).


Table 1 | The aeroponic irrigation schedule used to apply progressive drought and drought recovery.



Root exudates were sampled by replacing the nutrient solution with a calcium chloride sampling solution (0.05 mM CaCl2, pH 6.0-6.5). The use of CaCl2 increases the ionic strength of the sampling solution to be more representative of the soil solution, which can range up to 14 mM Ca2+ in calcareous soils (Fried and Shapiro, 1961). Whole root systems were rinsed with sampling solution for 2 min (65.4 mL min-1) and the root runoff collected, referred to as “rinseate”. Rinseate was collected during the afternoon between 14:00 and 16:00 on collection days. Rinseate was immediately filtered through a 0.22-μm polyethersulfone syringe filter and stored at -80°C. Plants were non-destructively sampled at 0, 2, 4, 7, 9, 11, 14, 16, and 18 days after treatment phase began (Figure 1). Five out of ten pots for each treatment were randomly selected for sample collection on each sampling day. A total of 90 samples were collected. At the end of treatment phase (day 11), half of the pots were destructively sampled and weighed for biomass, while the remaining pots were harvested at the end of recovery (day 18). Additional details about the experimental design, aeroponic system for drought treatment and root exudate collection, and plant performance during drought are provided in Lin et al. (2022).




Figure 1 | Timeline of experiment. Plants were germinated and transferred to hydroponics 5 days after planting (DAP). At 21 DAP, plants were transferred from hydroponics to aeroponics. The treatment phase began at the match-head stage of cotton on 0 days after treatment (DAT). During the treatment phase, drought and well-watered (control) treatments were applied. A 7-day recovery phase, where all plants received well-watered conditions, followed the 11-day treatment phase.







Quantitative analysis of root exudates

Total C and total N concentrations of root exudates (mg L-1) were determined using a TOC analyzer (TOC-L Series, Shimadzu, Japan) at the end of treatment (day 11) and recovery (day 18) phases. Inorganic carbon was considered negligible, thus total carbon was considered equivalent to total organic carbon (TOC). Inorganic N as nitrate-N (NO3-N) and ammonium-N (NH4-N) were quantified using the spectrophotometric methods described by Doane and Horwáth (2003) and Verdouw et al. (1978). No NH4-N was detected; however, NO3-N was provided to roots as part of the Hoagland nutrient solution and considered an artifact of plant culture. Thus, NO3-N was quantified and subtracted from each total nitrogen measurement to derive total organic nitrogen (TON). Inorganic N represented approximately 20% of total N.

Free amino acids were quantified using high performance liquid chromatography (HPLC) at the Protein Chemistry Lab at Texas A&M University. Samples were dried and concentrated in a vacuum concentrator and resuspended in a sodium borate buffer solution (target pH 8.2) prior to derivatization with o-phthalaldehyde and 9-fluoromethyl-chloroformate. Internal standards (norvaline and sarcosine) were added prior to derivatization. Derivatized amino acids were detected using UV (338/390 nm primaries and 266/324 nm secondaries) spectroscopy and quantified with external standards. For all quantification measurements, two analytical replicates were averaged to represent each experimental unit value.

Quantitative analysis of root exudates (total C, total N, C:N, and NO3-) was expressed in three different forms: concentration per plant, mass per plant, and specific exudation per plant. Mass per plant (mg) was calculated by multiplying exudate concentration by total rinseate solution provided during exudate collection (i.e., 128.8 mL). Exudate composition was also evaluated on a root dry weight basis to assess the impact of root biomass on exudation magnitude, which will be referred to as specific exudation; this was calculated by multiplying elemental mass exuded per plant by volume of exudate collection and dividing by its respective total dry root biomass. The carbon to nitrogen ratio (C:N) of root exudates was calculated by dividing total C exudation (mg) per plant-1 (mg) by total N exudation (mg) per plant-1. Amino acids were reported on a concentration basis as measured by HPLC. Because three plants were grown per pot, quantitative results were divided by 3 to represent exudation magnitude of a single plant.





Nontargeted metabolomics using FT-ICR-MS

Collected root rinseate was processed through solid phase extraction (SPE) (Dittmar et al., 2008) and directly injected into a FT-ICR-MS (12 T Bruker SolariX, USA) for metabolomic analysis at the University of Arizona. One mL aliquots of root rinseate were diluted to 15 mL with sterile deionized water and acidified to pH 2-3 with 150 μL of 1 M HCl. Styrene-divinylbenzene SPE cartridges (Bond Elut PPL, Agilent, Santa Clara, CA) for polar compounds were attached to a glass vacuum manifold and activated with 3 mL methanol under vacuum (16.9 kPa). Samples were added to the cartridge and followed by 30 mL 0.01 M HCl to rinse the cartridge of potential salts. The cartridges were allowed to air dry for 20 min and followed with a final elution of 1.5 mL methanol that gravity drained into 2-mL autosampler vials. Extracted samples were stored at -20°C.

A standard Bruker ESI source was used to generate negatively charged molecular ions and samples were introduced directly to the ESI source. Due to instrument limitation, positive ion mode was not able to be utilized. Scans (144) were averaged for each sample and internally calibrated using an organic matter homologous series separated by 14 Da (CH2 groups). Data Analysis software (BrunkerDaltonik version 4.2) was used to convert raw spectra to a list of mass per charge (m/z) values by applying FTMS peak picker module with a signal-to-noise ratio (S/N) threshold set to 7 and absolute intensity threshold to the default value of 100. Putative chemical formulae were then assigned using Formularity (Tolić et al., 2017) software (Tfaily et al., 2018). Chemical formulae were assigned based on the following criteria: S/N > 7 and mass measurement error < 1 mg kg-1, taking into consideration the presence of elements C, H, O, N, S and P while excluding other elements (i.e., CHON, CHON-S, CHON-P, CHON-SP). Raw data produced by FT-ICR-MS (peak masses, peak intensities, and metabolic molecular formula) were then processed through the Metabodirect pipeline (Ayala-Ortiz et al., 2023). Peaks (m/z) < 200 and > 900 were filtered using -m option, which optimized accurate mass readings and reduced analytical bias at the fringes of FT-ICR-MS scanning range. Data was z-score normalized using –norm_method option. The quality control steps, including 13C isotope filtering and error filtering (0.5 ppm) followed the default setting. The sampling solution (blanks) used for root exudate collection were also analyzed and detected peaks were removed from further analysis. Peaks identified in less than two samples were also excluded from analysis. Peaks with assigned molecular formula were mapped to Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and Goto, 2000), although there were no KEGG matches for molecules containing N in their molecular formula (N-containing molecules). For a broad overview of KEGG associations observed in all FT-ICR-MS peaks from this dataset, see Lin et al. (2023). Table 2 includes the workflow of FT-ICR-MS data processing.


Table 2 | Workflow of FT-ICR-MS data.







Qualitative analysis of N-containing molecules

Molecule peak intensities were transformed to a presence/absence basis. The relative abundance (RA) of N-containing molecules was calculated per sample by dividing the count of N-containing molecules by the count of all molecules and multiplying by 100. The succession of N-containing molecules in the drought-treated samples was assessed using a relative abundance response ratio; the RA of samples was averaged by day and treatment, and drought treatment was normalized to control using Equation 1:



The proportion of elemental groups (i.e., CHON, CHON-S, CHON-P, CHON-SP, and non-N containing peaks) was calculated per sample by dividing the number of peaks associated with each elemental group over the number of total molecules identified with FT-ICR-MS. The generated m/z values from FT-ICR-MS are equivalent to the calculated molecular masses (amu), which was verified by multiplying the count of each element in a molecule by its molecular weight. For the purposes of this paper, the molecular weights of N-containing molecules were binned into low molecular weight (LMW; 200 – 600 amu) and high molecular weight (HMW; 600 – 900 amu) classes to assess their distributions. Molecular weights were plotted with molecule counts in smoothed (kernel) density plots by treatment and experimental phase, and with a smoothed LOESS regression using 50% spline and 95% confidence interval (CI).





Statistical analysis

All figures and statistical analyses were generated using R Studio statistical software (v4.2.0 (R Core Team, 2022). Data and code used for this study can be accessed at the following GitHub link: https://github.com/harrisoncoker/Nitrogen-root-exudation-Gossypium-hirsutum. Quantitative measurements of TOC, TON, and free amino acids were tested using bootstrapped two-sample t-tests with Benjamini-Hochburg p-value adjustment. Molecular masses were analyzed with two-sample Kolomogrov-Smirnov tests to detect distribution differences between treatments. The FT-IRC-MS dataset of N-containing molecules separated into three distance matrices (baseline, treatment phase, and recovery phase) using Bray-Curtis dissimilarity on a presence or absence basis. Permutational multivariate analysis of variance (PERMANOVA) was performed for each of the three matrices using treatment, day, and the interaction of treatment × day as independent variables. All figures were created using the “ggplot2” R package (Wickham, 2016). PERMANOVA was performed in the community ecology “vegan” package (Oksanen et al., 2022). The proportions of elemental groups (CHON, CHON-S, CHON-P, CHON-SP, and non-N containing molecules – i.e., “NonN Metabolites”) were used as main factors in a principal components analysis (PCA) with non-numerical experimental metadata (treatment and phase) used as supplemental variables. Squared cosines of main and supplemental factor variables were calculated for all components. Squared cosine values denote the proportion each variable is represented by a specific component. The sum of the squared cosine values across all components is equal to one for each variable. The PCA was performed in JMP Pro 17. Statistical significance was defined as α < 0.05.






Results




Plant performance during drought

The first signs of visual drought were observed on day 4, with severe drought observed from days 7-9 and extreme drought on day 11. The aboveground biomass of the plants was visually fully recovered after one week of recovery at full irrigation rate (day 18). Plants responded rapidly to progressive drought with reduced plant height, number of green leaves, shoot and root fresh biomass, and shoot dry biomass (Figure 2). For a comprehensive analysis of the aeroponic system and plant performance from this study, see Lin et al. (2022) where details of the aeroponic system and plant response to drought are fully covered.




Figure 2 | Cotton plants were subjected to progressive drought during the treatment phase (A) and subsequent recovery during the recovery phase (B) in an aeroponic system. Control plants located on the right of each picture were provided full irrigation throughout the experiment. By the end of treatment phase, drought treatment was exhibiting signs of extreme drought, but had visually fully recovered by the end of the recovery phase. Plants in (B) show flowers as the experiment was conducted during the reproductive stage of the plants’ life cycles.







N balance of root exudates

Root exudates from end of drought (day 11) and end of recovery (day 18) were analyzed on a mass balance that consisted primarily of organic carbon (TOC, 65-80%), organic nitrogen (TON, 20-30%), nitrate (NO3-,< 5%), and free amino acids comprising the remaining components (Figure 3). Free amino acids constituted a small portion of rinseate samples except as an effect of drought during the treatment phase (~5%). NO3- was likely present as residual nutrient solution on root surfaces and was rinsed from roots while sampling exudates.




Figure 3 | Concentrations (mg L-1) of measured constituents in root rinseate samples were quantified at two timepoints, treatment phase (day 11; left) and recovery phase (day 18; right). Rinseate samples were analyzed for total organic carbon (TOC), total organic nitrogen (TON), nitrate (NO3-) and free amino acids. During treatment phase, drought increased exudation of TOC (P = 0.043), TON (P = 0.004), and during recovery phase TON was increased (P = 0.003) compared to control. Large variation in amino acids led to no differences between treatments. NO3- was considered an artifact of the nutrient solution provided by the aeroponic system that was washed from plant roots during root exudate collection, and there were no differences between treatments..



The effect of drought during the treatment phase increased TOC by 6% (P ≤ 0.001) compared to control, but it did not affect specific TOC (Table 3). There was no effect of drought recovery on TOC between treatments. The concentration of TON increased by 62% (P ≤ 0.001) and specific TON by 71% (P = 0.02) during the treatment phase compared to control. Drought recovery retained a similarly increased TON by 63% (P = 0.005) and specific TON by 60% (P = 0.002) compared to control. However, TOC did not differ between treatments leading to a drought reduced C:N ratio (P ≤ 0.001). Specific exudation of TOC show no differences between treatments at either timepoint, but specific exudation of TON was increased in the drought treatment at both timepoints. Thus, root exudation of C returned to normal conditions within the 7-day recovery period, but root exudation of N remained increased after the cessation of water stress, indicating that a full recovery of root exudation behavior did not occur due to altered release of organic N.


Table 3 | Root exudate composition reported as concentration, mass, and specific exudation of total organic carbon (TOC), total organic nitrogen (TON), C:N ratio, nitrate (NO3-), and free amino acids.







Drought-induced changes in the N metabolome

During the treatment phase, drought treatment led to an increase in free amino acid concentration in many amino acids compared to control (Figure 4). For example, serine (SER) increased 3310%, aspartic acid (ASP) increased 1851%, and asparagine (ASN) increased 2809% in drought-induced exudates compared to exudates collected from control plants. Additionally, glutamic acid (GLU), tryptophan (TRP), glutamine (GLN), phenylalanine (PHE), and lysine (LYS) were all greater in exudates collected from drought-induced plants (Figure 4A). During the recovery phase, ASN and proline (PRO) were increased in root exudates from control plants compared to drought treated plants (Figure 4B).




Figure 4 | Free amino acid concentration in root exudates quantified at the (A) end of treatment phase (DAT 11), and (B) end of recovery phase (DAT 18). Results are presented as average ± SD. Significance between treatments (P < 0.05) are indicated by an asterisk (*).



Metabolomic analysis identified a total of 33,870 unique peaks in all 90 samples using FT-ICR-MS. Following filtering, quality control including removal of peaks detected in sampling solution blanks, and molecular formula assignment, 3,985 molecules were detected with 1,616 containing nitrogen in their molecular formula (referred to as N-containing molecules). All molecules were summed in all root exudate samples for a total of 43,413 molecules with 13,142 being N-containing molecules, comprised of 875,625 C and 21,602 N (Table 4). All molecules contained between 5-56 C and 0-3 N in their molecular formula.


Table 4 | All N and C molecules present, their associated count of elements (C or N), and FT-ICR-MS derived C:N ratio of root exudates grouped by experimental phase and treatment.



There was an effect of drought (P = 0.043) and collection date (P = 0.003) on the presence or absence of N-containing molecules in root exudates during the treatment phase, but not baseline or recovery (Table 5). The relative abundance response ratio indicated a gradual rise in the enrichment of nitrogen in root exudates as drought stress intensified during the treatment phase (Figure 5A). Subsequently, the response ratio rapidly decreased and returned to similar quantities as the control treatment by the end of the experiment when plants had visually fully recovered (Figure 5B). A discrepancy between the response ratio becoming similar between treatments by the end of the recovery phase while TON was greater in drought treatment indicates N molecules < 200 or > 900 amu are responsible for increased TON. A PCA of the proportion of N-containing elemental groups (CHON, CHON-S, CHON-P, CHON-SP, etc.) showed that a small majority (63.7%) of variation in the data could be displayed by two axes with the first component representing 41.1% and component two representing 22.6% of variation in data (Figure 5B). Metabolites without N (i.e., non-N metabolites) and CHON-composed metabolites were 99% and 78% represented along component one, respectively. Of the supplemental experimental variables included in the PCA, exudates collected during the baseline phase were also primarily represented along component one (Figure 5C). Metabolites containing CHON-P (33%) and CHON-SP (42%) were most represented along component two. While the squared cosines for exudates collected from control and drought-treated plants were best represented by component four (shown as other components), loading and factor scores for drought clustered with CHON-S and CHON-P, whereas control and baseline scores clustered with non-N metabolites (Figures 5B, C). The molecular mass C:N ratio decreased as an effect of drought during the treatment phase but was consistent between treatments during baseline and recovery phases (Table 5). The molecular mass C:N ratio also gradually increased in control treatment as the plants aged, indicating that as the plants grow older or enter reproductive state the root exudate contribution of larger molecules to TON diminishes. While roots released more N as an effect of drought as indicated by TOC/TON (from flow combustion) and molecular mass C:N ratios (from FT-ICR-MS), the C:N ratio of molecular masses is greater than that of TOC/TON. Disparities between C:N ratio determinations are due to the limited detection range of FT-ICR-MS (200-900 m/z) compared with loss on combustion methods, such that N- and C-containing molecules may exist outside the scanning range of FT-ICR-MS. Apart from amino acids, molecules incapable of being detected by FT-ICR-MS were unable to be characterized given the confines of the study.


Table 5 | Permutational multivariate analysis of variance (PERMANOVA) of the N metabolome of root exudates.






Figure 5 | Nitrogen metabolome of root exudates throughout progressive drought and recovery. (A) Relative abundance response ratio of N-containing molecule counts. Positive values indicate drought treatment contained higher relative abundance of N-containing molecules than control, averaged by treatment and day. (B) Principal components analysis (PCA) of FT-ICR-MS molecules by their elemental composition. (C) Squared cosines of PCA factors and supplemental variables across components 1, 2 and components 3-5 (i.e., Other Components).



The molecular masses of N-containing molecules were predominantly LMW (i.e., 200-600 amu) with only 25-30% being HMW (600-900 amu). Drought affected the distribution of LMW molecules during the treatment (P = 0.007) and recovery phases (P = 0.05) (Figure 6A). During the treatment phase, two induced LMW regions were identified from 275 – 390 and 450 – 550 amu in drought treatment (Figure 6A). However, these two peaks were not present during the recovery phase (Figure 6A). The average molecular weight of N-containing molecules over time contained a large degree of variability and did not differ among LMW or HMW molecules (Figure 6B).




Figure 6 | Distributions of the molecular weight for all N-containing molecules split into experimental phases, plotted as (A) smoothed density of N molecule counts and (B) LOESS regression with 50% spline of average molecular weight for treatments by day. Distributions differ during the treatment and recovery phases for LMW molecules, with drought-induced regions indicated with orange arrows. Statistical tests were Kolmogorov-Smirnov tests of distribution (α = 0.05) between treatments at that sampling timepoint.







Drought-induced unique molecules

During the treatment phase, there were 349 N-containing molecules unique to drought, 172 unique to control, and 1,005 shared between treatments (Figure 7). Of the N-containing molecules unique to drought treatment, 10 N-containing molecules were selected as important to the drought response based on a presence in at least 3 days (out of 5) and detection at least 5 times (Table 6). Interestingly, the masses of the 10 selected molecules all occurred in the drought-induced LMW regions (275 – 390 and 450 – 550 amu) identified in Figure 4A, while 65% of the 349 unique drought N-containing molecules occurred there.




Figure 7 | Venn diagram of N-containing molecules during the treatment phase. Left (blue) is unique to drought, right (yellow) is unique to control, and the center is shared. The majority of molecules were shared between treatments.




Table 6 | Ten N-containing molecules unique to drought during the treatment phase were selected for their importance to the drought response of plants.








Discussion

In this experiment, time-series progressive drought revealed that root exudation of organic N was substantially increased and sensitive to drought stress and recovery. Organic molecules comprised a substantial portion of root exudate N with amino acids and NO3- being < 5% of root exudate total N. Root exudate TON represented 20-35% of TOC, which was consistent with estimation by FT-ICR-MS that 25-40% of the molecules contained N. Being that the overall prevalence of LMW N containing molecules was greater than HMW, and C:N ratio obtained from flow combustion were reduced in drought treatment during the recovery phase, it is suspected that the origin of the increased N derived from molecules < 200 amu that were not quantified to be amino acids. Interestingly, no N-containing molecules were identified by KEGG libraries (although the same dataset yielded high level insights to overall metabolome, e.g. Lin et al., 2023), which highlights both the complexity of the root exudate N metabolome and a current lack of database coverage for these N molecules. When the root exudate metabolome was analyzed with PCA, the N-containing molecules grouped separately depending upon their elemental composition, similar to other FT-ICR-MS observations of root exudates during drought (Ulrich et al., 2022). These data align with studies on drought modifications to N-containing molecules, such as amino acids, proteins, amino sugars, and CHON metabolites in other species (Jiang et al., 2023; Bobille et al., 2019; Calvo et al., 2017; Preece et al., 2023; Canarini et al., 2016; Gargallo-Garriga et al., 2018; Ghatak et al., 2022; Tiziani et al., 2022) and advance the literature to further suggest that changes to the quantity and quality of organic N in root exudates are a sensitive and underrepresented strategy by which root exudates respond to drought stress.

Amino acids and small peptides (< 500 amu) are considered prominent N sources of root exudates (Okumoto and Pilot, 2011). The most abundant free amino acids observed to be exuded by cotton (e.g., aspartic acid, glycine, serine, tyrosine, glutamine, threonine, glutamic acid) were similar to those amino acids commonly identified in high concentrations across a wide variety of soils (Lipson and Näsholm, 2001). A study in white clover identified glycine, serine, and alanine as the major amino acids in root exudates (Lesuffleur et al., 2007). Gargallo-Garriga et al. (2018) reported in holm oak that drought increased the concentrations of phenylalanine, tyrosine, and tryptophan, which are precursors for the synthesis of alkaloids and terpenoids. In a study of three evolutionary stages of wheat, the modern variety was shown to exude higher concentrations of tryptophan, histidine, and phenylalanine compared to the wild-type modern varieties (Shaposhnikov et al., 2016). Tryptophan has been foliar applied to wheat in tandem with Pseudomonas fluorescens and proven to induce drought tolerance in an experimental pot study (Jamil et al., 2018). Calvo et al. (2017) found no differences in free amino acids during water stress in barley. Drought stress can lead to changes in the osmolyte composition of root tissues, potentially increasing the release of amino acids. Overall, the magnitude amino acid-N increased drastically (562%) as a result of the drought treatment but contributed very little to TON.

Surprisingly, no N-containing molecules identified by FT-ICR-MS were identified in KEGG databases. A lack of molecule annotation could be attributed to multiple factors such as limited database coverage, molecule complexity and fractionation during processing, post-translational modifications, database updates, and data availability, particularly for specialized or less common compounds. However, the same FT-ICR-MS data using all molecules was used to identify 68 pathways and more than 17 modules by Lin et al. (2023) in a broad coverage analysis, identifying such pathways as the biosynthesis of flavonoid compounds corresponding to progressive drought. It is clear that N-containing molecules are prevalently associated with metabolic pathways that are difficult to annotate, have limited database coverage, and may be a result of previously taken up nutrient N that was bound and exuded in organic forms.

Root exudation of nutrient “poor” carbon compounds induces microbes to degrade existing soil compounds that contain N (Craine et al., 2007), so that the acceleration of the C cycle is primed by exogenous C input and controlled by N supply (Chen et al., 2022). The lower C:N ratio during drought observed in root exudates is in line with findings from temperate grasses (Li et al., 2021) and tomato (Preece et al., 2023), while increased TOC root exudation aligns with studies on drought induced root exudation (Chen et al., 2022; Preece et al., 2018). Progressive drought also led to an increased distribution of LMW N-containing molecules, but not HMW, with molecules containing 1 N having the largest increase over molecules with 2 and 3 N in drought. Waldo et al. (2021) observed in a peatland bog that microbial priming of root exudates triggered increased processing of high molecular weight molecules regardless of molecular content but only processed low molecular weight (< 500 amu) compounds if they contained N or S. Thus, the assimilatory coupling of N and C cycles through microbial metabolism (Burgin et al., 2011) presents a complex interaction that may differ between environments and plant species as N exudation varies in response to drought and other edaphic factors.

The aeroponic system mimics nutrient availability in the soil since nutrient delivery to the plant is regulated by water diffusion to its roots. When water is limited, nutrient fluxes to the root are limited correspondingly to the water flux. Thus, during drought treatment, plants had lower N availability. Despite this, organic N exudation increased during drought in plants receiving overall less N. He et al. (2022) observed in cotton roots that water-stress reduced N absorption but increased concentration of photosynthates, ultimately reducing leaf photosynthetic N utilization. It is important to note that in our study, the Hoagland’s nutrient solution that was used constitutes a high fertility environment as nutrients are soluble and readily accessible to the plant. Thus, it may be economically strategic for a droughted plant to exude more N if it can leverage some benefit by doing so in a high fertility environment, as shown by wheat which exuded more N in a high fertility environment (Janzen, 1990). It is unknown whether this strategy would occur in oligotrophic environments. Further studies using varying N regimes would benefit to answer these questions and better account for diverse fertility landscapes exposed to water-limiting conditions.

A potential mechanism by which plants respond to drought is the alteration of root exudates that leads to controlled microbial respiration and the end product of water (de Vries et al., 2019), with evidence of enhanced N exudation being linked to greater microbial activity when C supplies are limited (Waldo et al., 2021). By suppling C- and N-rich exudates to microorganisms, the plant is benefited by microbial production of biofilms that surround the rhizoplane and maintain root hydration (Wang et al., 2019; Timmusk et al., 2015). Additionally, drought increased root exudation of organic N may help to maintain N mineralization rates since the aminization of organic N leads to end products such as CO2, NH4, SO4, and importantly water. Because plant investment into aboveground growth is halted during drought, the cost of releasing organic N into the rhizosphere may come as a reasonable tradeoff if root tip hydration is modulated by enhanced microbial activity in a drying soil environment.

These findings are the first time-series experiment to highlight that drought-induced changes to TON root exudation are more substantial than TOC exudation. While the current study is limited in that results are from a soilless system, there are few alternatives to collect root exudates in time-series analysis from the same plants overtime; thus, future studies should attempt to build upon these results in soil systems. From here there is an exciting path for linking C and N exudation to microbial assembly in the rhizosphere, engineering drought resilient rhizospheres, and challenging traditional models of N biogeochemistry given the substantial allocation to root exudation of organic N during low water availability.





Data availability statement

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





Author contributions

HC: Writing – review & editing, Writing – original draft, Visualization, Software, Investigation, Formal analysis, Data curation. HL: Writing – review & editing, Visualization, Software, Methodology, Investigation, Formal analysis, Data curation. CS: Writing – review & editing, Investigation. MT: Writing – review & editing, Methodology, Data curation. AS: Writing – review & editing, Supervision, Resources, Project administration, Funding acquisition, Formal analysis. JH: Writing – review & editing, Supervision, Resources, Project administration, Funding acquisition, Formal analysis, Conceptualization.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This project was supported by The National Institute of Food and Agriculture within United States Department of Agriculture (grant numbers: 2020-67019-31799, Hatch project 1018999).




Acknowledgments

The authors thank Dr. Gayan Nawaratna in the Protein Chemistry Lab at Texas A&M for analysis of free amino acids, Dr. Zong Liu in the agricultural engineering department for TOC/TON analysis, and Kathy Schmitt for assistance in growth chamber appointments.





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

 Ayala-Ortiz, C., Graf-Grachet, N., Freire-Zapata, V., Fudyma, J., Hildebrand, G., AminiTabrizi, R., et al. (2023). MetaboDirect: an analytical pipeline for the processing of FT-ICR MS-based metabolomic data. Microbiome 11, 1–14. doi: 10.1186/S40168-023-01476-3/FIGURES/3

 Badri, D. V., Zolla, G., Bakker, M. G., Manter, D. K., and Vivanco, J. M. (2013). Potential impact of soil microbiomes on the leaf metabolome and on herbivore feeding behavior. New Phytol. 198, 264–273. doi: 10.1111/NPH.12124

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

 Bobille, H., Fustec, J., Robins, R. J., Cukier, C., and Limami, A. M. (2019). Effect of water availability on changes in root amino acids and associated rhizosphere on root exudation of amino acids in Pisum sativum L. Phytochemistry 161, 75–85. doi: 10.1016/J.PHYTOCHEM.2019.01.015

 Burg, M. B., and Ferraris, J. D. (2008). Intracellular organic osmolytes: Function and regulation. J. Biol. Chem. 283, 7309–7313. doi: 10.1074/jbc.R700042200

 Burgin, A. J., Yang, W. H., Hamilton, S. K., and Silver, W. L. (2011). Beyond carbon and nitrogen: how the microbial energy economy couples elemental cycles in diverse ecosystems. Front. Ecol. Environ. 9, 44–52. doi: 10.1890/090227

 Calabrese, V., Schmitz-Afonso, I., Riah-Anglet, W., Trinsoutrot-Gattin, I., Pawlak, B., and Afonso, C. (2023). Direct introduction MALDI FTICR MS based on dried droplet deposition applied to non-targeted metabolomics on Pisum Sativum root exudates. Talanta 253, 123901. doi: 10.1016/J.TALANTA.2022.123901

 Calvo, O. C., Franzaring, J., Schmid, I., Müller, M., Brohon, N., and Fangmeier, A. (2017). Atmospheric CO2 enrichment and drought stress modify root exudation of barley. Glob. Change Biol. 23, 1292–1304. doi: 10.1111/GCB.13503

 Canarini, A., Kaiser, C., Merchant, A., Richter, A., and Wanek, W. (2019). Root exudation of primary metabolites: Mechanisms and their roles in plant responses to environmental stimuli. Front. Plant Sci. 10. doi: 10.3389/FPLS.2019.00157/BIBTEX

 Canarini, A., Merchant, A., and Dijkstra, F. A. (2016). Drought effects on Helianthus annuus and Glycine max metabolites: from phloem to root exudates. Rhizosphere 2, 85–97. doi: 10.1016/J.RHISPH.2016.06.003

 Carvalhais, L. C., Dennis, P. G., Fedoseyenko, D., Hajirezaei, M. R., Borriss, R., and Von Wirén, N. (2011). Root exudation of sugars, amino acids, and organic acids by maize as affected by nitrogen, phosphorus, potassium, and iron deficiency. J. Plant Nutr. Soil Sci. 174, 3–11. doi: 10.1002/JPLN.201000085

 Chai, Y. N., and Schachtman, D. P. (2022). Root exudates impact plant performance under abiotic stress. Trends Plant Sci. 27, 80–91. doi: 10.1016/J.TPLANTS.2021.08.003

 Chen, Y., Yao, Z., Sun, Y., Wang, E., Tian, C., Sun, Y., et al. (2022). Current studies of the effects of drought stress on root exudates and rhizosphere microbiomes of crop plant species. Int. J. Mol. Sci. 23, 2374. doi: 10.3390/IJMS23042374

 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

 Craine, J. M., Morrow, C., and Fierer, N. (2007). Microbial nitrogen limitation increases decomposition. Ecology 88, 2105–2113. doi: 10.1890/06-1847.1

 de Vries, F. T., Griffiths, R. I., Knight, C. G., Nicolitch, O., and Williams, A. (2020). Harnessing rhizosphere microbiomes for drought-resilient crop production. Sci. (80-.). 368, 270–274. doi: 10.1126/SCIENCE.AAZ5192

 de Vries, F. T., Williams, A., Stringer, F., Willcocks, R., McEwing, R., Langridge, H., et al. (2019). Changes in root-exudate-induced respiration reveal a novel mechanism through which drought affects ecosystem carbon cycling. New Phytol. 224, 132–145. doi: 10.1111/NPH.16001

 Dittmar, T., Koch, B., Hertkorn, N., and Kattner, G. (2008). A simple and efficient method for the solid-phase extraction of dissolved organic matter (SPE-DOM) from seawater. Limnol. Oceanogr. Methods 6, 230–235. doi: 10.4319/LOM.2008.6.230

 Doane, T. A., and Horwáth, W. R. (2003). Spectrophotometric determination of nitrate with a single reagent. Anal. Lett. 36, 2713–2722. doi: 10.1081/AL-120024647

 Farrell, M., Prendergast-Miller, M., Jones, D. L., Hill, P. W., and Condron, L. M. (2014). Soil microbial organic nitrogen uptake is regulated by carbon availability. Soil Biol. Biochem. 77, 261–267. doi: 10.1016/J.SOILBIO.2014.07.003

 Feng, J., Volk, R. J., and Jackson, W. A. (1994). Inward and outward transport of ammonium in roots of maize and sorghum: contrasting effects of methionine sulphoximine. J. Exp. Bot. 45, 429–439. doi: 10.1093/JXB/45.4.429

 Fried, M., and Shapiro, R. E. (1961). Soil-plant relationships in ion uptake. Annu. Rev. Plant Physiol. 12, 91–112. doi: 10.1146/ANNUREV.PP.12.060161.000515

 Gargallo-Garriga, A., Preece, C., Sardans, J., Oravec, M., Urban, O., and Peñuelas, J. (2018). Root exudate metabolomes change under drought and show limited capacity for recovery. Sci. Rep. 8, 1–15. doi: 10.1038/s41598-018-30150-0

 Ghatak, A., Schindler, F., Bachmann, G., Engelmeier, D., Bajaj, P., Brenner, M., et al. (2022). Root exudation of contrasting drought-stressed pearl millet genotypes conveys varying biological nitrification inhibition (BNI) activity. Biol. Fertil. Soils 58, 291–306. doi: 10.1007/S00374-021-01578-W/FIGURES/6

 Grzyb, A., Wolna-Maruwka, A., and Niewiadomska, A. (2021). The significance of microbial transformation of nitrogen compounds in the light of integrated crop management. Agron 11, 1415. doi: 10.3390/AGRONOMY11071415

 Haichar, F. E. Z., Marol, C., Berge, O., Rangel-Castro, J. I., Prosser, J. I., Balesdent, J., et al. (2008). Plant host habitat and root exudates shape soil bacterial community structure. ISME J. 2, 1221–1230. doi: 10.1038/ismej.2008.80

 He, J., Hu, W., Li, Y., Zhu, H., Zou, J., Wang, Y., et al. (2022). Prolonged drought affects the interaction of carbon and nitrogen metabolism in root and shoot of cotton. Environ. Exp. Bot. 197, 104839. doi: 10.1016/J.ENVEXPBOT.2022.104839

 Henneron, L., Cros, C., Picon-Cochard, C., Rahimian, V., and Fontaine, S. (2020a). Plant economic strategies of grassland species control soil carbon dynamics through rhizodeposition. J. Ecol. 108, 528–545. doi: 10.1111/1365-2745.13276

 Henneron, L., Kardol, P., Wardle, D. A., Cros, C., and Fontaine, S. (2020b). Rhizosphere control of soil nitrogen cycling: a key component of plant economic strategies. New Phytol. 228, 1269–1282. doi: 10.1111/NPH.16760

 Hildebrand, G. A., Honeker, L. K., Freire-Zapata, V., Ayala-Ortiz, C., Rajakaruna, S., Fudyma, J., et al. (2023). Uncovering the dominant role of root metabolism in shaping rhizosphere metabolome under drought in tropical rainforest plants. Sci. Total Environ. 899, 165689. doi: 10.1016/J.SCITOTENV.2023.165689

 Hoagland, D. R., and Arnon, D. I. (1950). The water-culture method for growing plants without soil. Circ. Calif. Agric. Exp. Stn. 347.

 Honeker, L. K., Hildebrand, G. A., Fudyma, J. D., Daber, L. E., Hoyt, D., Flowers, S. E., et al. (2022). Elucidating drought-tolerance mechanisms in plant roots through 1h nmr metabolomics in parallel with MALDI-MS, and nanosims imaging techniques. Environ. Sci. Technol. 56, 2021–2032. doi: 10.1021/ACS.EST.1C06772/SUPPL_FILE/ES1C06772_SI_001.PDF

 Jamil, M., Ahamd, M., Anwar, F., Zahir, Z. A., Kharal, M. A., and Nazli, F. (2018). Inducing drought tolerance in wheat through combined use of l-tryptophan and Pseudomonas fluorescens. Pakistan J. Agric. Sci. 55, 331–337.

 Janzen, H. (1990). Deposition of nitrogen into the rhizosphere by wheat roots. Soil Biol. Biochem. 22, 1155–1160. doi: 10.1016/0038-0717(90)90043-Y

 Jiang, Z., Fu, Y., Zhou, L., He, Y., Zhou, G., Dietrich, P., et al. (2023). Plant growth strategy determines the magnitude and direction of drought-induced changes in root exudates in subtropical forests. Glob. Change Biol. 29, 3476–3488. doi: 10.1111/GCB.16685

 Jones, D. L., and Darrah, P. R. (1994). Amino-acid influx at the soil-root interface of Zea mays L. and its implications in the rhizosphere. Plant Soil 163, 1–12. doi: 10.1007/BF00033935/METRICS

 Jones, D. L., Nguyen, C., and Finlay, R. D. (2009). Carbon flow in the rhizosphere: carbon trading at the soil-root interface. Plant Soil. 321, 5–33.

 Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27. doi: 10.1093/NAR/28.1.27

 Kanté, M., Riah-Anglet, W., Trinsoutrot-Gattin, I., and Cliquet, J. B. (2023). Rhizodeposition through root senescence and root exudation of atmospheric C and N by legumes is controlled by traits indicative of resource acquisition and root development. J. Ecol. 111, 1468–1482. doi: 10.1111/1365-2745.14107

 Kraffczyk, I., Trolldenier, G., and Beringer, H. (1984). Soluble root exudates of maize: Influence of potassium supply and rhizosphere microorganisms. Soil Biol. Biochem. 16, 315–322. doi: 10.1016/0038-0717(84)90025-7

 Lesuffleur, F., and Cliquet, J. B. (2010). Characterisation of root amino acid exudation in white clover (Trifolium repens L.). Plant Soil 333, 191–201. doi: 10.1007/S11104-010-0334-1

 Lesuffleur, F., Paynel, F., Bataillé, M. P., Le Deunff, E., and Cliquet, J. B. (2007). Root amino acid exudation: Measurement of high efflux rates of glycine and serine from six different plant species. Plant Soil 294, 235–246. doi: 10.1007/S11104-007-9249-X/FIGURES/6

 Li, C., Liu, L., Zheng, L., Yu, Y., Mushinski, R. M., Zhou, Y., et al. (2021). Greater soil water and nitrogen availability increase C : N ratios of root exudates in a temperate steppe. Soil Biol. Biochem. 161, 108384. doi: 10.1016/J.SOILBIO.2021.108384

 Lin, H.-A., Coker, H. R., Finlayson, S. A., Nagy, E. M., Hague, S., Howe, J. A., et al. (2022). Nondestructive root exudate sampling using aeroponics throughout progressive drought stress and recovery. doi: 10.21203/RS.3.RS-1886373/V1

 Lin, H.-A., Coker, H. R., Howe, J. A., Tfaily, M. M., Nagy, E. M., Antony-Babu, S., et al. (2023). Progressive drought alters the root exudate metabolome and differentially activates metabolic pathways in cotton (Gossypium hirsutum). Front. Plant Sci. 14. doi: 10.3389/FPLS.2023.1244591

 Lipson, D., and Näsholm, T. (2001). The unexpected versatility of plants: Organic nitrogen use and availability in terrestrial ecosystems. Oecologia 128, 305–316. doi: 10.1007/S004420100693/METRICS

 Lipton, D. S., Blanchar, R. W., and Blevins, D. G. (1987). Citrate, malate, and succinate concentration in exudates from p-sufficient and P-stressed Medicago sativa l. Seedlings. Plant Physiol. 85, 315–317. doi: 10.1104/PP.85.2.315

 Lohse, M., Santangeli, M., Steininger-Mairinger, T., Oburger, E., Reemtsma, T., Lechtenfeld, O. J., et al. (2022). The effect of root hairs on exudate composition: a comparative non-targeted metabolomics approach. Anal. Bioanal. Chem. 415, 823–840. doi: 10.1007/S00216-022-04475-9/FIGURES/5

 Miao, Y., Lv, J., Huang, H., Cao, D., and Zhang, S. (2020). Molecular characterization of root exudates using Fourier transform ion cyclotron resonance mass spectrometry. J. Environ. Sci. 98, 22–30. doi: 10.1016/J.JES.2020.05.011

 Moe, L. A. (2013). Amino acids in the rhizosphere: From plants to microbes. Am. J. Bot. 100, 1692–1705. doi: 10.3732/AJB.1300033

 Ofosu-Budu, K. G., Fujita, K., and Ogata, S. (1990). Excretion of ureide and other nitrogenous compounds by the root system of soybean at different growth stages. Plant Soil 128, 135–142. doi: 10.1007/BF00011102/METRICS

 Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., et al. (2024) vegan: Community Ecology Package. Available online at: https://CRAN.R-project.org/package=vegan.

 Okumoto, S., and Pilot, G. (2011). Amino acid export in plants: A missing link in nitrogen cycling. Mol. Plant 4, 453–463. doi: 10.1093/MP/SSR003

 Oosterhuis, D. M. (2015). “Growth and Development of a Cotton Plant” Nitrogen Nutr. Cotton: Practial Issues, eds. W. Miley and D. Oosterhuis. (Madison, Wisconsin: John Wiley & Sons, Ltd), 1–24. doi: 10.2134/1990.NITROGENNUTRITIONOFCOTTON.C1

 Paynel, F., Lesuffleur, F., Bigot, J., Diquélou, S., and Cliquet, J. B. (2008). A study of 15N transfer between legumes and grasses. Agron. Sustain. Dev. 28, 281–290. doi: 10.1051/AGRO:2007061

 Phillips, D. A., Fox, T. C., King, M. D., Bhuvaneswari, T. V., and Teuber, L. R. (2004). Microbial products trigger amino acid exudation from plant roots. Plant Physiol. 136, 2887–2894. doi: 10.1104/PP.104.044222

 Preece, C., Farré-Armengol, G., Llusià, J., and Peñuelas, J. (2018). Thirsty tree roots exude more carbon. Tree Physiol. 38, 690–695. doi: 10.1093/TREEPHYS/TPX163

 Preece, C., Yang, K., Llusi., J., Winkler, J. B., Schnitzler, J. P., and Pe.uelas, J. (2023). Combined effects of drought and simulated pathogen attack on root exudation rates of tomatoes. Plant Soil 497, 629–645. doi: 10.1007/S11104-023-06421-9/FIGURES/7

 R Core Team (2021). R: A language and environment for statistical computing. (Vienna, Austria: R Foundation for Statistical Computing). Available online at: https://www.R-project.org/.

 Rengel, Z., Cakmak, I., and White, P. J. (2022). Marschner’s mineral nutrition of plants. 4th edition (Elsevier).

 Shaposhnikov, A. I., Morgounov, A. I., Akin, B., Makarova, N. M., Belimov, A. A., Tikhonovich, I. A, et al. (2016). Comparative characteristics of root systems and root exudation of synthetic, landrace and modern wheat varieties. Sel’skokhozyaistvennaya Biol. 51, 68–78. doi: 10.15389/AGROBIOLOGY.2016.1.68ENG

 Scheurwater, I., Clarkson, D. T., Purves, J. V., Rijt, G., Van Saker, L. R., Welschen, R., et al. (1999). Relatively large nitrate efflux can account for the high specific respiratory costs for nitrate transport in slow-growing grass species. Plant Soil 215, 123–134. doi: 10.1023/A:1004559628401/METRICS

 Song, F., Han, X., Zhu, X., and Herbert, S. J. (2012). Response to water stress of soil enzymes and root exudates from drought and non-drought tolerant corn hybrids at different growth stages. Can. J. Soil Sci. 92, 501–507. doi: 10.4141/CJSS2010-057/ASSET/IMAGES/CJSS2010-057TAB2.GIF

 Tfaily, M. M., Hess, N. J., Koyama, A., and Evans, R. D. (2018). Elevated CO2 changes soil organic matter composition and substrate diversity in an arid ecosystem. Geoderma 330, 1–8. doi: 10.1016/J.GEODERMA.2018.05.025

 Timmusk, S., Kim, S.B., Nevo, E., El Daim, I. A., Ek, B., Bergquist, J., et al. (2015). Sfp-type PPTase inactivation promotes bacterial biofilm formation and ability to enhance wheat drought tolerance. Front. Microbiol. 6. doi: 10.3389/FMICB.2015.00387/ABSTRACT

 Tixier, A., Forest, M., Prudent, M., Durey, V., Zwieniecki, M., and Barnard, R. L. (2023). Root exudation of carbon and nitrogen compounds varies over the day–night cycle in pea: The role of diurnal changes in internal pools. Plant Cell Environ. 46, 962–974. doi: 10.1111/PCE.14523

 Tiziani, R., Miras-Moreno, B., Malacrinò, A., Vescio, R., Lucini, L., Mimmo, T., et al. (2022). Drought, heat, and their combination impact the root exudation patterns and rhizosphere microbiome in maize roots. Environ. Exp. Bot. 203, 105071. doi: 10.1016/J.ENVEXPBOT.2022.105071

 Tolić, N., Liu, Y., Liyu, A., Shen, Y., Tfaily, M. M., Kujawinski, E. B., et al. (2017). Formularity: software for automated formula assignment of natural and other organic matter from ultrahigh-resolution mass spectra. Anal. Chem. 89, 12659–12665. doi: 10.1021/ACS.ANALCHEM.7B03318/SUPPL_FILE/AC7B03318_SI_001.XLSX

 Ul-Allah, S., Rehman, A., Hussain, M., and Farooq, M. (2021). Fiber yield and quality in cotton under drought: Effects and management. Agric. Water Manage. 255, 106994. doi: 10.1016/J.AGWAT.2021.106994

 Ulrich, D. E. M., Clendinen, C. S., Alongi, F., Mueller, R. C., Chu, R. K., Toyoda, J., et al. (2022). Root exudate composition reflects drought severity gradient in blue grama (Bouteloua gracilis). Sci. Rep. 12, 1–16. doi: 10.1038/s41598-022-16408-8

 Verdouw, H., Van Echteld, C. J. A., and Dekkers, E. M. J. (1978). Ammonia determination based on indophenol formation with sodium salicylate. Water Res. 12, 399–402. doi: 10.1016/0043-1354(78)90107-0

 Waldo, N. B., Tfaily, M. M., Anderton, C., and Neumann, R. B. (2021). The importance of nutrients for microbial priming in a bog rhizosphere. Biogeochemistry 152, 271–290. doi: 10.1007/S10533-021-00754-2/FIGURES/7

 Wang, D. C., Jiang, C. H., Zhang, L. N., Chen, L., Zhang, X. Y., and Guo, J. H. (2019). Biofilms positively contribute to bacillus amyloliquefaciens 54-induced drought tolerance in tomato plants. Int. J. Mol. Sci. 20, 6271. doi: 10.3390/IJMS20246271

 Wardle, D. A. (1992). A comparative assessment of factors which influence microbial biomass carbon and nitrogen levels in soil. Biol. Rev. 67, 321–358. doi: 10.1111/J.1469-185X.1992.TB00728.X

 Warren, C. R. (2015). Wheat roots efflux a diverse array of organic N compounds and are highly proficient at their recapture. Plant Soil 397, 147–162. doi: 10.1007/S11104-015-2612-4/FIGURES/7

 Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis (New York: Springer-Verlag).

 Williams, A., and de Vries, F. T. (2020). Plant root exudation under drought: implications for ecosystem functioning. New Phytol. 225, 1899–1905. doi: 10.1111/NPH.16223

 Zhang, F., Romheld, V., and Marschner, H. (1991). Release of zinc mobilizing root exudates in different plant species as affected by zinc nutritional status. J. Plant Nutr. 14, 675–686. doi: 10.1080/01904169109364234

 Zolla, G., Badri, D. V., Bakker, M. G., Manter, D. K., and Vivanco, J. M. (2013). Soil microbiomes vary in their ability to confer drought tolerance to Arabidopsis. Appl. Soil Ecol. 68, 1–9. doi: 10.1016/J.APSOIL.2013.03.007




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

Copyright © 2024 Coker, Lin, Shackelford, Tfaily, Smith and Howe. 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 December 2024

doi: 10.3389/fpls.2024.1504216

[image: image2]


Nutrient allocation patterns in different aboveground organs at different reproductive stages of four introduced Calligonum species in a common garden in northwestern China


Ji-Yuan Liu 1,2,3,†, Xue-Lian Zhang 1,2,3,†, Xin-Yue Jin 1,2, Meng-Ting Wang 1,2, Yuan-Yuan Zhang 1,2 and Xi-Yong Wang 1,4*


1State Key Laboratory of Desert and Oasis Ecology, Key Laboratory of Ecological Safety and Sustainable Development in Arid Lands, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urumqi, Xinjiang, China, 2Key Laboratory of Conservation and Utilization of Plant Gene Resources, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urumqi, Xinjiang, China, 3Anhui Province Key Laboratory of the Biodiversity Study and Ecology Conservation in Southwest Anhui, College of Life Sciences, Anqing Normal University, Anqing, Anhui, China, 4Turpan Desert Botanical Garden, Chinese Academy of Sciences, Turpan, Xinjiang, China




Edited by: 

Weiguo Liu, Xinjiang University, China

Reviewed by: 

Zunchi Liu, Beijing Normal University, China

Liujing Huang, Fujian Agriculture and Forestry University, China

*Correspondence: 

Xi-Yong Wang, wangxy@ms.xjb.ac.cn
†These authors have contributed equally to this work


Received: 30 September 2024

Accepted: 11 November 2024

Published: 12 December 2024

Citation:
Liu J-Y, Zhang X-L, Jin X-Y, Wang M-T, Zhang Y-Y and Wang X-Y (2024) Nutrient allocation patterns in different aboveground organs at different reproductive stages of four introduced Calligonum species in a common garden in northwestern China. Front. Plant Sci. 15:1504216. doi: 10.3389/fpls.2024.1504216






Introduction

The Calligonum species is a typical shrub with assimilative branches (ABs) in arid regions in Central Asia. The nutrient distribution patterns at different reproductive stages are of great significance for further understanding the ecological adaptation and survival strategies of plants.





Methods

In the present study, a common garden experiment was employed to avoid interference by environmental heterogeneity. Furthermore, the nitrogen (N), phosphorus (P), and potassium (K) allocation characteristics in the supporting organs (mature branches), photosynthetic organs (ABs), and reproductive organs (flowers and fruits) of Calligonum caput-medusae (CC), Calligonum arborescens (CA), Calligonum rubicundum (CR), and Calligonum klementzii (CK) during the flowering, unripe fruit, and ripe fruit phases were systematically analyzed.





Results

Aboveground organs were the main factors affecting the variation of N, P, and K concentrations and their stoichiometric ratios, and the reproductive stages were secondary factors affecting N, P, and the P:K ratio and species were secondary factors affecting K and the N:P and N:K ratios. Meanwhile, significant interactions were found for all three of the aforementioned factors. The N and P concentrations in the ABs of the four species were highest during the flowering phase, while the N:P ratio was lowest, which then gradually decreased and increased, respectively, during plant growth. This result supported the growth rate hypothesis, i.e., that the growth rate is highest during the early growth stage. In the growth period, the N, P, and K concentrations in each organ of the four Calligonum species followed the power law, with the allocation rates of N and P being generally higher than K. There were differences among the species as the N−P scaling exponent in the ABs of CR was only 0.256; according to the scaling exponent law, this species was the least stressed and had the strongest environmental adaptability. Overall, the adaptability of the four species could be ranked as CR > CA > CC > CK. In conclusion, there were significant differences in nutrient traits among different aboveground organs, species, and reproductive stages.





Discussion

The results of this study contribute to a deeper understanding of the nutrient allocation strategies of different Calligonum species and provide scientific evidence for the ex-situ conservation and fixation application of these species.




Keywords: stoichiometry, Calligonum, reproductive period, organ, common garden, shrub with assimilative branch




1 Introduction

Nitrogen (N), phosphorus (P), and potassium (K) are essential elements for plant growth and development, playing crucial roles in various physiological regulatory mechanisms (Fan et al., 2015). Ecological stoichiometry theory simplifies complex ecological processes by studying the quantitative relationships and dynamic balances between fundamental elemental compositions (Elser et al., 2011; James Elser, 2006). Research on plant stoichiometric characteristics in different habitats often shows spatial heterogeneity (Wang et al., 2024), making it challenging to explain the effects of plant growth conditions. Plant nutrient concentrations vary across different growth stages and among aboveground organs in response to photosynthetic efficiency and nutrient demand, aiding in maintaining plant functions and environmental adaptability (Li et al., 2017; Wright and Westoby, 2003; Yang and Luo, 2011). Leaves accumulate photosynthetic products through photosynthesis (Tang et al., 2018); stems provide transport pathways and connections between aboveground organs; and reproductive organs serve as storage structures for assimilates (Zhao et al., 2016; Wang et al., 2019). Numerous studies have shown that the nutrient characteristics of leaves and stems exhibit covariation at the individual level (Touati et al., 2022; Zhang et al., 2018), with significant interspecific or functional group differences, laying the foundation for exploring differential nutrient utilization strategies across species. In the arid regions of Central Asia, some shrubs, in adapting to the extreme arid environment, have reduced or lost leaves, replacing them with specialized green assimilative branches (ABs) for photosynthesis (Meng et al., 2022). ABs are annual organs, with reproductive organs attached to nodes. Typically, some ABs lignify to form mature branches toward the end of the growing season, providing structural support for continuous growth. Studies indicate that ABs exhibit distinct morphological and physiological ecological traits compared to other plant types. For instance, C3 plants, especially C3 shrubs with ABs, have significantly lower P concentrations than non-AB C3 plants, herbs, and other shrubs (Tao et al., 2016). These shrubs also have lower N concentrations, suggesting that desert plants in extreme environments develop specific stoichiometric characteristics based on their life history strategies (Tao et al., 2016). Despite convergent morphological traits in different species with ABs (Meng et al., 2022), the trait relationships and environmental variation patterns of nutrients often show significant interspecies differences (Meng et al., 2023). Central Asia is a key area of origin for shrubs with ABs in temperate deserts worldwide. As such, exploring the ecological adaptability and survival strategies of shrubs with ABs not only helps reveal their evolutionary trends but also provides theoretical support for the restoration and sustainable management of degraded desert ecosystems.

Species of the genus Calligonum (Polygonaceae) are the typical shrubs with ABs, and they are widely distributed in the arid regions of Central Asia, extending to West Asia and even northern Africa. China hosts the highest diversity of Calligonum species, with 23 species. These species are excellent pioneer plants for sand fixation and ecological restoration (Wang et al., 2016). Calligonum species have “Z”-shaped branches with short internodes; leaves reduced to very short remnants, membranous sheaths (Wang et al., 2016), or entirely reduced to small stalks; and their ABs have strong photosynthetic capabilities (Liu et al., 2016). Given the ecological and scientific value of Calligonum, research has been conducted on the taxonomy, reproductive characteristics, morphological structure (Liu et al., 2014), genetic diversity, physiological responses to environmental stress (Liu et al., 2011), and stoichiometric characteristics of several Calligonum species (Meng et al., 2023). Additionally, Calligonum species have been extensively used in the restoration of degraded ecosystems and the construction of fixation systems in the arid regions in Central Asia, yielding significant ecological benefits. Therefore, we aim to address the scientific question of whether the ecological adaptability and nutrient strategies of different Calligonum species change after being planted in the same habitat and adapting for a period of time.

A common garden experiment can minimize the environmental heterogeneity affecting the growth of an introduced species, providing an excellent platform for long-term observation and analysis of the short-term ecological plasticity and long-term adaptive evolution of different species. This study focuses on the extremely arid and hot environment of the Turpan Desert Botanical Garden, using four introduced Calligonum species [Calligonum caput-medusae (CC), Calligonum arborescens (CA), Calligonum rubicundum (CR), and Calligonum klementzii (CK)] as the research subjects. By discussing the stoichiometric characteristics of N, P, and K during three reproductive phases [supporting organs (mature branches), photosynthetic organs (Abs), and reproductive organs (flowers and fruits)], we aim to explore the variability and determine if there is convergence among species. We will test the growth rate hypothesis, the N:P threshold hypothesis, and the power law of N−P stoichiometry. Given the aforementioned summary, we hypothesize that, if interspecific differences exist, it will confirm the species composition hypothesis, indicating that different species will not form similar nutrient patterns after a period of co-adaptation. The results of this study will help to further understand the nutrient strategies of ABs in arid regions and their adaptive strategies under the same extreme conditions, providing a theoretical basis for the ecological protection and management of arid regions.




2 Materials and methods



2.1 Study area

The Turpan Desert Botanical Garden (89°11′ E, 40°51′ N; alt. −105 m–−76 m) is located in the southeastern sandy dessert of the Turpan Basin in Xinjiang, China. It is the lowest-altitude botanical garden in the world, covering an area of 150 hm2. The botanical garden is located in the heart of the Central Asian arid region, within the Eurasian continental interior, and has a temperate inland arid desert climate. The area receives an average annual precipitation of only 16.4 mm, with an annual evaporation as high as 3000.0 mm. It has abundant sunshine, with an annual total of 3049.5 h of sunlight and a total annual radiation of 139.5 kcal cm−2. The annual average temperature is 13.9°C, with extreme lows of −28°C and extreme highs reaching up to 49.6°C. In summer, the surface temperature of the sand exceeds 80°C. The area frequently experiences strong winds, with an annual average of 26 days of gale-force winds (≥ level 8), peaking at 68 days. The annual cumulative temperature (≥ 10°C) averages 5454.8°C, and the frost-free period averages 265.6 d. The zonal soil is primitive gray-brown desert soil with a pH range of 8.6–9.1. The groundwater depth ranges from 10.0 m to 15.0 m (Duan and Shi, 2019). For detailed information on the climatic data for April, May, and June in the research garden, see the Supplementary Materials (Supplementary Table S2). The Turpan Desert Botanical Garden has become a reserve of central Asian desert plant resources (species and genes), conserving over 800 species of desert plants. These species belong to 87 families and 385 genera, covering the main taxa of central Asian desert flora. Among them, there are 43 rare and endemic desert plant species, including 21 endemic species and 4 relict species. The Turpan Desert Botanical Garden is not only an ideal site for studying plant adaptability and survival strategies in extreme global environments but also provides valuable biological resources for exploring plant adaptation mechanisms to extreme drought and high-temperature conditions.




2.2 Sample collection

This study selected four Calligonum species (i.e., CC, CA, CR, and CK) as subjects. Samples of reproductive organs, green ABs, and mature branches were collected at different reproductive stages (Figure 1). CC and CA originated from Repetek in the eastern Karakum Desert, Turkmenistan, and were planted in 1985 through seed germination. CR and CK are native to Xinjiang, China (but not found in the Turpan region), with seed sources from Burqin County, Altay Prefecture, and Jimusar County, Changji Prefecture, respectively. They were introduced to the botanical garden in 1982 and 2006. The four species of Calligonum originated from regions that are geographically distant from each other, indicating significant geographical isolation. Compared to other Calligonum species, these four had a relatively long introduction period, which was helpful for the comparative study of physiological and ecological adaptability between species. This was the main reason for choosing these four species as research subjects. After planting, theCalligonum species were irrigated by trench flooding in both summer and winter to ensure survival. From April to June 2021, in the reproductive period for Calligonum species, six individuals of similar size (standard trees) were selected and marked for each species in the Turpan Desert Botanical Garden, totaling 24 plants. On 10 April 2021, samples were first collected from the marked plants. For this purpose, 3–5 mature branches (less than 3 years old and with a diameter not exceeding 5 mm) were cut from the north, south, east, and west sides of each plant crown. The samples were quickly placed in sampling bags, stored in a cooler with ice packs, and brought back to the laboratory as soon as possible. The flowers (early reproductive organs), green ABs, and mature branches of each plant were separated and placed in labeled envelopes for drying. On 10 May and 10 June, the samples of three organs were collected using the same method for the unripe fruit phase (URP) and the ripe fruit phase (RFP). In June, some fruits had already fallen, and mature seeds were collected using a combination of collection nets and in situ fruit sampling.




Figure 1 | Photographs of the four Calligonum species at different reproductive stages. CC, CA, CR, and CK refer to Calligonum caput-medusae, Calligonum arborescens, Calligonum rubicundum, and Calligonum klementzii, respectively. CC: plant height 2.0 m–4.0 m, crown width 1.5 m–2.8 m; CA: plant height 2.2 m–4.5 m, crown width 1.5 m–3.3 m; CR: plant height 0.9 m–1.7 m, crown width: 0.9 m–2.1 m; CK: plant height: 0.8 m–1.5 m, crown width: 0.9 m–1.8 m.





2.3 Nutrient concentration determination

The plant samples collected in the field were dried at 70°C in an oven, powdered in a vibratory disc mill (MM 400, Retsch GmbH Inc., Haan, Germany), and then stored in zipper bags. The total nitrogen (N) concentration of the samples (mg g−1) was calculated using Kjeldahl digestion, the total phosphorus (P; mg g−1) using the colorimetric ammonium molybdate method and an AA3 (Auto Analyzer 3, SEAL, Germany), and the total potassium (K) by perchloric acid-concentrated sulfuric acid digestion followed by flame photometry. The results for N, P, and K were expressed in mass concentrations (mg g−1), and the stoichiometric ratios (i.e., N:P, N:K, and P:K) were also calculated.




2.4 Statistics

The data were checked for normality using the Kolmogorov–Smirnov test, and data that did not fit the normal distribution were logarithmically transformed before being used. A nested ANOVA (analysis of variance) was used to analyze the relative contributions of reproductive stages, species, and organs to the variation in stoichiometric traits among the four Calligonum species (Nested Procedure, SAS version 8.0; SAS Institute Inc., Cary, NC, USA) (Liu et al., 2010). By conducting a three-way ANOVA, the effects of different reproductive stages, species, and organs, along with their interactions, on the stoichiometric traits of Calligonum species were analyzed. A one-way ANOVA was used to explore the differences in stoichiometric traits of the Calligonum species across different reproductive stages, species, and organs. Homogeneity of variance was tested using Levene’s test. Tukey’s HSD test was used for multiple comparisons. The one-way ANOVA was performed using SPSS 26.0. Data were grouped, and summary statistics such as means and standard errors were calculated using the ‘dplyr’ package in R version 4.3.2. The three-way analysis of variance was conducted using the ‘aov’ function in the ‘stats’ package. Graphs were generated using the ‘ggplot2’ package.

The allometric relationships between nutrient elements are represented by the equation Y = bXa, where Y and X are trait indices, b is a constant, and a is the allometric exponent (Niklas, 2004). Two scenarios may arise: 1) a = 1 indicates an anisometric relationship, i.e., the dependent variable and the independent variable change uniformly or in the same proportion; 2) a ≠ 1 represents an allometric relationship (a > 1 indicates the relationship was hyperallometric and a < 1 means it was hypoallometric), where changes between the dependent and independent variables are not uniform or proportional (Zhu et al., 2011). Typically, after logarithmic transformation of the power function, reduced major axis (RMA) linear regression (i.e., Model Type II) is conducted to estimate the scaling slope, a 95% confidence interval (95% CI), and the coefficient of determination (R2). Allometric scaling analysis was performed using the SMATR package (Meng et al., 2022).





3 Results



3.1 Sources of stoichiometric variation in different aboveground organs of the four Calligonum species during the reproductive period

Variance component analysis for each variable (Figure 2) indicated that the stoichiometric traits exhibited the greatest variation among the organs, all exceeding 45%. The contribution of the organs to the variation of the nutrients (N, P, and K) could be ranked as K > N > P, accounting for 75.41%, 71.92%, and 67.04% of the total variation, respectively. In the different reproductive stages, the variation in K and N:K was minor, comprising less than 15% of the total variation; however, the variation of the other four nutrient traits explained 16.19%–27.65%. The interspecific variation of N, P, and P:K was the smallest, accounting for 10.73%, 5.99%, and 12.94% of the total variation, respectively. The interspecific variation of K, N:P, and N:K ranged from 18.69% to 42.5%. In addition, the results of three-way ANOVA (Table 1) showed that the reproductive stage, species, and organs and their interactions had a significant effect on all of the stoichiometric traits of the Calligonum species (P < 0.001). Based on the F-values of the three-way ANOVA, organ type had the greatest impact on the stoichiometric traits of the Calligonum species, while the interaction effects of reproductive stage, species, and organs were relatively weaker. These results confirmed that the organs were the primary cause of variation in nutrient traits among the Calligonum species.




Figure 2 | The hierarchical variance analysis of the six stoichiometric traits of the four Calligonum species.



Table 1 | Three-way ANOVA of stoichiometric traits in four Calligonum species for reproductive phase, species, and organ (F-value).






3.2 Differences in nutrient characteristics of different aboveground organs during the reproductive period of the four Calligonum species

Significant differences in N, P, and K concentrations in the Calligonum species, reproductive stages, and organs (Figure 3) were detected. The stoichiometric traits exhibited the greatest variability among the organs, so the initial focus of this study was on the differences in N, P, and K concentrations in the aboveground organs. Overall, across all reproductive stages, the N, P, and K concentrations in different aboveground organs of the four Calligonum species were significantly lower in the mature branches. In the flowering period, except for CK, where K was highest in the ABs with 26.399 mg g−1, the N, P, and K concentrations were significantly higher in the reproductive organs of the Calligonum species (CC, CA, CR). In this period, the average concentrations of N, P, and K in the reproductive organs of the four species were 18.746 mg g−1, 2.581 mg g−1, and 26.368 mg g−1, respectively. Furthermore, in the ripe fruit phase, the P concentration across different aboveground organs of all four species showed a consistent pattern: reproductive organs > ABs > mature branches.




Figure 3 | N, P, and, K concentrations in different aboveground organs during the reproductive period of four Calligonum species in a common garden. CC, CA, CR, and CK refer to Calligonum caput-medusae, Calligonum arborescens, Calligonum rubicundum, and Calligonum klementzii, respectively. FP, UFP, and RFP refer to the flowering phase, unripe fruit phase, and ripe fruit phase, respectively. α, β, and γ: markers for differences between different reproductive periods for the same organ and the same species. A, B, and C markers for differences between different organs within the same species and the same period. a, b, and c markers for significant differences between the same organs in different species within the same period.


Specifically, the N and P concentrations in the ABs of the four species showed a consistent pattern through the reproductive stages: flowering phase (FP) > unripe-fruit phase > ripe-fruit phase. For the N concentrations in the ABs of the different species, CK was significantly highest in the FP at 20.338 mg g−1, and CR was significantly highest in the unripe fruit phase and ripe fruit phase at 17.119 mg g−1 and 15.447 mg g−1, respectively. For the P concentration in the ABs, CR, and CK were significantly higher than the other two species in all reproductive stages. CK had the highest K concentration in the ABs across all reproductive stages, with an average of 26.581 mg g−1, and there was no significant difference in K concentration across the different stages for CK.

When comparing the concentrations in the reproductive organs, all four Calligonum species showed a similar pattern throughout the reproductive stages: N, P, and K were significantly higher in the FP, decreased significantly (by approximately 20%–60%) in the unripe fruit phase, and showed no significant changes between the unripe fruit phase and the ripe fruit phase. In the flowering phase, the reproductive organs of CA had the lowest N, P, and K concentrations of 13.429 mg g−1, 2.026 mg g−1, and 19.737 mg g−1, respectively. In addition, the concentrations in the mature branches of the four species remained relatively stable across the different reproductive stages, and there were no significant fluctuations.

In summary, the N and P concentrations in the ABs and reproductive organs of the four species were generally highest in the FP, which may be related to the high demand for key nutrients in the early stage of reproduction. In addition, the K concentration in the ABs of CK was significantly higher than that of the other species across all reproductive stages, reflecting its unique adaptation and nutrient utilization strategy. However, the differences in nutrient concentrations between species or organs in the late reproductive phase decreased; thus, Calligonum species may tend to a more unified nutrient allocation pattern to optimize resource utilization and survival strategies. The formation of this pattern may be an adaptation to the stresses of extreme arid environments by adjusting nutrient allocation to improve reproductive success and population survival.

Significant differences existed in the stoichiometric ratios among the different reproductive stages, species, and organs of the Calligonum species (Figure 4). In the reproductive period, the N:P in the ABs of the four Calligonum species, except for the CA at the ripe fruit phase (14.09), which fell within the range of 14–16, were all below 14. Across all reproductive stages, the reproductive organs exhibited the lowest N:P. In terms of ABs at different reproductive stages, except for the ABs of CK, which showed a trend of increasing first and then decreasing, the other three species showed significantly lower N:P in the flowering phase (an average of 8.112) and as the reproductive process progressed, there was a significant increase in the N:P ratio by the ripe-fruit phase, with the ABs of these three species averaging an N:P of 13.056. Among the different species, the N:P ratio in the aboveground organs of CA and CR during each reproductive stage was consistently higher. Notably, the N:P ratio in the reproductive organs of CK was significantly lower across all reproductive stages. At various reproductive stages, the N:K ratio in the ABs of all four Calligonum species was consistently < 2.1, while K:P > 3.4. The N:K and P:K ratios in the mature branches were significantly lower than in other organs. Across the different reproductive stages, the N:K ratio in the ABs of CR and CK followed the pattern of flowering phase > unripe fruit phase > ripe fruit phase. The P:K ratio in the ABs, except for CC which showed a decrease followed by an increase, exhibited a decreasing trend as reproduction progressed. Moreover, the N:K ratio in mature branches, except for CK (average 0.339), showed no significant differences throughout the reproductive stages. The other three species exhibited significantly lower N:K during the unripe fruit phase. The N:K and P:K ratios in reproductive organs were highest during the flowering phase, averaging 0.812 and 0.114, respectively, and decreased significantly during the ripe fruit phase and unripe fruit phase, stabilizing thereafter. Among different species, the N:K and P:K ratios in the ABs and mature branches were highest in CR across all reproductive stages. The results indicated significant differences and stage-dependence in the nutrient ratios of various aboveground organs during the reproductive period. In this study, the N:P ratio in the ABs was generally low, below 14, and was even lower in reproductive organs, highlighting the high demand for P during critical reproductive phases. Moreover, with propagation, the N:P ratio in the ABs showed a significant upward trend. In addition, the N:K and P:K ratios in the ABs were the highest in the flowering phase and then gradually decreased in the unripe fruit phase and the ripe fruit phase, which may reflect a change in nutrient requirements in the growth and development stages. The N:K and P:K ratios in mature branches decreased significantly in the unripe fruit phase. Overall, these results emphasize the importance of dynamic nutrient management across different growth stages and organs.




Figure 4 | Stoichiometric ratios in different aboveground organs during the reproductive period of four Calligonum species in a common garden. CC, CA, CR, and CK refer to Calligonum caput-medusae, Calligonum arborescens, Calligonum rubicundum, and Calligonum klementzii, respectively. FP, UFP, and RFP refer to the flowering phase, unripe fruit phase, and ripe fruit phase, respectively. α, β, and γ: markers for differences between different reproductive periods for the same organ and the same species. A, B, and C markers for differences between different organs within the same species and the same period. a, b, and c markers for significant differences between the same organs in different species within the same period.





3.3 Nutrient covariation in different aboveground organs during the reproductive period of the four Calligonum species

According to the results of the allometric relationship analysis (Figure 5; Supplementary Table S1), 31 of the 36 stoichiometric pairs of different aboveground organs of the four species reached a significant level (P < 0.05). For these 31 pairs, the scaling exponents of 15 stoichiometric pairs did not significantly differ from 1.0 (i.e., isometric). Among the 16 non-isometric relationships, only 5 were hypoallometric, while most (10) of them (11 pairs) were hyperallometric. In addition, only one stoichiometric pair showed that the scaling exponent was less than −1. The N–P allometric relationship in different aboveground organs of the four Calligonum species showed significant interspecific and inter-organ differences. Among the four species, the N–P scaling exponents in the ABs showed that only CK (1.050) did not significantly differ while the other three species showed hypoallometric relationships, and CR had the lowest scaling exponent (0.254). There was no significant difference in the N–P scaling exponents with 1 in mature branches of the four species, and CR had the highest scaling exponent at 1.534, significantly higher than the other three species. In the reproductive organs, only CA (0.604) showed a significant hypoallometric relationship, while the other three species were isometric.




Figure 5 | Allometric relationship between N and P in different aboveground organs of four Calligonum species. A, B, and C markers for differences between different species for the same organ. a, b, and c markers for differences between different organs of the same species. * marker for significant difference from the assumed slope of 1 (P < 0.05).


The N–P allometric relationship in the aboveground organs of the different Calligonum species showed different trends. For CC, only the ABs were hypoallometric with the scaling exponent = 0.580, while the N–P relationship in the other two organs showed an isometric relationship. For CA, only the mature branches showed an isometric N–P relationship, while the ABs and the reproductive organs exhibited hypoallometric relationships. Furthermore, no significant difference was found in N–P scaling exponents among the three aboveground organs of CA. CK exhibited similar patterns to CC, with only the ABs showing a hypoallometric relationship with the scaling exponent = 0.254. The N–P relationship in the other aboveground organs was isometric. The N–P scaling exponent in the ABs was significantly smaller than in the other two organs. The N–P relationship in all the aboveground organs of CK was isometric.

Analyses of the N–K scaling exponents indicated significant inter-species and organ-specific differences within the four Calligonum species (Figure 6; Supplementary Table S1). For different species, there was no significant difference in N–K exponents between the ABs of CC and CA. The N–K scaling exponent of mature branches showed an isometric relationship between CC and CK; the scaling exponents of CA and CR were significantly greater than 1, among which the scaling exponent of CR (2.967) was the highest, followed by CA (1.997) and CK (1.450); and CC recording the lowest value (0.831). The N–K scaling exponent in the reproductive organs of CA (1.018) was significantly lower than that of the other three species, showing an isometric relationship; and the other three species were all significantly hyperallometric. Differences in the N–K scaling exponent among different aboveground organs of the same species were detected. Among them, the N–K exponent of CR and CK only showed a significant growth relationship in the mature branches and reproductive organs, and no significant difference in the scaling exponent between the aboveground organs of the same species was found. The scaling exponent in the reproductive organs of CC (1.665) was the highest of the N–K scaling exponents among the three aboveground organs. There was no significant difference in the scaling exponent between ABs and mature branches. In contrast, for CA, the N–K scaling exponent in the mature branches (1.997) was significantly higher than that of the other two aboveground organs, and no significant difference in the scaling exponent of the ABs and reproductive organs was detected.




Figure 6 | Allometric relationship between N and K in different aboveground organs of four Calligonum species. A, B, and C markers for differences between different species for the same organ. a, b, and c markers for differences between different organs of the same species. * marker for significant difference from the assumed slope of 1 (P < 0.05).


The P–K scaling exponent also exhibited significant variability among the different species and organs of the four Calligonum species (Figure 7; Supplementary Table S1). The P–K exponent in the ABs of CR was negative (−1.937), which was significantly lower than that of CC (1.118). In mature branches, all the Calligonum species had significant P–K allometric relationships. Among them, there was no significant difference between the scaling exponents of CC and CK and 1 (i.e., an isometric relationship). For CA and CR, the scaling exponents were greater than 1, with CA having the highest scaling slope at 2.554. In the reproductive organs, all species had P–K scaling exponents that were significantly greater than 1, without notable inter-species differences. When comparing different aboveground organs, the P–K scaling exponent in the reproductive organs of CC (1.698) was significantly higher than in other aboveground organs. For CR, the scaling slope in the ABs was significantly lower than that in other aboveground organs, and there was no significant difference between the mature branches and reproductive organs. The results of the allometric relationships clearly demonstrated the characteristics and differences of N, P, and K allocation among the different species and aboveground organs and highlighted the important role of unique nutrient allocation strategies in the physiological regulation and stress adaptation of different Calligonum species.




Figure 7 | Allometric relationship between P and K in different aboveground organs of four Calligonum species. A, B, and C markers for differences between different species for the same organ. a, b, and c markers for differences between different organs of the same species. * marker for significant difference from the assumed slope of 1 (P < 0.05).






4 Discussion



4.1 Stoichiometric characteristics of different aboveground organs during the reproductive period of desert shrub species with ABs in the common garden

The limiting elements N and P are essential nutrients in the process of plant growth and development. These elements play a crucial role in plant growth and the regulation of various physiological processes, and they are also closely related to each other (Elser et al., 2009; Loladze et al., 2000; Sterner and Hessen, 2003). As an essential mineral element required in significant quantities by plants, K plays a critical role in the process of photosynthesis and the transport of assimilates (Tränkner et al., 2018). In addition, K can also regulate water loss by maintaining cell swelling and osmotic pressure, which is associated with the plant’s inherent drought stress resistance (Battie-Laclau et al., 2014). From the perspective of plant organs, the N, P, and K concentrations in mature branches of the four Calligonum species were significantly lower at each reproductive stage. This observation may be attributed to the close relationship between nutrient allocation among different plant aboveground organs and their corresponding functional traits (He et al., 2017). As intermediaries in the transport of water and nutrients, mature branches contain large amounts of lignin and cellulose, which enhance their transport efficiency. Such structural composition can effectively prevent the accumulation of excess N and P in the branches (Zhang et al., 2022). As the substitute for leaves, the ABs were the main organs for photosynthesis, respiration, and transpiration of plants, and their demand for N and P compounds such as proteins and nucleic acids was bound to be high compared with branches (Zhang et al., 2022).

In this study, in the flowering period, the N, P, and K concentrations in the reproductive organs of the four Calligonum species were the highest among the three aboveground organs. According to the source-sink relationship hypothesis, during this critical stage of plant growth, nutrients are dynamically transferred from source tissues (such as ABs) to sink tissues (such as developing flowers) to support the rapid development of reproductive organs (Dong and Beckles, 2019). In the flowering period, the reproductive organs of Calligonum species serve as the primary nutrient sinks due to their high demand, drawing more N, P, and K to support flower formation and initial fruit development. This nutrient allocation mechanism ensures the efficiency and success of plant reproduction. Yan et al. (2016b) reported a similar result, that is, plants transported greater amounts of N and P to photosynthetic and nutrient-accumulating organs via mature branches. This finding also clarified why N and P concentrations in mature branches were lower than those observed in the ABs and reproductive organs in the present study. Moreover, K also tended to accumulate in the ABs and reproductive organs; this may be because K can promote the diffusion of CO2 from the atmosphere into chloroplasts and mediate the distribution of photosynthetic assimilates in plants (Jákli et al., 2016; Tränkner et al., 2018). The ABs and reproductive organs of Calligonum species in the common garden exhibited high K concentration across all reproductive stages, which facilitated a high photosynthetic rate during their reproductive period. Similarly, Lu et al. (2016) emphasized that elevated K concentration in the ABs plays a critical role in stabilizing the assimilation rate of plants to maintain high photosynthetic efficiency. Notably, different distribution patterns of N, P, and K among the aboveground organs at different reproductive stages were found. The N and P concentrations in the ABs and reproductive organs, along with the K concentration in the reproductive organs of the four species, were significantly higher than those observed in other developmental stages. This was likely due to plants needing to accumulate large amounts of nutrients before the onset of the flowering period to support flower development (Zheng and Shangguan, 2007), resulting in higher concentrations at this stage. As reproductive activities progressed, nutrients were utilized and consumed, especially N and P in the ABs and the nutrients in the reproductive organs, and thus the nutrients of the ripe-fruit phase were significantly reduced. This could be due to the “reproductive cost”, which leads to reproductive activity under nutrient-limited conditions affecting the nutrient dynamics of plants. Li et al. (2017) supported this perspective through the study on the seasonal nutrient dynamics of Larix principis-rupprechtii in plantations. They found that as the plants grew, nutrients were gradually consumed and utilized, resulting in a dilution of nutrient concentrations. As the fruits developed and matured, the demand and consumption of N, P, and K decreased, leading to relatively stable concentrations in the fruits.

Furthermore, the N:P ratio in the flowering phase was significantly lower than in other stages. According to the growth rate hypothesis (Harris, 2003; Niklas and Cobb, 2005), as the relative growth rate increased, N:P showed a decreasing trend and P showed an increasing trend, which indicated that the growth rate of the Calligonum species was generally the highest in the three reproductive phases. This result was similar to the study of Dong et al. (2023), which showed that during the reproductive period, plants allocated more nutrients to the reproductive organs to support the high metabolic rate of flowers and seeds. As such, the stoichiometric characteristics were consistent with the growth rate hypothesis to a certain extent. As reproduction continued, it was observed that, except for the N:P ratio of CK, which initially increased before subsequently decreasing, the other three species exhibited a significant increasing trend, indicating a gradual decline in growth rate. This result may be related to the fact that plants ensure their successful reproduction at high temperatures. From April to June, the study area became increasingly hot and arid, and in response to the environmental changes, plants used stress avoidance or adaptation mechanisms to slow down capacity depletion and prolong life by reducing their growth rate (Giorno et al., 2013).

In addition, the N:P threshold hypothesis assumes that there is a specific N:P threshold that can be used to determine the nutrient restriction of plant growth. Koerselman and Meuleman (1996) suggested a threshold range of 14–16 of N:P. It was concluded that when leaves show N:P < 14, the plant growth is limited by N. When N:P > 16, plant growth is limited by P. If the N:P ratio is within this range, plant growth may be co-limited by N and P, or it may not be limited by either nutrient. Güsewell (2004) proposed utilizing the N:P ratios of < 10 and > 20 to determine the type of nutrient limitation of N and P through further fertilization experiments. In this study, the overall N:P ratio was found to be < 14, except for that in the ABs of CA during the ripe-fruit phase, which slightly exceeded 14. This result indicated that the reproductive growth of Calligonum in the common garden was primarily limited by N, while the ripe-fruit phase of CA was co-limited by both N and P. Throughout the reproductive period, the N:K ratios in different aboveground organs of the four Calligonum species consistently remained < 2.1, while the K:P ratio was > 3.4. According to the standard from Olde Venterink et al. (2003), plants with N:K > 2.1 and K:P < 3.4 are limited by K or N + K. The concentrations and stoichiometric ratios in different aboveground organs of Calligonum species displayed interspecific differences, which might be due to the fact that different species respond to environmental changes with different adaptation strategies according to their own properties. This result was indeed consistent with the species composition hypothesis (Reich and Oleksyn, 2004). In summary, this study provides a scientific foundation for understanding nutrient management and optimizing breeding strategies, thereby enhancing our comprehension of the intricate relationship between plant nutrient requirements and physiological functions.




4.2 Nutrient covariation relationships among different aboveground organs during the reproductive period of desert shrub species with ABs in the common garden

Through long-term adaptive growth and natural selection, plants have demonstrated varied growth characteristics and nutrient allocation patterns in response to different growth pressures according to their needs (Xiao et al., 2014). The scaling exponent law suggests a power function relationship between the concentrations of all two nutrient elements in plants. This allometric relationship can reveal the basic rates of different nutrient allocations in plants, with the allocation rate reflected by the allometric growth exponent (Niklas et al., 2005; Guo et al., 2019). An isometric relationship typically indicates a constant allocation rate among plant components, whereas an allometric growth relationship highlights an uneven distribution of resources (Xiao et al., 2014). For instance, in the N–P allocation of ABs, only CK exhibited an isometric relationship, whereas the other three species showed a hypoallometric relationship (i.e., slope < 1); among them, the N–P scaling exponent of CR was only 0.254, indicating significant interspecies differences, likely attributable to their unique physiological mechanisms and ecological adaptation strategies. Numerous previous studies have indicated that in accordance with the N–P scaling exponent law, plant resistance is enhanced in high temperature and drought environments, and the levels of resistance-related proteins will increase accordingly, resulting in a higher N–P scaling exponent (generally > 3/4). When integrating leaf N−P scaling exponents from various functional zones, ecological zones, and sampling habitats, these values are observed to approach either 2/3 or 3/4 (Tian et al., 2021; Guo et al., 2020; Priya et al., 2019). Among the four Calligonum species, CR exhibited the lowest N–P scaling exponent in the ABs, indicating the least stress and the best adaptation to the common garden environment. CC and CA, introduced from Central Asia, also demonstrated good adaptation (< 3/4). Under drought stress, guard cell K+ plays a crucial role in regulating water conductance and transpiration (Chen et al., 2023). For thousands of years, the Turpan Botanical Garden has been exposed to a drought and high-temperature environment. From April to June, the drought and heat stress intensify. The majority of the aboveground organs and species exhibited significantly lower K allocation rates compared to N and P (i.e., the N–K and P–K scaling exponents were significantly less than 1). This indicated that the resistance of the Calligonum species to extreme environmental stress in Turpan was generally low; however, interspecies differences were also detected. The result suggested that the nutrient relationships among the different Calligonum species still had great heterogeneity. Specifically, CA demonstrated consistent allometric relationships for N–K and P–K in both the ABs and reproductive organs, which may be due to the fact that ABs were the main site for photosynthesis and nutrient accumulation. Moreover, the nutrient utilization of these two aboveground organs remained consistent during the reproductive period, resulting in a uniform nutrient distribution pattern between the ABs and the reproductive organs. This hypothesis was supported by Zhao et al. (2019), who suggested that nutrient allocation among plant organs is often related to the functions and activities of the organs.

Plants allocate nutrients among various organs to meet the specific nutrient demands associated with different functions, thereby facilitating effective reproductive activities. In contrast, mature branches primarily serve supporting and nutrient-transport functions (Liu et al., 2022), resulting in different allometric relationships. In the ABs of CR, the allocation of P and K was negatively correlated, with a scaling exponent of α < −1. This indicated that as the allocation rate of K increased, the allocation of P decreased; that is, its resistance increased while its growth rate decreased. Meanwhile, the allocation rates between N and K and between P and K in the mature branches and reproductive organs (with α values between 1.934 and 2.967) were significantly greater than 1. That is, the allocation rates of N and P in these organs were 2 to 3 times higher than that of K. This may be due to the fact that during the propagation period, the photosynthesis of the ABs was enhanced by increasing their own K concentration (Tränkner et al., 2018), and the N and P nutrients in the ABs were transferred to the reproductive organs with the assistance of the mature branches, thereby maintaining high N and P allocation rates in both the mature branches and the reproductive organs. The dynamic nutrient transfer and allocation strategy aligned with the concept that plants optimize the allocation of limited resources to enhance overall growth and reproduction (Yu et al., 2015). The result was also similar to the conclusion of many previous studies which showed that plants transfer nutrients among aboveground organs based on their needs, leading to differences in concentrations between different aboveground organs (Li et al., 2017; Yan et al., 2016a). For CK, most nutrient elements in different aboveground organs exhibited an isometric relationship, indicating a relatively consistent demand for N, P, and K across various aboveground organs. However, during the reproductive period, the allocation rates of N and P were generally higher than that of K, suggesting relatively high requirements of N and P for reproductive development. This phenomenon was consistent with the growth rate hypothesis, which posits that faster-growing parts have a more urgent need for nutrients during resource allocation (Dong et al., 2023). This nutrient allocation pattern emphasized CK’s priority strategy for N and P allocation in the reproductive period.

In addition, the N–P scaling exponent in the ABs of CR was significantly lower than that of the other three species (Supplementary Table S1), potentially indicating a higher relative growth rate in the reproductive period of CR compared to the others. From Figure 1, we also found that the P concentration in the ABs of CR during the flowering phase was significantly higher than that of the other species. This further confirmed its potential to rapidly initiate the growth process. Studies have indicated that plants store a large amount of P in their leaves during the early stages of growth activities, which aids in the synthesis of ribosomal RNA (rRNA), thereby promoting the initiation of growth (Yu et al., 2012). Similarly, Tao et al. (2016) also found that plants in the Karameh region exhibited a high relative growth rate (RGR), as they had higher leaf P concentrations in the leaves. In conclusion, in the reproductive period, different Calligonum species demonstrated complex strategies for nutrient allocation and covariation strategies for N, P, and K. These strategies varied among different species, aboveground organs, and stages of the reproductive process. This differentiation reflects the diversity of adaptation to the environment and physiological needs of Calligonum species. The heterogeneous allocation of N, P, and K may be related to specific growth requirements, ecological niches, and survival strategies under environmental stress. Understanding the dynamic changes of these nutrients among different species and aboveground organs of Calligonum species during various reproductive stages was crucial to revealing how plants regulate their physiological mechanisms to optimize reproductive success and adaptability.

In this study, we thoroughly discussed the nutrient distribution of N, P, and K nutrients in the aboveground organs of different Calligonum species at different stages of the reproductive period, and revealed how plants can optimize their reproductive efficiency by finely regulating nutrient allocation, which not only improves our understanding of plant reproductive ecology but also has a profound impact for ecosystem protection and management. The results highlight the importance of maintaining ecosystem biodiversity and stability by optimizing nutrient distribution in plants that improve reproductive efficiency under extreme drought and high temperatures. In the context of global climate change, our research highlights how plants adapt to environmental changes by adjusting their own nutrient allocation, providing new insights into the mechanisms by which ecosystems respond to climate change. In addition, the results provide a scientific basis for future ecological monitoring and research, and for ecosystem protection and management.





5 Conclusion

Under common garden conditions, the present study was the first to explore the stoichiometric characteristics of N, P, and K across three aboveground organs (reproductive organs, ABs, and mature branches) of four introduced Calligonum species at different reproductive stages. Species, organ, and reproductive stages exhibited significant effects on the nutrient traits of the four species, with organs having the greatest effect. Moreover, significant interactions among the three factors were also detected. Nutrient concentrations in the ABs and reproductive organs were generally higher than those in mature branches. During plant growth, nutrient concentrations gradually decreased, in line with the nutrient dilution effect; however, the N:P ratio in the ABs increased almost entirely, suggesting that their growth rates gradually decreased to adapt to the harsh environment. In the reproductive period, the scaling exponents between N, P, and K in different aboveground organs exhibited interspecies differences, and the differences among the different aboveground organs of each species also existed. These results were consistent with the power law of nutrient relationships and confirmed the species composition hypothesis. Regardless of the organ type, the allocation rate of K was generally lower than that of N and P, indicating that the stress resistance of the four species was generally low. The N–P scaling exponents in the ABs were in the order of CK > CC > CA > CR, indicating that CR had the strongest environmental adaptability and was a species with greater potential for sand fixation. In any case, the growth of Calligonum species was primarily limited by N throughout the reproductive period. These results confirmed that in the reproductive period, Calligonum species exhibited differentiated nutrient allocation strategies among the different species and aboveground organs in adapting to extreme arid environments, reflecting the complexity and diversity of ecological adaptation.
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Aims

Understanding the response of herbaceous plants to habitat changes and the mechanisms of vegetation succession is crucial to the theoretical foundation of the conservation of local vegetation.





Methods

Plots were established at elevations of 1900-2200m, 2200-2500m, and 2500-2800m on both shady and sunny slopes. Four statistical methods 2×2 contingency table χ2-test, Spearman's rank correlation coefficient, AC joint coefficient, 17 and Ochiai Index, were employed to analyze the species composition and interspecific associations within each elevation band and aspect.





Important findings

(1) the number of herbaceous plant species was greater on the sunny slope than on the shady slope; the number of species was higher in the2 elevation bands of 1900-2200m and 2200-2500m than in 2500-2800m. (2) Both AC joint coefficient and Ochiai Index revealed that the interspecific connectivity increased as elevation increased on the shady slope, although the highest interspecific connectivity was observed in the 2200-2500m elevation rather than other two elevations on the sunny slope. (3) Negative associations among species pairs were more prevalent than positive associations on both the shady and sunny slopes at all elevations,indicating a high level of negative interspecific associations and connectivity. (4) χ2-test values and Spearman rank correlation analysis indicated that it was a relatively unstable community.However, an overall more stable community on the shady slope.The influence of altitude and slope orientation on interspecific associations has wide applications in multiple fields. By deeply understanding the role of these environmental factors, scientists, agricultural workers, forestry managers, and protectors can better carry out work in resource management, species conservation, climate change adaptation, and other aspects.
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1 Introduction

Plant communities are composed of various interacting life forms, that form a foundation for understanding community structure, function, dynamics, and classification (Gao et al., 2022; Guo et al. 2004). Each community represents the coexistence of species under certain conditions, where species depend on each other, compete with each other, and evolve together (Li et al., 2020). Interactions such as mutual dependence, promotion, restriction, and coevolution occur among species in a community, and contribute to its relative stability (Tu et al., 2022; Zhang, 2010). The inter-specific relationships in a community are shaped by direct or indirect interactions, that result in complex ecological networks (Wilson and Nisbet, 1997). Interspecific associations, where species tend to co-occur at specific spatial scales, are often influenced by environmental differences affecting species distribution (Sanjerehei and Rundel, 2020). Positive correlations in interspecific associations under similar environmental conditions suggest mutually beneficial interactions, such as mutualistic symbiosis, while negative correlations indicate species exclusion, such as competition (Zhang and Rong, 2003). Therefore, it is critical to study interactions between species, their composition and community dynamics to understand population ecology (Shao-Lin et al., 1999). And the impact of climate on the interspecific associations of herbaceous plants on the sunny slope and shady slope.

In the Northern Hemisphere, south-facing slopes are typically characterized as standard sunny slopes, while north-facing slopes are characterized as standard shady slopes (Shao-Lin et al., 1999). These different slope aspects lead to significant climatic differences, that influence soil and vegetation (Lin and Li, 1985). At the same altitude in the middle and low-altitude mountains of southern Shaanxi, studies have shown that soil moisture and biodiversity indices vary between shady and sunny slopes (Cong et al., 2023). Research on the alpine grasslands of Mira Mountain has revealed that the sunny slope has better physical surface soil properties (Yu et al., 2023). Under forested conditions, trees on shady slopes have been found to grow better, consume more water, and be more susceptible to drought fluctuations than trees on sunny slopes (Liu et al., 2022). Another study suggested that shady slopes at a moderate altitude had optimal species richness, aboveground biomass, and soil moisture conditions (Liu et al., 2021).

Different altitudes also affect climatic conditions and influence vegetation. Studies have shown that altitude can alter interspecific associations among tree species (Jin et al., 2022). Factors such as altitude and rock exposure significantly determine the spatial distribution patterns and interspecific associations of karst forest tree species (Zhang et al., 2010). In one study, species pairs showed stronger positive correlations than negative correlations at an altitude of 1800m to 2200m in the eastern part of the Tianshan Mountains, but in the western part the positive correlations were weaker than the negative correlations (Zhang and Zhu, 2015). The strength of interspecific associations was found to be highly dependent on habitat; they generally decreased as altitude increased (habitat type change) (Jiang et al., 2022). The 1800-2000m altitude range was identified as the most suitable area for the concentrated distribution of Stipa grandis in the Tianshan mountain area, but community stability was found to gradually weaken as altitude increased (Zhang et al., 2017).

Historically, research predominantly focused on exploring the correlation between different slope aspects and factors such as biodiversity (Zhang et al., 2019) and soil properties (Huang et al., 2015). Studies also delved into the impact of elevation as a single factor on interspecific associations. However, there has been a notable scarcity in comprehensive investigations regarding the combined influence of both slope aspect and elevation as bivariate variables on interspecific associations. To ensure the rigor of experimental results, this paper selected the slope aspect (sunlit or shaded) in the Dian Central Meadow as the variable for analyzing the influence of slope aspect on interspecific associations. Certain slope aspects, like southeast and northeast, were excluded to allow for a more rigorous contrast in the impact of slope aspect differences between sunlit and shaded slopes on interspecific associations.

This study thus conducted an analysis of interspecific connectivity among major dominant species across different elevation zones of sunlit and shaded slopes in the Dian Central Meadow to explore the effects of varying slope aspects and elevations on the interspecific relationships of dominant species and to analyze the distribution and interspecific associations of these major species within the community. By investigating the influence of changes in slope aspect and elevation on interspecific associations of dominant species, this study aimed to deepen our understanding of how environmental gradients affect ecosystem structure. Recognizing the crucial roles of ecosystem composition and structures in understanding ecological functions and processes is imperative, especially under diverse conditions.

The examination of species distributions and interactions across different slope aspects and elevations contributes to our understanding of their adaptability. This helps reveal species survival strategies under varying environmental conditions. Furthermore, such research provides a foundation for ecological conservation and management and can facilitate the implementation of increasingly effective conservation measures, thereby sustaining ecological balance and safeguarding species diversity.




2 Materials and methods



2.1 Site description

The research site was located in Xundian Hui and Yi Autonomous County, situated between 102°41′ to 103°33′ east longitude and 25°20′ to 26°01′ north latitude, in the northeast of Kunming City, spanning the watershed between the Jinsha River and Nanpan River basins. To the east it is bordered by Malong County, Zhanyi County, and Huize County, which are connected via roads crossing mountains. To the west it shares boundaries with Fumin County and Luquan County. To the north it is adjacent to Dongchuan and Huize County, which are connected by the Dongchuan Railway, and to the south it borders Songming County, which extends onto the Sichuan-Yunnan plateau. The total land area of Xundian County is 3598 square kilometers, with a longitudinal distance from east to west of over 80 kilometers and a latitudinal distance from south to north of over 60 kilometers. Xundian County has a varied terrain, and there is great variation in altitude. It is characterized by a low-latitude plateau monsoon climate. Winter and spring are predominantly influenced by the westerly circulation, which contribute to a continental monsoon climate with low rainfall and drought. Summer and autumn are mainly controlled by warm and moist air currents from the southwest Pacific or southeast Indian Ocean and are characterized by a prominent maritime monsoon with abundant rainfall and cool, humid conditions. The rainy season lasts from May to October, and the dry season conversely spans November to April of the following year. Two notable characteristics of the climate are 1) significant differences between the valley and mountain areas, and 2) distinct seasons throughout the year. The study area included Hekou Town, Tangdian Town, Jijie Town, Xianfeng Town, and Gongshan Town in Xundian County.




2.2 Plot Setup

A total of 16,318 survey points were set up on the shady and sunny slopes (Kuželová and Chytrý, 2004). After screening, survey points suitable for this study were selected on the shady and sunny slopes within the altitudinal ranges of 1900-2200m, 2200-2500m, and 2500-2800m. Survey points were set up at intervals of 300m within the altitudinal range of 1900-2800m on the shady and sunny slopes, with 8169 grassland survey points set up on each slope. The altitude difference between the lowest and highest altitude plots on the shady slope was 839m, and on the sunny slope it was 893m. The slope direction and altitude profiles of the shady and sunny slopes are shown in Figure 1.




Figure 1 | Map of Xundian County.



Due to the diverse range of plant species on shady and sunny slopes, each plant was sorted based on its frequency of occurrence in the plots, in descending order. For ease of calculation, only the most predominant herbaceous plants, those with higher occurrence frequencies, were selected for inclusion in interspecific association analysis. In the analysis, 23 herbaceous plant species were selected from the shady slope and 31 herbaceous plant species from the sunny slope, 35 species in total as shown in Table 1.


Table 1 | Herbaceous Plant Species and Codes.







3 Data analysis



3.1 Test of interspecific association

In this study, we selected a total of 35 dominant herbaceous plant species along the elevational gradient of the shady and sunny slopes in Xundian County for analysis and calculation. Following the method proposed by Wang and Peng (1985) and others, a 2×2 contingency table was constructed, and the values (a, b, c, d) for each species pair were calculated (Table 2).


Table 2 | 2×2 contingency table.



To assess the accuracy of the association between species, this study selected the χ² statistic to test the association between species. Because the experimental samples were non-continuous, the χ²-value was calculated using the Yates continuity correction formula (Cox, 1980; Chai et al., 2016).



where n represents the total sample size; a denotes the number of sample points where both species occur; b and c refer to the sample points where only one species occurs; d stands for the number of sample points where neither species occurs.

When V = ad − bc > 0, this indicates a positive association, while V< 0 suggests a negative association. For a 2×2 contingency table, there is 1 degree of freedom. If 3.841< χ²< 6.635 (0.01< P< 0.05), this indicates a significant association between species pairs. If χ² > 6.635 (P< 0.01), this denotes a highly significant association. Otherwise, the association is not significant.




3.2 Spearman's rank correlation coefficient test



where R represents the correlation coefficient between i and j (Nguyen et al., 2023), N is the number of samples, Dq denotes the rank difference for each species, and Kiq and Kjq respectively represent the values of species i and species j in sample q, the calculation for Dq is: [ Dq = (Kiq - Kjq) ]




3.3 Inter-species association coefficient

Although the χ²-value indicates the degree of association between species pairs and provides a qualitative insight, it does not quantitatively reflect the magnitude and direction of species associations. Therefore, it was necessary to introduce the association coefficient (AC) to fill this gap (Chun-nan et al., 2013; Hurlbert, 1969). The calculation is illustrated in Formulas 3 to 5.







The value of AC always falls within the range of [-1, 1]. A higher AC value near to 1 indicates that one species has a clear advantage or that both species have highly similar habitat requirements. Conversely, a lower AC value suggests a certain degree of inhibition or direct exclusion between the two species. The sign of the difference between ad and bc determines the sign of AC. If (ad-bc>0), the two species are positively correlated; if (ad-bc<0), they are negatively correlated; and if (ad-bc=0), there is no association, and the species are most likely independent of each other. Notably, when (bc=0), this is considered the maximum positive correlation, while (ad=0) represents the maximum negative correlation.




3.4 Interspecies association determination

AC can determine the magnitude and direction of association, but it is heavily influenced by the value of ( d ), which leads to some bias in the results. To address this issue, the Inter-Species Association Index, the OI (Ochiai Index), was introduced for calibration (Reynolds, 1988; Zhou et al., 2000).



The higher the value of the association index, the greater the probability of simultaneous occurrence of species. However, a high value does not necessarily indicate positive correlation. An index value of 0 means there is "no association," which indicates complete dissimilarity between species and that species do not occur together in the same sample. When there is "maximum association," the index value is 1. Including the OI provides some degree of correction for the biases in the AC.




3.5 Data processing

After preliminary organization in Excel 2007, the data underwent further analysis using SPSS26 and The R Programming Language. Additionally, OriginPro 2021 was employed for data visualization.





4 Results and analysis



4.1 Overview of herbaceous plant families and genera composition within plots

Across two slopes facing different aspects (north and south), three altitudinal bands were established, ranging from 1900 to 2200m, 2200 to 2500m, and 2500 to 2800m. A total of 16,318 plots were set up, encompassing 35 main species. These species represented eight major families; Poaceae (57.1%), Asteraceae (17.1%), Rosaceae (11.4%), Fabaceae (2.9%), Dennstaedtiaceae (2.9%), Cyperaceae (2.9%), Apiaceae (2.9%), and Polygonaceae (2.9%). Poaceae represented the largest proportion of herbaceous plants.

On the north-facing slope, within the elevation band of 1900-2200m, there were 17 dominant species. The elevation band of 2200-2500m had 13 dominant species, and the elevation band of 2500-2800m had 14 dominant species. On the south-facing slope, within the elevation band of 1900-2200m, there were 19 dominant species. The elevation band of 2200-2500m had 20 dominant species, and the elevation band of 2500-2800m had 12 dominant species.




4.2 χ2test

The chi-squared values of dominant herbaceous plant species on the shady slope are shown in Figure 2. Within the elevation band of 1900-2200m, there were 17 dominant species forming a total of 136 species pairs. Among them, one pair showed extremely significant correlation, Polypogon fugax and Artemisia viscida, and six pairs showed significant correlation, Bidens pilosa and Artemisia viscida, Bidens pilosa and Polypogon fugax, Artemisia selengensis and Artemisia caruifolia, Miscanthus sinensis and Imperata cylindrica, Imperata cylindrica and Schizachyrium delavay, and Argentina lineata and Agrimonia pilosa.




Figure 2 | Chi-squared value matrix map of major herbaceous plants on shady slopes within elevation bands of 1900-2200m, 2200-2500m, and 2500-2800m.



Within the elevation band of 2200-2500m, there were 13 dominant species forming a total of 78 species pairs. Among them, one pair showed extremely significant correlation, Trifolium repens and Bromus japonicus, and two pairs showed significant correlation, Paspalum thunbergii and Arundinella hirta, and Pteridium aquilinum and Artemisia selengensis.

Within the elevation band of 2500-2800m, there were 14 dominant species forming a total of 91 species pairs. Among them, four pairs showed significant correlation, Arundinella hirta and Potentilla chinensis, Pteridium aquilinum and rtemisia selengensis, Fragaria vesca and Miscanthus sinensis, and Fragaria vesca and Arundinella hookeri.

The chi-squared values for dominant herbaceous plant species on the sunny slope are shown in Figure 3. Within the elevation band of 1900-2200m, there were 19 dominant species forming a total of 171 species pairs. Notably, three pairs exhibited an extremely significant correlation: Eulaliopsis binata and Eremochloa ophiuroides, Cynodon dactylon and Artemisia viscida, and Festuca ovina and Lolium perenne. Additionally, six pairs showed significant correlation: Bromus catharticus and Artemisia caruifolia, Trifolium repens and Imperata cylindrica, Eulaliopsis binata and Arundinella hirta, Eremochloa ophiuroides and Arundinella hirta, Imperata cylindrica and Pteridium aquilinum, and Pteridium aquilinum and Schizachyrium delavayi.




Figure 3 | Chi-squared value matrix map of major herbaceous plants on sunny slopes within elevation bands of 1900-2200m, 2200-2500m, and 2500-2800m.



Within the elevation band of 2200-2500m, there were 20 dominant species of herbaceous plants forming a total of 190 species pairs. Among them, six pairs exhibited an extremely significant correlation: Picris hieracioides and Dactylis glomerata, Artemisia caruifolia and Eulaliopsis binata, Potentilla chinensis and Pteridium aquilinum, Trifolium repens and Lolium perenne, Argentina lineata and Agrimonia pilosa, Oxyria sinensis and Miscanthus sinensis. Additionally, one pair showed significant correlation, Capillipedium parviflorum and Carex breviculmis.

Within the elevation band of 2500-2800m, there were 12 dominant species of herbaceous plants forming a total of 66 species pairs. Among them, two pairs exhibited an extremely significant correlation: Miscanthus sinensis and Eragrostis pilosa, Fragaria vesca and Arundinella hirta.

As shown in Table 3, as the elevation bands on the shaded slope increased in altitude, there were significant and highly significant correlations observed for species proportions. With proportions of 4.47%, 3.9%, and 4.4%, the species showed a trend of initially decreasing and then increasing as the elevation bands increased in altitude. On the sunny slope, there were similarly significant and highly significant correlations observed for species proportions as the elevation bands increased in altitude, though with proportions of 5.3%, 3.25%, and 3.0%, the trend showed a pattern of decrease.


Table 3 | Analysis of χ2 test values for different slope aspects in different elevation bands.



Between 1900-2200m, the sunny slope exhibited a higher proportion of significantly and highly significantly correlated species than did the shaded slope. However, between 2200-2500m and 2500-2800m, the shaded slope showed a higher proportion of significantly and highly significantly correlated species than did the sunny slope.




4.3 Spearman's rank correlation coefficient

The Spearman correlation coefficients for dominant herbaceous species on the shaded slope are shown in Figure 4. Within the elevation band of 1900-2200m, there were 17 dominant species forming a total of 136 species pairs. Among these pairs, 29 pairs correlated positively and 107 pairs correlated negatively, accounting for 21.3% and 78.7% of the total species pairs, respectively. Notably, there were 8 significantly positively correlated pairs, Artemisia viscida with Bidens pilosa, Polypogon fugax with Bidens pilosa, Ageratina adenophora with Trifolium repens, Trifolium repens with Cynodon dactylon, Artemisia caruifolia with Cynodon dactylon, Miscanthus sinensis with Imperata cylindrica, Imperata cylindrica with Schizachyrium delavayi, and Argentina lineata with Agrimonia pilosa. Additionally, one pair exhibited a highly significant positive correlation, Artemisia viscida with Polypogon fugax. Furthermore, there was 1 significantly negatively correlated pair, Artemisia caruifolia with Artemisia selengensis.




Figure 4 | Spearman rank correlation coefficient matrix for main herbaceous plants on the shady slope within elevation bands of 1900-2200m, 2200-2500m, and 2500-2800m.



Within the elevation band of 2200-2500m, there were 13 dominant species forming a total of 78 species pairs. Among these pairs, 18 pairs correlated positively, 59 pairs correlated negatively, and 1 pair was uncorrelated, accounting for 23.1%, 75.6%, and 1.3% of the total species pairs, respectively. Notably, there was 1 significantly positively correlated pair, Arundinella hirta with Paspalum thunbergii, and 1 highly significant positively correlated pair, Trifolium repens with Bromus japonicus. Additionally, there was 1 significantly negatively correlated pair, Artemisia selengensis with Pteridium aquilinum, and 1 uncorrelated pair, Pteridium aquilinum with Fragaria vesca.

Within the elevation band of 2500-2800m, there were 14 dominant species forming a total of 91 species pairs. Among these pairs, 17 pairs correlated positively, 70 pairs correlated negatively, and 4 pairs were uncorrelated, accounting for 18.7%, 76.9%, and 4.4% of the total species pairs, respectively. Notably, there were 4 significantly positively correlated pairs, Imperata cylindrica with Arundinella hirta, Arundinella hirta with Potentilla chinensis, Fragaria vesca with Miscanthus sinensis, and Fragaria vesca with Arundinella hookeri. There was also 1 significantly negatively correlated pair, Pteridium aquilinum with Artemisia selengensis. Additionally, there were four uncorrelated pairs, Pteridium aquilinum with Artemisia selengensis, Potentilla chinensis with Carex breviculmis, Potentilla chinensis with Trifolium repens, and Arundinella hirta with Pteridium aquilinum.

The Spearman rank correlation coefficients for dominant herbaceous species on the sunny slope are illustrated in Figure 5. Within the elevation band of 1900-2200m, there were 19 dominant species forming a total of 171 species pairs. Among these pairs, 27 pairs correlated positively and 144 pairs correlated negatively, accounting for 15.8% and 84.2% of the total species pairs, respectively. Notably, there were 5 significantly positively correlated species pairs, Bromus catharticus with Artemisia caruifolia, Eulaliopsis binata with Arundinella hirta, Eremochloa ophiuroides with Arundinella hirta, Imperata cylindrica with Pteridium aquilinum, and Pteridium aquilinum with Schizachyrium delavayi. Additionally, there was 1 highly significant positively correlated species pair, Cynodon dactylon with Cynodon dactylon. Furthermore, there was 1 significantly negatively correlated species pair, Trifolium repens with Imperata cylindrica.




Figure 5 | Spearman rank correlation coefficient matrix for main herbaceous plants on the sunny slope within elevation bands of 1900-2200m, 2200-2500m, and 2500-2800m.



Within the elevation band of 2200-2500m, there were 20 dominant species forming a total of 190 species pairs. Among these pairs, 23 pairs correlated positively and 167 pairs correlated negatively, accounting for 12.1% and 87.9% of the total species pairs, respectively. Notably, there were 2 significantly positively correlated species pairs, Capillipedium parviflorum with Carex breviculmis and Potentilla chinensis with Pteridium aquilinum. Additionally, there were 5 highly significant positively correlated species pairs, Dactylis glomerata with Picris hieracioides, Artemisia caruifolia with Eulaliopsis binata, Trifolium repens with Lolium perenne, Argentina lineata with Agrimonia pilosa, and Oxyria sinensis with Miscanthus sinensis.

Within the elevation band of 2500-2800m, there were 12 dominant species forming a total of 66 species pairs. Among these pairs, 17 pairs correlated positively, 48 pairs correlated negatively, and 1 pair was uncorrelated, accounting for 30.9%, 67.3%, and 1.8% of the total species pairs, respectively. Notably, there were 6 significantly positively correlated pairs, Carex breviculmis with Artemisia selengensis, Artemisia selengensis with Miscanthus sinensis, Artemisia selengensis with Eragrostis pilosa, Argentina lineata with Trifolium repens, Argentina lineata with Fragaria vesca, and Argentina lineata with Arundinella hirta. Additionally, there were 2 highly significant positively correlated pairs, Miscanthus sinensis with Eragrostis pilosa and Fragaria vesca with Arundinella hirta. Finally, there was 1 uncorrelated pair, Artemisia selengensis with Pteridium aquilinum.

As shown in Table 4, within different elevation bands on both the shady and sunny slopes, there were a higher number of species with negative correlations than with positive correlations. This suggests the presence of some competition or exclusion phenomena in the community. The positive-to-negative correlation ratios for shady slopes were 0.27, 0.31, and 0.24 at the different altitudes, in order of increasing elevation, respectively. These results show a trend of initial increasing and subsequent decrease as altitude increased. For sunny slopes the positive-to-negative correlation ratios were 0.19, 0.14, and 0.35 at the different altitudes, in order of increasing elevation, respectively. These results show a trend of initial decrease and then subsequent increase as altitude increased.


Table 4 | Spearman's rank correlation coefficient analysis for different slopes and elevation bands, ++ represents extremely significant correlation, + represents significant correlation, — indicates no significant correlation, and T represents total count.



The positive-to-negative correlation ratios were greater on shady slopes than sunny slopes at 1900-2200m and 2200-2500m. However, at 2500-2800m, the positive-to-negative correlation ratio was greater on sunny slopes than on shady slopes.




4.4 Interspecific association coefficient

The interspecific association coefficients (AC) among dominant herbaceous plant species on the shady slope are depicted in Figure 6. The AC values determined whether the associations between species were positive or negative. Within the elevation band of 1900-2200m, there were 17 dominant species forming a total of 136 species pairs. Among these, there were 8 significantly negatively correlated pairs and 128 extremely significantly negatively correlated pairs. Within the elevation band of 2200-2500m, there were 13 dominant species forming a total of 78 species pairs. Among these, there were 2 significantly negatively correlated pairs and 76 extremely significantly negatively correlated pairs. Within the elevation band of 2500-2800m, there were 14 dominant species forming a total of 91 species pairs. Among these, there was 1 significantly positively correlated pair, Pteridium aquilinum and Potentilla chinensis. There were 9 significantly negatively correlated pairs and 76 extremely significantly negatively correlated pairs.




Figure 6 | Matrix of the inter-specific Association Coefficient (AC) for the main herbaceous plants on shady slopes within elevation bands of 1900-2200m, 2200-2500m, and 2500-2800m.



The inter-specific association coefficients (AC) among dominant herbaceous plant species on the sunny slope are depicted in Figure 7. The AC values determined whether the associations between species were positive or negative. Within the elevation band of 1900-2200m, there were 19 dominant species forming a total of 171 species pairs. Among these, there were 3 significantly negatively correlated pairs and 168 extremely significantly negatively correlated pairs. Within the elevation band of 2200-2500m, there were 20 dominant species forming a total of 190 species pairs. Among these, there were 2 significantly negatively correlated pairs and 188 extremely significantly negatively correlated pairs. Within the elevation band of 2500-2800m, there were 12 dominant species forming a total of 66 species pairs. Among these, there were 2 significantly positively correlated pairs, Pteridium aquilinum and Potentilla chinensis, and Pteridium aquilinum and Arundinella hookeri. There were 4 significantly negatively correlated pairs and 60 extremely significantly negatively correlated pairs.




Figure 7 | Matrix of the inter-specific Association Coefficient (AC) for the main herbaceous plants on sunny slopes within elevation bands of 1900-2200m, 2200-2500m, and 2500-2800m.



From the AC values, it can be observed that the calculated results were consistent with the overall connectivity analysis results. The number of negatively connected species pairs was generally higher than that of positively connected species pairs, with a high prevalence of extremely strong negative connections. This indicates intense competition among species in the community, which likely led to an unstable state. However, positive connections between species pairs were observed within the elevation band of 2500-2800m on both shady and sunny slopes, with significant positive correlations observed on the shady slopes.




4.5 Ochiai index

The Ochiai Index (OI) values for dominant herbaceous plant species on the shady slope are illustrated in Figure 8. Within the elevation band of 1900-2200m, there were 17 dominant species comprising a total of 136 species pairs. The OI values fell within the ranges [0,0.2), [0.2,0.3), [0.3,0.5), and [0.5,1], with 13, 10, 35, and 78 pairs, respectively. These results indicate that 58 species pairs had weak linkage (0≤OI<0.5), and 78 pairs had strong linkage (0.5≤OI ≤ 1).




Figure 8 | Matrix plot of the Ochiai Index (OI) values for the dominant herbaceous plants on the shady slope within elevation bands of 1900-2200m, 2200-2500m, and 2500-2800m.



Within the elevation band of 2200-2500m, there were 13 dominant species forming a total of 78 species pairs. The OI values fell within the ranges [0,0.2), [0.2,0.3), [0.3,0.5), and [0.5,1], with 4, 7, 21, and 46 pairs, respectively. The results indicate that 32 pairs of species had weak linkage (0≤OI<0.5), and 46 pairs had strong linkage (0.5≤OI ≤ 1).

Within the elevation band of 2500-2800m, there were 14 dominant species constituting a total of 91 species pairs. The OI values fell within the ranges [0,0.2), [0.2,0.3), [0.3,0.5), and [0.5,1], with 6, 8, 23, and 54 pairs, respectively. The results indicate that 37 pairs of species had weak linkage (0≤OI<0.5), and 54 pairs had strong linkage (0.5≤OI ≤ 1).

On the sunny slope, the Ochiai Index (OI) values for dominant herbaceous plant species are illustrated in Figure 9. Within the elevation band of 1900-2200m, there were 19 dominant species forming a total of 171 species pairs. The OI values fell within the ranges [0,0.2), [0.2,0.3), [0.3,0.5), and [0.5,1], with 7, 10, 61, and 93 pairs, respectively. The results indicate that 78 pairs of species had weak linkage (0≤OI<0.5), and 93 pairs had strong linkage (0.5≤OI ≤ 1).




Figure 9 | Matrix plot of the Ochiai Index (OI) values for the dominant herbaceous plants on the sunny slope within elevation bands of 1900-2200m, 2200-2500m, and 2500-2800m.



Within the elevation band of 2200-2500m, there were 20 dominant species forming a total of 190 species pairs. The OI values fell within the ranges [0,0.2), [0.2,0.3), [0.3,0.5), and [0.5,1], with 7, 10, 63, and 110 pairs, respectively. The results indicate that 80 pairs of species had weak linkage (0≤OI<0.5), and 110 pairs had strong linkage (0.5≤OI ≤ 1).

Within the elevation band of 2500-2800m, there were 12 dominant species forming a total of 66 species pairs. The OI values fell within the ranges [0,0.2), [0.2,0.3), [0.3,0.5), and [0.5,1], with 5, 6, 17, and 38 pairs, respectively. The results indicate that 28 pairs of species had weak linkage (0≤OI<0.5), and 38 pairs had strong linkage (0.5≤OI ≤ 1).

As shown in Table 5, in increasingly high elevation bands on the shady slope, the proportions of significantly and highly significantly associated species pairs (OI value ≥ 0.5) were 57.4%, 59%, and 59.3%, respectively, demonstrating an increasing trend. Conversely, in increasingly high elevation bands on the sunny slope, the proportions of significantly and highly significantly associated species pairs were 54.4%, 57.9%, and 57.6%, respectively, showing a trend of initial increase and subsequent decrease.


Table 5 | Analysis of Ochiai Index (OI) values in different slope aspects and elevation bands.



Furthermore, the proportions of significantly and highly significantly associated species pairs at each elevation band, 1900-2200m, 2200-2500m, and 2500-2800m, were all higher on the shady slope than on the sunny slope.





5 Discussion and conclusion



5.1 Discussion

The present study conducted interspecific association analysis by selecting dominant species within different slope aspects and elevation bands, employing four test methods: χ2-test, Spearman's rank correlation coefficient, AC association coefficient, and Ochiai Index. Compared to the χ2-test, the AC association coefficient exhibited a higher proportion of negatively associated species pairs. This phenomenon can be attributed to two main factors. Firstly, the χ2-test is derived from presence-absence data of dominant species on shady and sunny slopes. To some extent, presence-absence data collection weakens interspecific associations and inevitably leads to information loss. Secondly, in the AC association coefficient, when a dominant species is absent within a plot, it amplifies the absence of association between two species, resulting in more negative associations than positive ones (Zhou et al., 2022). Therefore, supplementary use of the Ochiai Index and Spearman's rank correlation coefficient was warranted.

Within the elevation band of 1900-2200m on the shady slope, among 136 species pairs exhibiting a significantly negative correlation in their abundance correlation (AC), 78 pairs displayed a strong association in the OI (Ochiai Index) results. In the elevation band of 2200-2500m, out of 78 species pairs showing a significantly negative AC, 46 pairs exhibited a strong association in the OI results. Similarly, in the elevation band of 2500-2800m, among 91 species pairs with a significantly negative AC, 54 pairs demonstrated a strong association in the OI results. On the sunny slope, within the elevation band of 1900-2200m, out of 171 species pairs with a significantly negative AC, 93 pairs showed a strong association in the OI results. In the elevation band of 2200-2500m, among 190 species pairs exhibiting a significantly negative AC, 110 pairs displayed a strong association in the OI results. Lastly, within the elevation band of 2500-2800m, out of 66 species pairs with a significantly negative AC, 38 pairs exhibited a strong association in the OI results.

These findings suggest a high degree of negative correlation and association among species pairs. The significant negative correlations indicate strong competitive relationships among species, while the strong associations imply ongoing interdependence or coexistence. This suggests a certain level of resource differentiation allowing different species to coexist within the same ecosystem (Greig-Smith, 1983; Freckman and Caswell, 1985). It also indicates the presence of a relatively stable dynamic equilibrium within the community. Despite interspecies competition, their interactions contribute to maintaining the stability of the ecosystem, preventing the extinction of certain species due to excessive competition.

On the shady slope, the ratio of positive to negative Spearman rank correlation coefficients between different elevations initially increased and then decreased as elevation rose. Conversely, on the sunny slope, this ratio initially decreased and then increased with increasing elevation. At elevation bands of 1900-2200m and 2200-2500m, the ratio of positive to negative correlations was greater on the shady slope than on the sunny slope. However, at 2500-2800m, the ratio of positive to negative correlations was greater on the sunny slope than on the shady slope.

Elevation is typically associated with environmental factors such as climate conditions, soil type, and vegetation structure. As elevation increases, there may be more resource limitations, such as decreasing temperatures and deteriorating soil quality, that lead to changes in vegetation composition and species structure. Higher elevations may facilitate the formation of vertically stratified vegetation structures, thereby altering competitive relationships among different plant species. Some alpine plants may adapt to lower temperatures and shorter growing seasons, while other species may dominate in lower elevation areas, thus leading to changes in interspecies associations.

Variation in climate conditions at different elevations significantly impacts the associations among dominant species. For instance, as elevation increases, temperatures tend to decrease, and gradients in precipitation and solar radiation intensity may also occur, thus affecting plant growth and reproduction. Higher species diversity may be observed at lower elevations. This is attributed to changes in climate, soil, and other environmental factors that may also shift the relative abundance of different species across elevation zones.

The research site was located in an area with a subtropical monsoon climate, and with marked environmental differences between the shady and sunny slopes. Firstly, there was a difference in illumination: the sunny slope received more sunlight throughout the day due to its orientation towards the sun, thus resulting in warmer temperatures and ample sunlight for plant growth. Vegetation on the sunny slope tended to thrive due to the abundance of sunlight. Conversely, the shady slope received less sunlight because it faced away from the sun, which led to relatively lower temperatures and potentially impacted the vegetation types and ecosystem structure in that area.

Secondly, there was a difference in precipitation: the sunny slope tended to receive more rainfall. Typically, winds blow from south to north, and the sunny slope may have been more exposed to moist air masses, thus resulting in higher precipitation levels. Higher precipitation can contribute to a lush vegetation cover and create a moist ecological environment on the sunny slope. In contrast, the shady slope may have received less rainfall due to obstructed airflow because it was more sheltered from the prevailing winds.

Different environmental factors such as sunlight exposure, moisture, and wind direction vary between different slopes. These environmental factors can impact plant growth, species competition, and interactions. Therefore, species on different slopes may exhibit distinct ecological adaptation strategies and interspecies relationships.

Influenced by both elevation and slope orientation, the sunny slopes had a notably greater abundance of dominant species than the shady slopes within the elevation bands of 1900-2200m and 2200-2500m. The species richness was also greater on the sunny slope than on the shady slope. These findings counter previous studies, such as the research conducted by Cong et al. (2023), which suggested that the number of herbaceous plant species was greater on shady slopes than on sunny slopes. However, the significantly higher positive-to-negative ratio of Spearman correlation coefficients on the shady slope might be attributed to potential adaptive differences among species that led to more negative correlations in the sunny slope environment. Some species may be better suited to the specific environmental conditions of sunny slopes, while others may not adapt as well, thereby resulting in a higher prevalence of negative correlations.

Zhang X et al. found that the species associations in a certain elevation band on the shady slopes of the Tianshan Mountains varied across regions (Zhang and Zhu, 2015). The results of Li Junling et al. indicate that the majority of herbaceous plant species pairs in the middle section of the Taihang Mountains exhibit positive correlations (Zhang et al., 2010). Jin Guili et al. discovered that on the sunny slopes, the negative associations are weak among the dominant species, with species being relatively independent, but on the shady slopes the negative associations are stronger (Jin et al., 2014). The findings of this study are somewhat inconsistent with previous research results, which demonstrates the environmental specificity of the alpine meadows in central Yunnan.

This study emphasized the importance of elevation and slope orientation in the central Yunnan region. Both are significant environmental factors that significantly influence species associations. Considering these factors not only enhances our understanding of species relationships, but it also provides deeper insights for ecosystem management and conservation. However, it is important to note that these conclusions are based on current samples and methodologies, and future research may require additional data and different approaches to confirm these findings.




5.2 Conclusion

	The species diversity being higher on sunny slopes than on shady northern slopes; There are relatively few herbaceous plant species within the altitude range of 2500-2800.

	Shady slopes had a greater number of significantly and highly significantly associated species pairs than did sunny slopes, which suggests that shady slopes have greater interspecies connectivity.

	Species with extremely strong negative connections had a relatively high occupancy rate, which indicated a significant degree of negative interspecies association and connectivity.

	Among dominant species pairs on both shady and sunny slopes, the number of negatively correlated species was significantly higher than that of the positively correlated ones. However, the fluctuation amplitude of the positive-to-negative ratio at different altitudes was lower on shady slopes than on sunny slopes, thus indicating an overall higher stability of the community on shady slopes.
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The symbiosis between mycorrhizae fungi and plant roots is essential for plant establishment in nearly all terrestrial ecosystems. However, the role of mycorrhizal colonization (colM) in shaping root ecological strategies remains poorly understood. Emerging research identifies colM as a key trait influencing the multidimensional covariation of root traits within the Root Economic Space (RES), where a ‘collaboration gradient’ is proposed. At one end of this gradient, species with larger root diameters (RD) rely on colM for resource acquisition through an ‘outsourcing’ strategy, while at the other end, species with finer roots and greater exploration capacity employ a ‘do it yourself’ strategy to acquire resources independently. Although the RES framework has improved our understanding of root strategies, the relationship between colM and root traits in desert ecosystems remains underexplored, particularly in hyper-arid environments, where limited resources can constrain both plant and mycorrhizal survival. In this study, we examine the root ecological strategies of 32 dominant shrub species in Chile’s Coastal Atacama Desert, focusing on the link between specific root traits and colM. We found that larger RD correlated with higher levels of colM, supporting the ‘outsourcing’ strategy within the ‘collaboration gradient’ hypothesis of the RES. Additionally, RD and colM emerged as playing key roles in defining both dimensions of root ecological strategies. Moreover, we identified colM as a central hub trait in the root phenotypic network, underscoring its role in survival strategies under hyper-arid conditions. These findings emphasize the critical importance of colM in modulating plant ecological strategies and highlight the need to further investigate how AM enhances root lifespan and optimizes resource uptake in extreme environments.




Keywords: Coastal Atacama Desert, hyper-aridity, fine roots traits, mycorrhizal symbiosis, root economic space, root phenotypic network, desert shrubs





Introduction

The mutualistic relationship between mycorrhizae fungi and plant roots is crucial for plant establishment in almost all terrestrial ecosystems. However, how this symbiosis influences plant ecological strategies, particularly the trade-off between resource allocation for growth and survival, remains poorly understood (McCormack and Iversen, 2019; Freschet et al., 2021b). Research into general patterns of root resource acquisition has revealed that co-variation among root traits parallels co-variation among analogous leaf traits, leading to the concept of a one-dimensional axis of variation known as the ‘root economic spectrum’ (Withington et al., 2006; McCormack et al., 2012; Reich, 2014). On one end of this spectrum, traits favor rapid resource uptake and growth (e.g., roots with high nitrogen content [RNC] and specific root length [SRL]); at the other end, traits promote longevity and slower growth (e.g., roots with large diameters [RD] and high tissue density [RTD]) (Weemstra et al., 2016; Roumet et al., 2016). However, recent findings suggest that root traits may vary along two dimensions (Kong et al., 2014; Kramer-Walter et al., 2016), which may be partly explained by their association with arbuscular mycorrhizae (AM). A recent hypothesis highlights the critical role of AM in explaining the multidimensional nature of root resource acquisition strategies (Bergmann et al., 2020). The relationship between AM and roots provides alternative pathways of resource uptake, allowing plants to adapt to changes in resource availability (Ma et al., 2018; McCormack and Iversen, 2019; Bergmann et al., 2020). Understanding the relationship between roots and AM is thus crucial to unraveling the complex variation in root traits and their influence on plant ecological strategies.

Roots exhibit significant phenotypic variation, enabling efficient uptake of water and nutrients (Kenrick and Crane, 1997; Kramer-Walter et al., 2016; Iversen et al., 2017), which is crucial for plant performance in resource-limited environments. However, root traits alone do not always fully capture a plant’s functional root strategy. For most plants (ca. 80%), resource acquisition relies on a partnership with mycorrhizal fungi (Smith and Read, 2008; Brundrett, 2009), particularly with AM. Recognizing the role of AM and incorporating them into analyses of root trait co-variation has deepened our understanding of the phenotypic multidimensionality of root traits (McCormack and Iversen, 2019). This approach has led to identifying two primary axes of trait co-variation, referred to as the ‘Root Economics Space’ (RES) (Bergmann et al., 2020). The first axis relates to resource acquisition strategies and is determined by the co-variation between SRL and RD (Ma et al., 2018; Bergmann et al., 2020), which is strongly influenced by the association with AM. Specifically, greater AM colonization is associated with species with larger RD (Comas et al., 2014; Valverde-Barrantes et al., 2017). Along this ‘collaboration gradient,’ species with fine, low-cost roots (e.g., high SRL and low RTD) can explore and obtain soil resources independently (a ‘do it yourself’ strategy) (Bergmann et al., 2020), while species with thicker roots can adopt an “outsourcing” strategy, relying on mycorrhiza for resource acquisition (Bergmann et al., 2020). The second axis aligns with the fast-slow plant economics spectrum (Reich, 2014). It is determined by the co-variation between RNC and RTD, which reflect metabolic rates and tissue conservation (Eissenstat et al., 2015).

The RES has been demonstrated across species from various biomes, but arid ecosystems remain significantly underrepresented, with data available for only a few species (n=10), accounting for less than 2% of the total species sampled (Bergmann et al., 2020). In these environments, AM are particularly important for plant performance, enhancing resistance to water and nutrient scarcity (Khudairi, 1969; Allen, 2007; Qiao et al., 2019). AM also mediate tolerance to other abiotic stressors in deserts, such as heat and salinity (Rodriguez et al., 2008; Madouh and Quoreshi, 2023), and may play a critical role in survival through protection mechanisms (Freschet et al., 2021b). Notably, mycorrhizal colonization tends to increase with environmental stress (Allen et al., 2003; Kivlin et al., 2013; Aguilera et al., 2016), suggesting that the intensity and integration of AM colonization with root traits could indicate the relevance of mycorrhizal associations in shaping resource acquisition strategies and survival in extreme environments (Freschet et al., 2021b).

To better understand the ecological significance of root strategies, the relationship between root traits and AM colonization can be modeled as a phenotypic network (He et al., 2020). In this network, nodes represent root traits, and edges indicate strong correlations between them. This framework helps identify the most central or interconnected traits (i.e., ‘hub-traits’) and their influence on root strategies (Kleyer et al., 2019; Rao et al., 2023). If AM colonization strongly correlates with multiple root traits and spans more than one dimension of trait co-variation, it likely plays a multifaceted role in root strategies, leading to high network connectivity mediated by AM. Despite the potential insights from this network approach, few studies have explored root trait relationships in this way (see Kleyer et al., 2019; Rao et al., 2023; Ye et al., 2024). Incorporating AM colonization into network analysis could reveal its role in shaping root strategies, particularly in extreme desert environments.

Deserts pose significant challenges to many life forms due to their highly variable environmental conditions. In these environments, high aridity can reduce the diversity and abundance of mycorrhizas (Berdugo et al., 2020; Weber et al., 2019), potentially affecting their symbiotic relationship with plants (Millar and Bennett, 2016). Furthermore, as aridity increases, variation of root traits linked to resource acquisition, such as RNC, tends to increase beyond a certain threshold. This suggests that in extremely arid conditions, plants might benefit from adopting strategies that enable rapid resource uptake during brief periods of availability (Carvajal et al., 2019; de la Riva et al., 2021). While plants in arid environments display a range of root strategies to thrive in these challenging conditions, it remains unclear whether these include a ‘collaboration axis’ with mycorrhizal fungi. Expanding predictions of the RES (sensu Bergmann et al., 2020) to encompass a broader range of conditions requires studies that consider root trait variation alongside quantitative data on AM in arid ecosystems.

The Coastal Atacama Desert (CAD) in Chile, recognized as the world’s driest desert, is a hyper-arid environment along most of its extent. In this environment, where prolonged droughts can lead to the complete loss of aboveground plant organs, long-lived woody shrubs thrive despite severe water scarcity. Previous studies have shown that these shrubs possess diverse root systems with high and variable root trait covariation along water and nutrient gradients (Squeo et al., 1999; Morales et al., 2014). However, this variation does not always align with the predictions of the RES (Carvajal et al., 2019; Delpiano et al., 2020). The functional role of AM in the CAD remains largely unexplored. Despite this, AM colonization has been documented even in the driest regions of this ecosystem and across various plant families, including those traditionally considered non-mycorrhizal (Dhillion et al., 1995; Aguilera et al., 1998). Although direct evidence linking root functional traits to AM colonization is lacking, it is expected that AM to play a key role in determining the survival and growth strategies of plants in this extreme environment.

In this study, we explore below-ground ecological strategies under the extreme aridity conditions of the CAD. We sampled absorptive fine roots from 32 dominant shrub species to examine root trait co-variation and their relationship with mycorrhizal fungi. We hypothesized that variation in fine root traits at the species level is linked to mycorrhizal colonization, supporting the existence of a ‘collaboration gradient’. We predicted that an increase in fine root diameter in shrubs would correlate with increased mycorrhizal colonization. Additionally, mycorrhizae colonization would be highly interconnected and central in the root trait network (i.e., a hub-node), underscoring the vital role of mycorrhizal associations in shaping root ecological strategies in arid environments.





Materials and methods




Study sites and species sampling

We conducted this study across six sites along the CAD (listed from north to south): Pan de Azúcar (PA), Quebrada El León (QL), Llanos de Challe (LLA), Chañaral de Aceituno (CHA), Cuesta Porotitos (PO), and Fray Jorge (FJ). Mean annual precipitation at these sites ranges from 4 to 147 mm, while mean annual temperature remain relatively stable between 13.6 and 22.9°C (Supplementary Table S1). Most of the rainfall is concentrated in a few pulses during the winter months (May through September), followed by prolonged droughts lasting up to 10 months at the wettest sites and several years at the driest ones (Carvajal et al., 2019). According to De Martonne’s aridity index (DEMAI) (De Martonne, 1926), all sites, except for FJ (classified as arid), fall into the hyper‐arid category (Supplementary Table S1). We measured traits from species that account for ca. 90% of the total species abundance at each site, covering 32 shrub native or endemic species to Chile. These species span nine plant orders, 12 families, and 25 genera (Supplementary Table S2).





Functional root traits

During the peak of the aboveground vegetative growth period, from August to November 2022, we collected samples from at least five individuals of each species across the six study sites. Root sampling was conducted by excavating at a depth of 10 to 20 cm beneath the canopy of each plant. We collected fine root samples (< 2 mm diameter, typically including first and second-order roots for most species), sealed them in bags, and stored them in a cooler before transporting them for processing within eight hours (Freschet et al., 2021a). In the laboratory, we first measured fresh weight of the roots (FW, g). Then, we obtained digital images of each sample using a high-resolution scanner (800 dpi resolution, EPSON V850 Pro). We processed these images with the WINRHIZO Basic software (v.2009c; Regent Instruments, Quebec, Canada) to calculate root traits such as mean diameter (RD, mm), volume (V, cm3), surface (S, cm2) and total length (L, m). After scanning, roots were dried at 60°C for 72 hours to obtain their dry weight (DW, g). From these measurements, we calculated specific root length (SRL, m gr-1) as L/DW, root tissue density (RTD, g cm-3) calculated as DW/V, specific root area (SRA, cm2 gr-1) as S/DW), and root dry matter content (RDMC, mg gr-1) as DW (mg)/FW). We also quantified root carbon content (RCC, %), root nitrogen content (RNC, %), and root carbon-nitrogen ratio (RC:N) at the Laboratory for Biogeochemistry and Applied Stable Isotopes (LABASI) at Pontificia Universidad Católica de Chile in Santiago, using a Thermo Delta V Advantage IRMS coupled with a Flash 2000 Elemental Analyzer.





Mycorrhizal root colonization

To estimate the extent of arbuscular mycorrhizae (AM) fungi colonization, we collected fresh fine roots (1-2 mm diameter) from the same plants used for functional trait measurements. We sampled 10 to 20 root segments from each plant, each 1-2 cm long, and preserved them in a Formalin-Acetic-Alcohol fixing solution (FAA). In the laboratory, roots were submerged in 10% KOH at 90 °C, then washed with distilled water and stained with Trypan blue in lactoglycerol, following a modification of the protocol by Phillips and Hayman (1970). This staining process makes AM fungi visible under a microscope. To determine the colonization percentage (colM), we examined ten haphazardly selected root segments from each sample under a microscope (Nikon Eclipse E200, 400× magnification). We quantified AM fungi colonization by assessing each root segment for the presence of arbuscules, vesicles, and hyphae. Root segments with visible AM structures were assigned a 10% colonization, while those without were given 0%. The overall percentage of colonization was then calculated based on these observations.





Phylogenetic tree reconstruction

To account for the influence of evolutionary history on the variation of root functional traits across species, we constructed a species-level phylogeny for all 32 species in our study. The phylogenetic tree was based on the comprehensive angiosperm phylogeny of Smith and Brown (2018), which is a dated seed plant phylogeny derived from a hierarchical clustering analysis of publicly available molecular data across major Spermatophyta clades, and integrated with data from the Open Tree of Life project. We extracted the phylogenetic information using the get_tree R-function from the rtrees package (Li, 2023). To resolve two polytomies in the tree, we applied the multi2di function from the ape package (Paradis and Schliep, 2019). The final tree was used to assess the strength of the phylogenetic signal of all root traits and for all subsequent statistical analyses.





Root trait covariation and mycorrhizal colonization

To explore patterns of root trait covariation and their relationship with mycorrhizal fungi, we conducted a phylogenetic principal component analysis (pPCA) using the phytools package (Revell, 2024). Prior to analysis, all traits were log-transformed to normalize the data, except for colM, which was scaled to a 0-1 range and then transformed using the arcsine square root (Bergmann et al., 2020). We used the first two pPCA axes as they captured a substantial proportion of trait variation. The scores from these axes served as proxies for trait covariation, and a RES representing gradients of trait variation across shrub species. To further account for phylogenetic relationships among species, we fitted each trait to colM using a phylogenetic generalized least square model using the pgls R-function in the R package caper (Bergmann et al., 2020). Each model included a phylogenetic covariance matrix derived from our assembled tree. This matrix adjusted for the non-independence of traits due to shared phylogenetic history, integrating phylogenetic effects into the residual error structure of our models.





Trait phylogenetic signal

We estimated the phylogenetic signal for each trait to assess whether closely related species
exhibit greater similarity in root traits than expected by chance. We used Blomberg’s K (Blomberg et al., 2003) and Pagel’s λ (1999) metrics to quantify phylogenetic signals in quantitative traits. Blomberg’s K compares the observed trait variation among species to what would be expected under a Brownian motion model of evolution. A K-value of 1 indicates that trait variation follows the Brownian motion model. K-values >1 and <1 imply that close relatives are more similar and less similar, respectively, than expected. If K is not significantly different from zero, it indicates a lack of phylogenetic signal for that trait (Blomberg et al., 2003). Pagel’s λ is a phylogenetic transformation that optimizes the likelihood of observed data under a Brownian motion model. A λ value of 1 indicates that trait evolution aligns with Brownian motion, considering the variance-covariance in trait changes over the phylogeny’s branch lengths. Values between 0 and 1 indicate a weaker phylogenetic signal than expected under Brownian motion. Values >1 indicate a stronger signal than expected (although Λ is not always defined for values above 1) (Freckleton et al., 2002). Both phylogenetic signal metrics were calculated using the phylosig function from the phytools package (Revell, 2024).





Root phenotypic networks and mycorrhizal associations

To assess the contribution of mycorrhizal fungi associations to root ecological strategies, we constructed and compared two root phenotypic networks: one including all measured traits (nine traits) and the other excluding colM (eight traits). In these networks, each trait included was represented as a node, and the phylogenetic correlations between trait pairs were considered as edges. We estimated correlations for each network using a phylogenetic variance-covariance matrix calculated with the phyl.vcv function from the phytools package (Revell, 2024). This phylogenetic matrix was then scaled into the corresponding Pearson pairwise correlation matrix of root traits using the cov2cor function from the stats base package of R. Only significant trait correlations (|r| > 0.5 and p < 0.05) were considered as trait connections in the network. The strength of meaningful trait-to-trait relationships was quantified using the absolute value of the resulting Pearson correlation coefficients (|r|). Correlations below the 0.5 threshold were set to zero, resulting in a weighted, undirected adjacency matrix A = [ai,j] with ai,j ∈ [0,1].

We visualized and analyzed the correlation matrices (with and without colM) using the igraph package (Csárdi et al., 2024). For each weighted network, we calculated single-trait and whole-network parameters. To identify hub-traits, we calculated the weighted degree, of each trait using the strength R-function; traits with the highest weighted degrees were considered root hub-traits. We also assessed the strength of each trait’s connections (degree, k) and their centrality in the network (betweenness centrality) using the degree and betweenness functions in R. To determine whether the inclusion of colM significantly influenced these network parameters, we conducted paired t-tests, comparing parameter values for each root trait between the networks with and without colM (omitting colM).

We estimated overall trait independence in the networks as the average path length using the average.path.length function and measured network connectivity as edge density using the graph.density function. To evaluate overall trait phenotypic plasticity, we calculated the average clustering coefficient o using the transitivity function. Network integration was measured as connectance (C); that is, the fraction of links present in the network out of all possible links.






Results




Root trait covariation and mycorrhizal colonization

Our study revealed considerable variation in root traits among the shrub species studied. All species, including those in the order Caryophyllales, exhibited some degree of AM colonization (Supplementary Table S2; Supplementary Figure S1), although the percentage of AM colonization varied among species. In particular, species with larger RD tended to show higher levels of colM (Figures 1, 2). We found significant correlations between colM and five other root traits (Table 1). Specifically, colM was positively associated with SRA and negatively associated with RTD, RDMC, RNC, and RCC. There was no significant association between colM and SRL. RD exhibited a strong negative correlation with RTD, RDMC, RNC, and RCC and a positive correlation with SRA. However, there was no clear relationship between RD and SRL. Additionally, RTD had a strong positive association with RDMC, but was negatively associated to SRL.




Figure 1 | Phylogenetic principal component analysis of fine root traits from 32 shrub species native to the Coastal Atacama Desert. RD, root diameter; RTD, root tissue density; SRA, specific root area; SRL, specific root length; RDMC, root dry matter content; RNC, root N content; RC:N, root C:N ratio; RCC, root C content; colM, AM colonization.






Figure 2 | Positive relationship between root diameter (RD) and arbuscular mycorrhizal (AM) colonization across 32 shrub species. The regression line is based on a phylogenetic generalized linear model.




Table 1 | Matrix of the Pearson’s phylogenetic correlation coefficients showing pairwise associations between eight root traits and AM colonization.



The pPCA revealed a multidimensional trait gradient of variation across shrub species, showing significant trade-offs among root traits and colM in relation to resource acquisition and distribution (Figure 1). The first pPCA axis accounted for 66.6% of the total variation, representing a gradient driven mainly by morphological changes, characterized by the trade-off between SRL/SRA one side and RTD/RDMC on the other. The second axis, accounted for another 22.3% of the total variation, mainly capturing the trade-off between chemical traits, specifically RNC vs. RC:N. Both RD and colM exhibited similar patterns of variation across these two pPCA axes, highlighting their critical role in shaping root acquisition and survival strategies along the functional root gradient (Table 2; Figure 1).


Table 2 | Results of the phylogenetic principal component analysis (pPCA) for all species.







Trait phylogenetic signal

We found that phylogenetic relatedness predicts the similarity of species in four root traits: RD, RTD, RCC, and RC:N (Supplementary Table S3). However, the phylogenetic signal for these traits was relatively low according to Blomberg’s K (between 0.13 and 0.21) and moderate according to Pagel’s Λ (between 0.47 and 0.77). This indicates that, while some phylogenetic influence exists, adaptive divergence may play a significant role in shaping these traits.





Root phenotypic networks and mycorrhizal associations

Network analysis revealed that excluding colM significantly alters the topological structure and single-trait connectivity of the root trait network (Figures 3A, B). The analysis shows a complex interplay between morphological and chemical root traits, with colM playing a central role in these relationships (Table 3). When included in the network, colM primarily forms negative associations with other traits (trade-offs), suggesting that it acts as a mediator of constraints within the overall functional root phenotype. Additionally, colM emerged as a hub trait, exhibiting some of the highest values in k, D, and betweenness centrality compared to the other traits (Table 3). When colM was removed from the network, there was a significant decrease in k and D values across all remaining traits (k: t = 4.58, df = 7, p = 0.003; D: t = 4.28, df = 7, p = 0.004). However, trait centrality in connecting the functional root phenotype was maintained (betweenness centrality: t = -1.43, df = 7, p = 0.197). Without colM, RD, RTD, RDMC, and SRA emerged as hub-traits, indicated by their D values (Table 3). When colM was included, the correlations of RD with other traits were strengthened; when colM was excluded, RD’s centrality diminished, though it still maintained significant correlations with other traits. This suggests that colM not only depends on root size but also modifies the role of RD in the network.




Figure 3 | Root phenotypic networks with (A) mycorrhizal colonization (colM) included and (B) excluded from the network. Node size reflects betweenness centrality, indicating the importance of each trait in connecting the network. Links between the nodes represent significant positive (gray) or negative (black) trait correlations, with line width proportional to the strength of the correlation. RD, root diameter; RTD, root tissue density; SRA, specific root area; SRL, specific root length; RDMC, root dry matter content; RNC, root N content; RC:N, root C:N ratio; RCC, root C content; colM, AM colonization.




Table 3 | Root trait network parameters and their ecological meaning (with and without Mycorrhizae colonization included in the network).



At the whole-network level, removing colM increased trait independence, as indicated by a longer average path length among traits (Table 3). Additionally, the connectivity among traits related to resource acquisition and distribution, measured by edge density, decreased by 20%. Furthermore, the average clustering coefficient, which reflects the overall phenotypic plasticity of the traits, and C (overall phenotypic integration) decreased by ~15% and 25%, respectively, when colM is not present in the network.






Discussion

Our study explored the intricate relationship between root traits and arbuscular mycorrhizal (AM) colonization in shrub species, revealing valuable insights into plant adaptation strategies in extremely arid ecosystems. Despite substantial variation in root trait attributes and the inclusion from species studied of different orders, including Caryophyllales, we consistently observed AM colonization. Notably, species with larger root diameters tended to exhibit higher levels of AM colonization, supporting the existence of an ‘outsourcing’ strategy along| the ‘collaboration gradient’. Furthermore, the significant correlations between AM colonization and other root traits highlight the complexity of the root phenotypic network, where AM colonization plays a central role in establishing connections among traits. These findings emphasize the importance of AM colonization in shaping root ecological strategies for shrub species in extreme arid ecosystems.

The results revealing that species with greater RD tend to have higher colonization rates support our hypothesis that fine root trait variation at the species level is linked with mycorrhizal fungi colonization, consistent with the ‘collaboration gradient’ (Bergmann et al., 2020). These findings suggest that thicker roots have a higher potential for colonization, likely because they provide more internal space for AM fungi. As RD increases, the cortex area expands faster than the stele, offering more habitat for fungi (Kong et al., 2019; Zhang et al., 2024). The negative relationship between RD and RTD further supports this, as parenchymatous cortical tissue is less dense than stele tissue (Valverde-Barrantes et al., 2016). A higher colM may enhance nutrient absorption in thicker roots, as AM are well-adapted to acquire N, P, and water from the soil (McCormack and Iversen, 2019; Freschet et al., 2021a). The phylogenetic conservatism observed in RD and RTD (Supplementary Table S3, Supplementary Material) suggests that this trait combination reflects an early-derived ecological strategy that enhances nutrient-foraging (mainly P) by maximizing cortex area available for AM colonization (Chen et al., 2013; Kong et al., 2017). In addition, our results show that colM and SRL are unrelated, contrasting the expected pattern of the ‘collaboration gradient’ expected in the RES. This may be explained by the fact that all species in our study have high RD values (> 0.4 mm, Supplementary Table S2, Supplementary Material), where sufficient cortex space exists for AM colonization regardless of SRL (Kong et al., 2014).

Although our results highlight the multidimensional nature of root traits, their patterns of covariation partially deviate from the expectations of the global RES. Specifically, our analysis shows that the second axis of the pPCA primarily captures the covariation between RNC and RC:N rather than with RTD. Interestingly, RD and colM are also associated with this second axis. Thus, species with higher RNC, lower RC:N, and thinner roots align with the ‘fast’ end of the spectrum, while species with lower RNC, high RC:N, and thicker roots occupy the ‘slow’ end. Fine root lifespan increases with RC:N and decreases with rising RNC (Hou et al., 2024), suggesting that the positive relationship between RC:N with root lifespan may attributed to higher concentrations of recalcitrant compounds, such as lignin and suberin, which enhance root resistance to herbivores and pathogens in the soil (Wardle et al., 2004).

Several studies have found a negative relationship between RNC and root lifespan (Withington et al., 2006; Reich, 2014; Hou et al., 2024), as RNC is often positively associated with higher metabolic activity and respiration rates (Reich et al., 2008; Roumet et al., 2016). However, RNC also plays other functional roles, such as facilitating nutrient uptake, enzyme activity, and N storage (Reich et al., 2008; Liu et al., 2015; Freschet et al., 2021a). In our study, RNC did not exhibit a significant phylogenetic signal (Supplementary Table S3, Supplementary Material), suggesting that its variation across species is likely shaped by environmental factors, such as soil fertility (Craine et al., 2005; Holdaway et al., 2011). Accordingly, a study of shrub communities in the southern CAD found a positive relationship between RNC and N soil availability (Delpiano et al., 2020), indicating that RNC is primarily influenced mainly by soil N availability in nutrient-limited environments (Zangaro et al., 2008; Zhang et al., 2018; Chapin et al., 1993). Although direct evidence linking RNC to root lifespan is limited, our findings suggest a complex interplay between RNC, environmental conditions, and root functional traits in arid ecosystems.

Several studies have consistently shown that RD plays a more significant role than RTD in determining root lifespan (McCormack et al., 2012; Ma et al., 2018; Kong et al., 2019; Hou et al., 2024), a finding that aligns with our results. McCormack et al. (2012) suggest that this relationship reflects a resource optimization strategy, where the increase in root lifespan with greater RD ensures better nutrient and water returns by investing more carbon in thicker roots than thinner ones. Additionally, higher colM in thicker roots may contribute to increased root lifespan due to the fungi’s role in plant defense against pathogens by producing secondary metabolites (Hou et al., 2024). Increased colM can also reduce root turnover rates, maximizing root foraging activity by expanding surface area (Aguilera et al., 2016; Shen et al., 2023) and enhancing resource availability (Augé, 2001; Allen, 2007; Qiao et al., 2019).

The phenotypic network analysis revealed that colM acts as a hub trait, highlighting its central role in structuring the root phenotypic network (He et al., 2020). In the hyper-arid CAD, colM mediates more functional trade-offs within the root phenotype than would be expected by chance (Bergmann et al., 2020). When colM is excluded from the network, traits such as RD, RTD, and RDMC become more prominent, but overall network connectivity declines. This underscores the role of colM in maintaining the interconnectedness of the root phenotypic network (Ye et al., 2024). These findings suggest that colM contributes to multiple root functions and shapes root ecological strategies (Freschet et al., 2021a).

The environmental conditions of the CAD impose several constraints on the survival of nearly all organisms (Maestre et al., 2015; Berdugo et al., 2020). Hyperaridity significantly limits water availability and slows biogeochemical cycles, resulting in low availability of soil nutrients like N, P, and K (Noy-Meir, 1973; Schlesinger et al., 1996). Given that shrubs in this region are long-lived, every individual will likely endure at least one period of intense drought during its lifespan (Carvajal et al., 2019). As a result, species must develop belowground strategies that extend root lifespan and optimize resource uptake when nutrients and water become available. In this context, having thick roots combined with high levels of colM seems to be the optimal functional strategy for shrubs to thrive under the extreme, hyper-arid conditions of the CAD.





Conclusion

Our results offer new insights into plant adaptations in extreme arid ecosystems by linking root traits and arbuscular mycorrhizal colonization in 32 shrub species. We found that root trait covariation is multi-dimensional, with RD and colM playing key roles in shaping both dimensions of root ecological strategies. This finding differs from the global RES but aligns with recent studies linking RD and colM to the fast-slow ecological spectrum. To enhance our understanding of global root strategies, it is crucial to incorporate more quantitative data on root traits and AM colonization from underrepresented biomes. Network theory also proves to be a valuable complement PCA, effectively unraveling the complex, multidimensional relationships among root traits and their ecological roles. Given the significant role of AM in extreme environments, further research is needed to elucidate the mechanisms by which AM shapes root ecological strategies. In this context, the Coastal Atacama Desert provides an ideal natural laboratory for studying the effects of aridity on terrestrial ecosystems.
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Pistachio (Pistacia vera L.) is a valuable nut crop that faces significant challenges due to drought stress, which can severely impact its growth, yield, and quality. Understanding the physiological and molecular mechanisms underlying drought tolerance is crucial for developing resilient pistachio rootstock. In this study, among nine-month-old saplings of seven clonal interspecies hybrids of Pistacia atlantica × Pistacia integerrima, two contrasting hybrids, ‘C4-2’ (sensitive) and ‘C9-4’ (resistant), were assessed for their morphological, physiological and molecular responses to 30 days of withholding irrigation. Water withholding induced alterations in root architecture in the resistant clone, accompanied by an increase in compatible solutes, including glycine betaine, proline, and total soluble carbohydrates. Enzyme activities of guaiacol peroxidase (GPX) and catalase (CAT) were elevated in the resistant clone under water stress. Both clones exhibited increased levels of malondialdehyde (MDA) and hydrogen peroxide (H2O2) during the stress period, with these changes being more pronounced in C4-2 compared to C9-4. In the resistant clone, both CDPK and ZEP genes were upregulated, suggesting their role in enhancing stress signaling and osmotic regulation under drought stress. The upregulation of CDPK indicates its involvement in calcium-mediated signaling pathways, which likely contribute to improved drought tolerance. Similarly, DHN expression was strongly influenced by CDPK activity, further emphasizing its role in maintaining cellular integrity during stress conditions. The findings provide valuable insights for developing more resilient pistachio rootstocks capable of thriving in water-limited environments. Specifically, C9-4 demonstrated significant drought tolerance in this study. Nonetheless, further research is necessary to validate the broader applicability of these findings and to evaluate its performance across various stress environments.
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1 Introduction

Pistachio (Pistacia vera L.), a member of the Anacardiaceae family, is mainly cultivated in semi-arid and arid regions and it encompasses at least 11 distinct species (Pakzad et al., 2019). Iran has been a prominent contributor to the global pistachio industry for many years, and its agricultural heritage in this field dates back approximately 3000-4000 years (Esmaeilpour et al., 2016). Pistachios are valued for their nutrition, health benefits, and economic importance. Rich in unsaturated fats, proteins, fiber, vitamins, minerals, and antioxidants, they are commonly eaten raw, salted, or roasted (Yıldız et al., 1998).

The pistachio is a semi drought-resistant nut tree that can be cultivated in both rainfed and irrigated conditions. However, due to its significant water requirement, deficit irrigation is commonly practiced in most commercial orchards. Despite its resistance to drought and salinity, drought stress remains the most critical factor limiting pistachio growth and productivity in Iran, significantly affecting their performance (del Carmen Gijón et al., 2011; Raoufi et al., 2021). Since understanding the mechanisms of drought tolerance and developing new pistachio rootstocks with enhanced resistance to drought stress have become key objectives for plant biologists and crop breeders, the study investigates the morphological, physiological and molecular mechanisms behind drought resistance in pistachio hybrids, focusing on identifying resilient rootstocks for water-limited environments.

Rootstocks play a crucial role in conferring resistance and tolerance to stresses in horticultural and fruit trees (Opazo et al., 2020). In particular, root morphology and distribution in dry regions significantly affect drought tolerance as roots anchor plants to the soil and help them respond to environmental stress (Yang et al., 2020). Plants adapt the architecture of their root system to cope with stress by adjusting root length, spread, and number (Yıldırım et al., 2018). However, despite its importance, the root system has received limited attention due to its inaccessibility (Eshel and Beeckman 2013). Under water-deficit conditions, roots may increase growth or alter their architecture to enhance water uptake (Fang and Xiong, 2015), while the shoot system regulates water loss, slow growth, and produces solutes to maintain cell pressure. At the same time, drought stress triggers the accumulation of reactive oxygen species (ROS), which can damage cells, though antioxidant enzymes help mitigate ROS damage, contributing to drought resistance (Laxa et al., 2019).

Plants employ various physiological, biochemical, and molecular mechanisms to cope with drought stress, including stomatal closure, osmotic adjustment, and activation of stress-responsive genes. Key mechanisms also include the production of protective proteins, calcium signaling, and the abscisic acid (ABA) biosynthesis pathway (Jafari et al., 2019). A comprehensive understanding of the molecular mechanisms regulating pistachio development and stress responses is essential for improving its productivity and resilience. In this context, the genes encoding zeaxanthin epoxidase (ZEP), dehydrin (DHN) and calcium-dependent protein kinases (CDPK), are of particular interest due to their critical roles in plant stress tolerance and physiological regulation.

Zeaxanthin epoxidase (ZEP) is an essential enzyme in the biosynthesis of abscisic acid (ABA), a phytohormone that regulates critical processes such as seed dormancy, germination, and response to environmental stressors. Its role in ABA biosynthesis highlights its importance in managing water stress and maintaining plant homeostasis (Park et al., 2008; Liang et al., 2022). Dehydrins (DHNs) are a group of late embryogenesis abundant (LEA) proteins that are critical for enhancing plant tolerance to abiotic stress factors, particularly dehydration and cold stress. They are believed to stabilize cellular structures and protect macromolecules from damage induced by stress (Amara et al., 2014; Falavigna et al., 2015; Yu et al., 2018). Calcium-dependent protein kinases (CDPKs) are an essential component of the plant calcium signaling network. CDPKs play a central role in the plant calcium signaling network, mediating responses to various biotic and abiotic stimuli by transducing calcium signals into specific cellular responses. They are involved in numerous physiological processes, including growth, development, and environmental adaptation (Bansal et al., 2016). Understanding the functions and interactions of these genes offers insights into the mechanisms of drought tolerance and provides a foundation for developing strategies to improve pistachio resilience to water scarcity.

Using drought-resistant rootstocks is a key strategy for sustainable pistachio production in water-limited environments. Most pistachio orchards in Iran are grafted onto the Badami-Zarand rootstock, which faces challenges due to its low growth rate and susceptibility to certain diseases. UCB1, a hybrid pistachio rootstock developed at the University of California, Berkeley, has shown potential, although its compatibility with Iranian pistachio cultivars, the most diverse in the world, remains unclear (Ferguson et al., 2005). Given that the use of P. atlantica and P. integerrima has become widespread worldwide in recent decades due to their drought and salinity tolerance, faster growth and higher yield and disease resistance), we selected these hybrids as promising candidates for drought tolerance (Akbari et al., 2020). However, the tolerance of these rootstocks to abiotic stresses, particularly drought, must be thoroughly evaluated before their widespread adoption in pistachio orchards.

While the scion variety influences fruit properties, the choice of rootstock plays a critical role in the plant’s adaptation to water stress. Although the impact of roots on rootstock behavior can be empirically measured, the underlying mechanisms driving these effects remain poorly understood.

In this study, we used nine-month-old saplings from seven clonal interspecies hybrids of Pistacia atlantica × Pistacia integerrima, named and encoded as Arota, C2, C16-1, C8-3, C4-2, C9-4 and UCB1, with the aim of investigating the morphological, physiological, and gene expression changes in the drought-sensitive ‘C4-2’ and drought-resistant ‘C9-4’ clones that have shown more promise to identify more resilient pistachio rootstocks capable of thriving in water-limited environments.




2 Materials and methods



2.1 Plant material and experimental set-up

This study was carried out in June 2023 in a greenhouse at the Faculty of Agricultural Technology, University of Tehran. For the experiments, nine-month saplings of seven clonal interspecies hybrids of Pistacia atlantica × Pistacia integerrima and the UCB1 were used. These hybrids were selected from among 222 controlled crosses based on the uniformity for their relative height and diameter growth (Akbari et al., 2020), and micropropagated at the Royeshe Sabze Farda Research Center (Pistat). The plant material was transplanted into 10 L pots containing 50% soil and 50% perlite + sand. The pots were arranged according to a randomized complete block design (RCBD) with three replications in each treatment.

Plants were grown in a greenhouse for four weeks to allow the canopy and root system to develop. All plants were fertilized weekly with full-strength Hoagland’s nutrient solution (DaCosta and Huang, 2006) to provide essential nutrients and establish the plants priors to the application of treatments. Soil field capacity (FC), defined as the volumetric water content in the upper part of the soil profile after it becomes fully saturated and drains freely over a 48-hour period without evaporation or rainfall, was determined experimentally using a pressure plate apparatus. The water content at field was determined according to the protocol described by Ottoni Filho et al. (2014). Specific volumetric water content of 15% (V/V) was obtained for the soil under the experimental conditions.

The plants of each clonal hybrid were divided into two groups: control (regular irrigation) and drought stress (Withholding irrigation). The control was regularly irrigated to reach to the field capacity (FC=15%V/V, 1.305 L per pot) every three days during the experimental period (30 days, irrigation=10 times, total water per pot=13.05 L). The second group was subjected to a drought stress by withholding irrigation (Arab et al., 2020). The greenhouse temperature was kept 28/20°C day/night with a relative humidity of 40-60% and 16/8 hours light/dark (500–650 mol m−2 s−1 flux density) during the experiment. The stress lasted for 30 days, which was the period required for the sensitive plants to show significant signs of water stress, including a strong loss of turgor and the wilting and discoloration of most leaves. At the end of the experiment, the most sensitive and resistant clones were selected based on the leaf relative water content, cell membrane stability index, leaf count, percentage of damaged leaves, vitality and total chlorophyll (T Chl) (data not shown). Subsequently, the morpho-physiological and molecular mechanisms involved in drought stress tolerance were investigated at root system level as follows.




2.2 Experimental design

The experiment was arranged as a randomized complete block design (RCBD) with two factors, irrigation (control and withholding irrigation) and clonal hybrids with three biological replicates (7 clonal hybrids x 3 replicates x 2 treatments). Analysis of variance (ANOVA) was conducted with R software (R 4.3.2) using the “car”, “ggplots”, “emmeans”, “easyanova”, “DescTools” and “sjstats” packages. Means were compared using Duncan’s Multiple Range Test (P<0.05). The normality of each trait was tested using the Shapiro-Wilk approach.




2.3 Measurements



2.3.1 Growth parameters



2.3.1.1 Root fresh and dry weight

The fresh and dry weights of the roots were measured using a scale with a precision of ±0.1 mg. The dry weight of the plant fractions was determined after drying them in an oven at 85°C for 72 hours (Zarehaghi et al., 2017).




2.3.1.2 Root architecture

At the end of the experiment, the roots were gently removed from the pots, separated from the crown and photographed by using a RGB digital camera. Image processing was carried out using the GiaRoots® software (Galkovskyi et al., 2012), collecting the following parameters: Average Root Width (AVRW: the mean value of the root width estimation computed for all pixels of the medial axis of the entire root system), Network Area (NWCA: area of the convex hull that encompasses the image), Network Width (NWWI: the number of pixels in the horizontal direction from the left-most network pixel to the right-most network pixel.), Network Depth (NWDP: number of pixels in the vertical direction from the upper-most network pixel to the lower-most network pixel), Network Length Distribution (NWLD: fraction of network pixels found in the lower 2/3 of the network which is defined based on network depth), Major Ellipse Axis (MAEA: the length of the major axis of the best fitting ellipse to the network), Network Volume (NWVL: sum of the local volume at each pixel of the network skeleton, as approximated by a tubular shape whose radius is estimated from the image), Network Width to Depth Ratio (NWWD: The value of network width divided by the value of network depth).





2.3.2 Physiological and biochemical parameters



2.3.2.1 Glycine betaine concentration

A total of 0.5 g of dry root was placed in an Erlenmeyer flask containing 25 ml of distilled water. The flask was shaken for 48 hours at a temperature of 25°C. Then, 1 ml of the extraction solution was mixed with 2 N sulfuric acid and 0.5 ml of the resulting mixture was transferred into a test tube and placed in a cold-water bath for 1 hour. A 0.2 ml of potassium iodide solution (prepared from 7.15 g iodide and 20 g potassium iodide) was added to the test tube, and the tube was stored at 4°C for 14 hours. The samples were then centrifuged for 15 minutes at 10,000 rpm using a refrigerated centrifuge. The granular crystals were dissolved in 9 ml of dichloromethane and shaken for 2 hours. Afterward, samples absorbance was measured at 365 nm using a spectrophotometer (HITACHI U-1900 UV-Visible spectrophotometer). The concentration of glycine betaine was determined using a standard curve, and the results were expressed in µmol g−1 dry weight (Di Martino et al., 2003).




2.3.2.2 Proline concentration

The procedure involved the use of a solution of acid-ninhydrin prepared by heating 1.25 g ninhydrin in 30 ml glacial acetic acid and 20 ml 6 M phosphoric acid until fully dissolved and kept at 4°C before using within 24 hours. Roots from greenhouse-grown pistachio saplings were sampled and approximately 0.5 gram were homogenized in 10 ml of 3% sulfosalicylic acid solution. The resulting homogenate was filtered through Whatman filter paper and 2 ml of the filtrate were mixed with 2 ml of acid-ninhydrin solution and 2 ml of glacial acetic acid. The mixture was then heated at 100°C for 1 hour and then cooled in an ice bath to end the reaction. The reaction mixture was extracted with 4 ml of toluene by vigorously stirring the test tube for 15-20 seconds. The toluene phase containing the chromophore was separated from the aqueous phase at room temperature and the absorbance was measured at 520 nm using toluene as a blank. The proline concentration was determined by using a standard curve and calculated on the basis of the fresh weight of the sample (Irigoyen et al., 1992).




2.3.2.3 Total soluble carbohydrate content (TSC)

Total soluble carbohydrates (TSC) were determined by analyzing 95% ethanol extracts from root tissues. For each sample, 0.5 g of freshly harvested roots were finely crushed in 5 ml of 95% (v/v) ethanol. To remove the insoluble fraction, the extract was washed twice with 5 ml of 70% ethanol. All the soluble fractions were then centrifuged at 3500 g for 10 minutes, the supernatants collected and carefully stored at 4°C. For the determination of TSC, 0.1 ml of the alcoholic extract was added to 3 ml of a freshly prepared anthrone solution (containing 150 mg anthrone and 100 ml of 72% (w/w) H2SO4) and the mixture was heated in a boiling water bath for 10 minutes. After cooling, the absorbance was measured at 625 nm to assess the TSC content (Irigoyen et al., 1992).




2.3.2.4 Hydrogen peroxide (H2O2)

The lyophilized root tissue was crushed and mixed with 0.1% cold trichloroacetic acid (TCA) to measure the H2O2 concentration. The mixture was then centrifuged at 12,000 × g for 15 min in a refrigerated centrifuge. After centrifugation, 10 mM phosphate buffer (pH 7.0) and 1 M iodate potassium (KI) solution were added to 0.5 mL of the supernatant. The absorbance was then measured at 390 nm. A standard curve with known concentrations of H2O2 was established to determine the amount of hydrogen peroxide (Ben Abdallah et al., 2017).




2.3.2.5 Malondialdehyde concentration (MDA)

To perform the MDA assay, fresh roots weighing 0.25 g each were ground separately in 5 ml of 1% trichloroacetic acid (TCA). The resulting mixture was centrifuged at 5000 rpm in a refrigerated centrifuge for 10 minutes. Subsequently, 4 ml of 20% TCA containing 0.5% thiobarbituric acid was added to 1 ml of the supernatant. The mixture was heated to 95°C for 30 minutes, then cooled rapidly in an ice bath, and the absorbance was measured at 450 nm, 532 nm, and 600 nm using a spectrophotometer. The MDA concentration was determined using the following equation (Zhao et al., 1993).

	





2.3.3 Enzyme assays



2.3.3.1 Enzyme extraction

A volume of 5 ml of extraction buffer, comprised of 50 mM K-phosphate buffer and 0.1 mM Na2-EDTA with a pH of 7.6, was utilized for extracting enzymes from 0.5 g of leaf tissue using a mortar and pestle. Following centrifugation of the homogenate at 16,000×g for 20 min, the resulting supernatant was employed for assessing various enzymes. It is important to note that all stages involved in the preparation of enzyme extracts were carried out at a temperature of 3°C.




2.3.3.2 Catalase activity (CAT)

A 0.1 g root sample was mixed with 3 ml of a reaction buffer consisting of standard hydrogen peroxide and 50 mM potassium phosphate buffer with a pH of 7.8, and 200 μl of the extraction enzyme. The maximum absorption of peroxide occurs at 240 nm, and in the presence of CAT, hydrogen peroxide is degraded, resulting in a decrease in its absorbance at 240 nm due to the removal of oxygenated water (MacRae and Ferguson, 1985).




2.3.3.3 Guaiacol peroxidase (GPX)

For the assay, 50 μL of the enzyme extract was combined with 100 mM phosphate buffer (pH 7.0), 0.1 μM EDTA, 5.0 mM guaiacol and 15.0 mM H2O2 resulting in a final volume of 2.0 mL. The absorbance at 470 nm was measured both immediately after the addition of H2O2 and again after 1 minute. This allowed the oxidation of guaiacol to be observed, leading to the formation of tetraguaiacol. To determine the enzyme activity, the absorbance difference (ΔA470) was divided by the molar extinction coefficient of tetraguaiacol, which was calculated to be 26.6 mM−1 cm−1. The enzyme activity was expressed as μmol of reduced H2O2 per minute per milligram of protein. Based on this calculation, it was determined that 4.0 moles of H2O2 are reduced to generate 1.0 mol of tetraguaiacol (Pakzad et al., 2019).





2.3.4 FTIR-ATR analysis

FTIR-ATR (Fourier Transformed Infrared-Attenuated Total Reflectance Spectroscopy) spectra of dried and grinded samples (leaves and roots of control, water-stressed and recovered plants) were recorded using a Perkin Elmer Spectrum Two spectrophotometer equipped with a 2 × 2 mm diamond crystal (4000–400 cm−1 range with a 2 cm−1 resolution).




2.3.5 Gene expression analyses



2.3.5.1 RNA extraction

For the RNA extraction, the most resistant and sensitive clones were selected among the clones exposed to drought for 30 days (2 clonal hybrids x 3 replicates x 2 treatments=12 total samples). Total RNA was extracted according to the Moazzam Jazi et al. (2015) modified protocol. 100 mg of roots was added to 100 μl of the cetyltrimethylammonium bromide (CTAB), 50 μl polyvinylpyrrolidone (pvp) 20% and 35 μl of β- mercaptoethanol. The mixture was incubated at 60°C for 15 min, then 350 μl of the RB lysis buffer was added. The mixture was incubated at 60°C for 10 min and then clarified by centrifugation at 14,000 x g for 5 min at 4°C. The supernatant was then removed and transferred to another tube and 200 μl of chloroform was added. The mixture was incubated at room temperature for 3 min and centrifuged again. The supernatant was collected again and 250 μl ethanol 96% was added. The supernatant was transferred to the collection tube and the columns were washed with RW buffer. The RNA was eluted in 50 μl RNase free water and stored at −80°C. The quantity and quality of the extracted RNA was determined using the Nanodrop ND-1000 spectrophotometer.




2.3.5.2 qRT-PCRs

Quantitative real-time polymerase chain reactions (qRT-PCRs) were performed on three genes associated with drought stress: ZEP for zeaxanthin epoxidase, CDPKs for Ca2+-dependent protein kinases and dehydrin. The primer pairs utilized are listed in Table 1. Reverse transcription of RNA samples was carried out using the iScript™ gDNA Clear cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA), following the manufacturer’s guidelines. qRT-PCRs reactions were performed using the SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad) and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The thermal cycling conditions were as follows: an initial denaturation at 95°C for 3 minutes, followed by 40 cycles of 95°C for 10 seconds and 57°C for 30 seconds. The specificity of amplification for each primer pair was confirmed by assessing the melting curve, with an increment of 0.2°C every 5 seconds from 65 to 95°C. Each qRT-PCRs assay was performed in triplicate with three biological replicates. Elongation factor 1α (EF1α) was selected as the reference gene for normalization, and the comparative Ct method (2−ΔCt method) was used to analyze the expression levels of the target genes.


Table 1 | Primer sequences used for qRT-PCRs analysis.









3 Results



3.1 Growth parameters



3.1.1 Root characteristics

After the completion of the experiment, the most resistant and sensitive clones were selected. The results showed that C9-4 was the most resistant clone, as it had the highest leaf relative water content, cell membrane stability index, T Chl, vitality and the lowest percentage of damaged leaves under water stress (Figure 1A). On the contrary, C4-2 was the most sensitive clone to drought stress as it had the lowest leaf relative water content, cell membrane stability index, vitality and T Chl, and the highest percentage of damaged leaves under water stress (Figure 1B). Root growth was determined based on root fresh weight (RFW) and root dry weight (RDW). RFW and RDW showed significant variation by the effects of clonal hybrids and irrigation (P ≤ 0.01) and non-significant by the interaction (Supplementary Table S1). As expected, the highest values for RFW and RDW were recorded under control conditions and in the sensitive clones compared to the resistant ones (Figure 2). The higher root biomass in resistant clones (C9-4) under control conditions likely reflects their genetic predisposition for more extensive root growth. Although significant morphological changes in root systems generally require prolonged stress exposure.




Figure 1 | Effect of water stress on the resistant (A, C9-4) and sensitive (B, C4-2) clones. [C, Control; D, Drought].






Figure 2 | Effect of clonal hybrids and irrigation on RFW and RDW of resistant and sensitive clones. Bars indicate standard error.






3.1.2 Root architecture

Imaging of the ‘pistachio’ roots 30 days after the start of the experiment showed that water withholding caused changes in the root architecture in the resistant clone. The analysis of variance showed a significant difference by the effects of the irrigation for AVRW and NWVL (P ≤ 0.01), of the clonal hybrids for AVRW, NWCA, NWDP (P ≤ 0.01) and of interaction of clonal hybrids with irrigation for AVRW, NWCA (P ≤ 0.01) and NWVL (P ≤ 0.05). This is despite the fact that none of the effects were significant for NWWI, NWLD and NWWD (Table 2). The highest AVRW and NWCA were measured in the resistant clones in the control. Water withholding reduced these two parameters in the resistant clones while no significant difference were recorded in sensitive clones for these two traits between control and drought stress treatment. The highest NWVL was observed in sensitive clones. Drought treatment reduced NWVL in the resistant clones but had no effect on the sensitive clone. The drought treatment increased NWDP in the resistant clones and these clones had the highest value of this parameter under the drought treatment compared to other treatments (Table 2). In general, the result showed that the root architecture parameters were not affected by water withholding in the sensitive plants (Figures 3C, D) while in resistant plants under the drought, average root width, network area and network volume decreased and network depth increased (Figures 3A, B).


Table 2 | Mean values of AVRW, NWCA, NWWI, NWDP, NWLD, MAEA, NWVL and NWWD in different irrigation treatments (I) for two pistachio clonal hybrids (C).






Figure 3 | Roots of pistachio clonal hybrids under control [A (Resistant), C (Sensitive)] and water stress condition [B (Resistant), D (Sensitive)].







3.2 Physiological and biochemical parameters



3.2.1 Glycine betaine, proline and TSC concentration

For glycine betaine and proline content, a significant difference was found for clones, irrigation and interaction clones x irrigation (P ≤ 0.01). Glycine betaine and proline content significantly increased in response to water stress treatment in resistant and sensitive. Under drought conditions the Glycine betaine content increased by 90% in the resistant rootstock and by 40% in the sensitive rootstock (Figure 4a), while proline increased by 42% and 14% in the resistant and sensitive rootstock, respectively (Figure 4b). At the 1% level, ANOVA showed a significant difference in root TSC for clonal hybrids, irrigation and interaction of them. TSC content increased by 95% in the resistant rootstock and by 20% in the sensitive rootstock in response to water stress treatment. The sensitive clone had no significant difference to the control in this trait (Figure 4c). These increases in osmoprotectant levels likely helped maintain osmotic balance in both clone types under drought stress.




Figure 4 | Influence of water stress on glycine betaine (a), proline (b) and TSC (c) content in roots of two clonal hybrids of pistachio. Bars indicate standard error.






3.2.2 Antioxidant activity (GPX and CAT activity)

For GPX and CAT content, a significant difference was observed between hybrids and irrigation (P ≤ 0.01) and interaction of clonal hybrids with irrigation respectively (P ≤ 0.05, P ≤0.01). As shown in Figure 5, GPX and CAT enzymes activities increased (2.5 and 2 times, respectively) by induction of drought treatment compared to normal environment in resistant clone, but there is no significant difference between controls and sensitive clones that were exposed to drought. The results of this research show that sensitive hybrids were not able increase antioxidant activity. Sensitive clones failed to significantly increase antioxidant activity (GPX and CAT) under drought stress, indicating a reduced capacity to manage oxidative damage. This lack of upregulation in these enzymes likely contributes to their higher susceptibility to oxidative stress, impairing their ability to cope with drought-induced damage.




Figure 5 | Influence of water stress on GPX (a), CAT (b), MDA (c) and d) H2O2 (d) in roots of two clonal hybrids of pistachio. Bars indicate standard error.






3.2.3 MDA and H2O2

Based on the results of variance analysis (Supplementary Table S1), MDA and H2O2 content had a significant difference between clonal hybrids, irrigation and interaction of clonal hybrids with irrigation (P ≤ 0.01). Contents of MDA and H2O2 increased in response to the drought treatment compared to the control condition. The lowest destructive effects of drought on lipid peroxidation were related to the control plants. Considering the results of this research, induction of drought treatment induced the content of MDA (Figure 5c) and H2O2 (Figure 5d) in both sensitive and resistant clones but in the sensitive clone, this induction was more than resistant rootstock.





3.3 FTIR-ATR

In the perspective of the investigation on the samples presented in this paper (leaves and roots of control, drought and recovery stage for resistant and sensitive clones), Transformed Infrared Spectroscopy in Attenuated Total Reflectance mode (FTIR-ATR) was exploited to study the different response to dehydration stress and related, subsequent plant recovery. Plants with no irrigation treatment received water in a similar quantity as control plants, and 30 days after recovery samples were collected for FTIR analysis, which was carried out on samples dried and grinded. According to (Ertani et al. (2018) (Figure 6), aliphatic and -OH signal decrease to water stress (dehydration, D) and increase after recovery (R), with respect to a control sample (Ctrl). However, -OH signal is not only related to the water bulk at surface, interphase or entrapped phase, but it also belongs to phenolic components normally produced to switch an antioxidant response to stress conditions and to compose the lignin skeleton of the leaves and the roots. A slight modification in -NH bending moiety was also found as associated with water stress conditions.




Figure 6 | FTIR-ATR spectra of C9-4 (resistant) and C4-2 (sensitive) samples of dried and grinded samples leaves and roots. Control (Ctrl), Drought (D) and Recovery (R).






3.4 Gene expression analysis

Further investigation into the mechanisms underlying plant drought resistance involved analyzing the expression of stress-responsive genes. The coordinated expression and regulation of DHN, CDPK, and ZEP genes contribute to the plant’s ability to withstand drought stress. Dehydrins protect cellular components from damage induced by dehydration-, while CDPKs coordinate signaling pathways that regulate gene expression and physiological responses. ZEP enzymes are involved in ABA biosynthesis, which plays a central role in drought stress signaling and adaptation (Xiong and Zhu, 2003; Moazzzam Jazi et al., 2017; Yang et al., 2021).

DHN, CDPK, and ZEP were selected to perform qRT-PCRs analysis in root samples after 30 days of drought treatment. All primer pairs yielded a solitary band of the expected size on gene electrophoresis, accompanied by a peak on the melting curve. This suggests the dependence on gene expression profiling. Evaluation of these three genes shows an increase in gene expression in the treated plants compared to the control plants. In detail, a small variation in the expression level of the ZEP gene was observed in both the sensitive and resistant plants (Figure 7a). The DHN gene exhibited a twelve-fold and fourteen-fold increase in expression levels under withholding conditions compared to normal conditions in the sensitive and resistant rootstocks, respectively (Figure 7b). For the CDPK and DHN genes, a slight increase was found for the putative-sensitive clone, while in the resistant rootstock, the expression increased seven-fold under drought stress and three-fold under normal conditions (Figure 7c).




Figure 7 | Relative expression levels of the genes ZEP (a), DHN (b) and CDPK (c) detected in pistachio plants exposed to drought stress detected by qRT-PCRs. EF1α was used as a reference gene. Data are displayed as mean values of the three replicates with standard error. [SC: sensitive control, SD: sensitive drought, RC: resistant control, RD: resistant drought].







4 Discussion

Plants constantly face various abiotic and biotic stresses in their natural environment, with drought being one of the most detrimental factors affecting plant growth and productivity (Varshney et al., 2013). While pistachio is relatively resistant to drought and salinity, these remain critical factors limiting its growth and productivity in Iran (Pourmohammadali et al., 2019). Root morphology and architecture, in particular, play an important role in drought tolerance, suggesting that using drought-resistant rootstocks could be an effective strategy for sustainable pistachio production in water-limited environments. In this study, pistachio interspecific hybrid rootstocks were preselected as resistant (C9-4) and sensitive (C4-2) clones after a 30-day experiment under limited irrigation. These clones were then subjected to physiological, biochemical, and molecular analyses to examine their responses to drought stress.

Changes in root structure, distribution, and architecture are thought to play a significant role in the drought tolerance of resilient plant species (Yang et al., 2021). Normally, roots allocate over 40% of the carbon utilized by plants. However, under water stress, the biomass allocated to the root system increases, and in drought-prone soils, the root-to-shoot ratio is higher in drought-tolerant plants (Nwaogu, 2014).

Moreover, the drought resistance trait in plants is often associated with a deep root system and specific root architecture (Esmaeilpour et al., 2015). These drought-induced changes enhance a plant’s ability to uptake water within a limited time frame, depending on water availability and environmental factors (Thangthong et al., 2018). However, in our experiments, the expected increase in root biomass was not observed in the resistant clones, suggesting that they might employ alternative drought-tolerance mechanisms. According to Sánchez-Blanco et al. (2014), the root system does not always change as a result of drought stress, and Saadatmand et al. (2007) observed no increase in root biomass in the drought-resistant Pistachio cultivar Sarakhs under water stress. The higher root biomass observed in the resistant clones (C9-4) at baseline can be attributed to their inherent genetic traits, which result in greater root growth even under control conditions. This suggests that these clones are naturally predisposed to develop more extensive root systems, which might contribute to their ability to better withstand stress conditions. Furthermore, according to recent studies, plants typically require longer periods of stress exposure to achieve significant morphological changes in their root systems. For example, Vives-Peris et al. (2020) reported that increased root biomass often occur after prolonged stress exposure. Additionally, some of researchers observed that during short-term drought stress, plants prioritize physiological adaptations, such as adjusting metabolic processes, rather than undergoing rapid morphological changes (Bhargava and Sawant, 2013). In our experiment, water withholding was applied for a duration of 30 days. Given this relatively short period, it is likely that our saplings did not have enough time to undergo substantial morphological changes in their root systems. Instead, they likely responded to the stress by utilizing physiological adaptations, such as altered metabolic processes, to cope with the limited water availability. However, while increased investment in roots is crucial for survival, it must be optimized through a strategic allocation of roots in space and time (root architecture) (Nwaogu, 2014). Root system architecture (RSA) refers to the spatial arrangement of roots within the soil, including their connectivity and distribution. This arrangement is shaped by growth rates, branching frequency, and the gravitational orientation of different root types (Larue et al., 2022). Recent advances in “omics” approaches have greatly improved our understanding of the regulatory mechanisms involved in remodeling RSA under drought conditions and identifying the genes and other regulatory elements involved (Ranjan et al., 2022). Plants exposed to low-moisture conditions tend to develop broader root systems and larger root diameters. In general, plants under water stress tend to produce thinner roots compared to non-stressed plants. Furthermore, under deficit irrigation, the reduction in root volume (NWVL) often exceeds the decrease in dry weight, leading to an increase in root density (Sánchez-Blanco et al., 2014). Our experimental results revealed that the sensitive clone did not exhibit significant changes in root architecture under drought, showing no differences compared to the control. In contrast, the resistant clone was affected by water withholding, showing a decrease in AVRW, NWCA, and NWVL, while NWDP increased. These findings align with those of Sadat-Hosseini et al. (2019), who reported that NWCA and NWVL decreased in Chandler walnut under drought, while AVRW and NWDP showed no significant difference from the control. Previous studies have demonstrated that Pistacia atlantica possesses a dense network of deep roots capable of extracting water from deeper soil reducing the number and branching of surface roots while increasing the growth of deep roots (Nwaogu, 2014). This shift enhances its ability to access and store moisture in deeper soil layers, preventing evaporative loss from roots (Limane et al., 2014).

Plants accumulate significant amounts of low-molecular-weight organic solutes to resist drought stress. Among them soluble sugars, proline, and other amino acids, which help regulate the osmotic potential of cells and improve water uptake (Khoyerdi et al., 2016). During hydric stress, proteins are hydrolyzed by amino acid-releasing proteases, either for storage or for osmotic regulation. In pistachio, sucrose, glycine betaine, and proline act as compatible solutes, facilitating drought adaptation. The synthesis and accumulation of compatible solutes is a common mechanism in plants for osmotic adjustment, primarily serving to retain water within cells without interfering with normal metabolism (Di Martino et al., 2003). Biochemical changes recorded in our experiment showed an increase in glycine betaine and proline contents in the roots of both resistant and sensitive plants during water stress, with much higher concentrations in the resistant clone. Moreover, the accumulation of glycine betaine was three times higher compared with proline.

In the analyzed samples, the TSC content in roots increased during water stress only in the resistant clone. These results align with previous studies reported by Ryan and Ash (1996) and Khoyerdi et al. (2016).

The formation of ROS species is common in plants experiencing drought stress, these contribute to lipid peroxidation, protein degradation and nucleic acid damage. To mitigate the harmful effects of ROS, plants have developed an antioxidant defense system that includes enzymes such as GPX, SOD, CAT, and others (Bano et al., 2012). The samples exposed to drought stress showed increased GPX and CAT enzyme activity, which was significant in the resistant clone. Similar results were found in UCB-1 pistachio rootstock (Pakzad et al., 2019), where GPX, CAT and APX increased under drought, whether alone or combined with salicylic acid application in Pistacia vera seedlings (Reyhani Haghighi et al., 2021). The increased activity of GPX and CAT suggests their crucial role in scavenging ROS and protecting plant cells from oxidative damage during drought stress. The antioxidant defense system helps prevent cellular damage by neutralizing ROS, thereby maintaining cellular integrity and promoting stress tolerance. This link between antioxidant activity and the protective role against drought-induced oxidative stress highlights the importance of these enzymes in mitigating the harmful effects of drought on plant health (Laxa et al., 2019). The failure of sensitive clones to significantly increase antioxidant activity (GPX and CAT) under drought stress suggests a limited ability to cope with oxidative damage. This lack of upregulation in antioxidant enzymes likely contributes to their higher susceptibility to oxidative stress, impairing their overall stress response (Neto et al., 2010).

H2O2 content and MDA estimation are used as indicators of membrane damage following stress situations and subsequent ROS and free radical production (Mayne, 2013). Due to uncontrolled increases in free radicals, membranes become leaky and lipid peroxidation occurs through lipoxygenase activity, further contributing to free radical generation. As a result, fatty acids are damaged, producing hydrocarbon fragments like MDA. In our experiments, H2O2 and MDA concentrations in roots increased during water stress in both resistant and sensitive plants, showing levels nearly double in the sensitive those in the resistant clone. The higher levels of oxidative damage (MDA and H2O2) in sensitive clones suggest membrane destabilization. Increased lipid peroxidation, as indicated by higher MDA levels, can compromise the integrity of cell membranes, leading to impaired cellular function and increased susceptibility to further stress. This loss of membrane stability contributes to the overall reduced resilience of sensitive clones under drought conditions (Sairam and Saxena, 1999). This has been previously observed in pistachio leaf and root tissues under drought stress (Khoyerdi et al., 2016; Pakzad et al., 2019). It was proposed that regulating the activity of these enzymes during early growth stages could enhance a plant’s resistance to environmental stresses (Moussa et al., 2008).

A FTIR-ATR analysis was also performed to study the different responses to dehydration stress. Complex biological matrices, such as plant tissues and their extracellular gel-like composites, cannot be easily characterized using infrared (IR) spectroscopy of organic functional groups. The IR outputs primarily correspond to the main biological macromolecules, providing few vibrational signals. The technique is useful to read simplified common regions: polysaccharide moieties (950-1450 cm-1), peptide, amide and carbonyl/carboxyl planes (e.g., ester-bearing pectins or functional groups from cutin moieties, 1550-1800 cm-1), aliphatic chains with symmetric and asymmetric stretching signals (2750-2990 cm-1), accessory amines (3100-3300 cm-1) and hydroxyl intense signals (e.g., water, phenolic, polyphenolic and catechol, 3450 cm-1) (Schulz and Baranska, 2007). Unfortunately, this technique, which generally offers information about the functional groups of specific compounds without any selectivity related to the matrix, did not provide further insights into the biochemical or macromolecular differences between the resistant and sensitive genotypes. These data are usually analyzed using molecular biology techniques.

Drought stress tolerance is a complex trait that requires the involvement of several genes to ensure the survival of the plant in adverse conditions. Among other things, drought stress causes the plant cells to dry out and impairs the structure of the cell membranes. Due to its high hydration ability, dehydrin, a member of the LEA-II family, can prevent excessive water loss and maintain the membranes hydration protection system (Allagulova et al., 2003). The results obtained in studies of the DHN gene family in several species, broadly support the role of DHNs in stress tolerance (Velasco-Conde et al., 2012; Falavigna et al., 2015; Hassan et al., 2015; Hussain et al., 2015; Abedini et al., 2017; Li et al., 2023). These results are consistent with our results showing an over-expression of the DHN gene in the pistachio roots of drought-stress plants compared with control. Moreover, the increased levels of DHN protein or DHN transcript in drought-resistant hybrids, revealed by proteomic and transcriptomic studies, support the data obtained comparing the drought-tolerant clonal hybrid C9-4 and the drought-sensitive clonal hybrid C4-2 (Liu et al., 2015; Abedini et al., 2017; Ghatak et al., 2017). This significant upregulation in the resistant clone suggests that DHN plays a crucial role in enhancing cellular protection mechanisms against the deleterious effects of drought, contributing to the drought resilience observed in the resistant clone.

The CDPK gene plays an important role in the transmission of cellular Ca2+ signaling. Most CDPK genes are commonly expressed in organisms. However, some CDPK genes are expressed only in specific tissues or are induced by hormonal, biological, or abiotic stress conditions such as salt and drought stress (Sheen, 1996; Patharkar and Cushman, 2000). Furthermore, overexpression of these genes has been shown to increase drought stress resistance in various species (Saijo et al., 2001; Mittal et al., 2017; Mahmood et al., 2019). The increased expression of CDPK observed in our study suggests that CDPK is actively involved in calcium-mediated signal transduction pathways that may enhance stress tolerance mechanisms, particularly in the resistant clone. The upregulation of CDPK in the resistant rootstock suggests a more efficient or robust signaling cascade in response to drought stress. Similarly, the increased transcript level of ZEP genes detected in this work confirms their involvement in drought stress responses and the resistance mechanism in agreement with the literature (da Silva et al., 2022; Changan et al., 2023).

The expression of DHN can be influenced by CDPK activity. CDPKs, as part of the calcium signaling pathway, can phosphorylate transcription factors or other proteins that regulate the expression of stress-responsive genes, including DHN. This means that the activation of CDPKs in response to increased calcium levels during drought stress can lead to upregulation of DHN expression. This cascade enhances the plant’s ability to protect cellular structures and maintain function under stress conditions (Patharkar and Cushman, 2000; Liu et al., 2015). Minor differences in ZEP gene expression under both normal and drought conditions in resistant and sensitive pistachio cultivars suggest that the regulation of ABA biosynthesis at the ZEP level is not the main differentiating factor in the response to drought in these plants. However, the entire ABA metabolic pathway may continue to play a significant role in drought response.

With this work, we can confirm the role of these genes in pistachio species, which have so far only been studied in relation to salt stress (Moazzzam Jazi et al., 2017). In the future, a more comprehensive study involving more genotypes, tissues and genes could shed more light on the complex mechanism of drought-stress resistance in pistachio and allow the identification of new genotypes that are better adapted to adverse weather conditions.




5 Conclusion

The results of the study indicate that resistant clonal hybrids of Pistachio have well-integrated defense mechanisms that help to reduce damage caused by drought stress. This research provides insights into the regulatory processes of drought tolerance in pistachio plants, specifically in relation to root structure, osmolytes content, antioxidant activity and gene expression. These findings also provide clues for the breeding of drought-resistant cultivars and the selection of rootstocks suitable for drought-prone areas. Given the increasing use of clonal rootstocks for their advantages in terms of disease resistance, stress tolerance and overall performance, the C9-4 clonal rootstock could be a suitable option for areas with limited water availability.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

MO: Data curation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. SP: Investigation, Software, Writing – original draft, Writing – review & editing. IM: Formal analysis, Investigation, Software, Writing – original draft, Writing – review & editing. MM: Investigation, Writing – original draft, Writing – review & editing. GV: Data curation, Validation, Writing – review & editing. DV: Validation, Writing – review & editing. VF: Writing – review & editing. MR: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing – review & editing. SS: Conceptualization, Supervision, Writing – review & editing. MMA: Methodology, Resources, Validation, Writing – review & editing. MA: Investigation, Writing – review & editing. KV: Validation, Writing – review & editing. CM: Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The financial support provided by the Iran National Science Foundation (Project No: 4014915) and the grant of the University of Tehran. The research was also supported by This study was also carried out within the Agritech National Research Center and received funding from the European Union Next- GenerationEU (PIANO NAZIONALE DI RIPRESA E RESILIENZA 6 (PNRR) – MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4 – D.D. 1032 17/06/2022, CN00000022).




Acknowledgments

The authors would like to express their gratitude to the University of Tehran, University of Bari Aldo Moro and the Iran National Science Foundation (Project No: 4014915) for their valuable support in the completion of this study. We would also like to extend our sincere appreciation to the research Center of Royeshe Sabze Farda (Pistat) which provided us plant materials.





Conflict of interest

Author CM was employed by SINAGRI S.r.l.

The remaining 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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1515819/full#supplementary-material




References

 Abedini, R., GhaneGolmohammadi, F., PishkamRad, R., Pourabed, E., Jafarnezhad, A., Shobbar, Z. S., et al. (2017). Plant dehydrins: shedding light on structure and expression patterns of dehydrin gene family in barley. J. Plant Res. 130, 747–763. doi: 10.1007/s10265-017-0941-5

 Akbari, M., Hokmabadi, H., Heydari, M., and Ghorbani, A. (2020). [amp]]lsquo;Arota’: A new interspecific hybrid pistachio rootstock. HortScience 55, 965–966. doi: 10.21273/HORTSCI14845-20

 Allagulova, C. R., Gimalov, F. R., Shakirova, F. M., and Vakhitov, V. A. (2003). The plant dehydrins: structure and putative functions. Biochem 68, 945–951. doi: 10.1023/A:1026077825584

 Amara, I., Zaidi, I., Masmoudi, K., Ludevid, M. D., Pagès, M., Goday, A., et al. (2014). Insights into late embryogenesis abundant (LEA) proteins in plants: from structure to the functions. Am. J. Plant Sci. 05, 3440–3455. doi: 10.4236/ajps.2014.522360

 Arab, M. M., Marrano, A., Abdollahi-Arpanahi, R., Leslie, C. A., Cheng, H., Neale, D. B., et al. (2020). Combining phenotype, genotype, and environment to uncover genetic components underlying water use efficiency in Persian walnut. J. Exp. Bot. 71, 1107–1127. doi: 10.1093/jxb/erz467

 Bano, A., Ullah, F., and Nosheen, A. (2012). Role of abscisic acid and drought stress on the activities of antioxidant enzymes in wheat. Plant Soil Environ. 58, 181–185. doi: 10.17221/210/2011-pse

 Bansal, A., Ojo, K. K., Mu, J., Maly, D. J., van Voorhis, W. C., and Miller, L. H. (2016). Reduced activity of mutant calcium-dependent protein kinase 1 is compensated in Plasmodium falciparum through the action of protein kinase G. MBio 7 (6), 10-1128. doi: 10.1128/mBio.02011-16

 Ben Abdallah, M., Methenni, K., Nouairi, I., Zarrouk, M., and Youssef, N.B. (2017). Drought priming improves subsequent more severe drought in a drought-sensitive cultivar of olive cv. Chétoui. Sci. Hortic. (Amsterdam). 221, 43–52. doi: 10.1016/j.scienta.2017.04.021

 Bhargava, S., and Sawant, K. (2013). Drought stress adaptation: Metabolic adjustment and regulation of gene expression. Plant Breed. 132, 21–32. doi: 10.1111/pbr.12004

 Changan, S. S., Kumar, V., and Tyagi, A. (2023). Expression pattern of candidate genes and their correlation with various metabolites of abscisic acid biosynthetic pathway under drought stress in rice. Physiol. Plant 175 (6), e14102. doi: 10.1111/ppl.14102

 DaCosta, M., and Huang, B. (2006). Osmotic adjustment associated with variation in bentgrass tolerance to drought stress. J. Am. Soc Hortic. Sci. 131, 338–344. doi: 10.21273/jashs.131.3.338

 da Silva, A. A., Silva, C. O., do Rosario Rosa, V., Santos, M. F. S., Kuki, K. N., Dal-Bianco, M., et al. (2022). Metabolic adjustment and regulation of gene expression are essential for increased resistance to severe water deficit and resilience post-stress in soybean. PeerJ 10, e13118. doi: 10.7717/peerj.13118

 del Carmen Gijón, M., Gimenez, C., Perez-López, D., Guerrero, J., Couceiro, J. F., and Moriana, A. (2011). Water relations of pistachio (Pistacia vera L.) as affected by phenological stages and water regimes. Sci. Hortic. (Amsterdam). 128, 415–422. doi: 10.1016/j.scienta.2011.02.004

 Di Martino, C., Delfine, S., Pizzuto, R., Loreto, F., and Fuggi, A. (2003). Free amino acids and glycine betaine in leaf osmoregulation of spinach responding to increasing salt stress. New Phytol. 158, 455–463. doi: 10.1046/j.1469-8137.2003.00770.x

 Ertani, A., Francioso, O., Ferrari, E., Schiavon, M., and Nardi, S. (2018). Spectroscopic-chemical fingerprint and biostimulant activity of a protein-based product in solid form. Molecules 23, 1–16. doi: 10.3390/molecules23051031

 Eshel, A., and Beeckman, T. (Eds.). (2013). Plant roots: the hidden half. CRC press.

 Esmaeilpour, A., Van Labeke, M. C., Samson, R., Boeckx, P., and Van Damme, P. (2016). Variation in biochemical characteristics, water status, stomata features, leaf carbon isotope composition and its relationship to water use efficiency in pistachio (Pistacia vera L.) cultivars under drought stress condition. Sci. Hortic. (Amsterdam). 211, 158–166. doi: 10.1016/j.scienta.2016.08.026

 Esmaeilpour, A., Van Labeke, M.-C., Samson, R., Ghaffaripour, S., and Van Damme, P. (2015).Comparison of biomass production-based drought tolerance indices of pistachio (Pistacia vera L.) seedlings in drought stress conditions. IJAAR, 7 (2), 36-44. Available online at: http://www.innspub.net.

 Falavigna, V., da, S., Miotto, Y. E., Porto, D. D., Anzanello, R., dos, H. P., et al. (2015). Functional diversification of the dehydrin gene family in apple and its contribution to cold acclimation during dormancy. Physiol. Plant 155, 315–329. doi: 10.1111/ppl.12338

 Fang, Y., and Xiong, L. (2015). General mechanisms of drought response and their application in drought resistance improvement in plants. Cell. Mol. Life Sci. 72, 673–689. doi: 10.1007/s00018-014-1767-0

 Ferguson, L., Sanden, B., Grattan, S., Epstein, L., and Krueger, B. (2005). Pistachio rootstocks. In  L. Ferguson, R. H. Beede, M. W. Freeman, D. R. Haviland, B. A. Holtz, C. E. Kallsen, et al (eds.), Pist. Prod. Man. University of California, pp. 67–73.

 Galkovskyi, T., Mileyko, Y., Bucksch, A., Moore, B., Symonova, O., Price, C. A., et al. (2012). GiA Roots: Software for the high throughput analysis of plant root system architecture. BMC Plant Biol. 12, 1-12. doi: 10.1186/1471-2229-12-116

 Ghatak, A., Chaturvedi, P., Paul, P., Agrawal, G. K., Rakwal, R., Kim, S. T., et al. (2017). Proteomics survey of Solanaceae family: Current status and challenges ahead. J. Proteomics 169, 41–57. doi: 10.1016/j.jprot.2017.05.016

 Hassan, N. M., El-Bastawisy, Z. M., El-Sayed, A. K., Ebeed, H. T., and Nemat Alla, M. M. (2015). Roles of dehydrin genes in wheat tolerance to drought stress. J. Adv. Res. 6, 179–188. doi: 10.1016/j.jare.2013.11.004

 Hussain, S., Liu, G., Liu, D., Ahmed, M., Hussain, N., and Teng, Y. (2015). Study on the expression of dehydrin genes and activities of antioxidative enzymes in floral buds of two sand pear (Pyrus pyrifolia Nakai) cultivars requiring different chilling hours for bud break. Turkish J. Agric. For. 39, 930–939. doi: 10.3906/tar-1407-164

 Irigoyen, J. J., Einerich, D. W., and Sánchez-Díaz, M. (1992). Water stress induced changes in concentrations of proline and total soluble sugars in nodulated alfalfa (Medicago sativd) plants. Physiol. Plant 84, 55–60. doi: 10.1111/j.1399-3054.1992.tb08764.x

 Jafari, S., Hashemi Garmdareh, S. E., and Azadegan, B. (2019). Effects of drought stress on morphological, physiological, and biochemical characteristics of stock plant (Matthiola incana L.). Sci. Hortic. (Amsterdam). 253, 128–133. doi: 10.1016/j.scienta.2019.04.033

 Khoyerdi, F. F., Shamshiri, M. H., and Estaji, A. (2016). Changes in some physiological and osmotic parameters of several pistachio genotypes under drought stress. Sci. Hortic. (Amsterdam). 198, 44–51. doi: 10.1016/j.scienta.2015.11.028

 Larue, T., Lindner, H., Srinivas, A., Exposito-Alonso, M., Lobet, G., and Dinneny, J. R. (2022). Uncovering natural variation in root system architecture and growth dynamics using a robotics-assisted phenomics platform. Elife 11, 1–26. doi: 10.7554/eLife.76968

 Laxa, M., Liebthal, M., Telman, W., Chibani, K., and Dietz, K. J. (2019). The role of the plant antioxidant system in drought tolerance. Antioxidants 8 (4), 94. doi: 10.3390/antiox8040094

 Li, X., Feng, H., Liu, S., Cui, J., Liu, J., Shi, M., et al. (2023). Dehydrin CaDHN2 enhances drought tolerance by affecting ascorbic acid synthesis under drought in peppers. Plants 12, 1–19. doi: 10.3390/plants12223895

 Liang, B., Wan, S., Ma, Q., Yang, L., Hu, W., Kuang, L., et al. (2022). A novel BHLH transcription factor PtrbHLH66 from trifoliate orange positively regulates plant drought tolerance by mediating root growth and ROS scavenging. Int. J. Mol. Sci. 23 (23), 15053. doi: 10.3390/ijms232315053

 Limane, A., Smail-Saadoun, N., Belkebir-Boukais, A., and Kissoum-Hamdini, K. (2014). Root architecture adaptation of Pistacia atlantica subsp. Atlantica according to an increasing climatic and edaphic gradient: Case of a north-south transect in Algeria. Turk. J. Bot. 38, 536–549. doi: 10.3906/bot-1308-9

 Liu, H., Yu, C., Li, H., Ouyang, B., Wang, T., Zhang, J., et al. (2015). Overexpression of ShDHN, a dehydrin gene from Solanum habrochaites enhances tolerance to multiple abiotic stresses in tomato. Plant Sci. 231, 198–211. doi: 10.1016/j.plantsci.2014.12.006

 MacRae, E. A., and Ferguson, I. B. (1985). Changes in catalase activity and hydrogen peroxide concentration in plants in response to low temperature. Physiol. Plant 65, 51–56. doi: 10.1111/j.1399-3054.1985.tb02358.x

 Mahmood, T., Khalid, S., Abdullah, M., Ahmed, Z., Shah, M. K. N., Ghafoor, A., et al. (2019). Insights into drought stress signaling in plants and the molecular genetic basis of cotton drought tolerance. Cells 9 (1), 105. doi: 10.3390/cells9010105

 Mayne, S. T. (2013). Oxidative stress, dietary antioxidant supplements, and health: Is the glass half full or half empty? Cancer Epidemiol. Biomarkers Prev. 22, 2145–2147. doi: 10.1158/1055-9965.EPI-13-1026

 Mittal, S., Mallikarjuna, M. G., Rao, A. R., Jain, P. A., Dash, P. K., and Thirunavukkarasu, N. (2017). Comparative analysis of CDPK family in maize, Arabidopsis, rice, and sorghum revealed potential targets for drought tolerance improvement. Front. Chem. 5. doi: 10.3389/fchem.2017.00115

 Moazzam Jazi, M., Rajaei, S., and Seyedi, S. M. (2015). Isolation of high quality RNA from pistachio (Pistacia vera L.) and other woody plants high in secondary metabolites. Physiol. Mol. Biol. Plants 21, 597–603. doi: 10.1007/s12298-015-0319-x

 Moazzzam Jazi, M., Seyedi, S. M., Ebrahimie, E., Ebrahimi, M., De Moro, G., and Botanga, C. (2017). A genome-wide transcriptome map of pistachio (Pistacia vera L.) provides novel insights into salinity-related genes and marker discovery. BMC Genomics 18, 1–21. doi: 10.1186/s12864-017-3989-7

 Moussa, H. R., Moustafa, S., and Aziz, A. (2008). Comparative response of drought tolerant and drought sensitive maize genotypes to water stress. Aust. J. Crop Sci. South. Cross Journals© 1 (1), 31–36. Available at: www.cropsciencejournal.org.

 Neto, A. D. A., Nogueira, R. J. M. C., Filho, P. A. M., and Santos, R. C. (2010). Physiological and biochemical responses of peanut genotypes to water deficit. J. Plant Interact. 5, 1–10. doi: 10.1080/17429140902999243

 Nwaogu, E. N. (2014). Soil fertility changes and their effects on ginger (Zingiber officinale Rosc.) yield response in an ultisol under different pigeon pea hedgerow alley management in South Eastern Nigeria. Afr. J. Agric. Res. 9, 2158–2166. doi: 10.5897/ajar2013.7291

 Opazo, I., Toro, G., Salvatierra, A., Pastenes, C., and Pimentel, P. (2020). Rootstocks modulate the physiology and growth responses to water deficit and long-term recovery in grafted stone fruit trees. Agric. Water Manage. 228. doi: 10.1016/j.agwat.2019.105897

 Ottoni Filho, T. B., Vasconcelos Ottoni, M., Batista de Oliveira, M., Ronaldo de Macedo, J., Reichardt, K., and Redentor Av Zulamith, F. (2014). Theophilo Benedicto Ottoni Filho et al. Revisiting field capacity (FC): variation of definition of FC and its estimation from pedotransfer functions. Rev. Bras. Cienc. Solo. 38, 1750–1764. doi: 10.1590/S0100-06832014000600010

 Pakzad, R., Fatehi, F., Kalantar, M., and Maleki, M. (2019). Evaluating the antioxidant enzymes activities, lipid peroxidation and proteomic profile changing in UCB-1 pistachio rootstock leaf under drought stress. Sci. Hortic. (Amsterdam). 256, 108617. doi: 10.1016/j.scienta.2019.108617

 Park, H. Y., Seok, H. Y., Park, B. K., Kim, S. H., Goh, C. H., Lee, B., et al. (2008). Overexpression of Arabidopsis ZEP enhances tolerance to osmotic stress. Biochem. Biophys. Res. Commun. 375, 80–85. doi: 10.1016/j.bbrc.2008.07.128

 Patharkar, O. R., and Cushman, J. C. (2000). A stress-induced calcium-dependent protein kinase from Mesembryanthemum crystallinum phosphorylates a two-component pseudo-response regulator. Plant J. 24, 679–691. doi: 10.1046/j.1365-313X.2000.00912.x

 Pourmohammadali, B., Hosseinifard, S. J., Hassan Salehi, M., Shirani, H., and Esfandiarpour Boroujeni, I. (2019). Effects of soil properties, water quality and management practices on pistachio yield in Rafsanjan region, southeast of Iran. Agric. Water Manage. 213, 894–902. doi: 10.1016/j.agwat.2018.12.005

 Ranjan, A., Sinha, R., Singla-Pareek, S. L., Pareek, A., and Singh, A. K. (2022). Shaping the root system architecture in plants for adaptation to drought stress. Physiol. Plant 174 (2), e13651. doi: 10.1111/ppl.13651

 Raoufi, A., Salehi, H., Rahemi, M., Shekafandeh, A., and Khalili, S. (2021). In vitro screening: The best method for salt tolerance selection among pistachio rootstocks. J. Saudi Soc Agric. Sci. 20, 146–154. doi: 10.1016/j.jssas.2020.12.010

 Reyhani Haghighi, S., Hosseininaveh, V., Maali-Amiri, R., Talebi, K., and Irani, S. (2021). Improving the drought tolerance in pistachio (Pistacia vera) seedlings by foliar application of salicylic acid. Gesunde Pflanz. 73, 495–507. doi: 10.1007/s10343-021-00569-z

 Ryan, M. H., and Ash, J. E. (1996). Colonisation of wheat in southern New South Wales by vesicular- arbuscular mycorrhizal fungi is significantly reduced by drought. Aust. J. Exp. Agric. 36, 563–569. doi: 10.1071/EA9960563

 Saadatmand, A. R., Banihashemi, Z., Maftoun, M., and Sepaskhah, A. R. (2007). Interactive effect of soil salinity and water stress on growth and chemical compositions of pistachio nut tree. J. Plant Nutr. 30 (12), 2037–2050. doi: 10.1080/01904160701700483

 Sadat-Hosseini, M., Vahdati, K., Boroomand, N., Mehdi-Arab, M., and Asadi-Yekta, S. (2019). How walnut roots respond to drought stress: A morphological and anatomical study. South-Western J. Hortic. Biol. Environ. 10, 51–64.

 Saijo, Y., Kinoshita, N., Ishiyama, K., Hata, S., Kyozuka, J., Hayakawa, T., et al. (2001). A Ca2+-dependent protein kinase that endows rice plants with cold- and salt-stress tolerance functions in vascular bundles. Plant Cell Physiol. 42, 1228–1233. doi: 10.1093/pcp/pce158

 Sairam, K., and Saxena, C. (1999). Oxidative stress and antioxidants in wheat genotypes: possible mechanism of water stress tolerance. J. Agron. Crop Sci. 184 (1), 44–50. doi: 10.1046/j.1439-037x.2000.00358.x

 Sánchez-Blanco, M. J., Álvarez, S., Ortuño, M. F., and Ruiz-Sánchez, M. C. (2014). Root system response to drought and salinity: root distribution and water transport. Root engineering: Basic and applied concepts, 325–352. doi: 10.1007/978-3-642-54276-3_15

 Schulz, H., and Baranska, M. (2007). Identification and quantification of valuable plant substances by IR and Raman spectroscopy. Vib. Spectrosc. 43, 13–25. doi: 10.1016/j.vibspec.2006.06.001

 Sheen, J. (1996). Ca2+-dependent protein kinases and stress signal transduction in plants. Science 274, 1900–1902. doi: 10.1126/science.274.5294.1900

 Thangthong, N., Jogloy, S., Jongrungklang, N., Kvien, C. K., Pensuk, V., Kesmala, T., et al. (2018). Root distribution patterns of peanut genotypes with different drought resistance levels under early-season drought stress. J. Agron. Crop Sci. 204, 111–122. doi: 10.1111/jac.12249

 Varshney, R. K., Mohan, S. M., Gaur, P. M., Gangarao, N. V. P. R., Pandey, M. K., Bohra, A., et al. (2013). Achievements and prospects of genomics-assisted breeding in three legume crops of the semi-arid tropics. Biotechnol. Adv. 31, 1120–1134. doi: 10.1016/j.bioteChadv.2013.01.001

 Velasco-Conde, T., Yakovlev, I., Majada, J. P., Aranda, I., and Johnsen, Ø. (2012). Dehydrins in maritime pine (Pinus pinaster) and their expression related to drought stress response. Tree Genet. Genomes 8, 957–973. doi: 10.1007/s11295-012-0476-9

 Vives-Peris, V., López-Climent, M. F., Pérez-Clemente, R. M., and Gómez-Cadenas, A. (2020). Root involvement in plant responses to adverse environmental conditions. Agronomy 10 (7), 942. doi: 10.3390/agronomy10070942

 Xiong, L., and Zhu, J. K. (2003). Regulation of abscisic acid biosynthesis. Plant Physiol. 133, 29–36. doi: 10.1104/pp.103.025395

 Yang, W., Feng, H., Zhang, X., Zhang, J., Doonan, J. H., Batchelor, W. D., et al. (2020). Crop phenomics and high-throughput phenotyping: past decades, current challenges, and future perspectives. Mol. Plant 13, 187–214. doi: 10.1016/j.molp.2020.01.008

 Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., and Chen, S. (2021). Response mechanism of plants to drought stress. Horticulturae 7 (3), 50. doi: 10.3390/horticulturae7030050

 Yıldırım, K., Yağcı, A., Sucu, S., and Tunç, S. (2018). Responses of grapevine rootstocks to drought through altered root system architecture and root transcriptomic regulations. Plant Physiol. Biochem. 127, 256–268. doi: 10.1016/j.plaphy.2018.03.034

 Yıldız, M., Gürcan, Ş.T., and Özdemir, M. (1998). Oil composition of pistachio nuts (Pistacia vera L.) from Turkey. Lipid - Fett 100, 84–86. doi: 10.1002/(SICI)1521-4133(199803)100:3<84::AID-LIPI84>3.0.CO;2-6

 Yu, Z., Wang, X., and Zhang, L. (2018). Structural and functional dynamics of dehydrins: A plant protector protein under abiotic stress. Int. J. Mol. Sci. 19, 16–18. doi: 10.3390/ijms19113420

 Zarehaghi, D., Neyshabouri, M. R., Gorji, M., Hassanpour, R., and Bandehagh, A. (2017). Growth and development of pistachio seedling root at different levels of soil moisture and compaction in greenhouse conditions. Soil Water Res. 12, 60–66. doi: 10.17221/146/2015-SWR

 Zhao, G.-Q., Zhao, Q., Zhou, X., Mattei, M.-G., and de Crombrugghe, B. (1993). TFEC, a basic helix-loop-helix protein, forms heterodimers with TFE3 and inhibits TFE3-dependent transcription activation. Mol. Cell. Biol. 13, 4505–4512. doi: 10.1128/mcb.13.8.4505-4512.1993




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 © 2025 Osku, Procino, Mascio, Miazzi, Vivaldi, Vona, Fanelli, Roozban, Sarikhani, Arab, Akbari, Vahdati and Montemurro. 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: 01 May 2025

doi: 10.3389/fpls.2025.1514134

[image: image2]


AmMADS47 of Agropyron mongolicum negatively regulates drought tolerance in rice


Bobo Fan 1,2†, Hushuai Nie 1†, Xiaolei Li 1, Yu Ma 1, Ersuo Lv 3, Jing Wu 1, Xiuxiu Yan 1, Yongqing Zhai 1, Yan Zhao 4, Jie Liu 2, Xiaohong Du 1 and Yanhong Ma 1*


1 Agricultural College, Inner Mongolia Agricultural University, Hohhot, China, 2 Ecological Environment College, Baotou Teachers’ College, Baotou, China, 3 Inner Mongolia Academy of Agricultural & Animal Husbandry Sciences, Hohhot, China, 4 College of Grassland, Resources and Environment, Inner Mongolia Agricultural University, Hohhot, China




Edited by: 

Weiguo Liu, Xinjiang University, China

Reviewed by: 
Klára Kosová, Crop Research Institute (CRI), Czechia

Masood Jan, University of Florida, United States

Abazar Ghorbani, Guizhou University, China

Mohamed Ferioun, Sidi Mohamed Ben Abdellah University, Morocco

*Correspondence: 

Yanhong Ma
 mayanhong80@126.com

†These authors have contributed equally to this work


Received: 20 October 2024

Accepted: 10 April 2025

Published: 01 May 2025

Citation:
Fan B, Nie H, Li X, Ma Y, Lv E, Wu J, Yan X, Zhai Y, Zhao Y, Liu J, Du X and Ma Y (2025) AmMADS47 of Agropyron mongolicum negatively regulates drought tolerance in rice. Front. Plant Sci. 16:1514134. doi: 10.3389/fpls.2025.1514134



MADS-box transcription factors are important regulators of plant abiotic stress response. Despite the exceptional drought tolerance of Agropyron mongolicum, research on the MADS-box transcription factors governing simulate drought stress in this species are limited. In this study, overexpressing AmMADS47 in rice resulted in reduced drought tolerance. Transcriptome sequencing of wild-type (WT) and transgenic rice (OE) at 0 hours of drought and wild-type (WTD) and transgenic rice (OED) at 24 hours of osmotic stress revealed 21,521 differentially expressed genes (DEGs) totally. Further analysis of the top 20 enriched pathways of the DEGs between OE and WT, and between OED and WTD showed that phenylpropanoid biosynthesis and glutathione metabolism were the shared pathways most enriched in DEGs, and photosynthesis-antenna proteins were the shared pathway with the highest enrichment score and significance. Gene regulation in response to osmotic stress was analyzed in the three pathways, showing that, compared to WTD, OED exhibited up-regulation of a few drought-sensitive genes, while most genes positively regulating drought in WTD were down-regulated in OED. Collectively, these results highlight the crucial role of AmMADS47 in modulating the synthesis of key enzymes and the expression patterns of drought-responsive genes in three candidate pathways in rice, ultimately reducing drought resistance in rice.
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1 Introduction

Agropyron mongolicum, a resilient Gramineous perennial grass thriving in deserts, is mainly distributed in Russia, Mongolia, and northern China, and it has a high nutritional value with a protein content of 18.64% (Du et al., 2017). Its stem leaves are soft with good palatability for animal husbandry. Evolving the over years, it has developed a high ecological value because of its drought resistance, cold resistance, and suitability for dry sandy areas (Zhao et al., 2010; Zhang et al., 2019a). It plays an important role in ecological restoration, wind prevention, and sand fixation, serving as a vital genetic resource for enhancing stress tolerance in Gramineae crops (Zhang et al., 2019b; Fan et al., 2022). Climate change exerts profound impacts on agricultural systems, with global warming exacerbating the frequency of extreme climatic events such as droughts while simultaneously driving the progressive expansion of arid regions. Research indicates that drought-induced production losses approximate 7% in affected agricultural areas (Huang et al., 2015; Lesk et al., 2016). Therefore, in-depth investigation of wild drought-tolerant genetic resources holds critical significance for agricultural adaptation strategies. The exacerbation of global warming and environmental drought stress poses challenges to realizing the full genetic potential of crops (Boyer, 1982; Esfahanian et al., 2017). Drought stress induces alterations in plant phenotype, physiology, and molecular level, activating drought response genes (Chandra et al., 2021). Under drought stress, plants express and activate drought response genes, initiating a series of signal transduction and metabolic pathways that shape plant phenotypic and physiological changes. Recent research has revealed that transcription factors, such as WRKY, NAC, ERF, and DREB, are critical to drought tolerance (Chandra et al., 2021). However, research on key MADS-box transcription factors and their regulatory mechanisms in A. mongolicum under simulate drought stress is scarce.

MADS-box transcription factors play important regulatory roles in plant growth, development, and responses to environmental adversity (Natalia et al., 2019; Okay et al., 2024; Mirzaghaderi, 2024). These factors can be categorized into two types: Type I, featuring SRF-like structural domain, and Type II, comprising the MEF2-like structural domain (highly conserved), the I structural domain (containing 35 amino acids, lowly conserved), the K-box (containing 65–70 amino acids, moderately conserved), and the C structural domain (lowly conserved) (Wei et al., 2015; Luis et al., 1996; Becker et al., 2003). OsMADS26, identified as a regulator in stress responses like drought and pathogen infection, exhibited up-regulation in rice induced by mannitol. However, overexpression in rice or Arabidopsis resulted in severe adversity phenotypes, including slow root and branch growth, sterility, and pale green coloration, reducing drought tolerance in rice (Lee et al., 2008a; Khong et al., 2015). OsMADS23 and OsMADS25 genes in rice, induced by mannitol, may involve in regulating drought stress (Puig et al., 2013). Overexpression of OsMADS23 remarkably enhanced, but knockout of the gene greatly reduced the drought and salt tolerance in rice plants. Further, OsMADS23 was shown to promote the biosynthesis of endogenous ABA and proline by activating the transcription of target genes OsNCED2, OsNCED3, OsNCED4 and OsP5CR that are key components for ABA and proline biosynthesis (Li et al., 2021). Through comparative genome-wide analysis of MADS-box transcription factor families in rice, Abdullah-Zawaw found that the abiotic and biotic stress-responsive cis-regulatory element type and distribution patterns in the promoter regions of rice MADS-box, and showed the important role of MADs-box in rice stress responsiveness (Abdullah-Zawawi et al., 2021). miR444 is target to a MADS-box transcription factor OsMADS27 in rice, transgenic rice plants expressing miR444 target mimic improved rice root growth, but overexpression of miRNA-resistant OsMADS27 improved root development and tolerance to abiotic stresses, while its silencing suppressed root growth (Pachamuthu et al., 2022). PgMADS41 and PgMADS44 are involved in regulating root growth and development in Panax (Jiao et al., 2023). Overexpression of SLMBP22 gene in tomatoes increased drought resistance, leading to changes in chlorophyll content, soluble sugar, starch and the transcript levels of genes related to chlorophyll development and metabolism, as revealed by real-time quantitative polymerase chain reaction (qRT-PCR) (Li et al., 2020). In Sorghum bicolor, the expression of MADS-box gene (PTSb00221.1 and PTSb00208.1) in roots under water stress was up-regulated 5–10 fold (Aglawe et al., 2012). DgMADS114 and DgMADS115 genes from Dactylis glomerata improved stress tolerance when heterologously expressed in Arabidopsis thaliana, resulting in longer root length or higher survival rates under PEG and ABA (Yang et al., 2022). Research reports on the regulation of drought tolerance by the MADS47 gene in plants remain limited. Related studies have only been identified in rice, where research demonstrates that the OsMADS47 gene is predominantly expressed in plant tissues such as mature leaves, coleoptiles, and root elongation zones and promotes leaf sheath elongation while increasing leaf inclination angles. The OsMADS47 gene acts as a negative regulator of BR signaling. Research shows that BRs can activate plant reactive oxygen species and phenylpropanoid metabolism (Ryo et al., 2022; Han et al., 2022; Fornara et al., 2008). All of the above studies have shown that MADS-box plays an important role in regulating stress in plants, however, there is little mining and application of MADS-box genes in the strongly drought-tolerant A. mongolicum. It is important to understand the MADS-box genes that regulate drought in A. mongolicum, a highly drought-tolerant crop.

In our preliminary study, we identified the MADS-box transcription factor (AmMADS47) as a key player in regulating simulate drought stress in A. mongolicum (Fan et al., 2022). In this study, the function of the AmMADS47 gene was analyzed by observing the phenotype of rice plant overexpressing AmMADS47, determining its expression levels in roots, stems, and leaves, and evaluating ROS accumulation. Furthermore, the effects of AmMADS47 overexpression on downstream regulated genes and candidate metabolic pathways in rice were analyzed through transcriptome sequencing. This study contributes to further understanding of the regulatory mechanisms of Poaceae grass MADS-box transcription factors under abiotic stresses and provides new insights for improving stress tolerance in Poaceae grasses and crops.




2 Materials and methods



2.1 Basic bioinformatics prediction of the AmMADS47

Mature seeds of A. mongolicum were collected from the Inner Mongolia Agricultural University’s (Hohhot, China) forage test station in the Inner Mongolia Autonomous Region. The amino acid sequence of the AmMADS47 gene from A. mongolicum’s Coding sequence (CDS) was retrieved using the ORF Finder tool on the NCBI website (https://www.ncbi.nlm.nih.gov/orffinder/). A comparative analysis was performed by using the CDS sequence on NCBI to find genes that are highly homologous to the AmMADS47 gene (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Furthermore, the structural domain of the AmMADS47 protein were analyzed using CDD available on NCBI (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi?cdsid=QM3-qcdsearch-346AED479377E099&tdata=qopts). The prediction of phosphorylation sites was conducted using the NetPhos website (https://services.healthtech.dtu.dk/services/NetPhos-3.1/). To unravel the protein’s secondary and tertiary structures, analyses were carried out through the SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html) and SWISS-MODEL online platforms (https://swissmodel.expasy.org/interactive#sequence). Known and predicted physical and functional protein-protein interactions were obtained from the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (http://string-db.org/) by “Single/Multiple Proteins by Sequence”.




2.2 Overexpression vector construction of AmMADS47 gene

Total RNA from A. mongolicum leaves was extracted using TRNzol Universal Reagent (Tiangen biotech, DP424, Beijing, China). Subsequently, the concentration and purity of the RNA were detected using NanoDrop One, and the RNA was reverse transcribed into cDNA using the FastQuant RT Kit (Tiangen biotech, KT106, Beijing, China), serving as a cloning template. The cloning process utilized primers KL-F-AmMADS47 and KL-R-AmMADS47, with the KL-R-AmMADS47 removing the terminator (Supplementary Table S1). The amplification system and procedure followed the steps outlined in Supplementary Table S2. The purified AmMADS47 target fragment was recovered using the TIANgel Midi Purification Kit (Tiangen biotech, DP209, Beijing, China). Subsequent ligation of the AmMADS47 target fragment and the cloning vector was carried out following the guidelines of the pEASY-Blunt Simple Cloning Kit (Transgen, CB111, Beijing, China) (Supplementary Figure S1A). Positive clones were subjected to double verification using both universal primers (M13-F: GTAAAACGACGGCCAGT, M13-R: CAGGAAACAGCTATGAC) and specific primers (KL-F-AmMADS47, KL-R-AmMADS47). The amplification band of the universal and specific primers were 776 bp and 675 bp, respectively.

The PBI121-EGFP vector plasmid (Miaoling biology, Wuhan, China) and AmMADS47 target fragment were digested with Xho I and Sal I restriction enzymes (Thermo Fisher Scientific Inc., China) (Supplementary Table 3), and the resulting products underwent purification and recovery. The PBI121-EGFP was ligated with AmMADS47 (Supplementary Table S3), and the ligated product was transformed into Top10 competent cells (Weidi, DL1010, Shanghai, China), adhering strictly to the provided instructions. The monoclonal bacterial solution was sent to BGI Genomics Co., Ltd. for sequencing, and the correctly sequenced recombinant plasmid was named PBI121-AmMADS47-EGFP. The plasmid was further extracted using the TIANprep Mini plasmid Kit (Tiangen biotech, DP103, Beijing, China) and then transformed into Agrobacterium Tumefaciens GV3101 strain (Weidi, AC1001, Shanghai, China). This vector was subsequently used for subcellular localization and genetic transformation.




2.3 Subcellular localization of PBI121-AmMADS47-EGFP

The seeds of Nicotiana benthamiana were kept in the laboratory. The subcellular localization experiment utilized N. benthamiana as the experimental material, cultured in an artificial climate chamber (MGC-450HP-2) under conditions of 25°C and a 14 h light cycle for one month. Agrobacterium tumefaciens containing PBI121-AmMADS47-EGFP and PBI121-EGFP were cultured until reaching an OD600 value of 0.6. The bacterial cultures were then collected (5,000 rpm, 5 min), and the clear liquid was discarded. The bacterial pellet was resuspended in an equal volume of special infection solution (Coolaber, SL0911, Beijing, China) for tobacco. Subsequently, acetosyringone (20 mg/L) was added, and the infection solution was left at room temperature for 30 min before being used for injecting tobacco leaves. The injected regions on the tobacco leaves were marked, and the infested tobacco plants were incubated in the dark for 24 hours, followed by a transfer to the MGC-450HP-2 chamber for an additional 48 hours. The lower epidermal sections of the tobacco leaves were then torn and observed under a fluorescence microscope (OLYMPUS BX53) to determine the subcellular localization of PBI121-AmMADS47-EGFP. Centrifugation was performed using a C1650-230V centrifuge (Beijing Lebote, China).




2.4 Agrobacterium tumefaciens mediates genetic transformation in rice

The seeds of Nipponbare (Oryza. sativa L. ssp japonica) were provided by Shaanxi Baiai Gene Information Technology Co., Ltd., China. The callus of Nipponbare was infected with Agrobacterium tumefaciens containing PBI121-AmMADS47-EGFP. The Agrobacterium tumefaciens were cultured in liquid LB medium containing kanamycin (50 mg/L) and rifampicin (20 mg/L) at 28°C with agitation at 200 rpm. A thermostatic oscillator (HZQ-Q, Henglong Instrument Co., Ltd.) was employed for constant temperature oscillation. The OD600 value of the bacterial solution was maintained at 0.5. After centrifugation at 5,000 rpm for 5 min, the supernatant was discarded, and the organisms were resuspended in an equal volume of 1/2 MS liquid medium. Acetosyringone (20 mg/L) was added to the suspension, and the mixture was left at room temperature for 30 min to facilitate subsequent genetic transformation of rice. The callus of rice was infected for 15 min, followed by co-culturing after removing excess bacterial liquid from the callus. Positive rice callus was screened, followed by differentiation and strengthening of seedlings. Positive identification indicated that PBI121-AmMADS47-EGFP was successfully constructed and transformed into Agrobacterium tumefaciens GV3101 (Supplementary Figure S1B–D). Overexpressed AmMADS47 rice callus was obtained through two rounds of resistance callus screens (Supplementary Figures S2A, B). The seedlings resistant to callus differentiation were transferred to strong seedling mediums, leading to the development of transgenic rice lines (Supplementary Figures S2C, D). The formulation of the medium used in these experiments is shown in Supplementary Table S4. DNA of transgenic rice was extracted using the CTAB method, and positive rice was identified through polymerase chain reaction (PCR). DNA was extracted from rice leaves using the cetyltrimethylammonium bromide (CTAB) method to confirm positive rice lines, and the sequences of CaMV35s added CDS of AmMADS47 was amplified. Positive rice plants were then transplanted into soil as seedlings and allowed to mature for seed harvesting.




2.5 Cultivation and treatment of rice

50 seeds each from the wild type and positive rice lines were selected. The seeds underwent a series of surface sterilization steps, involving a 30 s∼1.5 min soak in 75% alcohol, followed pouring out the alcohol. Subsequently, the seeds underwent a 1 min soak in a 2.5% sodium hypochlorite solution, with the removal of the solution, the addition of a new 2.5% sodium hypochlorite solution, and at 150 rpm, a 20 min wash. The seeds were then transfer to a super clean table after removal of the sodium hypochlorite solution and underwent 15 rinses with sterilized ddH2O. The sterilized seeds were then germinated in the dark at 25 °C using filter paper in a germination box. After 5 days of seed germination, seedlings with uniform growth were selected and transplanted into nutritious soil with a 1 cm spacing between seedlings. The rice were cultured to the 4-leaf stage before being transferred to a hydroponic culture (nutrient solution: 2.37 g MS/L water). To induce simulate drought stress conditions, a 25% PEG-6,000 (W/V) treatment was administered, and samples were collected both before and 24 hours after the stress application. These samples were promptly placed in liquid nitrogen pre-cooled enzyme-free freezing tubes and then transferred to -80 °C for storage. Each sample type underwent three biological repeats to ensure robustness and reproducibility of the experimental results.




2.6 qRT-PCR in trans-AmMADS47 rice

Total RNA was extracted from leaves of overexpressed rice subjected to both non-drought treatment and drought treatment for 24 hours (D24 h). The RNA concentration and purity were detected using NanoDrop One, followed by reverse transcription to cDNA using the FastQuant RT Kit (Tiangen biotech, KT106, Beijing, China). For qRT-PCR, upstream and downstream primers for the AmMADS47 gene were F-AmMADS47 “CAGGCTCGGATTACCACTCTTCAAC” and R-AmMADS47 “TATTCAATGCAATGCGCGGGTTCAAC”. The Actin gene was used as an internal reference, with F-Actin “CAATGTGCCAGCTATGTATGTCGC” and R-Actin “TTCCCGTTCAGCAGTGGTAGTGAAG”. Primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The qRT-PCR was performed with MonAmp SYBR Green qPCR Mix (Monad, MQ10201S, Wuhan, China) following strict protocol instructions. The relative expression levels were calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001). Two rice lines with the highest expression were screened, and the expression levels of the AmMADS47 gene in roots, stems, and leaves were determined by qRT-PCR, with three biological replicates established.




2.7 Characterization of drought resistance in trans-AmMADS47 rice

After drought stress treatment, the plants whose leaves could grow upright, had fresh green color and showed no obvious wilting phenomenon were identified as “drought resistance” plants. For the assessment of oxidative stress in wild-type and overexpressed rice, leaves at the 4-leaf stage were subjected to both non-drought treatment and 25% PEG-6000 drought treatment for 24 hours. Nitrobule tetrazolium (NBT) and diaminobenzidine (DAB) staining were performed to observe O2- and H2O2 accumulation in the leaves. NBT (SL18061) and DAB (SL1805) staining solutions were purchased from Beijing Coolaber Technology Co., Ltd., China. To study the effect of AmMADS47 overexpression on rice root, rice lines exhibiting the highest expression of AmMADS47 were selected, and root phenotype were observed. Parameters such as root length, root surface area, root volume, and root tip number of rice at the 4-leaf stage were statistically analyzed using the LA-S root analysis system (Wseen, Hangzhou, China). The malondialdehyde (MDA) assay kit (A003-1), proline (Pro) assay kit (A107-1-1), and catalase (CAT) assay kit (Visible light) were used to determine the physiological indexes of wild-type and OE-25 rice at the 4-leaf stage. These kits were purchased from Nanjing Jiancheng Bioengineering Institute, China. The test procedures strictly adhered to the instructions provided with each kit.




2.8 Transcriptome sequencing of overexpressed rice under drought stress

Total RNA was extracted from OE-25 (OE), WT, drought-treated 24-h OE-25 (OED), and WTD leaves using Trizol reagent (Invitrogen, CA, USA). The quantity and purity of total RNA in each sample were assessed using the RNA 1000 Nano LabChip Kit (Agilent, CA, USA). The integrity of total RNA was evaluated with the Agilent Bioanalyzer 2100 analyzer (RIN value > 7.0, OD value 260/280 ≥ 1.8). The qualified total RNA was enriched with Oligo (dT) magnetic beads to obtain poly (A) RNA, which was subsequently cut into small fragments by Fragmentation Buffer. The cut fragments were reverse transcribed into the final cDNA library using the mRNA Seq sample preparation kit (Illumina, San Diego, USA), with library quality undergoing rigorous control measures. Rice transcriptome sequencing was performed on the Illumina Novaseq 6000 platform. Raw data were processed using the FASTQ to obtain clean reads, and HISAT2 software was employed for mapping to the reference genome and calculation of gene expression (FPKM) (Kim et al., 2015; Chen et al., 2018). The read counts of each gene were obtained through HTSeq-count (Simon et al., 2015), and the gene was analyzed by PCA using R packet (v 3.2.0). Sequencing services were entrusted to Shanghai OE Biotech Co., Ltd.




2.9 Analysis of differentially expressed genes and pathways of overexpressed AmMADS47

DEGs were analyzed using DESeq2 (Love et al., 2014), and DEGs responsive to AmMADS47 and osmotic stress were screened using criteria of q < 0.05, foldchange > 2, or foldchange < 0.5. Hierarchical clustering of DEGs was performed with R packet (v3.2.0) to analyze expression patterns of genes across different comparison groups. The expression profiles of the top 30 up-regulated and down-regulated genes were analyzed using ggrada. GO and KEGG pathway enrichment analysis of DEGs were used to screen terms and pathways responsive to AmMADS47 while regulating osmotic stress. Pathway maps for the selected key pathways were generated, and an expression heat map was constructed for genes annotated to each pathway. The relative expression levels of genes within the candidate pathway were analyzed. The qRT-PCR kit and template were consistent with those described in section 2.6. Primer sequences are shown in Supplementary Table S5.




2.10 Statistical analysis

Each graphical represents the results from at least three repeats, and the values are displayed as the mean ± SD. Statistical significance was determined using Student’s t-test.





3 Results



3.1 AmMADS47 gene sequence and subcellular localization analysis

The coding sequence of the AmMADS47 gene is 678 bp in length and encodes 225 amino acids (Supplementary Figure S3). Bioinformatics analysis was used to gain preliminary insight into the AmMADS47 gene. The results showed significant homology between AmMADS47 and rice’s OsMADS47 gene (LOC4331872), with an 82% identity in Blast comparison (Supplementary Figure S4A). The phosphorylation sites in the AmMADS47 protein were primarily serine, threonine, and tyrosine (Figure 1A). Protein secondary and tertiary structures of AmMADS47 were characterized by alpha-helices and random coil (Figures 1B; Supplementary Figure S4B). Both AmMADS47 and OsMADS47 proteins contain SRF-TF and K-box structural domains, as indicated by structural domain analysis (Figure 1C).




Figure 1 | Basic bioinformatics analysis of AmMADS47. (A) Predictive analysis of phosphorylation sites in the AmMADS47. (B) Protein secondary structure of AmMADS47. (C) The protein structural domains of AmMADS47 and OsMADS47.



Subcellular localization revealed that PBI121-EGFP localized to the cell membrane and nucleus, whereas PBI121-AmMADS47-EGFP located in the nucleus. This observation confirms nucleoprotein nature of the AmMADS47 gene (Figure 2).




Figure 2 | Subcellular localization of the AmMADS47 protein. The scale of images PBI121-EGFP and PBI121-AmMADS47-EGFP is 50 μm.






3.2 Impact of AmMADS47 overexpression on drought tolerance in rice

By means of the Agrobacterium-mediated transformation method for callus tissue, we obtained 41 transgenic rice plants (Supplementary Figure S5). The AmMADS47 gene exhibited drought-induced up-regulation in rice, with higher relative expression observed in the OE-19 and OE-25 lines (Supplementary Figure S6). The drought-induced response of the AmMADS47 gene was evident in leaves, as evidenced by qRT-PCR analysis of roots, stems, and leaves in the OE-19 and OE-25 lines (Figures 3A, B). These results showed that the AmMADS47 gene was specifically expressed in rice leaves and responded to osmotic stress. Both OE-25 and OE-19 showed increased susceptibility to wilting and lodging compared to WT when observing phenotypes at the 4-leaf stage of rice before and after drought (Figures 3C–F).




Figure 3 | Analysis of AmMADS47 expression and antioxidant capacity in rice. (A, B) Relative expression of AmMADS47 in roots, stems and leaves of OE-25 and OE-19. Different letters in the column indicate a significant difference at the 0.05 level. (C-F) Phenotypes of OE-25 and OE-19 before and after osmotic stress. (G, H) NBT staining of leaves of WT, OE-19, and OE-25 before and after osmotic stress. (I, J) DAB staining of leaves of WT, OE-19, and OE-25 before and after osmotic stress. The scale in the image is 1 cm.



Reactive oxygen species (ROS) accumulation is indicative of plant drought tolerance, with increased ROS levels corresponding to decreased tolerance. Superoxide anion (O2-) accumulation in WT, OE-19, and OE-25 was assessed through NBT staining. Before simulate drought stress, O2- accumulation was lower in WT, OE-19, and OE-25 leaves (Figure 3G). However, after drought treatment, OE-19 and OE-25 showed significantly larger stained areas than WT, indicating increased O2- accumulation in OE-19 and OE-25 leaves (Figure 3H). This suggested that overexpression of AmMADS47 led to more severe oxidative damage under drought conditions. H2O2 accumulation in WT, OE-19, and OE-25 leaves was visualized through DAB staining. Before drought stress, H2O2 accumulation was lower in WT, OE-19, and OE-25 leaves (Figure 3I). Following osmotic stress, the staining area of OE-19 and OE-25 leaves was larger than that of WT (Figure 3J). These results showed that the overexpression of AmMADS47 increased H2O2 accumulation in rice leaves, diminishing drought resistance.

Three physiological indexes related to drought resistance were measured in order to further understand the effects of overexpression of AmMADS47 on the physiology of drought resistance in rice. After 24 hours of drought treatment, significant differences in the MDA content were found between WT and OE-25 leaves, measuring 84.21 and 58.18 nmol/g (Figure 4A). At the same time, the Pro content in OE-25 and WT leaves was 74.85 and 104.23 μg/(g·FW), respectively, suggesting a lower ability of OE-25 leaves to scavenge oxygen-free radicals compared to WT (Figure 4B). The CAT activity in WT and OE-25 leaves exhibited significant difference after 24 h of drought, with OE-25 and WT leaves recording 251.22 and 313.82 U/(g·FW), respectively. This indicates a weaker H2O2 decomposition ability in OE-25 compared to WT (Figure 4C).




Figure 4 | Analysis of drought related physiological indicators in OE-25. (A) MDA content of leaves of WT and OE-25 under osmotic stress. (B) Pro content of leaves of WT and OE-25 under osmotic stress. (C) CAT activity of leaves of WT and OE-25 under osmotic stress. Different letters on the column indicate significant difference at 0.05 level. Student T-test was used for the determination of significant differences.






3.3 Analysis of differentially expressed genes in trans-AmMADS47 and wild-type rice

The raw data (NCBI ID: PRJNA954461) from transcriptome sequencing of 12 samples underwent filtering, resulting in clean bases ranging from 6.97 to 7.49 G, Q30 distribution from 95.04% to 96.24%, and GC content from 51.26% to 52.75% (Supplementary Table S6). The clean reads, when compared to the reference genome, fell within the range of 97.21% to 98.19%. The gene count for subsequent analysis, determined by htseq-count software, ranged from 26,905 to 27,755 (Supplementary Table S7). Principal component analysis (PCA) demonstrated good repeatability among biological samples (Supplementary Figure S7A). Hierarchical clustering divided samples into four branches (Supplementary Figure S7B), distinctly separating drought-treated samples (OED, WTD) from non-drought-treated samples (WT, OE).

DEGs in each comparison group were screened using q value and fold change (FC) threshold (Supplementary Table S8), resulting in 21,521 DEGs and 367 differentially expressed transcription factors. Analysis of up-regulated and down-regulated DEGs in the four comparison groups (OE vs. WT, OED vs. WTD, WT vs. WTD, and OE vs. OED) revealed varying counts. The number of up-regulated DEGs were 2,119, 966, 2,709, and 4,639, and the number of down-regulated DEGs were 3,955, 654, 1,191, and 5,288, respectively (Figure 5A). There were 210 genes shared among the four comparison groups. The specific 845 genes in OE vs. WT may be responsive to AmMADS47 overexpression (Figure 5B), and 277 unique genes in OED vs. WTD may respond to AmMADS47 overexpression and regulate rice osmotic stress. A cluster heat map showed distinct DEG expression patterns under overexpression and osmotic stress (Figures 5C, D). The hierarchical clustering heatmap, divided into two large branches, distinctly differentiated DEGs in the two comparison groups. OE exhibited significantly fewer up-regulated expressed genes than WT, suggesting that overexpression of AmMADS47 resulted in a low-expression pattern in some DEGs.




Figure 5 | Statistical analysis and cluster heatmaps of DEGs. (A) Statistics on the number of up-regulated and down-regulated genes in DEGs, with pink indicating up-regulated genes and blue indicating down-regulated genes. (B) Statistical analysis of share and unique DEGs in different comparative groups. (C, D) Cluster heatmaps of DEGs from OE vs. WT and OED vs. WTD comparison groups; labeled on the right in the heatmap are the up-regulated and down-regulated top 10 DEGs. The expression level of genes in the heat map is the FPKM value.



GO enrichment analysis of DEGs in the OE vs. WT and OED vs. WTD comparison groups revealed seven shared GO terms for biological processes, including signal transduction, response to biotic stimulus, response to endogenous stimulus, and others. For cellular components, seven shared GO terms, such as extracellular region, cell, cell wall, and others, were identified. In molecular function, eight shared GO terms, including protein binding, signal transducer activity, carbohydrate binding, and others, were found (Figures 6A, B). These shared GO terms may respond to AmMADS47 overexpression and osmotic stress regulation. In the KEGG-enriched pathways analysis of the two comparison groups, phenylpropanoid biosynthesis and glutathione metabolism were identified as the shared pathways with the highest and the second-highest number of DEGs, respectively. The shared pathway with the highest enrichment scores and significance was photosynthesis-antenna proteins (Figures 6C, D). These three pathways were selected as candidate pathways for further analysis.




Figure 6 | Top 30 GO and top 20 KEGG enrichment analysis of DEGs. (A, B) The top 30 GO terms in the comparison groups (OE vs. WT and OED vs. WTD). (C, D) The top 20 KEGG enrichment in the comparison groups (OE vs. WT and OED vs. WTD).






3.4 DEGs regulated to phenylpropanoid and lignin biosynthesis were important to drought stress

In the phenylpropanoid biosynthesis pathway, there were 68 shared DEGs in both comparison groups (OE vs. WT and OED vs. WTD) (Figure 7). Key enzymes, such as phenylalanineammonia-lyase (PAL) and 4-coumarate coenzyme a ligase (4CL), determine lignin synthesis in phenylpropanoid biosynthesis pathway. Six genes regulating PAL showed down-regulation in OE compared to WT, suggesting a potential reduction in PAL synthesis. The drought regulation patterns of these six genes in wild-type rice were analyzed, revealing five genes (LOC_Os02g41650, LOC_Os02g41670, LOC_Os04g43800, LOC_Os05g35290 and LOC_Os02g41680) were drought-sensitive, and one gene (LOC_Os12g33610) positively regulated drought. In OED, the expression of LOC_Os12g33610 remained unchanged after osmotic stress, while four drought-sensitive genes (LOC_Os02g41650, LOC_Os02g41670, LOC_Os05g35290, and LOC_Os02g41680) were up-regulated compared to WTD, indicating that AmMADS47 overexpression led to increased expression of most drought-sensitive genes regulating PAL, enhancing the drought sensitivity of overexpressed rice. For 4CL, five genes (LOC_Os06g44620, LOC_Os08g34790, LOC_Os02g46790, LOC_Os02g08100, and LOC_Os10g42800) were identified, all of which showed down-regulation in expression in OE compared to WT, potentially reducing the synthesis of 4CL. The analysis of their regulation model under osmotic stress in wild-type rice revealed four drought-sensitive genes (LOC_Os08g34790, LOC_Os02g46790, LOC_Os02g08100, and LOC_Os10g42800). After osmotic stress in OED, the expression of LOC_Os02g08100 and LOC_Os10g42800 genes was significantly up-regulated, while two genes showed no significant change compared to WTD. The overexpression of AmMADS47 may contribute to a reduction in 4CL synthesis, and the up-regulated expression of drought-sensitive genes may reduce the drought resistance of transgenic rice.




Figure 7 | The phenylpropanoid biosynthesis pathway in two comparison groups (OE vs. WT, OED vs. WTD). This is a heatmap of the phenylpropanoid metabolism pathway and genes in two comparison groups. Blue indicates a down-regulation of gene expression levels, and red indicates an up-regulation.



In the lignin biosynthesis pathway, key downstream enzymes include cinnamoyl-coa reductase (CCR), cinnamyl alcohol dehydrogenase (CAD), hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase (HCT), and caffeate/5-hydroxyferulate 3-o-methyltransferase (COMT) (Figure 7). The expression of genes regulating these enzymes is mostly down-regulated in OE compared to in WT, potentially resulting in reduced synthesis of these important enzymes. For example, 8 genes regulating CCR, seven of which are down-regulated in OE compared to WT, and 2 genes (LOC_Os02g09490 and LOC_Os10g29470) regulating CAD, both showing down-regulation for gene expression in OE compared to WT (Figure 7). The regulation mode of these pathway genes under osmotic stress was analyzed. Drought-sensitive genes in the wild type were up-regulated in OED compared to WTD, indicating an increase in drought sensitivity in overexpressed rice. For example, among the genes regulating CCR, three drought-sensitive genes (LOC_Os09g04050, LOC_Os09g25150, and LOC_Os01g18120) in the wild-type rice were up-regulated in OED compared with WTD, while the expression of LOC_Os02g08420 showed no significant change. The two genes (LOC_Os02g09490 and LOC_Os10g29470) regulating CAD, which were drought-sensitive in the wild-type rice, were up-regulated in OED after osmotic stress compared with WTD. These results showed that overexpression of AmMADS47 reduced the expression of genes regulating important enzymes in the phenylpropanoid biosynthesis pathway, leading to impaired lignin synthesis. Additionally, of the up-regulation of drought-sensitive genes in overexpressed rice contributes to a reduction in drought resistance.




3.5 DEGs involved in glutathione metabolism were responsive to drought stress

The share of DEGs in the glutathione metabolism pathway in the two comparison groups (OE vs. WT and OED vs. WTD) were 58 (Figure 8). Key enzymes in the glutathione metabolism pathway include glutathione transferases (GSTs), ascorbate peroxidase (APX), and glutathione peroxidase (GPX). The decrease in the expression of three enzymes can reduce the resistance of plants to ROS damage. There are 31 genes regulating GST, such as LOC_01g27360, LOC_10g38150, and LOC_10g38189 and others. Among these, 26 genes were down-regulated in OE compared to gene expression in WT, potentially reducing the synthesis of GST. Among the 26 genes, 17 were drought-sensitive, and 9 were positively regulated by drought stress in wild-type rice. After simulate drought stress, two drought-sensitive genes (LOC_07g07320, LOC_01g49720) were down-regulated in OED compared with WTD, indicating that overexpressed rice is more sensitive to drought. Three drought-sensitive genes (LOC_10g38489, LOC_10g38580, and LOC_10g38730) were up-regulated, reducing the drought resistance of transgenic rice. The other 11 genes showed insignificant changes in expression in WTD and OED. After simulate drought stress, 8 genes positively regulated by drought were down-regulated in OED compared with the situation in WTD. It indicated that overexpression of AmMADS47 decreased the expression of most of the positively regulated drought genes, thus reducing the drought resistance of overexpressed rice. There were four genes that regulate APX (LOC_03g17690, LOC_07g49400, LOC_04g14680, and LOC_08g41090), and three of them (LOC_03g17690, LOC_07g49400, and LOC_04g1468) were down-regulated in OE compared to gene expression in WT, potentially decreasing APX synthesis. LOC_08g41090 gene was positively regulated by drought stress in wild-type rice. After osmotic stress, its expression was down-regulated in OED compared with WTD, reducing drought tolerance in transgenic rice. For GPX, three genes (LOC_04g46960, LOC_06g08670, and LOC_02g44500) were down-regulated in OE compared with WT, potentially reducing GPX synthesis. These three genes were drought-sensitive in wild-type rice. After osmotic stress, their expression was up-regulated in OED compared to WTD, decreasing the drought resistance of overexpressed rice. The overall analysis of the glutathione metabolism pathway suggested that overexpression of AmMADS47 could reduce the expression of genes regulating key enzymes, leading to a decrease in the synthesis of these enzymes. Most genes positively regulating drought were down-regulated, while most drought-sensitive genes were up-regulated for expression, collectively reducing the drought resistance of rice overexpressing AmMADS47.




Figure 8 | The glutathione metabolism pathway in two comparison groups (OE vs. WT, OED vs. WTD). This is a heatmap of the glutathione metabolism pathway and genes in two comparison groups. Blue indicates a down-regulation of gene expression levels, and red indicates an up-regulation.






3.6 ATP anabolism related DEGs were participated in the response to drought stress

The energy used for the growth and development of higher plants comes mainly from adenosine triphosphate (ATP) produced by photosynthesis, and chloroplasts is the main source of plant photosynthesis. Drought stress affects the photosynthesis-antenna proteins pathway and regulates the expression of light-harvesting complexes proteins (LHCs). In the photosynthesis-antenna proteins pathway, 15 shared genes were annotated in the two comparison groups (OE vs. WT, OED vs. WTD), and these 15 genes were further annotated into 11 LHCs. The expression of 13 genes in OE was decreased compared to WT, indicating a potential reduction in the synthesis of LHCs (Figure 9). These 13 genes were identified as drought-sensitive genes in wild-type rice. After osmotic stress, the expression of 12 genes in OED was lower than that in WTD. However, the expression of LOC_Os09g12540 was higher in OED than in WTD. These changes may collectively contribute to a decrease in drought tolerance in overexpressed rice. Additionally, the expression of two genes (LOC_Os09g26810 and LOC_Os06g28960) was up-regulated in OE compared to WT. However, the expression of these two genes did not change significantly in OED and WTD after osmotic stress. It can be speculated that these two genes may not actively participate in the regulation of osmotic stress under the condition tested.




Figure 9 | The photosynthesis-antenna proteins pathway in two comparison groups (OE vs. WT, OED vs. WTD). This is a heatmap of the photosynthesis-antenna proteins pathway and genes in two comparison groups. Blue indicates a down-regulation of gene expression levels, and red indicates an up-regulation.



Six genes involved in the phenylpropanoid biosynthesis, glutathione metabolism, and the photosynthesis-antenna proteins pathway were selected for qRT-PCR analysis, and the relative gene expression trends observed were consistent with the transcriptome sequencing (Figure 10). This alignment indicated that the rice transcriptome sequencing data were accurate and reliable. Furthermore, the expression trends of five genes in wild-type rice were opposite to those in overexpressed rice. OsGSTU16 exhibited a similar expression trend in both wild-type rice and overexpressed rice, but its expression was downregulated in the overexpressed rice compared to wild-type rice. This suggested that overexpression of the AmMADS47 gene may change the expression pattern of certain genes in these three pathways, consequently influencing the drought resistance of rice.




Figure 10 | Expression analysis of annotation genes in three candidate pathways of rice. OsBGLU3, OsGSTU16, OsGSTU8, OsLhcb1, OsLhcb2, and  OsPAL.







4 Discussion



4.1 Functional analysis of the AmMADS47

MADS-box transcription factors exert crucial regulatory functions in plants’ response to abiotic adversity stress. Currently, there is limited research on the MADS47 gene, particularly regarding its regulatory functions. Existing studies in rice have enhanced the negative regulation of the brassinolide signal transduction pathway by the OsMADS47 gene (Lee et al., 2008b; Duan et al., 2010). However, there is a notable gap in understanding the AmMADS47 gene’s involvement in drought regulation in A. mongolicum. In response to drought conditions, AmMADS47 is induced and actively participates in the intricate network governing drought stress. Unraveling the functional role of this gene holds significant importance. In this study, AmMADS47 protein was localized in the nucleus. The investigation extended to assess the tissue-specific expression of AmMADS47 in overexpressed rice roots, stems, and leaves. Notably, AmMADS47 exhibited significant expression specificity in leaves following simulate drought stress. Observing the phenotype of rice revealed that, under osmotic stress, OE-19 and OE-25 displayed enhanced wilting compared to WT, accompanied by curled leaves and lodging. This result is consistent with the study of Khong et al, who proved that OsMADS26 negatively influences drought resistance in rice (Khong et al., 2015). Similar to our results, over-expressed OSMADS26 in rice resulted in a decrease in drought tolerance and the manifestation of several adversity phenotypes, such as slow root and branch growth and the development of light green plants (Khong et al., 2015). Further assessments using NBT and DAB staining to visualize ROS damage demonstrated that OE-25 and OE-19 suffered more significant ROS damage than WT. This observation was consistent with the results of MDA, Pro, and CAT determinations, emphasizing the negative regulatory impact of AmMADS47 overexpression on rice drought resistance. AmMADS47 interact with proteins of MAPK family (Supplementary Figure S8), which have been proved to participate in drought response through regulating ROS signaling. MAPK cascades are involved in ROS signal transduction, which is induced by ROS signaling and can regulate the production of ROS (Zhang et al., 2014). Published studies show that MPK2 is involved in regulating stomatal opening (Li et al., 2023), MPK5 is regulated by oxidative stress, MPK6 in Arabidopsis is activated under abiotic stress, and participates in stomatal morphology, redox regulation and hormone regulation (Colcombet and Hirt, 2008; Zhang et al., 2014); MPK8 negatively regulates ROS accumulation by controlling Rboh D gene (Takahashi et al., 2011). So, we think AmMADS47 regulates the drought resistance of rice by influencing the ROS pathway, too.




4.2 Effects of overexpression of AmMADS47 in rice on downstream genes

Utilizing RNA-seq analysis, downstream response genes and pathways specific to genetic transformation events can be elucidated. For instance, the introduction of the GhSAMDC1 gene into tobacco resulted in the identification of 938 differentially responsive genes through RNA-seq analysis. Comprehensive regulatory networks governing nutritional growth and early flowering in both wild-type and transgenic tobacco were unveiled by employing GO and KEGG analysis (Cheng et al., 2022). Similarly, an exploration of the molecular mechanisms underlying leaf roll phenotypes in overexpressed rice lines was conducted via RNA-seq. In this context, 2,920 differentially responsive genes, 42 belonged to the KEGG pathway (dosa04075), were identified (Yu et al., 2022). Applying a similar approach, the downstream genes and pathways responsive to AmMADS47 in rice were investigated using RNA-seq. Sequencing the transcriptomes of AmMADS47-overexpressing rice and wild-type rice leaves allowed for the analysis of AmMADS47’s impact on rice drought tolerance. Large numbers of genes were differentially expressed between AmMADS47-overexpressing rice and wild-type rice leaves. These DEGs were enriched in the biological processes of signal transduction, response to biotic stimulus, response to endogenous stimulus, and others. Moreover, the analysis of KEGG pathways highlighted that phenylpropanoid biosynthesis and glutathione metabolism as shared pathways, with photosynthesis-antenna proteins ranking highest in enrichment score and significance. Our results also proved that DEGs regulated to ATP anabolism were important to drought stress, these results imply the rapid response of secondary metabolites under abiotic stress, and a similar response mechanism also existed in cotton roots and leaves (Su et al., 2020; Nie et al., 2021).




4.3 Some metabolic pathways are important to drought tolerance

In this study, 68 shared annotated genes were identified in the phenylpropanoid biosynthesis pathway. The expression of genes regulating PAL was down-regulated in OE compared to WT. Most genes involved in the regulation of 4CL, CCR, CAD, HST, and COMT exhibited a similar down-regulated as PAL in OE, potentially diminishing the synthesis of key enzymes and, consequently, affecting the synthesis of lignin and reducing the drought resistance of rice. Phenylpropanoid metabolism is crucial in regulating abiotic stress responses in crops, including drought, low temperature, and high temperature, contributing to enhanced crop resistance (Cisneros-Zevallos, 2003; Marie et al., 2003; Hano et al., 2006). Comprising lignin and flavonoid biosynthetic pathways, the phenylpropanoid biosynthetic pathway is pivotal for plant stress adaptation. Lignin is a vital component of the cell wall, contributes to maintaining cellular osmotic balance, influencing plant resistance to lodging, drought, diseases, and pests (Moura et al., 2010), allogenic expression OsGRP3 in rice modulates lignin accumulation and improves drought resistance (Xu et al., 2022). They has demonstrated that some crucial enzymes, such as 4CL, CCR, CAD, and COMT, participated in the lignin synthesis pathway and responded to drought stress (Hu et al., 2009; Leyva et al., 1995), and similar results were demonstrated in our study in leaves of rice.

Adverse stress conditions trigger the production of ROS in plants, necessitating the activation of plant antioxidant systems to counteract ROS accumulation. The glutathione metabolic pathway, an important player in the scavenging of ROS in plants, prominently features antioxidant enzymes such as APX, GPX, and GST. In this study, 58 genes were annotated to the glutathione metabolic pathway, with APX, GPX, and GST identified as key enzymes. Among these, 4, 3, and 31 genes were involved in regulating APX, GPX, and GST, respectively. The majority of these genes exhibited lower expression levels in OE compared to WT. Previous studies have proved that GPX catalyzes the reduction of H2O2 and protects plants from oxidative damage (Arthur, 2001). The knockout of the AtGPX3 gene in Arabidopsis thaliana resulted in a significant decrease in drought resistance and antioxidant capacity (Kang et al., 2004). Enhancing the expression of GST gene has been shown to improve the ability of plants to scavenge ROS, thereby improving drought tolerance. Overexpression of ThGSTZ1 from Tamarix hispida in Arabidopsis led to increased activities of GST and glutathione peroxidase, a decrease in ROS levels, and increased drought resistance (Yang et al., 2014). All of the above results show that a variation in the synthesis of APX, GPX, and GST ultimately changes the drought resistance of different plants.

Photosynthesis serves as the primary source of energy in plants, with light capture being a fundamental prerequisite for this process. The regulation of LHCs gene expression directly affected protein synthesis, thus impacts photosynthesis. Drought stress exerted a significant effect on photosynthesis, as evidenced by the advanced peak value of daily changes in the photosynthetic rate observed in maize under drought stress, facilitating normal photosynthesis despite the adverse conditions (Yu et al., 2015). The modulation of LHCs gene expression played a crucial role in chlorophyll synthesis, a key component of photosynthesis. Knockout of the OsLHCB3 gene in rice resulted in light green leaves during tillering and heading stages, accompanied by a reduction in chlorophyll content (Wang et al., 2023). Similarly, Arabidopsis leaves lacking the Lhcb1 and Lhcb2 genes exhibited a light green phenotype and decreased chlorophyll content (Jenny et al., 2003). In the present study, 15 genes were annotated in the photosynthesis-antenna proteins pathway, regulating 11 LHCs. Strikingly, the expression of 13 genes in OE was lower than that in WT, suggesting a potential reduction in the synthesis of LHCs and chlorophyll. This decrease in energy supply may compromise plant photosynthesis, leading to reduced drought resistance in AmMADS47-overexpressing rice.






Conclusion

This study elucidates the molecular mechanism whereby AmMADS47 overexpression compromises drought tolerance in rice (Figure 11). Transgenic plants exhibited pronounced growth impairment under simulate drought stress, characterized by excessive ROS accumulation, reduced CAT activity, elevated MDA content, and reduced proline levels, proved that AmMADS47 may be involved in regulation of drought tolerance in transgenic rice by influencing the ROS pathway. In addition, transcriptome sequencing analysis found that AmMADS47 overexpression affected the gene expression of key enzymes in three candidate metabolic pathways (phenylpropanoid biosynthesis, glutathione metabolism and photosynthesis-antenna proteins), and it was speculated that it affected the synthesis of key enzymes and reduced the drought resistance of rice. These findings establish a foundation for the drought-responsive functions of AmMADS47. Future investigations will systematically examine AmMADS47-mediated transcriptional regulation of downstream targets and associated metabolic reprogramming mechanisms, facilitating the exploitation of wild genetic resources for crop drought resistance improvement.




Figure 11 | Drought resistance mechanism of AmMADS47.
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Xylem water Groundwater

3D (%) 3D (%.)
Huocheng - 6691 * 1.69¢ —-6.97 £0.37a — 84.09 £ 0.15¢ -12.39 £0.27b
Mosuowan - 61.80 £ 3.73b - 674 £ 1.02a —-7252 +1.92b - 1171 £ 0.34b
i Tazhong — 56.65 + 1.55a -642 033 —57.33 + 3.46a - 806 +0.69%

The values in the table represent the mean + standard deviation; different lowercase letters indicate significant differences in 8D or 8'°0 between different study sites.
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Parameter Ecological meaning Mycorrhizae SRA SRL RCC

Single-trait network parameter

Degree (k) Strength of a trait connection to Included 6 5 5 4 3 5 4 1 3
other traits

Not included - 4 4 3 3 4 3 1 2
Weighted Indicator of a hub trait (most connected Included 37 32 38 3.1 2 35 25 0.8 19,
degree (D) traits/important to the whole phenotype)
Not included - 24 31 26 2 3 2 0.8 13
Betweenness Indicator of how central a trait is in Included 0.3 02 0.0 0.0 0.0 0.2 0.3 0.0 0.0
centrality connecting the phenotype
Not included = 0.6 0.0 0 0 0.4 0.3 0.0 0.0
Whole network parameter Value
Average Indicator of independence of traits Included 11
path length
Not included 13
Edge density Connectivity among traits for resource Included 0.5
acquisition and distribution
Not included 0.4
Average Overall trait phenotypic plasticity to cope Included 0.7
clustering with environmental change
coefficient
Not included 0.6
Connectance Overall phenotypic integration (whole Included 0.4
(©) plant efficiency in resource acquisition
and distribution)
Not included 0.3

RD, root diameter; RTD, root tissue density; SRA, specific root area; SRL, specific root length; RDMC, root dry matter content; RNC, root N content; RC:N, root C:N ratio; RCC, root C content;
colM, AM colonization.
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PC1 PC2

Standard deviation 0.228 0.132
Proportion of Variance 0.666 0.223
Cumulative Proportion 0.666 0.889
Trait PC1 PC2

RD 0.435 -0.513

RTD -0.974 0.079

SRA 0.974 0.148

SRL 0.836 0.184

RDMC -0.963 -0.045

RNC -0.267 0.950

RCN -0.126 -0.942

RCC -0.286 0.574

colM 0.601 -0.500

RD, root diameter; RTD, root tissue density; SRA, specific root area; SRL, specific root length;
RDMG, root dry matter content; RNC, root N content; RC:N, root C:N ratio; RCC, root C
content; colM, AM colonization.
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RD RTD SRA RDMC RNC RCC

colM 0.76 -0.68 0.52 017 -0.53 -0.56 018 -0.61
RD -0.68 0.42 -0.02 -0.56 -0.52 012 -0.65

RTD -0.90 0.57 0.92 » 027 013 0.37
SRA 0.81 s -0.09 028 022
SRL -0.63 -0.04 -0.14 -0.08

RDMC 0.11 021 024
RNC 0.81 0.65
RC:N 023

Significant correlations at 0. = 0.05 are shown in bold. RD, root diameter; RTD, root tissue density; SRA, specific root area; SRL, specific root length; RDMC, root dry matter content; RNC, root N
content; RC:N, root C:N ratio; RCC, root C content; colM, AM colonization.
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Reproductive phase 565.124** 3387.27*** 51.458***
Species 155504 430.27* 74.341*
Organ 1802.50%** 6332.87*%* 445718
Reproductive phase x Species 38.76%** 35790 17.158***
Reproductive phase x Organ 191.97+** 780.43*** 41.340"*
Species x Organ 21.05%** 119.50*** 30.970***
Reproductive phase x Species x Organ 15.43%* 27.57%% 6.061**

P < 0.001.
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Primer name

Sequences (5°-3")

Moazzzam Jazi
et al, 2017

F-CDPK CATGGCCCAACATATCAGACAG
R-CDPK CCACAATCCAGGGGTGACATA
F- DHN GCGAGCAGAAAGGGCTGTA
R-DHN TGCTGCTTCACGCCATCAC
F-ZEP ACTTTGCAACAAATCCTCGCT
R-ZEP CCTCACCTTCGACCATATTCCAT
F-EFlo GGCAAGGTATGATGAAATCGTG

R-EFlo

ATCACCCTCAAATCCAGAGATG
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Clonal hybrid Irrigation AVRW (cm) NWWI (ci NWDP (cm) NWLD MAEA (crm NWVL (cm NWWD
Resistant Control Mean o1 9175 855 n* o1 1075 a7 Lar*
Drought vl 013* 489.3° 804 785" 012 108" 70¢ 138
Sensitive Control on® 804.6* 8740 713 o010 107 107" 145
Drought on® 816" 813 7 o 1082* 108 143
Control STDEV 0005 13 066 078 0005 152 257 030
Resistant
Drought 0004 1910 044 0 0003 133 132 0010
Sensitive Control 0001 29 030 050 001 051 195 0015
Drought 0002 291 257 066 0004 136 421 0013
c » ns ns ns ns ns . ns
ANOVA 1 - b ns w ns ns ns ns
e - - ns ns ns ns . s

Within each column in every hybrid, means superscript with different letters are significantly different by Duncan’s range test (P< 0.05). *, *, ns: Significantly differences at of 5% and 1% of probability levels and non-significantly differences, respectively. STDEV is

Standard Deviation.
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Variable DF B-diketone  Odd-chained alkanes Primary alco

ls Fatty acids Total wax
Ecozone 1 4.013 (0.047) 0.065 (0.799) 0.641 (0.425) 0.400 (0.528) 0.064 (0.801)

18220
Year of release 1 7.233 (0.008*) 0.477 (0.491) 8488 (0.004%) | 8.640 (0.004%)
(3.76e-05")

Ecozone x year

1 0.266 (0.607) 0.528 (0.469) 0.001 (0.980) 0.169 (0.682) 0.417 (0.520)
of release

Degrees of freedom (DF), F-values, and p-values (in brackets) are shown for a two-way ANOVA using ecozone and year of release for the field experiment. Significance (*p-value < 0.01,
**p-value < 0.001) is indicated next to each significant p-value.
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Predictors Deviance df residuals Residual Deviation

Residuals
Mean richness NULL 107 227.87
mean_NSAT 1 9.75 106 218.12 0.01
microsite 1 9.15 105 208.96 0.01
mean_VPD 1 38.31 104 170.65 0.01
Mean NULL ‘ 107 51383
abundance
mean_NSAT 1 14719.1 106 36664 0.01
microsite 1 419.5 105 36244 0.08
mean_VPD 1 217433 104 14501 0.01

Analysis mean annual plant richness and abundance are shown using a Generalized Linear Model (GLM). Significant p-values are bolded. Given model has the lowest AIC for the family of fit.
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Analysis mean annual plant richness and abundance are shown using a Generalized Linear Model (GLM). Significant p-values are bolded. Given model has the lowest AIC for the family of fit.
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Predictors Estimates Standard Error

(SE)
NSAT (°C) (Intercept) 1644 12.82-20.07 0.01 185

shrub_volume 0 -0.01-0.02 0.57 0.0059

Number of Observations: 180

Marginal R%: 0
Nijtest 6

VPD (kPa) (Intercept) 143 1.06-1.80 0.01 0.19
shrub_volume 0 -0.01-0.04 0.59 0.001

Number of Observations: 180
Marginal R% 0

Niitest 6
SGT (°C) (Intercept) 14.09 10.5-17.67 0.01 1.83
shrub_volume -0.01 -0.03-0.01 0.17 0.01

Number of Observations: 180
Marginal R% 0.005
Niies: 6

Contrast of microclimatic measurements estimated using Generalized Linear Mixed Models (GLMM). Microsite was nested within the site code. Significant p-values are in bold. CI represents the
95% confidence interval.
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Mean near-surface air temperature (NSAT) and vapor pressure deficit (VPD) with their standard deviations are provided across each site, under the shrub, and in the open.
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Site Code Semi-arid
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Longitude

Aridity

Regional
Gradient
Classification

Region
Cuyama_1 San Joaquin
Cuyama_2 San Joaquin
Cuyama_3 San Joaquin
Carrizo_3 San Joaquin
Carrizo_4 San Joaquin
Carrizo_soda_shrub San Joaquin

34.849

34.854

34.938

35.163

35.116

35.119

-119.483

-119.486

-119.481

-119.675

-119.621

-119.629

14

14.1

14.2

14.5

14.7

14.7

136

137

139

149

147

148

5.67

5.69

574

6.08

595

5.99

Mean annual temperature (MAT) and mean annual precipitation (MAP) were extracted from WorldClim and used to calculate DeMartonne’s aridity index.
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Molecular Days

formula present Occurrence
266.15 C13H,,05N; 3 9
308.08 C4H,50,N 4 7
336.33 Cy,H,30N 3 6
337.20 | C15H34,0,N,8, 3 ‘ 10
340.20 | CH3,05NP 3 ‘ 7
360.24 CisH3506N 3 11
370.13 C,1H,50NS, 3 22
384.15 ‘ Cy,H,,0NS, 3 22
455.12 | C33H,cON, 3 . 5
47328 CsoH3503N, 3 ‘ 5
489.28 CsoH3504N, | 3 6
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Baseline (day 0)

df  Sum of Squares ¥  F P-value

Treatment 1 0.25 008 | 072 | 0.719
Residual 8 2.81 0.92 V

Total 9 | 3.06 1.00

Treatment 1 0.54 003 | 1.79 | 0.043
Day V 4 | 221 014 | 1.83 - 0.003
Treatment x Day | 4 1.38 0.09 1.14 | 0.224
Residual 40 12.10 0.75

Total 49 16.24 1.00

Recovery phase (days 14 to 18)

Treatment 1 0.14 002  0.66  0.635
Day 2 0.42 007 099 0437
Treatment x Day = 2 0.47 008  1.I1 | 0349
Residual 24 5.09 0.83 V

Total 29 6.12 1.00

Three matrices were created using N-containing molecules on a presence or absence basis
with Bray-Curtis dissimilarity. Significance is determined at o = 0.05.
Bold values indicate significance (o = 0.05) between treatments.
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Experimental phase Count of molecules Count of elements

Baseline N (& N (&
Control | 383 962 652 19,068 251
Drought | 417 1,017 696 20,804 256
Treatment
Control | 3,710 13,001 6,232 262,350 36.1
Drought | 4,193 125575 6,924 247,068 30.6
Recovery
Control | 2,348 8,363 3,703 170,329 394
Drought | 2,091 7,495 3,395 156,006 39.4
Total
| 13,142 43413 21,602 875,625 [ 348

As organic products, N-containing molecules contain C and are included in counts of C for all molecules. However, not all molecules include N. The mass C:N ratio uses counts of elements
multiplied by their atomic mass (C = 12.011 amu; N = 14.007 amu) to obtain their relative mass within FT-ICR-MS detection range (200 - 900 amu).
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Sampling timepoint Specific exudation (mg g™*

Concentration (mg L) Mass (mg) root DW)
Control Drought Control Control Drought
Treatment
TOC | 79.0 + 4.2 84224 10205 10.8 £ 0.5 34107 3411
TON | 20468 34.4+36 26+08 44£05 08+02 1405
CN | 4211 25£02 - E - =
Recovery
TOC | 77.5+08 785 +39 10,0+ 0.1 101+ 05 101+ 06 101+07
TON | 23452 358+ 42 3.0£07 46+0.5 0.6+ 0.2 1.0 £0.1
CN | 2105 3407 - - - -

Specific exudation is mass normalized to root dry weight (DW) of the plant. NO5™ and amino acids mass are of N (NO3"N and amino acid-N). Data are presented as mean + standard deviation
(SD). Bold values indicate significance (ot = 0.05) between treatments at that sampling timepoint.
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Processing steps of FT-ICR-MS data

Peaks detected 33,870
Peaks after quality control including blank removal 13,033
Molecules assigned molecular formula 3,985

Molecules assigned molecular formula containing N = 1,616

Peaks detected were subjected to quality control measures and were then assigned
molecular formula.
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Irrigation rate Irrigation Provided Irrigation Provided

mL mint i mLh? % control
Drought Control Drought
0 65.4 0:10 5:00 5:00 130 130 100%
2 654 0:10 5:00 10:00 130 65 50%
4 65.4 0:10 5:00 20:00 130 33 25%
7 654 0:10 5:00 | 30:00 130 22 17%
9 65.4 0:10 5:00 ‘ 40:00 130 16 13%
i 65.4 0:10 5:00 50:00 130 13 10%
14 654 0:10 5:00 5:00 130 130 100%
16 65.4 0:10 5:00 5:00 130 130 100%
18 65.4 0:10 5:00 5:00 130 130 100%
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Slope aspect Altitude Total species logarithi Scope Logarithmic num of species Proportion (%)

x’<3.814 129 949
1900 136 3.814<7<6.635 6 44
%>6.635 1 0.07
1P<3.814 75 96.2
Shady slope 2200 78 3.8145x<6.635 2 26
1*>6.635 1 13
1’<3.814 87 95.6
2500 91 3.814<y*<6.635 4 44
17>6.635 0 0
1*<3.814 162 947
1900 171 3.8142y°<6.635 6 35
%7>6.635 3 18
x3<3.814 183 96.3
Sunny slope 2200 190 3.8145%°<6.635 1 0.05
1*>6.635 6 32
x*<3.814 64 97.0
2500 66 3.814<y’<6.635 0 0

%7>6.635 2 3.0
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Code

Species Name

Family Name

1 Artemisia selengensis Asteraceae
2 Pteridium aquilinum Dennstaedtiaceae
3 Imperata cylindrica Poaceae

4 Arundinella hirta Poaceae

5 Artemisia caruifolia Asteraceae
6 Miscanthus sinensis Poaceae

7 Arundinella hookeri Poaceae

8 Carex breviculmis Cyperaceae
9 Trifolium repens Fabaceae
10 Ageratina adenophora Asteraceae
11 | Cynodon dactylon Poaceae
12 Eragrostis pilosa Poaceae
13 Schizachyrium delavayi Poaceae
14 Saccharum rufipilum Poaceae
15 Bromus catharticus Poaceae
16 Bidens pilosa Asteraceae
17 Capillipedium parviflorum Poaceae
18 Lolium perenne Poaceae
19 Poa annua Poaceae
20 Eleusine indica Poaceae
21 Centella asiatica Apiaceae
22 Argentina lineata Rosaceae
23 Picris hieracioides Asteraceae
24 Oxyria sinensis Polygonaceae
25 Festuca ovina Poaceae
26 Bromus japonicus Poaceae
27 Dactylis glomerata Poaceae
28 Fragaria vesca Rosaceae
29 Artemisia viscida Asteraceae
30 Eremochloa ophiuroides Poaceae
31 Eulaliopsis binata Poaceae
32 Potentilla chinensis Rosaceae
33 Agrimonia pilosa Rosaceae
34 Polypogon fugax Poaceae
35 Paspalum thunbergii Poaceae
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Scope Total logarithm Proportion
0<0I1<0.3 23 169
0.3<01<0.5 35 257
05<01< 1 78 574
0=0I1<0.3 11 14.1
0.3201<0.5 21 269
0.5<0I< 1 46 59.0
0<0I<0.3 14 154
0.3<01<0.5 23 253
05<01< 1 54 593
0<01<0.3 17 99
0.3=01<0.5 61 357
0.5<0I< 1 93 54.4
0<01<0.3 17 89
0.3201<0.5 63 332
0.5<0I< 1 110 579
0<01<0.3 11 16.7
0.3=01<0.5 17 258
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OPS/images/fpls.2024.1395046/fpls-15-1395046-g011.jpg





OPS/images/fpls.2024.1395046/fpls-15-1395046-g012.jpg





OPS/images/fpls.2024.1395046/fpls-15-1395046-g005.jpg
Wicoron anksumtest P<005
——

Bc.p-000s

Wicoson rank sumtst P <005

Wicoronrank sum test, P< 005

- =
_-r-‘ :

Angpeoom

Anspeo






OPS/images/fpls.2024.1395046/fpls-15-1395046-g006.jpg
i Tt ara N S o





OPS/images/fpls.2024.1395046/fpls-15-1395046-g007.jpg





OPS/images/fpls.2024.1395046/fpls-15-1395046-g008.jpg





OPS/images/fpls.2024.1461576/fpls-15-1461576-g009.jpg
0.5 0.53 6] .47 0.53|

20 R o s s 8 o0 o [ s - DRI
11 oo 05 I 05 0.5 0.5 0.5 55 [N QR - . [ - .0 |

s o1 5 5 [ 0 8 .0 .01 . 5 0 4

8 .o .1 .5 . [ v 5 6 0.5 0

“!mm. --,Mgg

~,—m|\ml~mm—<o<~(\l(\:moo(\lwoem
= = VB

1.000

0.8000

0.6000

0.4000

0.2000

0.000






OPS/images/fpls.2024.1461576/fpls-15-1461576-g008.jpg
0 0. . R < R o
0.5 0.5 08 s 05 0.5 04 081 0. [ s M o 08 o

o B v vt o R o s

:Lssw.wmu oaso,u.'luunu-usxm.
158 o s O 0 O o B = - 63 4 0.5 5 01 i
-m.;.w.,m,mas..,smu.,w.m.mm-

I~ 5
1o IR - < B ¢ msamssaax.'ms
ot 1 5 .5 .0 0 [ .5 54 . [ o1
L [ O 8 . . .. . < 0 ..
AR v 0 0 i o o o [ 5 0 B E oz 00
T T T T T 1 1 1. 1T 1 1. 1 1 1 T T

REO - T O D O QWO D~
83 =2 2 a8 =8

I
=28

2o [ I 0 . 7 o [ - o

20
22 .41 0.52 0.49 0.62

3-0520a2.owos7031n4s 0.5 058.052-058

9 0.4 0.37 0.55 0.52 0.41 -0.37 .‘n.al;
G R o o 6o

0.58 0.39 0.5 0.58

1.000

0.8000

0.6000

0.1000

0.2000

0.000





OPS/images/fpls.2024.1461576/fpls-15-1461576-g007.jpg
oo
=

oo
[SINC"S)

0o
B W N R = O 0o o= W

30

W
fract






OPS/images/fpls.2024.1461576/fpls-15-1461576-g006.jpg
om0 o o]

-0.67

-0.67 0. ) 3
. RUNS -1 bt —0.75“ B0l -1 =1 |S0i8 SO0NTel IS0AsY 018
043 -1 -0.82 - -0.8 - 3
-1 -0.78 -0.8 n -0.75 -1 -0.83 -1 -1 ~1 =5 &1
0.7 - 0.82 -1

o1 °ﬂ' 4 o B o \ -1 06 n 0.6 [IE TR S ERRE T SRS G SN |
sl -n.sv.—n&s‘—a.'n—o.u-o.m -0.71 -0.67 X -OMH_OG 2o . I .

-0.83“—0.64 =1 -1 -0.75 -0.85 -1 o -1 S0388 -1 =1

-0.83 -0.8 -1 -1 g% -1 il -1 -1 [ses -1 el

~0.67 -0.71 =

-0.33 -1 -0.6






OPS/images/fpls.2024.1461576/fpls-15-1461576-g005.jpg
21 o oo oo

18 o [l o
25 oot o [l +on
13 s S 0 0 0 oo [

1 ~Jons 5 s s Y 3 s v v

6 fors e 5 o s

10— R e 7 7 i
19 e i n oon oo [ B et

29
11 e
14 o=

9 Jass

3 st o

P 1 v 1 D e
30 - B - oo i - e -
31 I oo o amam am omomam] 17 bt
o i oo [l o o LR B8 o e
5 Rl oo i3 s s [ O R s s o 11 ; T et

1 ! oo o o [

22--“"@.. aa | RO | |
EEElE -
2o o [l o -~ BN -~ B
B -
T T T T T T T T T T T T -1.000

® o~ N g MmN~ ©® N e @ =
N b ] N x





OPS/images/fpls.2024.1461576/fpls-15-1461576-g004.jpg
33 o120 11 00 8 .12 22 B .12 030,12 01 .13

13 oo 0. 0 Rl o i 1501508 o [l
2

32 ot R T o o a1 R i

s 081 . 132-0.05 -0.123-0.123 0,080,123

11 oo aocarm i o o[l oz o o [l oo =

3 oo 8 oo+ 08 R NS IR I

6

.10 0100 01 3 0 012 a0 0w 1 oo o)

it

o T o 5015 5 [ <

5 o R R . ]
32 o i o [l 5
& om0 0 . . [T 0 i
o o v O 5 0 =

10 fsos s Rl === T o 2

4 o [l e O e o

1 {5 .. R

[ e
[ [ R

-5

o

1201018 0.0 0 13 0 080

o123 0,158 00830, 123008

ool o=

o i [ 102 0.

a0
o o [ .
=
a0 1t 000012
s oo o )
om0 ol
< ool
ais oo o i)

00152 00001

-
o e

a0s 0152 00890,

.03 10 10200890, 2

AR S A
g3e-vso=y ZRoag
JEEE  EEEEEEEEEE
o L e | B
25 {ors o s [l oo o o oo [ < R o
17|t B I R I R Il = B = o e B
HERE - B - B
o o o fowm fosa o o o

S ] | 1 O D -
Bl [ B ChEEE
+ - B e o
U R S AU
& = e oo o o N

20 {0105 0131 0199 0161 0134 0218 0.0m ms. o0n 0105 001 0.0
29 051 019 019 o2 0201 |02 ms. 0105 0,105 0151 0105 0,105
1o o -~ WEEEE - EE
BT T EEEl B
T T T T T T T T T T T T

°T N e R -8B AR >R





OPS/images/fpls.2024.1400309/fpls-15-1400309-g007.jpg
359 Mixture p<0.001""N p<0.001"":
MixturexN p<0.001

15

RY for B. ischaemum

1.0 e -, - - -

0.5

Mixture p<0.001™;N p<0.001"";
MixturexN p<0.001

RY for L.davurica

Mixture p<0.001"";N p<0.001"";
MixturexN p<0.001

Relative yield total

B2L8 B4L6 B5L5 B6L4 B8L2





OPS/images/fpls.2024.1461576/fpls-15-1461576-g003.jpg
21 {005 0.15 0.43 0.05 0.05 0.29 1.4 1.91 .05 0.05 0,05 0.05 0.29 .15 0.15 0,15 0.08 0.08 0% 00 0% 63 0% 0K 0% 0® 0m 018 00 ¢ G
18 005 0.15 2.9 0.05 0.05 0.9 0.51 0.6 .05 0.5 0.05 .05 0.9 0.15 0. 0.5 [ 0 .05 8 06 0 43 ox o oo om am o 0 a6 o oo o oo e o [
25 =005 0.15 2.6 0.05 0.05 0.9 0.51 0.6 .05 0.5 0.05 .05 09 0.1 0.1 .15 o [l 0.5 46 00 4 42 A% 4% 0% 08 0% G106 00 0% 0% 0% A% § 4w aw
13 o100 001w 0 0 008 2 000w 1w 1130 0% 0 arormor EEGEEsRECGEREENE e
1fmenanomoninin s ononanononza o amomoman EEEEEEENGEREEEl = RE
6 fommomomamomonomonanamononan o 2m0nomanan 15968 % 5 e 8 ) R o S 8
10 4o 1 L5000 000 0m0manan 0 0606110202 02 G A 0] <o L0 R G IC R
19 005 015 2.9 0.05 0.08 0.29 051 0.6 0.08 0.05 0.5 0 0.2 0,15 0,13 .15 0.08 0.08 008 ] e [ oo 1501 S0 IS0 159 =
29 05 015 20 0.5 05 09 06 ool 0 00509 0.1 01 01 06 06 0o GO o &
11 o5 015 20 08 08 09 06 s o [l 0509 01501 0.1 06 0.6 0o o» o5 en g oe on & o8
14 J0.05 015 0,63 005 0.08 029 141 194 0 0,05 0.05 0,05 0.2 0,18 015 0,18 005 0.08 .09 B e
206 13311 06 06 21243 0 L9 06 06 06 00 021 L3 42 06 06 Lol Eecer Rl e e e
3051 0.05 42 081 081 010 0 K38 143 081 0.9 0.80 0,85 0.05 175 0.05 0.81 0.1 1,44 SR=ClbEE e e
4-Jomos 15995595 0 0121202902905 0.29 0.3 064 113 061 0.29 0.9 0.2 wHew o o [l]on 0 oo o0 00 [55] o0 a0 0 0 00 0
30 foos o oo [l 0 535 051 0.6 0.05 005 .05 0.05 09 0.1 015 015 0.0 0.5 0.0 G T 5 e o O o e 0 [ e
31 qoosorsoss o [Mlass o oc 05 05 05 0.5 02015018 015 00s 008 005 am 26 o 2% om am ax om 4@ o1 0 46 0 o 0x a0t am o o
Qe o 0 0015 02 s 04 260 2o 200 153 0.93 0.9 0.99 2.9 200 0,13 48 0 20 e 20 26 06 0o 24 0n ox 03 08 0n 48 a8 a8 4o ad)
5Bl 0 0 018018 ok 005 13 0.1 0.18 0.8 0.1 113 0.9 0 0 0.8 0.5 08 /50 o o [ e 0 s e
15 o BT w000 6e 06 08 0o 000000 3 00 .10 01 000 10 a0 50 o [ B ] ) R ) o ) [ o R
LISL AN S S s e B s LI S S B S B N B s N e S e
R - - R e ] P OERE IO TANSRANRI T O
E =8 I=]2=2 282 SeEeEg8Ys2TY ZNBKI
15.00
4-0.1 0.362.18 0.78 0.1 3.270.78 0.1 0.1 0.1 . 0
28 0.1 0.36 2.18 0.78 0.1 3.270.78 0.1 0.1 0.1 0 .
90.1 0.360.55 0.78 0.1 3.270.78 0.1 0.1 0 0.1 12.00
1240.1 3.27 2.18 1.53 0.1 0.360.78. 0 01 01 01
6-0.1 3.272.18 1.53 0.1 0.36 0.78 0 .0,1 01 01
9.000
7-0.78 2.86 0.69 0.01 0.78 2.86 0 0.78 0.78 0.78 0.78 0.78
2240.36 1.33 2 2.86 0.36 0 2.86 0.36 0.36 3.27 3.27 3.27
6.000
340.1 0.360.55 1.53 0 0.360.78 0.1 0.1 0.1 0.1 0.1
32-0.78 1.03 0.69 0 1.53 2.86 0.01 1.53 1.53 0.78 0.78 0.78
240.55 0 0 0.690.55 2 069218218 055218218 3.000
14327 0 0 1.030.36 1.33 2.86 3.27 3.27 0.36 0.36 0.36
8- 0 3.270.550.78 0.1 0.36 0.78 0.1 0.1 0.1 0.1 0.1
0.000

T T T T T T T T T
I R N - R
N Q N *x






OPS/images/fpls.2024.1461576/fpls-15-1461576-g002.jpg
33 Joz 0.2 03203105 02 ooz on 0z 0 0z smon 0z o] 96 Lo 17 097 0.5 0.39 0.27 161 0.08 0.17 n_,,g.ovn 0.08 0

13 {009 0.08 0.2 1,25 244 0.09 0.33 0.2 0.2 0.33 0.09 5.9 0.09 0.09 0.45 0 0.2
3 -{0.17 0.27 0.54 0.39 0.27 1.61 0.08 0.17 0.08 0.08 0.17 0 0.08

2 0,45 0.5 1.05 1,04 0.09 0,45 0.00 0.41 0.41 0,01 045 105 0.15 0.05 0 0.45 0.41

22 0.9 0.00 0.2 0.3 0.45 0.09 0.3 0.2 0.2 0.33 0.09 0.2 0.00 0 0.450.00 5.6 52 (269 1.3 0.29 0.84 0.58 0.1 0.17.0.36 0.17 0.17 0 0.17 0.17

11 40.09 0.09 0.2 1.26 0.48 0.00 3.61 0.2 0.2 3.61 0.00 0.2 0 0.0 0.48 0.09 0.2 9 0.17 0.27 0.54 0.39 0.27 1.61 0.08 0.17 0.08 0 0.17 oAnx.
3oz 02 0mooon 02 0nemononke o 02 02 Lok on

20 40.17 0.27 0.54 0.39 0.27 0.71 0.08 0.17 0 0.08 0.17 0.08 0.08
6=0.09.0.09 0.2 0.93 045 0.09 0.35 0.2 0.2 0.3 0 5.96 0.09 0.09 0.5 0.09 0.2
s5lsonenisinenenanen o anenseenoonepen| 22706 058029084 1.3 L5017 0 0.17 0.17 0.35 0.17 0.17
32 o2 0.2 0300041 02 07218 0 07 02 043 02 02 041 02 03| 350,17 4.29 0.51 0.39 0.27 L6l 0 0.17 0.08 0.08 0.17 0.08 0.08
8oz oz amaoon oz om o zsan azowoz ozamazzasl Lo 00 TG00 0 Ll Lston Lel 0.1 Lel Lel
Q=055 0.33 0.71 0.26 173 .61 0 0.07 .71 0.25 0.9 .71 5,61 0.9 0.01 0.5 0.97
10emam o2 oo o 56l oz 0z 0mom 0z 0w omomom o2 280.58 0.94 0 0.09 0 0.07 0.27 1.3 0.27 0.27 0.58 0.27 0.27

4 {045 0.98 0.1 0.0 0 0.45 1.73 0.1 041 1.73 043 0.41 0.48 0.45 0.09 244 1.0s| 5 -]0.84 1.36 0.68 0 0.09 3.64 0.39 0.84 0.39 0.39 0.84 0.39 0.39

1r o0 o aoomomen oo ssonan twontotmzal o oo g5 o0 o6s 0 |5 0.510.29 0.5 0.5 0.29 0.54 0.54

16 5.9 5.9 0 0.010.41 0.2 .71 0.130.430.71 0.2 0.43 0.2 0.2 1.05 0.2 0.4]
413 0 183 1.36 0.94 0.07 4.29 0.58 0.27 0.27 1.3 0.27 0.27
34 0 5.96 126 0.45.0.09 0.3 0.2 0.2 0.35 0.0 0.2 0.09 0.0 0.45 0.09 0.2
29 - o [HB566 1.26 0.5 009 0.53 0.2 02 0.33 0.0 02 0.09 0.0 005 0.09 0.2 8 0 1.3 0.29 0.80 0.58 0.1 0.17 0.36 0.17 0.17 2.69 0.17 0.17
T T T T T T T T T T T T T T T T T T T T T T
RAIEC T OO DYWL O D = NNDQ ® T N LR~ Ng Y ® g
3= = ) =8YE8 & ] 8 & 8

22 -0.1 0.36 0.55 1.09 0.55 0.22 0.1 0.1 0.22 0.1 0.1 0.1 0.2 0
9022 0.8 0.3 0 L2 1.920.220.220.480.220.22022 0 0.2
701 0.360.55 1.09 0.5 0.22 0.1 0.1 5.46 0.1 0.1 0 0.22 0.1 .
20 0.1 0.36 0.55 1.09 2.18 0.22 0.1 0.1 0.22 0.1 0 0.1 0.22 0.1
601036218 109218 0.22 0.1 0.1 546 0 0.1 0.1 0.22 0.1
28 40.22 0.8 0.3 2.4 0.3 0.480.220.22 0 5.46 0.22 5.46 0.48 0.22| .00
501 0.360.55 1.09 0.55 0.2 0.1 0 0.2 0.1 0.1 0.1 0.22 0.1 | |
17 40.1 0.36 218 1.09 2.18 0.2 0 0.1 0.22 0.1 0.1 0.1 0.22 0.1
84022 0.8 12 0 L2 0 0.220.220.48 0.22 0.22 0.2 1.92 0.2 I~ 6. 000
1405 2 469 0 0 12 218055 0.3 2.18 2.18 0.5 1.2 0.5
324109 4 15 0 0 0 1.091.0924 1.091.091.09 0 1.09
3000

2405 0 0 15469 1.2 218 0.55 0.3 2.18 0.55 0.55 0.3 0.55|

44327 0 0 4 2 038036036 0.8 0.360.36 0.36 0.08 0.3]

30 521055 1.090.5 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.1

T T T T T T T T T 0.000
—~ ® = 1B © © QS ~ o Q
=~ *x L e

34
44
24

32





OPS/images/fpls.2024.1461576/fpls-15-1461576-g001.jpg
oo o i il e

—— Provineial bouwdary

1:3,000,000

- " = e

s ot boundary

1:500, 000






OPS/images/fpls.2024.1461576/crossmark.jpg
©

2

i

|





OPS/images/fpls.2024.1400309/fpls-15-1400309-g003.jpg
NPQ

Bothriochloa ischaemum

Lespedeza davurica

144 A
Aa  Species, p<0.001***

1247

1.04
0.84

Mixture, p<0.001***; N, p<0.001***; MinxturexN, p<0.001***

| B Mixture, p<0.001***; N, p<0.001***; MinxturexN, p<0.001***
Species, p<0.001 NO

= N25
= N50
mm N75

C Mixture, p<0.001***; N, p<0.001***; MinxturexN, p<0.001***

1.04 Species, p<0.001***

2

Mixture

D Mixture, p<0.001***; N, p<0.001***; MinxturexN, p<0.001***
Species, p<0.001***

BOL10 B2L8 B4L6 BS5L5 B6L4 B8L2 B10LO BOL10 B2L8 B4L6 BSL5 B6L4 B8L2 B10LO

Mixture






OPS/images/fpls.2024.1461576/M1.jpg
7=

—_ Nlad-be|-5)
@rbesDasrbed)

@





OPS/images/fpls.2024.1400309/fpls-15-1400309-g004.jpg
ETR

ETR

180 180
A BOL10 a3 B B10LO
150 e §§ 150
120 é—;if-"' %-’ ' 120
- s -4 4
[
w B
60 : /',——.’/i L4 L]
A ==
30 S a}"
y =
04 T T T T T T 0 T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
180 180
C B2L8 D B8L2
150 150
1204 Sl 120
g—t— 1
90 /// £ 0
60 /é s A g A 60
ZaT A A A ol A
30 /g a 30
0{‘/& T T T T T T 0 T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
180
E B4L6
A
= LA
] o °
04" T T T T T T 0 T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
180 it
G B5L5 PAR/(umol-m~s™)
150
3 B.ischaemum L.davurica
—e— NO --4&--NO
9 —e— N25 el N25
—e— N50 &--N50
60 —e— N75 L=~ N7D
30
0 T T T T T T
0 200 400 600 800 1000 1200

PAR/(umol-m?s?)





OPS/images/fpls.2024.1400309/fpls-15-1400309-g005.jpg
100

90

(o3}
o

Biomass contribution (%)
w N N
o o o

N
o

N
o

[ B. ischaemum [ L.davurica B2 Other species

BOL10 B2L8

NO N25 N50 N75  NO N25 N50 N75

B4L6 B5L5

NO N25 N50 N75 NO N25 N50 N75
Mixture

B6L4 B8L2
IIII|I ||||||

NO N25 N50 N75 NO N25 N50 N75

B10LO

NO N25 N50 N75






OPS/images/fpls.2024.1400309/fpls-15-1400309-g006.jpg
Aobve-ground biomass (g-m)

300

250

200

150

=X
o
o

(6)]
o

Mixture p<0.001""; N p<0.001""; MixturexN p<0.001
Aa

B2L8 B4L6 B5L5 B6L4 B8L2
Mixture

B10LO





OPS/images/fpls.2024.1395046/table2.jpg
Ecological factor Percent contribution
BoIs B2
i value 196
B4 103
B0z 69
il elfctive mofsure content level 59
501 34
b0y s
501 29
B0ty 24
il cton exchange capacity I
Organc carbon content 05
il extare casifcation 04
sol ype 03

Clay content o





OPS/images/fpls.2024.1400309/crossmark.jpg
©

2

i

|





OPS/images/fpls.2024.1400309/fpls-15-1400309-g001.jpg
E109°19'23", N36°51'30"

xperiment SN

[ '
' o A 4
§ ; ]
¥
g
-

Repetition 1

Repetition 2 Repetition 3

22.2m

3.0m





OPS/images/fpls.2024.1400309/fpls-15-1400309-g002.jpg
Bothriochloa ischaemum Lespedeza davurica

0.9

A Mixture, p<0.001***; N, p=0.459; MinxturexN, p<0.001*** B Mixture, p=0.822; N, p=0.309; MinxturexN, p=0.779
Species, p<0.001*** NO Species, p<0.001*** Aa

= N25 oh

3 N5O| Ame 1 | Y B Ao,

m N7 B e G

0.8
a2

C Mixture, p=0.053; N, p=0.018*; MinxturexN, p=0.029* D Mixture, p<0.001***; N, p<0.001***; MinxturexN, p<0.001***
Species, p=0.239 Species, p=0.239

£
w
>
i
E Mixture, p<0.001***; N, p<0.001***; MinxturexN, p<0.001*** [ Mixture, p<0.001*** N, p<0.001***; MinxturexN, p<0.001***
Species, p<0.001*** Species, p<0.001***
@
o
©

i lfal ,‘ 4 [ | = 4 ]

BOL10 B2L8 B4L6 B5L5 B6L4 B8L2 B10LO BOL10 B2L8 B4L6 B5L5 B6L4 B8L2 B10LO
Mixture Mixture

0.0





OPS/images/fpls.2024.1395046/table1.jpg
Ecological factor rcent contribution
BiOIS 22
Hevation 192
pHalue 163
O s
B2 69
B9 57
Soil efectve moisture content level 52
BiOIS 19
BiOW 18
Soil ype. 1
Organic carbon content 09
Soil texture clasification o8
B0 07
Soil cation exchange capacity 04

Clay content 03





