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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.





Data availability statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.





Author contributions

GD: Conceptualization, Data curation, Methodology, Writing – original draft, Writing – review & editing. CZ: Investigation, Writing – original draft. YJ: Investigation, Writing – original draft. CL: Investigation, Writing – original draft. YL: Investigation, Writing – original draft. BW: Investigation, Writing – original draft. DH: Investigation, Writing – original draft. ZW: Funding acquisition, Project administration, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (No. 41977077 and 42107512), and the “Special project of science and technology innovation plan of Shaanxi Academy of Forestry Sciences” (No. SXLK2022-02-7 and No. SXLK2023-02-14).





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.2024.1381807/full#supplementary-material





Abbreviations

SWCM, soil and water conservation measures; NM, no measures; VM, vegetation measures; EM, engineering measures; SEM, structural equation model; RF, random forest algorithm; C, tillage practice factor; S, slope; P, SWCM factor; SWC, soil water content; BD, soil bulk density; pH, soil pH; SP, soil porosity; SWS, soil-specific gravity; STN, soil total nitrogen content; STC, soil organic carbon content; FC, field water capacity; STP, soil total phosphorus content; RIC, species richness; EVE, species evenness; VC, vegetation coverage; H, plant height; N, number of plants; SLA, specific leaf area; LV, leaf volume; LTD, leaf tissue density; LTP, leaf total phosphorus content; LD, leaf dry weight; LT, leaf thickness; LC/N, leaf organic carbon/total nitrogen ratio; LN/P, leaf total nitrogen/total phosphorus ratio; LTC, leaf organic carbon content; LTN, leaf total nitrogen content.




References

 Arbuckle, J. G., and Roesch-McNally, G. (2015). Cover crop adoption in Iowa: the role of perceived practice characteristics. J. Soil Water Conserv. 70, 418–429. doi: 10.2489/jswc.70.6.418

 Bekele, W., and Drake, L. (2003). Soil and water conservation decision behavior of subsistence farmers in the Eastern Highlands of Ethiopia: a case study of the Hunde-Lafto area. Ecol. Econ. 46, 437–451. doi: 10.1016/S0921-8009(03)00166-6

 Bewket, W., and Teferi, E. (2009). Assessment of soil erosion hazard and prioritization for treatment at the watershed level: case study in the Chemoga watershed, Blue Nile basin, Ethiopia. Land Degrad. Dev. 20, 609–622. doi: 10.1002/ldr.944

 Black, M., Kozlowski, T. T., Kramer, P. J., and Pallardy, S. G. (1991). The physiological ecology of woody plants. J. Ecol. 80, 372. doi: 10.1097/00010694-199110000-00011

 Bond, B. J. (2000). Age-related changes in photosynthesis of woody plants. Trends Plant Sci. 5, 349–353. doi: 10.1016/S1360-1385(00)01691-5

 Bouallala, M. H., Neffar, S., and Chenchouni, H. (2020). Vegetation traits are accurate indicators of how do plants beat the heat in drylands: diversity and functional traits of vegetation associated with water towers in the Sahara Desert. Ecol. Indicat. 114, 106364. doi: 10.1016/j.ecolind.2020.106364

 Chang, C. C., and Lin, C. J. (2007). LIBSVM: A library for support vector machines. ACM Trans. Intelligent Syst. Technol. (TIST) 2.3, 1–27. doi: 10.1145/1961189.1961199

 Chaturvedi, R., Tripathi, A., Raghubanshi, A., and Singh, J. (2021). Functional traits indicate a continuum of tree drought strategies across a soil water availability gradient in a tropical dry forest. For. Ecol. Manage. 482, 118740. doi: 10.1016/j.foreco.2020.118740

 Chillo, V., Vázquez, D. P., Amoroso, M. M., and Bennett, E. M. (2018). Land‐use intensity indirectly affects ecosystem services mainly through plant functional identity in a temperate forest. Funct. Ecol. 32 (5), 1390–1399. doi: 10.1111/1365-2435.13064

 Cornwell, W. K., Cornelissen, J. H. C., Amatangelo, K., Dorrepaal, E., Eviner, V. T., Godoy, O., et al. (2010). Plant species traits are the predominant control on litter decomposition rates within biomes worldwide. Ecol. Lett. 11, 1065–1071. doi: 10.1111/j.1461-0248.2007.01051.x

 Davari, M., Gholami, L., Nabiollahi, K., Homaee, M., and Jafari, H. J. (2020). Deforestation and cultivation of sparse forest impacts on soil quality (case study: West Iran, Baneh). Soil Tillage Res. 198, 104504. doi: 10.1016/j.still.2019.104504

 de Bello, F., Lavorel, S., Díaz, S., Harrington, R., Cornelissen, J. H., Bardgett, R. D., et al. (2010). Towards an assessment of multiple ecosystem processes and services via functional traits. Biodivers. Conserv. 19, 2873–2893. doi: 10.1007/s10531-010-9850-9

 DeKeyser, E. S., Kirby, D. R., and Ell, M. J. (2003). An index of plant community integrity: development of the methodology for assessing prairie wetland plant communities. Ecol. Indic. 3, 119–133. doi: 10.1016/S1470-160X(03)00015-3

 Dharmawan, I. W. S., Pratiwi, C. A., Siregar, B. H., Narendra, N. K. E., Undaharta,, Sitepu, B. S., et al. (2023). Implementation of soil and water conservation in Indonesia and its impacts on biodiversity, Hydrology, soil erosion and microclimate. Appl. Sci. 13, 7648. doi: 10.3390/app13137648

 Diaz, S., and Cabido, M. (2001). Vive la diff´erence: plant functional diversity matters to ecosystem processes. Trends Ecol. Evol. 16, 646–655. doi: 10.1016/S0169-5347(01)02283-2

 Díaz, S., Lavorel, S., de Bello, F., Qu´etier, F., Grigulis, K., and Robson, T. M. (2007). Incorporating plant functional diversity effects in ecosystem service assessments. Proc. Natl. Acad. Sci. U.S.A. 104, 20684–20689. doi: 10.1073/pnas.0704716104

 Dietterich, T. G. (2000). An experimental comparison of three methods for constructing ensembles of decision trees: bagging, boosting, and randomization. Mach. Learn. 40, 139–157. doi: 10.1023/A:1007607513941

 Dimtsu, G. Y., Kifle, M., and Darcha, G. (2018). Effect of soil and water conservation on rehabilitation of degraded lands and crop productivity in Maego watershed, North Ethiopia. J. Degrad. Min. Lands Manage. 5, 1191. doi: 10.15243/jdmlm

 Duan, G., Liu, L., Wen, Z., Tang, Y., and Wang, B. (2024). Understorey plant functional traits of Platycladus orientalis depends on crown closure and soil properties in the Loess Plateau, China. Forests 15 (6), 1042. doi: 10.3390/f15061042

 Duan, G., Wen, Z., Xue, W., Bu, Y., Lu, J., Wen, B., et al. (2022). Agents affecting the plant functional traits in national soil and water conservation demonstration park (China). Plants 11, 2891. doi: 10.3390/plants.11212891

 Duan, G., Zhou, R., Wang, L., Zheng, C., Liu, Y., Chai, X., et al. (2023). Effects of different soil and water conservation measures on plant diversity and productivity in Loess Plateau. J. Environ. Manage. 348, 119330. doi: 10.1016/j.jenvman.2023.119330

 Dubuis, A., Rossier, L., Pottier, J., Pellissier, L., Vittoz, P., and Guisan, A. (2013). Predicting current and future spatial community patterns of plant functional traits. Ecography 36, 1158–1168. doi: 10.1111/j.1600-0587.2013.00237.x

 Fang, Y., Xun, F., Bai, W., Zhang, W., and Li, L. (2012). Long-term nitrogen addition leads to loss of species richness due to litter accumulation and soil acidification in a temperate steppe. PloS One 7 (10), e47369. doi: 10.1371/journal.pone.0047369

 Faucon, M.-P., Houben, D., and Lambers, H. (2017). Plant functional traits: soil and ecosystem services. Trends Plant Sci. 22, 385–394. doi: 10.1016/j.tplants.2017.01.005

 Gardiner, B., Berry, P., and Moulia, B. (2016). Wind impacts on plant growth, mechanics and damage. Plant Sci. 245, 94–118. doi: 10.1016/j.plantsci.2016.01.006

 Grace, J. B. (2006). Structural equation modeling and natural systems (New York: Cambridge University Press).

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

 Guo, Y., Fu, Y., Hao, F., Zhang, X., Wu, W., Jin, X., et al. (2021). Integrated phenology and climate in rice yields prediction using machine learning methods. Ecol. Indic. 120, 106935. doi: 10.1016/j.ecolind.2020.106935

 Guo, Z. M., Guo, C. Q., Feng, W. C., and Gen, L. J. (2007). Effect of vegetation and other measures for soil and water conservation on runoff-sediment relationship in watershed scale. J. Hydraulic Eng. doi: 10.3321/j.issn:0559-9350.2007.01.007

 Guo, Q., Wen, Z., Ghanizadeh, H., Zheng, C., Fan, Y., Yang, X., et al. (2022). Shift in microbial communities mediated by vegetation-soil characteristics following subshrub encroachment in a semi-arid grassland. Ecol. Indic. 137, 108768. doi: 10.1016/j.ecolind.2022.108768

 Hautier, Y., Zhang, P., Loreau, M., Wilcox, K. R., Seabloom, E. W., Borer, E. T., et al. (2020). General destabilizing effects of eutrophication on grassland productivity at multiple spatial scales. Nat. Commun. 11, 5375. doi: 10.1038/s41467-020-19252-4

 He, K., Huang, Y., Qi, Y., Sheng, Z., and Chen, H. (2021). Effects of nitrogen addition on vegetation and soil and its linkages to plant diversity and productivity in a semi-arid steppe. Sci. Total Environ. 778, 146299. doi: 10.1016/j.scitotenv.2021.146299

 Huang, X., Chen, J., Li, S., and Su, J. (2023). Selective logging effects on plant functional traits depend on soil enzyme activity and nutrient cycling in a Pinus yunnanensis forest. For. Ecol. Manage. 545, 121284. doi: 10.1016/j.foreco.2023.121284

 Hudson, N. W. (2015). Soil conservation (Ithaca, New York: Cornell University Press).

 Huo, A., Yang, L., Peng, J., Cheng, Y., and Jiang, C. (2020). Spatial characteristics of the rainfall induced landslides in the Chinese Loess Plateau. Hum. Ecol. Risk Assess. 26, 2462–2477. doi: 10.1080/10807039.2020.1728517

 Jian, S., Zhao, C., Fang, S., and Yu, K. (2015). Effects of different vegetation restoration on soil water storage and water balance in the Chinese Loess Plateau. Agric. For. Meteorol. 206, 85–96. doi: 10.1016/j.agrformet.2015.03.009

 Jiang, C., Zhang, H., Wang, X., Feng, Y., and Labzovskii, L. (2019). Challenging the land degradation in China’s Loess Plateau: Benefits, limitations, sustainability, and adaptive strategies of soil and water conservation. Ecol. Eng. 127, 135–150. doi: 10.1016/j.ecoleng.2018.11.018

 Kobler, A., and Adamic, M. (2000). Identifying brown bear habitat by a combined GIS and machine learning method. Ecol. Model. 135, 291–300. doi: 10.1016/S0304-3800(00)00384-7

 Kooch, Y., Moghimian, N., Wirth, S., and Haghverdi, K. (2020). Effects of shelterwood and single-tree cutting systems on topsoil quality and functions in northern Iranian forests. For. Ecol. Manage. 468. doi: 10.1016/j.foreco.2020.118188

 Lal, R. (2001). Soil degradation by erosion. Land Degrad. Dev. 12, 519–539. doi: 10.1002/ldr.472

 Lavorel, S., and Grigulis, K. (2012). How fundamental plant functional trait relationships scale-up to trade-offs and synergies in ecosystem services. J. Ecol. 100, 128–140. doi: 10.1111/j.1365-2745.2011.01914.x

 Lavorel, S., Grigulis, K., Lamarque, P., Colace, M. P., Garden, D., Girel, J., et al. (2011). Using plant functional traits to understand the landscape distribution of multiple ecosystem services. J. Ecol. 99 (1), 135–147. doi: 10.1111/j.1365-2745.2010.01753.x

 Li, H. X., Han, S. B., Wu, X., Wang, S., Liu, W. P., Ma, T., et al. (2021). Distribution, characteristics and influencing factors of fresh groundwater resources in the Loess Plateau, China. China Geol. 4 (3), 509–526. doi: 10.31035/cg2021057

 Ling, H., Xu, H., Guo, B., Deng, X., Zhang, P., and Wang, X. (2019). Regulating water disturbance for mitigating drought stress to conserve and restore a desert riparian forest ecosystem. J. Hydrol. 572, 659–670. doi: 10.1016/j.jhydrol.2019.03.049

 Newell, S. J., and Tramer, E. J. (1978). Reproductive strategies in herbaceous plant communities during succession. Ecology 59, 228–234. doi: 10.2307/1936367

 Nicotra, A. B., Atkin, O. K., Bonser, S. P., Davidson, A. M., Finnegan, E. J., Mathesius, U., et al. (2010). Plant phenotypic plasticity in a changing climate. Trends Plant Sci. 15, 684–692. doi: 10.1016/j.tplants.2010.09.008

 Niedrist, G., Tasser, E., Lüth, C., Dalla Via, J., and Tappeiner, U. (2009). Plant diversity declines with recent land use changes in European Alps. Plant Ecol. 202, 195–210. doi: 10.1007/s11258-008-9487-x

 Nizamani, M. M., Hughes, A. C., Qureshi, S., Zhang, Q., Tarafder, E., Das, D., et al. (2024). Microbial biodiversity and plant functional trait interactions in multifunctional ecosystems. Appl. Soil Ecol. 201, 105515. doi: 10.1016/j.apsoil.2024.105515

 Oscarson, P. (2000). The strategy of the wheat plant in acclimating growth and grain production to nitrogen availability. J. Exp. Bot. 51 (352), 1921–1929. doi: 10.1093/jexbot/51.352.1921

 Pellegrini, E., Boscutti, F., De Nobili, M., and Casolo, V. (2018). Plant traits shape the effects of tidal flooding on soil and plant communities in saltmarshes. Plant Ecol. 219, 823–835. doi: 10.1007/s11258-018-0837-z

 Perez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P., et al. (2016). Corrigendum to: New handbook for standardised measurement of plant functional traits worldwide. Aust. J. Bot. 64, 715–716. doi: 10.1071/BT12225

 Pham, B. T., Tien Bui, D., Prakash, I., and Dholakia, M. B. (2017). Hybrid integration of Multilayer Perceptron Neural Networks and machine learning ensembles for landslide susceptibility assessment at Himalayan area (India) using GIS. Catena 149, 52–63. doi: 10.1016/j.catena.2016.09.007

 Pierce, S., Brusa, G., Vagge, I., and Cerabolini, B. E. (2013). Allocating CSR plant functional types: the use of leaf economics and size traits to classify woody and herbaceous vascular plants. Funct. Ecol. 27, 1002–1010. doi: 10.1111/1365-2435.12095

 Poorter, H., and Evans, J. R. (1998). Photosynthetic nitrogen-use efficiency of species that differ inherently in specific leaf area. Oecologia 116, 26–37. doi: 10.1007/s004420050560

 Roa-Garcia, M. C., Brown, S., Schreier, H., and Lavkulich, L. M. (2011). The role of land use and soils in regulating water flow in small headwater catchments of the Andes. Water Resour. Res. 47, 159–164. doi: 10.1007/s004420050560

 Rodriguez-Galiano, V., Mendes, M. P., Garcia-Soldado, M. J., Chica-Olmo, M., and Ribeiro, L. (2014). Predictive modeling of groundwater nitrate pollution using Random Forest and multisource variables related to intrinsic and specific vulnerability: a case study in an agricultural setting (Southern Spain). Sci. Total Environ. 476-477, 189–206. doi: 10.1016/j.scitotenv.2014.01.001

 Schneider, R. L., Morreale, S. J., van Es, H. M., Kurtz, K. S., Pluer, E. G. M., Li, Z., et al. (2023). “Restoring soil health in grassland ecosystems: The Great Plains of North America and the Loess Plateau of China,” in Biological approaches to regenerative soil systems (Boca Raton: CRC Press), 473–488.

 Shi, P., Zhang, Y., Li, P., Li, Z., Yu, K., Ren, Z., et al. (2019). Distribution of soil organic carbon impacted by land-use changes in a hilly watershed of the Loess Plateau, China. Sci. Total Environ. 652, 505–512. doi: 10.1016/j.scitotenv.2018.10.172

 Shu-Xia, Z., Shu-Xia, Z., and Yang, W. (2016). Response and correlation of above- and below-ground functional traits of Leymus chinensis to nitrogen and phosphorus additions. Chin. J. Plant Ecol. 40, 36–47. doi: 10.17521/cjpe.2015.0164

 Sun, W., Shao, Q., Liu, J., and Zhai, J. (2014). Assessing the effects of land use and topography on soil erosion on the Loess Plateau in China. Catena 121, 151–163. doi: 10.1016/j.catena.2014.05.009

 Tariq, A., Graciano, C., Sardans, J., Zeng, F., Hughes, A. C., Ahmed, Z., et al. (2024). Plant root mechanisms and their effects on carbon and nutrient accumulation in desert ecosystems under changes in land use and climate. New Phytol. 242 (3), 916–934. doi: 10.1111/nph.19676

 Terborgh, J. (1973). On the notion of favorableness in plant ecology. Am. Nat. 107, 481–501. doi: 10.1086/282852

 Van der Putten, W. H., Bardgett, R. D., Bever, J. D., Bezemer, T. M., Casper, B. B., Fukami, T., et al. (2013). Plant–soil feedbacks: the past, the present and future challenges. J. Ecol. 101, 265–276. doi: 10.1111/1365-2745.12054

 Volkmann, T. H. M., Haberer, K., Gessler, A., and Weiler, M. (2016). High-resolution isotope measurements resolve rapid ecohydrological dynamics at the soil–plant interface. New Phytol. 210 (3). doi: 10.1111/nph.13868

 Wang, L. Q., and Ali, A. (2020). Climate regulates the functional traits – aboveground biomass relationships at a community-level in forests: A global meta-analysis. Sci. Total Environ. 761, 143238. doi: 10.1016/j.scitotenv.2020.143238

 Wang, B., Bu, Y., Li, Y., Li, W., Zhao, P., Yang, Y., et al. (2019). Quantifying the relationship among impact factors of shrub layer diversity in Chinese pine plantation forest ecosystems. Forests 10, 781. doi: 10.3390/f10090781

 Wang, Y., Fu, B., Lue, Y., and Chen, L. (2011). Effects of vegetation restoration on soil organic carbon sequestration at multiple scales in semi-arid Loess Plateau, China. Catena 85 (1), 58–66. doi: 10.1016/j.catena.2010.12.003

 Wang, Z.-J., Jiao, J.-Y., Rayburg, S., Wang, Q.-L., and Su, Y. (2016). Soil erosion resistance of “Grain for Green” vegetation types under extreme rainfall conditions on the Loess Plateau, China. Catena 141, 109–116. doi: 10.1016/j.catena.2016.02.025

 Wang, F., Mu, X., Li, R., Fleskens, L., Stringer, L. C., and Ritsema, C. J. (2015). Co-evolution of soil and water conservation policy and human–environment linkages in the Yellow River Basin since 1949. Sci. Total Environ. 508, 166–177. doi: 10.1016/j.scitotenv.2014.11.055

 Wawire, A. W., Csorba, A., Kovács, E., Mairura, F. S., Tóth, J. A., and Michéli, E. (2021). Comparing farmers’ soil fertility knowledge systems and scientific assessment in Upper Eastern Kenya. Geoderma 396, 115090. doi: 10.1016/j.geoderma.2021.115090

 Wen, B., Duan, G., Lu, J., Zhou, R., Ren, H., and Wen, Z. (2023). Response relationship between vegetation structure and runoff-sediment yield in the hilly and gully area of the Loess Plateau, China. Catena 227, 107107. doi: 10.1016/j.catena.2023.107107

 Wu, W., Chen, G., Meng, T., Li, C., Feng, H., Si, B., et al. (2023). Effect of different vegetation restoration on soil properties in the semi-arid Loess Plateau of China. Catena 220, 106630. doi: 10.1016/j.catena.2022.106630

 Yan, B., Ji, Z., Fan, B., Wang, X., He, G., Shi, L., et al. (2016). Plants adapted to nutrient limitation allocate less biomass into stems in an arid-hot grassland. New Phytol. 211, 1232–1240. doi: 10.1111/nph.13970

 Yang, H., Wu, M., Liu, W., Zhang, Z., Zhang, N., and Wan, S. (2011). Community structure and composition in response to climate change in a temperate steppe. Global Change Biol. 17, 452–465. doi: 10.1111/j.1365-2486.2010.02253.x

 Yurui, L., Xuanchang, Z., Zhi, C., Zhengjia, L., Zhi, L., and Yansui, L. (2021). Towards the progress of ecological restoration and economic development in China’s Loess Plateau and strategy for more sustainable development. Sci. Total Environ. 756, 143676. doi: 10.1016/j.scitotenv.2020.143676

 Zhang, B., Xu, X., and Liu, W. (2009). Soil water condition under different measures of soil and water conservation in loess hilly and gully region. Trans. Chin. Soc. Agric. Eng. 25, 54–58.

 Zhang, S., Yang, D., Yang, Y., Piao, S., Yang, H., Lei, H., et al. (2018). Excessive afforestation and soil drying on China’s Loess Plateau. J. Geophys. Res.: Biogeosci. 123, 923–935. doi: 10.1002/2017JG004038

 Zhao, J., Yang, Z., and Govers, G. (2018). Soil and water conservation measures reduce soil and water losses in China but not down to background levels: Evidence from erosion plot data. Geoderma 337, 729–741. doi: 10.1016/j.geoderma.2018.10.023

 Zheng, L.-L., Zhao, Q., Yu, Z.-Y., Zhao, S.-Y., and Zeng, D.-H. (2017). Altered leaf functional traits by nitrogen addition in a nutrient-poor pine plantation: A consequence of decreased phosphorus availability. Sci. Rep. 7, 7415. doi: 10.1038/s41598-017-07170-3

 Zhongming, W., Lees, B. G., Feng, J., Wanning, L., and Haijing, S. (2010). Stratified vegetation cover index: a new way to assess vegetation impact on soil erosion. Catena 83, 87–93. doi: 10.1016/j.catena.2010.07.006

 Zölch, T., Henze, L., Keilholz, P., and Pauleit, S. (2017). Regulating urban surface runoff through nature-based solutions–an assessment at the micro-scale. Environ. Res. 157, 135–144. doi: 10.1016/j.envres.2017.05.023




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 Duan, Zheng, Jiang, Leng, Liu, Wang, He and Wen. 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.


OEBPS/Images/fpls-15-1381807-g002.jpg
W Received

(a)

P 4| 0.09 0.82
S 279 [=0.55 212901 2.82 [10.06 =0.81 J0.01 -0.40 | 1.89
Ric [044 -0.65 -1.03 074 -1.16 | 142 3.02 1.19 | 084
Eve ﬂ- 0.76 =063  3.19 022  2.04 128  -021
VvC [1.76 0.82 277 1. 1.09  1.13 210 2.07 | 0.04
H H 026 -1.03 4 B 147 D87 198 [1.24
N | . 1.43 R .27 .59 [
LD | 2.01 | 0.96 277 1.89
SLA [§6950 0.29 0.00
LT | 244 [020 257 273 140
LV | 3.58 | 0.86 m 1857
LTD [Ji0i630 0.71 0.66 ,
LN/P| 1.12 (=026 0.11 0.86 | 0.02 030 1.15
LTP 0.87 1.89 0.42 =155 2.05
480 1.05  0.81 ' [ -0.35 0.64
426 [FO&7T 0.32 114 274 080 1.79
1.22 | 1.02 031 113
BD SWC FC SP SWS STP  STN

Rejected

_019

296 I8
; 08 284 262 0.03 [GIGOM 421 247 586 |
-0.02  1.10 032 0.06 16 | 0.07 [ -0.12 =032 -0.61  2.19
: =040 -0.85 0.03 047 _0.00 -0.04 50103
1.00 [ 0.40 0.51 | 025
377 236 |ENEEEEE 148 0.
| [2030 1.19 [ -0.53 | 2.62  1.68 -_
SLA LCN LIN LNP LD LT LTP LIC

(b)

3.42
0.80
4.10






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effects of different soil and water conservation measures on plant functional traits in the Loess Plateau

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Site description

          



          		

            2.2 Experimental design

          



          		

            2.3 Field data collection and analysis

          



          		

            2.4 Variables

          



          		

            2.5 Analytical method

          



        



        



        		

          3 Results

        

          		

            3.1 Filter key indicators

          



          		

            3.2 Relationships among plant functional traits

          



          		

            3.3 Plant functional traits under different measures

          



          		

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

          



        



        



        		

          4 Discussion

        

          		

            4.1 Trade-offs and synergies between plant functional traits

          



          		

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

          



          		

            4.3 Effect of vegetation measures on plant functional traits

          



          		

            4.4 Effect of engineering measures on plant functional traits

          



          		

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

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1381807-g004.jpg





OEBPS/Images/fpls-15-1381807-g005.jpg
+ R>=0.607

| R=0.221 |

I Community structure I (a)
I zC H I

I

0.682 *+*
R=0.287 *0-555 e

Measures Plant diversity Plant functional traits
C P Species Richness = ﬁ3ﬂ**_ —— i Ly
S Species Evenness LTD LTP
LIN LD
PR - . 013 ,
| <—— Positive effect ! R>=0.087 . 0.333 **
1 ) | Soil properties CFI=0.95
| <€ — Positive Indirect effect | 4 Z -
! . ! Sp ol TLI=0.93
| € Negative effect ! STN RMSEA=0.06
| <€ — Negative indirect effect !
|
: No significant effect l
0.456 **
R?>=0.678

VC113% H161%
N 15%

Community structure : (b)
I

0.823 ** 0.554 *x |
| R>=0.265 + R>=0.403
Measures Plant diversity Plant functional traits
& ke 7 2
C P 0445 Species Richness | 7% -0.154 o IOEA)
S Species Evenness 1 1% LTD’ 7 LTPT lfﬂ’
0.621 **% LIN14% LD [8%
—————————————————————— : 0.112
| <4— Positive effect ! R=0292 .
| . . | Soil properties CFI=0.96
| <€ — Positive Indirect effect ! BD |34% FC129% TLI—0.98
! > | SP 124% pH - =0.
! <4— Negative effect : STN 110% RMSEA=0.04
! |
I |

No significant effect

<4— Positive effect
< — Positive Indirect effect

|
| |
|
(c) 0.733 ¥+ R=0.618 : |
; o ! |
I
| «—— Negative effect i
I
! !
! |
! I
|

Community structure

VC14% H110%

0523 443 s/ N 15% < — Negative indirect effect
No significant effect
4 Kk * T TTTTTTTmTTTTTTTTT =
1048 %% 106,093 ?0'2“ 0.194 R2=0.265
Measures ¥ Plant diversity Plant functional traits
-0.218 * o o
P —— — —"— —P> Species Richness | 10% SLAT81% LV 1141%

©wa

LTD 125% LTP | 5%

Species Evenness | 3%
LTN | 1% LD | 18%

? -0.305 * *
R?=0.508 0.497 5%
I 0.713 *** Soil properties I
BD |12% FC135% |
SP 134% pH12%
STN | 4% cri=096 |
| TLI=0.99 |





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls.2024.1381807_cover.jpg
& frontiers | Frontiers in Plant Science

Effects of different soil and water
conservation measures on plant
functional traits in the Loess Plateau





OEBPS/Images/fpls-15-1381807-g001.jpg
* Soil sample siteg
[l Stand plot '
i L1 Shrub plot
. Herb plot

110°17'E

1.2

Buffer Zone

110°17'E

110°18'E

37°31'N

37°30'N

110°18'E





OEBPS/Images/table1.jpg
Measures Community Soil Functional
(61.72%) structure (46.24%) traits
(51.43%) (40.69%)
G 0638  VC 0.638 BD 0.412 LTD 0.367
p 0.645 H 0.471 FC - LTN -
0.128 0.485
S 0.327 N 0412 Sp 0411 SLA -
0.367
pH ~ LV 0.137
0.257
Plant STN 0.108 LD 0.527
diversity (48.18%)
Richness | 0.672 LTP 0.209
Evenness = 0.673






OEBPS/Images/fpls-15-1381807-g003.jpg
LB

SLA

LV

LTD

LTP

LTN

LD

LD

0.69

0.89

-0.57

S
@)

-0.69

LV

-0.61

LTD

LTD

LTP
LTN

LTP

0.54 LTN

08

06

04

r 02

r -02

-04

-06

-08





