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Background: Multiple components of biodiversity are excellent predictors of 
precipitation-induced changes in ecosystem function. However, the importance of 
differing scales (alpha versus beta) is usually overlooked in biodiversity–ecosystem 
multifunctionality studies. Consequently, little is known about how precipitation 
regulates the relationship between multifunctionality and multiple components of 
alpha and beta diversity.

Aims: We  investigated geographic patterns of herbaceous plant diversity and 
ecosystem multifunctionality along a precipitation gradient spanning more than 
2010 km in Northwest China.

Methods: We  assessed the effects of herbaceous species, phylogenetic, and 
functional components at different scales on multifunctionality in drylands.

Results: The alpha diversity of species and functional beta diversity were key 
components explaining the variation in multifunctionality. As the main environmental 
factor, MAP (mean annual precipitation) affected multifunctionality by changing the 
mediating variables (i.e., species alpha and functional beta diversity). More importantly, a 
certain precipitation threshold was detected for the relationship of multifunctionality to 
species alpha and functional beta diversity. MAPs of approximately 158 mm and 140 mm 
modulated this relationship (shifting it from uncorrelated to significantly correlated).

Conclusions: Our findings provide insights into previously neglected mechanisms 
by which diversity in herbaceous layers at different scales affects ecosystem 
multifunctionality. It is highlighted that MAP regulates the relationship between diversity 
and multifunctionality in dryland ecosystems at different scales. Further, diversity 
may have substantial consequences for multifunctionality where MAP is higher. 
These empirical results provide a comprehensive understanding of the biodiversity–
multifunctionality relationship in the context of precipitation, ultimately contributing 
to conservation and restoration programs for multifunctionality in drylands.
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1. Introduction

Ecosystem multifunctionality emphasizes the fact that ecosystems provide multiple ecosystem 
functions simultaneously (Loewen et al., 2020). Ongoing global change is altering biodiversity at an 
unprecedented rate, adversely impacting natural ecosystems in important ways (Byrnes et al., 2014). 
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Biodiversity can be classified at different component levels as species 
diversity, phylogenetic diversity reflecting evolutionary history, or 
functional diversity conveying ecosystem functioning (Valencia et al., 
2015; Richter et  al., 2021). Many studies have provided extensive 
evidence for the positive effects of diversity on ecosystem function 
(Loreau et al., 2001; Hooper et al., 2005; Jing et al., 2015). Yet, it remains 
unclear which diversity component (i.e., species, phylogenetic, 
functional) is the better predictor of ecosystem function. Early studies 
of biodiversity and multifunctionality debated whether the effects of 
biodiversity upon ecosystem function primarily arose from the effects 
of species richness. The traditional view in which species diversity 
considers all species equally, but ignores differences in their evolutionary 
histories and roles in ecosystem functioning, hence the burgeoning 
interest in both phylogenetic and functional diversity (Bardgett and Van 
Der Putten, 2014; Nicholson et al., 2020). Many studies have found that 
functional diversity is a better predictor of ecosystem function than 
species diversity (Cadotte, 2017; Laughlin et al., 2020). For example, in 
the case of plants, compared with the number of species, certain 
functional traits (e.g., nutrient-use efficiency, leaf area, and height of 
plants) are more often directly or indirectly related to how species 
compete and use local resources (Valencia et  al., 2015). However, 
assessing all the functional traits associated with ecosystem function is 
often impractical; hence, the more easily measurable phylogenetic 
diversity has moved to the forefront of researchers’ interest (Srivastava 
et  al., 2012). According to some researches on plants, phylogenetic 
diversity has better predictive power than functional diversity, especially 
in large-scale or long-term studies (Flynn et al., 2011). This is because 
ecological niche differences between plant species provide more 
opportunities for their survival, achieving a higher level of ecosystem 
function through increased resource diversity that enables the 
coexistence of more species which are closely related (Cadotte et al., 
2012). Although the multiple components of biodiversity are not 
necessarily correlated, clarifying the relationship between biodiversity 
and multifunctionality can help further assess the evolutionary history 
and loss of ecosystem function due to future species extinctions.

Indeed, diversity components can be further partitioned as alpha 
(diversity variation within-community) and beta diversity (diversity 
variation among- community) (Thompson et al., 2018). Previous studies 
have focused on diversity at the alpha scale, finding that alpha diversity 
can affect ecosystems via selection and complementary effects (Gherardi 
and Sala, 2015). Recently, beta scale diversity has garnered mounting 
attention in response to increasing biotic homogenization. High beta 
diversity can increase the multifunctionality of ecosystems, largely 
because trait variation allows for species to differentially contribute to 
ecosystem function (Grman et al., 2018). Not unlike alpha diversity, it is 
widely acknowledged that species beta diversity is insufficient for 
understanding the structure of species assemblages and their impact on 
ecosystem function. This may be due to the fact that the remaining key 
components of beta diversity, such as function and phylogeny, are not 
considered (Grman and Brudvig, 2014).

Functional beta diversity is a crucial aspect of biodiversity because it can 
help to disentangle community assembly processes across environmental 
gradients or spatial scales (Chao et al., 2019). However, comparing species 
and functional beta diversity alone cannot reveal the underlying patterns of 
ecosystem function. In terms of species beta diversity, high levels of 
functional beta diversity may consist of high levels of functional turnover 
(i.e., communities having different functional strategies) or low levels of 
functional turnover (i.e., communities having a subset of diverse functional 
strategies) (Cardoso et al., 2014; Grman et al., 2018). Similarly, phylogenetic 

beta diversity measures the phylogenetic distance between communities. As 
such, it enables us to link local processes, such as biological interactions and 
environmental filtering, to more regional processes, including trait 
evolution, dispersal and species formation (Qian et al., 2021). Although 
species and functional beta diversity can effectively capture the amount of 
overlap in species composition or trait characteristics between sites (habitats, 
geographic regions), neither provides information on the depth of 
separation of these phylogenetic through evolutionary time (Rito et al., 
2021). Therefore, it is necessary to consider the impact of phylogenetic beta 
diversity on ecosystem functioning. Some work has demonstrated that 
phylogenetic beta diversity is fundamental to understanding how 
evolutionary and ecological factors interact to influence ecosystem function; 
for example, phylogenetic beta diversity plays an essential role in regulating 
the adverse effects of climate change on ecosystems (Mori et al., 2018). 
While many studies have demonstrated the indelible contribution of alpha 
and beta diversity to ecosystem function, their relative importance and 
possible synergistic effects on multiple ecosystem functions are still poorly 
understood. Therefore, to understand the potential impact of local as well 
as larger-scale biodiversity upon ecosystem functioning, examining diversity 
at differing scales can help to maximize the potential for conservation 
effectiveness for ecosystem functioning (Le Bagousse-Pinguet et al., 2019).

Water is one of the main abiotic factors limiting the structure and 
assembly of dryland ecosystems (Loewen et al., 2020), particularly for arid 
and semi-arid plant communities (Hu et al., 2022). To date, a large body 
of research has confirmed the importance of precipitation in dryland 
ecosystems (Tramblay et al., 2012; Xu et al., 2018). Notably, precipitation 
induces changes in a variety of ecosystem services and processes 
(multifunctionality). For example, precipitation increases the productivity 
of species by improving the availability of plant and soil nutrients (Hu 
et  al., 2022). From a species diversity perspective, changes caused by 
precipitation can be explained by the fact that it indirectly influences the 
abundance and distribution (community composition and structure) of 
plants by creating local microclimates, thereby regulating ecosystem 
function (Adler and Levine, 2007; Xu et al., 2018). Further, it has been 
shown that different precipitation regimes have inconsistent effects on 
functional diversity (Gherardi and Sala, 2015, 2019; Petrie et al., 2018). It 
could be that the rapid response of functional diversity to environmental 
change may be  specific to a more sensitive ecosystem (e.g., dryland 
ecosystem). Likewise, phylogenetic diversity’s role in predicting ecosystem 
function may be  underestimated. Yet a recent study also identified a 
positive impact of precipitation on phylogenetic diversity (Hu et al., 2022). 
Furthermore, the relative impact of precipitation upon plant diversity may 
be  a scale-dependent phenomenon (Grman et  al., 2018). Although 
precipitation significantly influences alpha diversity, it may be  more 
critical for beta diversity in regulating ecosystem function (Mori et al., 
2018). This is because, in dryland ecosystems, precipitation may lead to a 
significant redistribution of resources driven by topographic factors. This 
differential resource allocation can, in turn, lead to fragmentation and 
fragmented distribution of plant communities, further affecting the tight 
relationship between diversity and ecosystem multifunctionality 
(Gherardi and Sala, 2015). Previous researchers exploring the effects of 
precipitation affects multifunctionality through changing diversity have 
mostly focused on a single component or scale of diversity. It is therefore 
imperative we try to integrate the alpha and beta dimensions of diversity 
and simultaneously explore the mediating role of multiple components of 
diversity (species, phylogenetic, functional).

Dryland is defined as an area with aridity index (AI) of less than 
0.65 (Hu et al., 2021). Drylands store about 20% of the global carbon 
pool, and their net primary production (NPP) accounts for 30–35% of 
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global NPP (Reynolds et al., 2007), which is closely associated with 
dryland plants. In Northwest China, the arid, semi-arid, and semi-
humid arid ecosystems (i.e., drylands) found there form a continuous 
natural vegetation gradient, from desert to meadow grassland, together 
accounting for over 35% of China’s land area Su et  al., 2021. 
Unfortunately, global climate change, which cause changing amount of 
precipitation and this cause changing land use and desertification (Dai, 
2013). These changes may have significant impacts on biodiversity and 
associated ecosystem functions. Moreover, as an essential component of 
dryland ecosystems, herbaceous plants account for about 67% of the 
total dryland flora of Northwest China (Dang and Pan, 2002; Meng and 
Zhang, 2013). Herbaceous plants are not only essential indicator species 
of regional resource and environmental status (Luo et al., 2021), but they 
also have a unique role and special status in supporting material cycling, 
maintaining ecosystem function, and coping with climate change in 
ecologically fragile and sensitive environments (Li et al., 2021).

Recent studies of ecosystem multifunctionality in Northwest China 
suggest that herbaceous plant richness, which increases rapidly as 
drought decreases, is a critical factor limiting multifunctionality, and 
drives at least 30% of ecosystem function (Hu et al., 2021; Su et al., 
2021). Furthermore, in situ simulation experiments revealed that a 40% 
increase in precipitation significantly increased species alpha diversity 
by 52% and multifunctionality by 20%, but plant diversity in the context 
of lower precipitation did not explain multifunctionality well (Hu et al., 
2022). Despite this, how precipitation regulates herbaceous plant 
diversity (both alpha and beta) vis-à-vis multifunctionality is still 
unclear. To address these outstanding knowledge gaps, here we verified 
the importance of precipitation. Next, the contribution of herbaceous 
plant diversity at different scales to multifunctionality was assessed 
holistically, and its critical components identified. To reveal how 
precipitation regulates the relationship between diversity and 
multifunctionality, we  quantified the overall relationship between 
multifunctionality and precipitation or diversity at different scales 
(critical components). Ultimately, critical thresholds for precipitation to 
alter the relationship between herbaceous plant diversity (critical 
components) and multifunctionality were determined. The following 
hypotheses were proposed and tested in this study:

H1: Herbaceous species alpha and functional beta diversity are 
critical components influencing ecosystem multifunctionality.

H2: Critical components of diversity do not interact with 
precipitation, but rather precipitation further regulates ecosystem 
multifunctionality by changing the mediating variable (i.e., 
diversity).

H3: Precipitation can regulate the relationship between critical 
components of diversity and multifunctionality (i.e., a certain 
threshold of precipitation exists). Critical components of diversity 
exert positive effects with respect to multifunctionality under 
conditions of higher precipitation compared with lower precipitation.

2. Materials and methods

2.1. Study area description

This study was conducted along a 2,100-km-long west–east transect 
spanning arid and semi-arid region in Northwest China, having a stark 

precipitation gradient ranging from 65 to 443 mm 
(Supplementary Figure S1). The study area encompassed six deserts—
namely, the Gurbantungut, Badangilin, Ulanbuhe, Kubuchi, Mawusu, 
and Tengri deserts—and also entailed a large diversity of plants, 
vegetation types, and soil classifications. The dominant shrubs along the 
transect are Haloxylon ammodendron and Nitraria tangutorum, while 
the dominant herbs are Agriophyllum squarrosum and Stipagrostis 
pennata. Our study focused on herbaceous layers, for which there was 
significant variation in richness between vegetation types (2–14 
herbaceous species per site, average = 6.36). The soil types in the study 
area are predominantly gray and loess, and the climate here is mostly 
temperate continental.

2.2. Field investigation and plant sampling

Vegetation was surveyed during the seasonal peak of plant growth 
(June–July 2021) according to the local phenology. With 50 sites 
established at 30–50 km intervals along the precipitation gradient (all 
sites were set up in hilly lowlands where the vegetation was in good 
condition and undisturbed). At each site, a 30-m × 30-m plot was set up, 
with five 2-m × 2-m herbaceous subplots were set up at equal distances 
within each plot, using a five-point sampling method (i.e., five biological 
replicates). Afterwards, all live plant species present within the subplots 
were recorded. Leaf length (LL), leaf width (LW), and plant height (H) 
were also measured for individuals of all species. In addition, from each 
plant five of its intact leaves were collected and their leaf area (LA) 
measured using a leaf area meter (LI-3100 area meter, LI-COR, Lincoln, 
NE, United States). After obtaining the dry weight (LDM) of the five 
leaves collected in each plant, the specific leaf area (SLA) was calculated. 
Finally, the herbaceous plants surveyed in the subplots were harvested 
and divided. After bringing them to the laboratory, they were oven-dried 
at 60°C for 12 h and their aboveground biomass and leaf chemical 
characteristics determined.

A prominent feature of drylands is the ‘fertility island’ effect due to 
the discontinuous distribution of plants (Su et al., 2021). To avoid a high 
degree of heterogeneity in soil properties, cores from a 0–10 cm depth 
were also taken at each subplot, also using the five-point sampling 
method. Once in the laboratory, the five cores were mixed to create one 
plot-level replicate. This procedure was replicated five times within the 
five subplots to generate five biological replicates. Finally, all these 
collected soil samples were air-dried in preparation for their soil 
property analysis.

2.3. Plant and soil property measurements

For each plant randomly selected per species, a total carbon analyzer 
was used to determine the total carbon content of leaves. Leaf total 
nitrogen and total phosphorus contents were quantified by a continuous-
flow ion auto-analyzer (Auto-Analyzer 3, Germany) (Lambers, 2021).

The soil organic carbon (SOC) content was determined by using the 
dichromate oxidation method (Urbansky, 2001). Soil total nitrogen 
(TN), ammoniacal nitrogen (NH4

+-N) and nitrate nitrogen (NO3
−-N) 

contents were obtained by using a continuous-flow ion auto-analyzer 
(Shamrikova et al., 2022). It should be noted that fresh soil samples were 
used for the determination of ammoniacal and nitrate nitrogen. Soil 
total phosphorus (TP) content was measured by the HClO4-H2SO4 
ammonium molybdate-ascorbic acid method (Lambers, 2021). The 
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molybdenum counterstain method was used to determine the soil 
content of activated phosphorus (AVP) and inorganic phosphorus (IP) 
(Gilbert et al., 2009). In addition, soil pH was measured using a pH 
meter (FiveEasy FE20, Switzerland) placed in a 1:2.5 (v/v) soil/water 
extract. Soil water content (SWC) was calculated from measured soil 
weight, by expressing soil moisture as a percentage of dry soil weight 
(Luo et al., 2021). Soil bulk density (ρb) was determined by inserting a 
100-cm3 ring knife into the soil to collect it, then drying this (at 105°C–
110°C, for 24 h) to obtain the dry soil weight, after which we calculated 
the dry soil mass per unit volume as follows: mass of the dried soil 
sample/volume of the ring knife. Soil temperature was measured next to 
each core at 0 and 10 cm depth (Fluke 51 II Thermometer; Wilmingtion, 
NC, United States; Oikawa et al., 2015).

2.4. Alpha and beta diversity analysis

Diversity at the alpha scale generally refers to the degree of diversity 
of species within a habitat (Valencia et  al., 2015). We  used species 
richness to indicate the species alpha diversity (species diversity is the 
most intuitive and commonly used measure of biodiversity and mainly 
determined by the number of species) (Wang et  al., 2021). Species 
richness was calculated as the total number of species in each subplot. 
Functional diversity in this study was expressed as FDis (functional 
dispersion: the mean distance in multidimensional trait space of 
individual species to the centroid of all species) (Lavorel et al., 2008). To 
calculate FDis, the LL, LW, SLA, and H of plants were used as functional 
traits; these all-convent light capture and water tolerance of species 
(Westoby et al., 2002; Wright et al., 2004; Laliberté and Legendre, 2010). 
Functional diversity was calculated as species traits for each subplot. 
Phylogenetic diversity was related to species evolution and calculated in 
a similar way to species diversity. We have constructed a phylogenetic 
tree based on the list of plants surveyed and used MNTD (mean nearest 
taxon distance) to express phylogenetic alpha diversity (Webb et al., 
2002; Kembel et al., 2010). Species, functional, and phylogenetic alpha 
diversity calculations were performed by the vegan, FD, and picante 
packages (Yan et al., 2020).

Beta diversity is defined as the difference in species composition 
between communities (Grman et al., 2018). In our study, Diversity at the 
beta scale was defined as the average pairwise distance of subplots to the 
centroid within each site, which provides consistent and unbiased 
estimates of beta diversity (Baselga, 2012). Species, phylogenetic, and 
functional beta diversity were all calculated based on pairwise-site 
dissimilarity methods. For species beta diversity, we  calculated 
compositional differences in herbaceous plants based on species 
abundance at each site, based on the Bray–Curtis similarity index 
(Blomberg et al., 2003). For phylogenetic beta diversity, we calculated 
pairwise distances between pairs of loci based on phylogenetic trees for 
all sites. Finally, functional beta diversity was calculated based on 
Euclidean distances for the four plant traits (Yan et  al., 2020). For 
species, functional and phylogenetic beta diversity, we used the “beta.
pair”, “phylo.beta.pair” and “func.beta.pair” functions in the betapart 
package to calculate (Baselga, 2012).

2.5. Ecosystem multifunctionality

Ecosystem multifunctionality is a composite measure of an 
ecosystem’s ability to simultaneously maintain multiple functions. 

Eleven functions, grouped into three functional categories C-cycling 
(SOC: soil organic carbon content; CWM.C: community-weighted 
mean of leaf carbon content; AGB: aboveground biomass), N-cycling 
(NH4

+-N: soil ammoniacal nitrogen; NO3
−-N: soil nitrate nitrogen; TN: 

soil total nitrogen; CWM.N: community weighted mean of leaf nitrogen 
content) and P-cycling (TP: soil total phosphorus; IP: soil inorganic 
phosphorus; CWM.P: community weighted mean of leaf phosphorus 
content; AVP: soil activated phosphorus), were used for this measure’s 
calculation (Supplementary Table S1). To obtain the multifunctional 
index (EMF), we applied the methodology of Maestre et al. (2012). First, 
all sites were normalized (Z-scores) for the predictor variables and 
weighted according to each subplot. Next, the Z-scores of all variables 
were averaged to obtain the EMF. This index indicates the ability of each 
site to maintain high levels of multiple ecosystem processes 
simultaneously (Valencia et al., 2015). Because this method is statistically 
robust, it is being increasingly used in studies assessing multifunctionality 
(Byrnes et al., 2014; Valencia et al., 2015; Hu et al., 2021). Further, to 
avoid redundancy between variables, we also examined the correlations 
between predictor variables: of the 66 bivariate correlations assessed in 
our dataset, just one had an r-value > 0.6, indicating that redundancy 
was not very high in our data set (Supplementary Table S1).

2.6. Abiotic variables

In terms of climate, mean precipitation of the coldest quarter 
(MPC), mean precipitation of the warmest quarter (MPW), mean 
temperature of the coldest quarter (MTC), and mean temperature of the 
warmest quarter (MTW), along with mean annual precipitation (MAP), 
temperature (MAT), and solar radiation (SO-R), were all obtained from 
the World Climate Database1 at a resolution of 30 arc minutes per 
sampled site (Hu et al., 2021). The aridity level of each site was calculated 
as AI (= ratio of precipitation to potential evapotranspiration), using 
data obtained from the Global Drought Index and Potential 
Evapotranspiration Climate Database2. For soil variables, we used SWC 
and ρb in addition to soil temperature (ST) and pH. Furthermore, 
longitude, latitude, and elevation were recorded for every plot along the 
transect, and applied as spatial variables in the analysis. These indicators 
(environmental variables) play an important role in the availability of 
dryland ecosystem functions.

2.7. Statistical analysis

We standardized all variables by Z-cores and ran a correlation 
coefficient (Pearson’s r) analysis to examine multiple covariates for 
diversity, environment, and multifunctionality. When a pair of candidate 
variables had a correlation coefficient > 0.6, one of the two variables was 
excluded to avoid high collinearity. At our study sites, the correlation 
coefficients as diversity indicators were not high; hence, these indicators 
of herbaceous plant diversity could be  directly used in subsequent 
analyzes. Among the environmental variables, we excluded MPW, MTC, 
longitude, latitude, pH, soil temperature, and drought index (AI) 
(Supplementary Table S2). For indicators related to dryland 

1 www.worldclim.org

2 https://cgiarcsi.community/
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multifunctionality, we  excluded inorganic phosphorus (IP) 
(Supplementary Table S1).

To test the first hypothesis (H1), we  fitted multiple regression 
models to environmental variables using the ‘vegan’ package for R 
(4.0.4), this was used to determine the importance of precipitation for 
multifunctionality (Supplementary Table S3). Then, the relationship of 
multiple components of diversity at different scales (alpha and beta) to 
multifunctionality was analyzed using a general linear model 
(Supplementary Figure S2; Wang et al., 2021). To further identify critical 
components affecting multifunctionality, a linear mixed effects model 
(LMM) was constructed using the ‘lme4’ package in combination with 
environmental variables (soil type was used as a random effect and 
REML was used to obtain variance components (Equations 1 and 2; 
Supplementary Table S4). The models were also subjected to a selection 
procedure based on ΔAIC < 2 (Le Bagousse-Pinguet et al., 2019), and the 
final models (Equations 3 and 4) were distinguished according to their 
ΔAIC (Akaike Information Criterion; Supplementary Figure S3; 
Supplementary Table S4). Finally, relative weights were calculated based 
on the R2-value for each predictor variable. Note that in equations 1 to 
4, the model excludes the interaction term to avoid the effect of other 
confounding effects. The aim is simply to identify the critical biotic and 
abiotic factors influencing multifunctionality.

We further simplified the equations to test the second hypothesis 
(H2) of this study. Focusing only on the relationship between MAP or 
critical components of herbaceous plant diversity (species alpha and 
functional beta diversity) and multifunctionality (Equations 5 and 6; 
Supplementary Table S4). We did this because excluding additional 
biotic and abiotic factors does not change the main results (i.e., the 
difference between the two models’ ΔAIC is <2; Supplementary Figure S4; 
Hu et  al., 2022). Therefore, we  used the simplest model to test our 
hypothesis more clearly. Herbaceous plant diversity (species alpha and 
functional beta diversity), MAP and multifunctionality were first 
regressed using generalized additive models (GAMs) (Khoda Bakhshi 
and Ahmed, 2022) to test for an interaction effect between diversity and 
MAP on multifunctionality. To assess whether species alpha and 
functional beta diversity mediated the indirect relationship between 
precipitation and multifunctionality (Equation 5, Equation 6; 
Supplementary Table S4), we used the ‘mediation’ package to conduct a 
mediator model analysis (Rijnhart et  al., 2021). If the independent 
variable MAP affects the dependent variable multifunctionality via 
herbaceous plant diversity (species alpha and functional beta diversity), 
then diversity is deemed a mediator variable between MAP and 
multifunctionality. We  implemented Equations 7 and 8 
(Supplementary Table S4) to establish regression relationships for the 
ending variable, the mediating variable, and the independent variable. 
Further validation was performed using a sensitivity analysis applied to 
the results of the mediating effect analysis. If the Rho (sensitivity) value 
is greater than zero in absolute value, the mediating effect is 
considered reliable.

Finally, to test the third hypothesis (H3), we used a rolling window 
model (Hu et  al., 2021) to detect thresholds for changes in the 
relationship between species alpha or functional beta diversity and 
multifunctionality as the MAP changes. The presence of such a MAP 
threshold would mean that once a certain level of MAP is reached, a 
given variable either abruptly changes its value (i.e., a discontinuous 
threshold) or abruptly changes its relationship with MAP (i.e., a 
continuous threshold) (Berdugo et al., 2020). Given that in this study 
we  only consider thresholds for shifts in the relationship between 
diversity and multifunctionality, only regressions with continuous 

thresholds (i.e., slope change at a given MAP level) were analyzed here 
(Hu et al., 2021). In addition, we should note the following: (1) the data 
were sorted according to the target gradient variable (MAP), generally 
in order from smallest to largest values; (2) there should not be too many 
MAP gradients spanned by each rolling window, otherwise it may not 
be possible to find an exact threshold location. Here we continued with 
Equations 7 and 8 (Supplementary Table S4), for which the number of 
windows was defined as 20 (i.e., 20 sites along the transect), this being 
reasonable because it does not fully cover more than half of the threshold 
locations. The same number of calculations was repeated at the 
remaining locations (i.e., 30 sites along the transect) to determine the 
MAP threshold for the change in a diversity factor. Finally, based on this 
determined MAP level, a segmented function fit was used to assess the 
accuracy of the shift in either the species alpha or functional beta 
diversity with respect to multifunctionality. To fit and run the rolling 
window model, we used the “tidyverse”, “piecewiseSEM”, “parallel”, and 
“doSNOW” packages in R.

3. Results

3.1. The relationship between herbaceous 
diversity and multifunctionality

Across the transect, except for phylogenetic diversity, both species 
and functional components of different diversity scales (alpha and 
beta) had a significant positive effect on multifunctionality 
(Supplementary Figure S2). Furthermore, the relationship between 
diversity at different scales and multifunctionality progressively 
increased with an increasing MAP (Supplementary Figure S2).

3.2. The contribution of herbaceous plant 
diversity to multifunctionality

When climate, soil, and geographic variables were considered, the 
results from multiple regression models confirmed MAP as the main 
abiotic factor influencing changes in multifunctionality. At the same 
time, based on the relative weights of the predictor variables, alpha and 
beta diversity explained 56.29 and 86.46% of the variation in 
multifunctionality. The contributions of species alpha and functional 
beta diversity were 34.76 and 46.24%. This indicates that species alpha 
and functional beta diversity were the best indicators for explaining 
changes in multifunctionality (Figure 1; Supplementary Table S5).

3.3. Different scales of diversity as mediating 
variables for MAP’s influence upon 
multifunctionality

Whether MAP and diversity have an interaction or mediating effect 
can provide a deeper explanation of their relationship to ecosystem 
function. Models of interaction effects showed that critical diversity 
components at different scales (species alpha and functional beta 
diversity) did not interact with the effect of MAP on multifunctionality 
(Supplementary Figure S5). This implied MAP may unilaterally regulate 
herbaceous plant diversity, independently affecting multifunctionality. 
It was then necessary to develop a mediating model to analyze the 
mechanism further. According to the results of this mediated effects 
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analysis, the direct effect of MAP on multifunctionality (ADE) was not 
significant, explaining only 30.10 and 23.81% of the variation. However, 
the indirect effects of species alpha and functional beta diversity 
(ACME) were significant and positive, explaining 69.90 and 76.19% of 
the variation in multifunctionality. In further sensitivity analyzes, the 
Rho (sensitivity) values for species alpha and functional beta diversity 
were 0.1 and 0.2 (i.e., > 0; Figure  2; Supplementary Table S6). This 
validates the reliability of diversity acting as a mediating variable and 
justified our further speculation that MAP may regulate the relationship 
between diversity and multifunctionality.

3.4. The relationship between diversity and 
multifunctionality at different scales is 
regulated by MAP

Next, we performed a rolling window analysis to clarify how MAP 
regulates the relationship between diversity and multifunctionality. 
These results revealed a positive relationship between species alpha 
diversity and multifunctionality at around 158 mm, which became more 
pronounced as values for MAP increased. In addition, the correlation 
between functional beta diversity and multifunctionality became less 
negative as the MAP increased (Figure 3). This suggested that with a 
greater MAP, species alpha and functional beta diversity show a stronger 
positive correlation with multifunctionality. We went on to validate this 
threshold, finding that the relationship of multifunctionality to species 
alpha and functional beta diversity did not hold below 158 mm and 
140 mm, respectively; however, above these two thresholds, a significant 
positive correlation was evident for each (Figure  4). These results 

suggested that an increase in MAP in dryland ecosystems would lead to 
a shift in the relationship between diversity and multifunctionality; i.e., 
this positive effect becomes more pronounced where MAP is higher.

4. Discussion

4.1. The role of diversity in shaping 
multifunctionality

The simultaneous effects of multiple biodiversity components at 
different scales on multifunctionality highlights the need to move from 
a single taxonomic approach to a more multidimensional view of 
biodiversity, which is essential for the restoration and management of 
dryland ecosystems (Le Bagousse-Pinguet et al., 2019). When climate, 
geographic and soil variables are considered simultaneously, we find that 
alpha and beta diversity have a strong positive impact on 
multifunctionality. This finding was also reported in another study 
(Grman et al., 2018). In dryland ecosystems, herbaceous alpha diversity 
may enhance multifunctionality via complementary resource use and 
facilitation between species. In other words, plants engage in the rational 
use of resources within a more limited range, and how their resources 
are used is also influenced by the complementarity of ecological niches 
(Grime, 1998; Soliveres et  al., 2014). However, it is unrealistic to 
maintain all functions at a high level at a single site all the time, as 
ecosystems are inherently heterogeneous (featuring spatial differences 
in species richness, identity, and composition), and some functions may 
be  mutually exclusive (Grman et  al., 2018). Therefore, maintaining 
multiple functions requires the establishment of different local species 
assemblages (i.e., beta diversity) in heterogeneous environments. That 
is, sites with larger species pools should have higher beta diversity and 
closer matching of species to environmental conditions (Thompson 
et al., 2018).

In our study, Functional alpha and species beta diversity have a 
relatively lower impact on multifunctionality. This may under 
environmental constraints, different species can develop similar 
drought-tolerant traits over long periods of evolution, resulting in 
a degree of functional redundancy (Mori et  al., 2018; Hu et  al., 
2021). Similarly, herbaceous plants growing in different locations 
can have difficulty tolerating local environmental stresses, leading 
to more ecotypes of individuals (conspecifics) and thus species 
redundancy in the studied region. For species beta diversity, 
although the number of species increases with increasing 
precipitation, the intensity of the effect of trait variation on 
functionality is higher than the number of species at different sites. 
As we hypothesized, the species alpha diversity and functional beta 
diversity of herbaceous plants are critical components that influence 
dryland ecosystem multifunctionality. Regarding species alpha 
diversity, species will use small amounts of precipitation to 
reproduce rapidly and in large numbers, thus maximizing multiple 
ecosystem functions (Schwinning and Sala, 2004; Levine and 
HilleRisLambers, 2009). Similar to our findings, Isbell et al. (2018) 
found that increasing the number of species enhanced ecosystem 
function in a grassland plant diversity experiment. Species trait 
variation is the main reason why beta diversity can increase 
ecosystem multifunctionality. This may be because functional beta 
diversity strongly depends upon the dominant species’ identity and 
traits (Gherardi and Sala, 2015). For example, with increasing 
precipitation gradients, dominant species recur in specific 

A

B

FIGURE 1

Standardized regression coefficients and associated 95% confidence 
intervals for the multifunctional model predictor variables. The left 
insets are relative importance of variables explained by the model. The 
right insets represent the standardized regression coefficients. See 
Supplementary Table S5 for the standardized regression coefficients for 
each predictor variable. (A) alpha diversity; (B) beta diversity; MAP, 
mean annual precipitation; ρb, soil bulk density; SD, species diversity; 
FD, functional diversity.
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vegetation types, being relatively large individuals that exhibit a 
wide range of resource use and which make a significant 
contribution to biomass (selection effect) (Grime, 1998). In 
addition, recent work found that the renewal of specific traits (floral 
traits) in species (not necessarily dominant species) could reinforce 
the relationship of multifunctionality to species alpha and functional 
beta diversity (Grman et al., 2018; Yan et al., 2020). This evidence 
suggests that factors influencing multifunctionality depend not only 
on the combination of functions associated with the ecosystem but 
also on the characteristics of the biodiversity scales under assessment.

4.2. Indirect effects of precipitation on 
multifunctionality mediated by diversity

Water is an important limiting factor for soil nutrients and 
vegetation development in dryland ecosystems. The fact that MAP and 
diversity have no interactive effect on multifunctionality is consistent 
with our second hypothesis. Instead, MAP influences multifunctionality 
by regulating herbaceous plant diversity and thus multifunctionality. 
This could have important implications for developing management 
strategies for augmenting multifunctionality under mitigation of or 

A

B

FIGURE 2

Direct and indirect effects of mean annual precipitation (MAP) and diversity at different scales on multifunctionality. The inset on the left indicates the 
standardized regression coefficients of the mediation model. The middle inset shows the path relationship of the mediating effects. The inset on the right 
shows the validation of the sensitivity analysis. See Supplementary Table S6 for the standardized regression coefficients for each predictor variable. ACME, 
average causal mediation effect; ADE, average direct effects; Total Effect, the sum of the average causal mediation and direct effects. (A) alpha diversity; 
(B) beta diversity.

A B

FIGURE 3

Thresholds for shifts in diversity-functionality relationships driven by mean annual precipitation (MAP). (A) alpha diversity; (B) beta diversity.
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adaptation to changes in precipitation (Pasari et al., 2013). For species 
alpha diversity, herbaceous plant community can potentially harbor 
ectopically broad competitors due to the variation in MAP. These 
competitors are more adept in using minor resources in resource-poor 
drylands (Bond and Chase, 2002; Wang and Loreau, 2016). Positive 
relationships occur when competitors contribute more to the ecosystem 
function of interest (e.g., N cycling) (Wang et al., 2021). In contrast to 
our results, species alpha diversity did not mediating multifunctionality 
in a study of Inner Mongolian grasslands in China, perhaps because 
resource enrichment induces a shift from one limitation to another, thus 
accelerating competitive exclusion and resulting in this diversity’s 
weaker role (Yan et al., 2020). Some research suggested that if herbaceous 
species in dryland plant communities have greater nutrient utilization 
efficiency and are more competitive in resource-rich contexts, this may 
drive an irreversible shift from herbaceous to shrubby communities 
(Miao et al., 2022). This would reduce the number of herbaceous plants, 
thus weakening the positive relationship between species alpha diversity 
and multifunctionality. However, studies in desert grasslands provide 
evidence that species alpha diversity is critical for predicting 
multifunctionality in those ecosystems (Hu et al., 2022). This stronger 
relationship may be due to the greater relative impact on plants per unit 
change in precipitation where water is generally scarce (e.g., different life 
types of plants in drylands), which fosters a stronger relationship 
between species alpha diversity and ecosystem multifunctionality. In 
addition, our study’s relationship between species alpha diversity and 
ecosystem multifunctionality may not reflect true natural levels. Due to 
data limitations for shrubs, focusing on herbaceous plants alone 
underestimates the relationship. This is because shrubs, as important 
group species of dryland plant communities, have a non-negligible 
contribution to ecosystem function, despite being far less numerous 
than herbaceous plants (Valencia et al., 2015; Wang et al., 2021). Many 

studies in recent years have concluded that more precipitation leads to 
an increase in functional beta diversity and thus ecosystem function 
(Jiang and Ma, 2015; Milici et  al., 2020). Likewise, this view was 
confirmed in our study and could be explained by MAP-induced trait 
variation permitting different species to contribute to different 
ecosystem functions. While trait variation across species can lead to 
trade-offs, functional beta diversity avoids trade-offs between ecosystem 
functions when it spatially separates the performance of these functions 
(Grman and Brudvig, 2014). As suggested by Valencia et al. (2015), 
multiple ecosystem functioning is closely related to the functional traits 
of the main contributors Diaz and Cabido, 2001. In summary, an 
in-depth understanding of the effects of species alpha and functional 
beta diversity on ecosystem multifunctionality in the context of 
precipitation variability can help identify effective dryland 
management strategies.

4.3. Precipitation drives relationships 
between diversity and multifunctionality

As predicted by our third hypothesis, species alpha and functional 
beta diversity and multifunctionality show positive effects under higher 
than lower precipitation. This may be  due to the fact that as MAP 
increases, the available resource space (or niche space) for herbaceous 
species increases, enhancing the potential for ecological niche 
complementarity between species and thus bolstering resource inputs to 
ecosystem function (Jiang et  al., 2008; Levine and HilleRisLambers, 
2009). In other words, MAP selects for plant species whose ecological 
niches are similar. Accordingly, environmental pressures in these areas 
may reduce the ability of species alpha diversity to maintain 
multifunctionality (Hu et al., 2022). Similar to our results, Hu et al. (2021) 
found that the positive relationship between species alpha diversity and 
multifunctionality became weaker when going from less to more arid 
areas in northern China. Thus, species alpha diversity can contribute to 
natural capital in the form of ecosystem functioning by increasing 
resources utilization efficiency in environments with more precipitation.

Conversely, slower resource utilization efficiency of plants may 
weaken the positive correlation with multifunctionality where less 
precipitation occurs (Grman and Brudvig, 2014; Omidipour et  al., 
2021). Similar to species alpha diversity, the relationship between 
functional beta diversity and multifunctionality was more sensitive to 
the response of changes in MAP. In those areas with low MAP, there was 
no association between functional beta diversity and multifunctionality. 
On the one hand, it may be the lack of shrub data, as studies restricted 
to herbaceous diversity may underestimate the relationship between 
diversity and multifunctionality. On the other hand, it may be due to 
negative plant–soil feedbacks. A negative correlation between plant 
traits and soil nutrient content was found in Mediterranean grasslands, 
where fast-growing species were replaced by slow-growing species 
(Garnier et al., 2004). In dryland ecosystems, plants use small amounts 
of water to rapidly complete their life cycle, which could accelerate 
nutrient uptake by the soil (i.e., the plant inputs nutrients to the soil 
through apoplastic material and dead roots) (Lavorel and Garnier, 2002; 
Wang et al., 2021). In tandem, the high variability of MAP at different 
locations can promote increased runoff in the short term (Hu et al., 
2022). As a result, these effects may accelerate the loss of soil nutrients 
throughout the ecosystem (Garnier et al., 2004; Grman et al., 2018), 
while the relationship between functional beta diversity and 
multifunctionality is significantly reduced. Furthermore, MAP acts as 
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B

FIGURE 4

Validation of the relationship between diversity and multifunctionality 
at different scales under mean annual precipitation (MAP) thresholds. 
(A) alpha diversity; (B) beta diversity.
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an environmental filter as it increased along the gradient (transect 
sampled). The scope for convergence of dominant species’ functional 
traits (e.g., plant height) at the beta scale was diminished, enabling 
greater multifunctionality (Grman and Brudvig, 2014). Our study 
proves that the biodiversity–ecosystem multifunctionality relationship 
varies along the precipitation gradient. At the same time, MAP areas 
below 158 mm (species alpha diversity) and 140 mm (functional beta 
diversity) require enhanced protection and further research.

5. Conclusion

Understanding how precipitation affecting herbaceous plant 
diversity is related to multifunctionality is essential for maintaining the 
sustainable functioning of dryland ecosystem. This study provides 
empirical evidence that species alpha and functional beta diversity are 
both key factors driving multifunctionality in natural dryland 
ecosystems. At the same time, MAP further modulates multifunctionality 
by changing the mediating variables involved (i.e., species alpha and 
functional beta diversity). Finally, the relationship multifunctionality to 
species alpha and functional beta diversity and shifted from uncorrelated 
to positively correlated when MAP was approximately 158 mm and 
140 mm. Taken together, the results highlight the need to consider 
multiple components of biodiversity (especially beta diversity, which 
needs further study) to understand that relationship better. Also, when 
analyzing the mechanisms underpinning ecosystem multifunctionality, 
it is essential to evaluate how ecosystem functioning is improved by 
changes in precipitation across different scales. In an era marked by a 
global biodiversity crisis, our findings provide a timely ecological 
perspective for maintaining biodiversity and optimizing ecological 
restoration processes that can also contribute to enhancing management 
and policy actions in drylands.
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