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Abstract 
Aims Dryland ecosystems are susceptible to varia-
tions in precipitation. Biodiversity plays a vital role in 
regulating ecosystem functions. However, the effects 
of altered precipitation on plant and soil microbial 
diversity and their relationship with ecosystem multi-
functionality (EMF) in desert steppes remain unclear.
Methods We conducted a three–year precipitation 
manipulation experiment in a desert steppe in north-
western China to evaluate how altered precipitation 
influences plant and microbial diversity, EMF, and 
individual ecosystem functions.
Results R33 significantly decreased the Shannon 
and Pielou indices of plant, as well as EF–GP and 
EF–P. R66 significantly decreased EMF, EF–GP, 
EF–N, and EF–P. In contrast, only R166 significantly 

decreased the Pielou index of plant. There were signif-
icant interannual variations in plant diversity, micro-
bial diversity, EMF, and single functions. The inter-
action between precipitation and year significantly 
affected only plant diversity, microbial diversity, and 
EF–GP. The multi–threshold approach indicated that 
ecosystem functions were positively correlated with 
plant and fungal diversity and negatively correlated 
with bacterial diversity under altered precipitation. 
Additionally, the structural equation model demon-
strated that precipitation regulated EMF by affecting 
plant and microbial diversity through changes in soil 
water content. Compared with plant diversity, micro-
bial diversity was more significant in regulating the 
response of EMF to altered precipitation.
Conclusions This study demonstrates that plant 
and microbial diversity jointly regulate ecosystem 
functions under altered precipitation, but microbial 
diversity plays a more prominent role. Therefore, 
the importance of microbial communities should be 
given particular attention when predicting and man-
aging the response of dryland ecosystems to future 
climate–induced precipitation changes.
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Introduction

Based on the IPCC’s Sixth Assessment Report find-
ings, the global average temperature has increased 
significantly over the past 100 years, affecting the 
global hydrological cycle and changing the spatial 
and temporal regimes of precipitation (IPCC, 2021). 
Precipitation directly affects key ecological processes, 
including plant growth and elemental cycling (Sed-
don et  al. 2016), and drives ecosystem evolution by 
regulating plant–microbe–soil relationships, thereby 
profoundly affecting terrestrial biodiversity and eco-
system functioning (Felton et  al. 2020; Zhou et  al. 
2020). Grassland ecosystems, a crucial part of ter-
restrial ecosystems, account for approximately 40% 
of the global land area. They are vital in supporting 
biodiversity and improving various ecosystem ser-
vices and functions (Gibson 2008; Wang et al. 2022). 
Grasslands are primarily distributed in arid and 
semi–arid regions, where water availability is the pre-
dominant limiting factor. Altered precipitation regu-
lates the availability of soil resources in ecosystems, 
thereby affecting plant growth and microbial activity 
(Beier et al. 2012; Cleland et al. 2006). These altera-
tions are strongly linked to the stability of the vegeta-
tion–soil system. Therefore, research on precipitation 
changes in grassland ecosystems can provide data for 
an in–depth investigation of the ecological effects of 
altered precipitation patterns.

Ecosystem functions, which include energy flow, 
material cycling, and information transfer, arise from 
interactions between species and their environments 
(Jax 2005). Ecosystem multifunctionality (EMF) 
describes an ecosystem’s capacity to deliver multi-
ple functions and services simultaneously (Sanderson 
et  al. 2004; Zavaleta et  al. 2010). The relationship 
between biodiversity and EMF has gained signifi-
cant attention in recent decades, particularly in light 
of the ongoing global biodiversity loss (Delgado-
Baquerizo et al. 2016; Hu et al. 2021; Maestre et al. 
2012). For instance, EMF has dramatically improved 
with increased plant diversity in different ecosys-
tems. However, the observed relationship between 
plant diversity and EMF in global dryland ecosys-
tems is only weakly positive (Maestre et  al. 2012). 
Moreover, research on the Tibetan Plateau revealed 
that plant species richness is positively associated 
with EMF, which largely explains its spatial variation 
(Jing et  al. 2015). Soil microbial diversity is crucial 

in influencing EMF, but its effects vary among differ-
ent trophic groups (Bastida et  al. 2016; Wagg et  al. 
2019). Further research has shown that ecosystems 
comprise multiple trophic levels. Different trophic 
groups may have opposite or complementary effects 
on ecosystem functions, with different relative contri-
butions (Soliveres et al. 2016). Therefore, thoroughly 
considering the interactions between different trophic 
groups can more accurately indicate the role of biodi-
versity in EMF regulation.

Precipitation is a crucial factor affecting key pro-
cesses in grassland ecosystems, and changes in its 
pattern affect grassland biodiversity, EMF, and their 
interactions (Beier et  al. 2012; Zhou et  al. 2020). 
Recent findings have demonstrated that increased 
precipitation has a positive (Shi et al. 2024) or insig-
nificant (Wang et  al. 2023) effect on EMF, whereas 
drought reduces EMF (Zhai et al. 2024) in grassland 
ecosystems. Most studies have found that increased 
precipitation improves soil moisture and affects 
plant water status and photosynthetic rates, posi-
tively affecting grassland plant diversity. In contrast, 
decreased precipitation reduces plant species rich-
ness, particularly under extreme precipitation reduc-
tions (Currie et  al. 2004; Li et  al. 2018; Wu et  al. 
2024). Studies have also demonstrated that increased 
precipitation intensifies aboveground plant competi-
tion, increasing competitive exclusion and reducing 
species richness (DeMalach et al. 2017). Changes in 
precipitation may have positive (Cregger et al. 2012), 
negative (Yang et  al. 2024), or insignificant (Gut-
knecht et  al. 2012) effects on microbial diversity by 
regulating plant–soil nutrient dynamics and changing 
soil temperature and water availability. Additionally, 
precipitation may indirectly regulate EMF through 
the cascade effect of changes in the composition and 
structure of plant and microbial communities (Valen-
cia et al. 2018; Wolters et al. 2000). Nevertheless, our 
current understanding of how grassland biodiversity 
reacts to altered precipitation and the subsequent 
effects on biodiversity–related EMF remains limited, 
necessitating further experimental exploration.

As a major grassland ecosystem in the arid and 
semi–arid regions of northwestern China, the desert 
steppe is an ecologically fragile area with low precip-
itation and high evaporation. This ecosystem is par-
ticularly vulnerable to altered precipitation owing to 
its low water availability (Na et  al. 2019). Although 
some studies have indicated the effects of changing 
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precipitation on biodiversity and EMF in grassland 
ecosystems (Wang et  al. 2023; Yang et  al. 2024; 
Zhai et  al. 2024), extensive conclusions concerning 
the relationship between aboveground and below-
ground biodiversity and EMF in the desert steppes 
of northern China are yet to be drawn. In this study, 
the effects of precipitation on plant and microbial 
diversity and 11 ecosystem functions were assessed 
through a field experiment on precipitation changes 
in the desert steppe of northwestern China. A struc-
tural equation model (SEM) was used to investigate 
the indirect effects of precipitation on EMF by assess-
ing its impact on plant and microbial diversity in the 
desert steppe. The following hypotheses were exam-
ined in this study: 1) increased precipitation would 
improve plant diversity and EMF in the desert steppe, 
while the response of microbial diversity to altered 
precipitation differs between microbes; 2) the con-
tribution would vary among diverse biodiversity to 
EMF, but in general microbes are more sensitive to 
environmental changes, and their diversity may con-
tribute more to regulating EMF.

Material and methods

Site description

The experiment was conducted at the Northern 
Yanchi Desert Steppe Observation and Research 
Station of Ningxia, Yanchi County, China (37°48′ 
N, 107°27′ E, 1367 m a.s.l). The selected site is an 
ecological transition zone in a semi–arid region with 
a continental semi-arid monsoon climate vulner-
able to climate change and human activity. Over the 
past 41 years (1981–2021), the average annual tem-
perature was 8.7 ℃, and the average annual precipi-
tation measured 294.3 mm (Fig. S1). Approximately 
80% of the annual precipitation occurs during the 
plant–growing season from May to September. Dur-
ing the experimental period, the annual precipita-
tion was 323.1 mm in 2019 and 227.9 mm in 2021, 
while the annual mean temperatures were 9.3 ℃ 
and 10.2 ℃, respectively. These variations highlight 
the interannual climate fluctuations that may influ-
ence plant and microbial community dynamics, as 
well as ecosystem multifunctionality (Fig. S1). The 
soil in the experimental field was classified as Siero-
zem according to the Chinese Classification System. 

The soil is moderately alkaline, with its pH rang-
ing from approximately 8.46 to 9.08. The vegetation 
in this region is characterized as desert steppe. The 
dominant species are Lespedeza potaninii, Agropyron 
mongolicum, Polygala tenuifolia, Artemisia scoparia, 
and Astragalus melilotoides.

Experimental design

In June 2018, we selected a representative area with 
flat terrain and uniform vegetation for a long–term 
precipitation change experiment (Fig.  1). Precipita-
tion treatments were determined based on the aver-
age annual precipitation and extreme fluctuations 
in precipitation observed over the past 38 years 
(1981–2018) in the study area, while considering the 
practicability of the field experiment (Fig. S2). Five 
precipitation treatments were established using a 
completely randomized block design with three rep-
licates, resulting in 15 plots. Each plot measured 6 m 
× 6 m with a 5–m buffer zone. The five experimental 
treatments used were R33 (33% natural precipitation), 
R66 (66% natural precipitation), RCK (control, natu-
ral precipitation), R133 (133% natural precipitation), 
and R166 (166% natural precipitation). Decreased 
precipitation was achieved using home–made rain 
shelters (year–round rain protection). Tile–like trans-
parent polyvinyl chloride (PVC) sheets of 15 cm 
width were uniformly placed on a rain shelter, approx-
imately 1.8 m high, to shade out natural precipitation 
equivalent to 66% and 33% of the plot, respectively. 
Increased precipitation was achieved using manual 
sprinklers. During the experiment, the precipitation 
was collected using rain barrels. Natural precipitation 
levels of 33% and 66% were calculated and evenly 
applied to the plots corresponding to the R133 and 
R166 treatments through sprinkler irrigation within 
48 h of the precipitation event. A 1.2–m–wide plastic 
sheet was buried around each plot. The burial depth 
was 1.1 m, and 0.1 m was left aboveground to prevent 
disturbances such as surface run–off and sub–surface 
leakage.

Field survey and sampling

In mid–August 2019 and 2021, three 1 × 1 m quadrats 
were randomly placed in each plot for plant commu-
nity surveys and sampling. Plant species, coverage, 
density, height and frequency were also investigated. 
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Following the survey, aboveground vegetation was 
collected by species and placed in Kraft paper bags. 
The quadrats were cleaned after collecting the above-
ground vegetation, and the roots from 0 to 30 cm in 
the quadrats were collected in mesh bags according 
to the species, rinsed, and placed in Kraft paper bags. 
The plants from each quadrat were sorted by species, 
dried in an oven at 65 ℃ for 48 h, and then weighed to 
determine the biomass of each plant population. The 
plant community aboveground biomass (AGB) and 
belowground biomass (BGB) in each quadrat were 
calculated by summing the dried biomass of all plant 
categories. The AGB, BGB, and plant diversity in 
each plot were calculated as the average biomass and 
diversity of three quadrats. Plant community diversity 
was assessed using the Shannon–Wiener diversity 
(H), Pielou evenness (E), Margalef (Ma) and Simpson 
dominance (D) indices.

(1)Pi = (relative biomass + relative height + relative density)∕3

where S is the number of species in each quadrat, Pi 
is the importance value of species i, and N indicates 
the total number of individuals of the species in each 
quadrat.

A soil sub–sample (0–10 cm) was collected from 
each quadrat using a 5–cm–diameter soil drill. The 
subsamples from the three quadrats were combined 
into a single soil sample. Each soil sample was 
sieved through a 2 mm mesh and divided into two 
portions. One portion was placed in a 10 ml cen-
trifuge tube and then transferred to a refrigerator 

(2)H = −
∑S

i=1
Pi lnPi

(3)E = H∕ ln S

(4)Ma = (S − 1)∕ lnN

(5)D = 1 −
∑S

i=1
P2

i

Fig. 1  Experimental plot design
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at –80 ℃ to determine soil microbes. The remain-
der was air–dried for analysis of soil pH, organic C 
 (Cs), total N  (Ns), and P  (Ps).

Plant and soil property measurements

Leaf and root samples from each category were dried, 
ground using a ball mill (MM400, Retsch, Germany), 
and sieved through a 0.15–mm mesh for elemental 
analysis. The concentrations of total C, N, and P in 
the leaves and roots of each category were measured 
using the  K2Cr2O7 oxidation (Mebius 1960), Kjel-
dahl method (Bremner 1996), and molybdenum yel-
low colorimetry, respectively (Bao 2000). The plant 
community–level leaf total C  (Cl), N  (Nl), and P  (Pl) 
were calculated as community–weighted means of 
the traits (CWM) (Lavorel et al. 2008). Total root C 
 (Cr), N  (Nr), and P  (Pr) at community–level were cal-
culated using the same methods used for  Cl,  Nl, and 
 Pl.  Cs,  Ns, and  Ps were determined using the  K2Cr2O7 
(Mebius 1960), Kjeldahl (Bremner 1996), and 
molybdenum antimony resistance colorimetric meth-
ods, respectively (Bao 2000). The soil water con-
tent (SWC) and pH were measured using a moisture 
detector carried by LI–8100 A (LI–COR, Nebraska, 
USA) and a portable acidity meter.

The Illumina MiSeq PE300 platform was used for 
microbial DNA sequencing, and microbial diversity 
was assessed. Supplementary Materials (Appendix 
S1) describe the methods used to quantify microbial 
diversity.

Ecosystem multifunctionality

The EMF index serves as a comprehensive measure 
of the ability of a system to maintain multiple func-
tions concurrently. We selected 11 ecosystem func-
tion indicators and classified them into five ecosystem 
function groups (EF): 1) functions related to grass-
land ecosystem primary productivity (EF–GP: AGB 
and BGB); 2) functions related to grassland ecosys-
tem C storage (EF–C:  Cl,  Cr, and  Cs); 3) functions 
related to grassland ecosystem N storage (EF–N:  Nl, 
 Nr, and  Ns); 4) functions related to grassland eco-
system P storage (EF–P:  Pl,  Pr,  Ps); and 5) grassland 
ecosystem multifunctionality (EMF, including all 11 
ecosystem function indicators). A common averaging 
approach was used to calculate the EMF index and 
each function was standardized using the maximum 

method before averaging. However, the averaging 
method cannot capture the unique levels of function-
ality offered by various indicators, such as when one 
function is delivered at a low level and another at a 
high level or when both functions are provided at a 
moderate level (Byrnes et  al. 2014). To address this 
limitation, we supplemented the averaging method 
with a multi–threshold approach (Byrnes et al. 2014; 
Delgado-Baquerizo et  al. 2016). These calculations 
were performed using the “multifunc” package in R 
4.3.1.

Data analysis

One–way analysis of variance (ANOVA) was 
employed to analyze the annual effects of precipita-
tion on plant diversity, microbial diversity, EMF, sin-
gle functions and individual functions. All analyses 
were conducted using SPSS 22.0. The Mantel test 
was used to test the correlations among plant diver-
sity, microbial diversity, EMF, and single functions. 
The “LinkET” and “ggplot2” packages were used 
for the Mantel test. Partial least-squares path models 
were used to determine the possible paths for the var-
iables controlling EMF. We screened eight independ-
ent variables with large contributions by loading them 
in the outer models that required VIF > 0.7 and clas-
sified them into six categories: precipitation, SWC, 
pH, plant diversity (the Shannon and Pielou indices), 
bacterial diversity (the Shannon and ACE indices), 
and fungal diversity (the ACE and Coverage indices). 
These analyses were conducted using the “plspm” 
package in R 4.3.1. The results were visualized using 
Origin 2021 software.

Results

Impacts of precipitation on plant and soil microbial 
diversity

Precipitation significantly affected the Shannon, 
Pielou, and Margalef indices (P < 0.001), while the 
sampling year significantly affected the Shannon and 
Margalef indices (P < 0.001). Additionally, the inter-
action between precipitation and sampling year sig-
nificantly affected the Pielou and Margalef indices 
(P < 0.001) (Fig. 2). Based on the combined two–year 
data, compared to the control (RCK), extremely 
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decreased precipitation (R33) significantly decreased 
the Shannon and Pielou indices (P < 0.05), while 
extremely increased precipitation (R166) significantly 
decreased the Pielou index (P < 0.05) (Fig. 2 and Fig. 
S3).

Precipitation significantly affected the Shannon, 
ACE, and Coverage indices (P < 0.05), while the 
sampling year significantly affected the four bac-
teria indices (P < 0.001). Their interaction signifi-
cantly affected the ACE and Coverage indices (P < 
0.05) (Fig. 3). No significant effects of precipitation 
on soil bacterial diversity were observed during the 

two–year sampling period (P > 0.05) (Fig.  3 and 
Fig. S4).

Precipitation significantly affected the Shannon 
index (P < 0.05), while the sampling year signifi-
cantly affected the ACE and Coverage indices (P < 
0.001). Their interaction significantly affected the 
Shannon index (P < 0.05) (Fig.  4). No significant 
effects of precipitation on soil fungal diversity were 
observed during the two–year sampling period (P > 
0.05) (Fig. 4 and Fig. S5).

Fig. 2  Effects of precipitation on plant diversity over two 
years (mean ± SE). Lowercase letters denote significant differ-
ences among treatments (P < 0.05). T: precipitation treatments; 

Y: sampling year; T × Y: the interaction between precipitation 
treatments and sampling year. Not significant (ns): P > 0.05, *: 
0.01 < P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001



Plant Soil 

Vol.: (0123456789)

Impacts of precipitation on ecosystem 
multifunctionality and single functions

Precipitation significantly affected EMF, EF–GP, and 
EF–P (P < 0.05), while the sampling year signifi-
cantly affected EMF, EF–GP, EF–C, EF–N, and EF–P 
(P < 0.05). Their interaction significantly affected 
EF–GP (P < 0.001) (Figs.  5 and 6). Based on the 
combined two–year data, compared with RCK, R33 
significantly decreased EF–GP and EF–P (P < 0.05), 
moderately decreased precipitation (R66) signifi-
cantly decreased EMF, EF–GP, EF–N, and EF–P (P < 
0.05), R166 significantly increased EF–GP (P < 0.05) 
(Figs. 5, 6, and Fig. S6).

Relationships of plant and soil microbial diversity 
with ecosystem multifunctionality and single 
functions under altered precipitation

As shown in the Mantel test results (Fig. 7), EMF was 
strongly correlated with the Margalef index of plant 
and the Shannon index of bacteria (P < 0.05). EF–GP 
had strong correlations with the Margalef index of 
plant, the Simpson index of bacteria, and the Shan-
non index of fungi (P < 0.05). EF–C was strongly 
correlated with the Shannon and ACE indices of bac-
teria (P < 0.05). EF–N was strongly correlated with 
the Margalef index of plant and the Shannon index 
of bacteria (P < 0.05). EF–P was strongly correlated 

Fig. 3  Effects of precipitation on soil bacterial diversity over 
two years (mean ± SE). T: precipitation treatments; Y: sam-
pling year; T × Y: the interaction between precipitation treat-

ments and sampling year. Not significant (ns): P > 0.05, *: 0.01 
< P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001



 Plant Soil

Vol:. (1234567890)

with the Shannon and Pielou indices of plant (P < 
0.05).

This study also applied the multi–threshold 
approach to further explore the effects of plant and 
microbial diversity on ecosystem functions at dif-
ferent threshold levels. At a threshold of 83%, add-
ing one plant species had the greatest positive effect 
on EMF, achieving a maximum realized diversity 
effect (Rmde) of 6.31 (Fig.  8a, d). This indicates 
that adding a single plant species resulted in a 6.31 
increase in the ecosystem function. The threshold 
range for the effects of bacterial diversity on EMF 
was 57–70%, indicating that bacterial diversity 

began to affect EMF at the 57% threshold and that 
the effects were not significant at the 70% threshold 
(Fig. 8b, e). The inclusion of one fungal species at 
the 76% threshold increased 4.00 ecosystem func-
tion (Fig. 8c, f). Moreover, plant, bacterial, and fun-
gal diversity influenced EF–GP, EF–C, and EF–N 
within different threshold ranges (Figs. S7–S9). 
Plant diversity significantly enhanced EF–P over a 
broad threshold range (66–99%). However, bacterial 
and fungal diversity showed no significant relation-
ships with EF–P across all threshold levels (Fig. 
S10).

Fig. 4  Effects of precipitation on soil fungal diversity over 
two years (mean ± SE). T: precipitation treatments; Y: sam-
pling year; T × Y: the interaction between precipitation treat-

ments and sampling year. Not significant (ns): P > 0.05, *: 0.01 
< P < 0.05, **: 0.001 < P < 0.01, ***: P < 0.001
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Critical factors affecting ecosystem multifunctionality 
under altered precipitation

Precipitation, SWC, soil pH, plant diversity, and 
microbial diversity collectively explained 30% of the 
variation in EMF (Fig. 9). Our SEM model revealed 
indirect positive effects of precipitation on EMF via 
plant diversity (+) and SWC (+). Plant diversity had 
a positive indirect effect on EMF through bacterial 
diversity. Bacterial diversity regulated negatively by 
SWC, played negative a central role in EMF. Fun-
gal diversity had an indirect negative effect on EMF 
through bacterial diversity (Fig. 9a, b).

Discussion

Plant and microbial diversity responses to altered 
precipitation

Our study revealed that precipitation had a significant 
impact on plant diversity, but its effects on micro-
bial diversity were relatively weak. Over the two–year 
period, decreased precipitation, especially extremely 
decreased precipitation, decreased plant diversity in the 
desert steppe (Fig. 2). These findings are consistent with 

those of the meta–analysis by Li et al. (2018b). Water 
is the most important ecological factor controlling 
plant growth in desert steppes. Decreased precipitation 
reduces SWC, which in turn causes drought stress on 
plant growth and development. Consequently, species 
less tolerant to drought are gradually excluded from the 
community, ultimately causing a decline in community 
diversity (Korell et al. 2021; Zuo et al. 2023). Increased 
precipitation is generally thought to provide sufficient 
water, improve plant habitats, and promote complemen-
tary ecological niche effects between species, thereby 
increasing plant diversity (Bunting et  al. 2017). How-
ever, the results of the present study demonstrated that a 
66% increase in precipitation decreased plant diversity. 
This may be because increased precipitation aggravates 
aboveground competition between plants, enhances 
competitive exclusion between species, and reduces 
community diversity (DeMalach et  al. 2017). In con-
trast to plant diversity, bacterial and fungal diversity 
responded minimally to changing precipitation in the 
desert steppe (Figs. 3 and 4). Soil microbes have possi-
bly adapted to the arid environment and low soil water 
utilization in the study area through long–term natural 
selection, resulting in a short–term decrease in precipi-
tation that did not significantly alter microbial diversity 
(Na et al. 2019). Conversely, the response of microbial 
diversity to increased precipitation is influenced by 
variations in the soil microenvironment (e.g., soil tem-
perature, moisture, pH, and nutrient contents) and plant 
communities, such that there may be a lag between the 
onset of the treatment and the emergence of significant 
effects (Gutknecht et al. 2012; Sherry et al. 2008). We 
observed that the sampling year and its interaction with 
precipitation affected bacterial and fungal diversity. The 
finding closely resembled the previous studies suggest-
ing that soil microbial diversity depends on interannual 
variations in precipitation (Shi et al. 2020; Yang et al. 
2021). This may be because interannual climatic con-
ditions variability, such as temperature fluctuations and 
seasonal soil moisture dynamics, directly or indirectly 
affects the shaping of microbial communities (Shi et al. 
2020).

Ecosystem multifunctionality and single functions 
response to altered precipitation

This study investigated the impacts of altered pre-
cipitation on ecosystem multifunctionality and single 
functions (functions related to grassland ecosystem 

Fig. 5  Effects of precipitation on ecosystem multifunction-
ality (EMF) over two years (mean ± SE). Lowercase letters 
denote significant differences among treatments (P < 0.05). T: 
precipitation treatments; Y: sampling year; T × Y: the interac-
tion between precipitation treatments and sampling year. Not 
significant (ns): P > 0.05, *: 0.01 < P < 0.05, **: 0.001 < P < 
0.01, ***: P < 0.001
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primary productivity, C storage, N storage, and 
P storage) within the desert steppe. The findings 
revealed that decreased precipitation decreased EMF, 
consistent with previous studies (Yang et  al. 2023; 
Zhai et al. 2024). This effect was primarily attributed 
to the significant decrease in several single ecosystem 
functions (e.g., EF–GP, EF–N, and EF–P) that con-
tributed to the overall EMF under decreased precipi-
tation (Figs. 5 and 6). The study area is characterized 
by long–term low precipitation and high evapotran-
spiration (Fig. S1), rendering both plant and soil pro-
cesses highly sensitive to changes in water availabil-
ity. On the one hand, decreased precipitation lowers 
SWC, inhibiting plant growth and development and 
causing a decline in aboveground and belowground 

plant biomass (Yang et al. 2024; Zhang et al. 2024). 
On the other hand, drought aggravates water restric-
tion, adversely impacting microbially mediated nutri-
ent cycling processes (such as organic matter decom-
position and nutrient mineralization), which reduces 
soil nutrient availability and suppresses key soil func-
tions (Felton et al. 2020; Wang et al. 2020a). Further-
more, water shortages lead to a decrease in the rate 
plants absorb and utilize nutrients. This hinders the 
accumulation and metabolism of essential nutrients, 
resulting in lower N and P contents in plant leaves 
and roots (Sardans et al. 2008; Zeng et al. 2016). In 
contrast, increased precipitation had smaller effects 
on ecosystem functions, with only a 66% increase in 
precipitation significantly enhancing EF–GP (Fig. 6). 

Fig. 6  Effects of precipitation on ecosystem single functions over two years (mean ± SE). EF–GP, grassland productivity; EF–C, 
plant–soil C contents; EF–N, plant–soil N contents; EF–P, plant–soil P contents
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This may be because soil moisture increases under 
extremely increased precipitation, which allevi-
ated water stress on plant growth, promoted biomass 
accumulation, and improved plant productivity in the 
desert steppe (Li et  al. 2018). However, moderately 
increased precipitation did not significantly improve 
EMF or most single ecosystem functions. A mod-
est water supplementation is insufficient to substan-
tially alleviate the long–standing water restrictions 
in this region, which may have been responsible for 
these results. Given the high evapotranspiration and 
the low water retention capacity of the sandy loam in 
the study area, small increases in precipitation may 
quickly dissipate, failing to generate sustained eco-
logical effects (Hao et al. 2017; Zhang et al. 2022).

Role of plant and microbial diversity in mediating 
ecosystem multifunctionality and single functions 
under altered precipitation

Our findings revealed a close connection between 
biodiversity and ecosystem functions (Fig.  7). 

Specifically, we observed a significant positive cor-
relation between plant diversity and ecosystem func-
tion under changing precipitation (Fig.  8). This 
relationship supports the continued maintenance of 
ecosystem functions, consistent with the results of 
previous studies (Guo et  al. 2023; Hu et  al. 2021). 
This may be attributed to efficient resource utiliza-
tion by plant communities within a constrained range 
and the synergistic interactions between species that 
enhance ecosystem functions (Soliveres et  al. 2016; 
van der Plas 2019). Interestingly, our findings also 
revealed a differential role of microbial diversity in 
ecosystem functions. Bacterial diversity was nega-
tively correlated with ecosystem functions, whereas 
fungal diversity was positively correlated with eco-
system functions (Fig.  8). Previous researches have 
indicated that the impacts of bacterial diversity on 
ecosystem functions are not always positive, possi-
bly because bacteria reduce ecosystem functions by 
competing with plant roots for limited nutrients, espe-
cially in desert steppes subjected to prolonged water 
and nutrient limitation (Van Der Heijden et al. 2008; 

Fig. 7  Relationships among plant and soil microbial diversity 
with ecosystem multifunctionality (EMF) and single functions. 
EF–GP, grassland productivity; EF–C, plant–soil C contents; 

EF–N, plant–soil N contents; EF–P, plant–soil P contents; P, 
plant; B, bacteria; F, fungi
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Wang et al. 2020b). Furthermore, our results support 
previous observations and hypotheses that increased 
fungal diversity improves ecosystem function (Del-
gado-Baquerizo et  al. 2016; Wagg et  al. 2014). To 
our knowledge, the mycelial structure of fungi is 
essential for energy flow and nutrient cycling in soil 
ecosystems. Fungal communities can indirectly main-
tain ecosystem functions by altering resource alloca-
tion rates and improving plant nutrient use efficiency 
(Bhattacharyya and Furtak 2023; Holden et al. 2013).

In this study, we expanded our analysis of the fac-
tors and possible pathways affecting EMF by incor-
porating SWC and pH into the SEM. The results indi-
cated that precipitation exerted a substantial direct 
positive impact on EMF and indirectly regulated EMF 
by influencing plant and microbial diversity: plant 
diversity had indirect effects on EMF, which was pos-
itively regulated by precipitation. Bacterial diversity 

was negatively regulated by SWC, and played a 
central negative role in EMF. Fungal diversity was 
influenced by soil moisture and pH, and it indirectly 
affected EMF through bacterial diversity (Fig.  9). 
This result confirms our previous results. Water is 
consistently a major limiting factor in desert steppes. 
Increased precipitation mitigates water constraints on 
ecosystems, enhancing plant growth, accelerating lit-
ter decomposition and mineralization, and improving 
soil nutrient effectiveness. This, in turn, contributes 
to an increase in EMF (Felton et al. 2020; Hu et al. 
2022). However, variations in soil moisture resulting 
from altered precipitation affect the composition and 
structure of biological communities, and the cascade 
effects between multi-trophic levels, thereby regulat-
ing EMF (Bellard et  al. 2012; Soliveres et  al. 2016; 
Wagg et  al. 2014). Furthermore, our findings indi-
cated that when combining direct and indirect effects, 

Fig. 8  Results of multi–threshold showing relationships among plant and soil microbial diversity with ecosystem function
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bacterial and fungal diversity exerted stronger effects 
on EMF than plant diversity (Fig.  9b). In summary, 
these findings show that, while plant and microbial 
diversity are essential for sustaining EMF and indi-
vidual ecosystem functions, microbial diversity plays 
a more significant role in mediating the response of 
EMF to altered precipitation within the desert steppe.

Conclusions

Based on a two–year data analysis, we found that 
decreased precipitation decreased plant diversity, 
ecosystem multifunctionality, and single functions, 
but did not significantly affect microbial diversity. 
Increased precipitation had a weak effect on biodi-
versity, with only extremely increasing precipita-
tion decreasing plant diversity and increasing plant 
productivity. There were interannual differences in 
plant diversity, microbial diversity, ecosystem mul-
tifunctionality, and single functions, whereas the 
interactions between precipitation and sample year 
significantly affected only plant diversity, microbial 
diversity, and plant productivity. Furthermore, plant 
and microbial diversity collaboratively regulate eco-
system functions in response to altered precipitation. 

Microbial diversity plays a greater role in mediating 
ecosystem functions under altered precipitation con-
ditions than plant diversity.
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