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Abstract

Aims Functional group composition of a plant community is mainly driven by environmental factors and is
one of the main determinants of grassland biodiversity and productivity. Therefore, it is important to understand
the role of plant functional groups (PFGs) in mediating the impact of environmental conditions on ecosystem
functions and biodiversity.

Methods We measured plant biomass and species richness (SR) of grasslands in 65 sites on the Mongolian
Plateau and classified 157 perennial herbaceous plants into two main PFGs (namely grasses and forbs). Using
the random forest model and ordinary least squares regression, we identified that environmental factors (i.e.
aridity index, soil total nitrogen [STN] and pH) were significantly related to the SR and aboveground biomass
(AGB) of PFGs. We then used structural equation modeling to explore the relationship between the identified
environmental factors and community SR and biomass, and the role of PFGs in driving this relationship.

Important Findings We found that aridity index had unimodal relationships with both AGB and SR of the
PFGs and the whole community. All SR and biomass metrics were significantly related to STN and pH. The
relationship between aridity index and community biomass was mediated by an increase in the AGB of grasses.
The influence of STN and pH on community SR was mainly due to their regulation in the SR of forbs. Our results
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indicate that community composition and the identity of the PFGs play a key role in linking environmental
factors to ecosystem functioning.

Keywords climate, community composition, plant functional groups, Mongolian Plateau, soil properties
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INTRODUCTION

Community composition is one of the fundamental
factors affecting the relationship between
environmental conditions and ecosystem
functioning. The identity of plant functional
groups (PFGs, a group of species with the same
or similar functional traits in a community)
substantially determines ecosystem functions and
services (Hooper and Vitousek 1997; McLaren and
Turkington 2010; Tilman ef al. 1997). Mass loss of
the dominant PFGs in a given community results
in considerable declines in various ecosystem
functions (Smith and Knapp 2003; Smith et al.
2020). The ‘mass ratio’ theory suggests that
the traits and functional diversity of dominant
plants are proportional to the input of primary
productivity (Grime 1998), and that dominant
PFGs play a central role in maintaining the
temporal stability of community biomass (Ma ef al.
2017; Sasaki and Lauenroth 2011). However, a
large body of studies has focused on the dominant
PFGs, leading researchers to underestimate or even
ignore the role of subordinate PFGs in biodiversity
and ecosystem functioning (Mariotte et al. 2013).
The niche complementarity hypothesis suggests
that differences between PFGs can greatly increase
community biomass through diversification
of resource acquisition strategies (Gross et al.
2007; Sanaei and Ali 2019; Tilman ef al. 2001).
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Subordinate species could primarily increase species
richness (SR) and turnover (Cleland ef al. 2013)
and increase community resistance by enhancing
their aboveground biomass (AGB) (Mariotte ef al.
2013). This suggests that subordinate species
have the potential to buffer climate change effects
on ecosystem functioning (Kardol et al. 2010;
Mariotte et al. 2013). As such, they are critical in
determining overall community dynamics (Avolio
et al. 2019; Grime 1998; Smith and Knapp 2003).
Therefore, assessment of how PFGs (e.g. dominant
vs. subordinate) affect ecosystem functions is
essential to advance our understanding of the
drivers of biodiversity and ecosystem functioning.

Manipulative experiments have greatly improved
our understanding of the role of PFGs in ecosystem
functioning at a relatively small scale (e.g. study
plots) (Hooper and Vitousek 1997, Smith et al.
2020). Most previous studies focusing on the effects
of community composition and PFGs on AGB and
SR have been based on functional group removal
experiments (Grace et al. 2016; McLaren and
Turkington 2010; Symstad 2000) or manipulation
of SR within functional groups. However, much
less is known about how changes in the identity of
dominant and subordinate species or PFGs impact
ecosystem functions in natural ecosystems and at
larger scales (Avolio et al. 2019; Mariotte 2014; Smith
et al. 2020). In nature, ecosystem processes become
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more complex and less predictable than in artificial
experiments. Therefore, the explicit influence of PFGs
and their contribution to biodiversity and ecosystem
functioning at the regional scale are still unclear.

Habitat heterogeneity is generally larger at the
regional scale than at the local scale and varies with
environmental gradients. Environmental conditions
mainly affect ecosystem primary productivity and
nutrient cycling (Hautier ef al. 2015; Hooper et al. 2005;
Winfreeetal. 2015). In arid and semi-arid environments,
climatic factors, especially the increase in temperature
and decrease in precipitation during the growing
season, drive the directional loss of community species
diversity (Harrison et al. 2015), which in turn may lead
to a decline in community biomass. Grasslands in mid-
northern hemisphere latitudes are more sensitive to
variations in water availability (Seddon et al. 2016),
and there is a strong positive correlation between
grassland plant community biomass and precipitation
(Bai et al. 2008; Cleland et al. 2013; Knapp and Smith
2001). Precipitation determines the availability of
water resources and is the most important factor
limiting plant survival, growth and distribution in
temperate ecosystems (Bai et al. 2008; Guo et al. 2019;
Peters et al. 2012). Moreover, increasing temperature
and decreasing rainfall during the growing season may
exacerbate drought and cause shifts in community
composition (Dai 2013). For example, long-term
monitoring in an Inner Mongolia grassland showed
that drought reduced the abundance of forbs but
enhanced that of grasses (Li ef al. 2015). Similarly,
drought-induced changes in community composition
have also been found in alpine meadows on the Tibetan
Plateau (Liu et al. 2018). The intensification of aridity
has further led to systemic and abrupt changes in
multiple ecosystem attributes, such as a sharp decline
in plant productivity, soil fertility and SR of ecosystems
worldwide (Berdugo et al. 2020; Zhao and Running
2010).

Soil characteristics with significant spatiotemporal
heterogeneity are particularly important in
determining the spatial distribution pattern of plant
communities (Garcia-Palacios et al. 2012; Stein
et al. 2014; Ulrich et al. 2014). Increasing soil bulk
density generally inhibits plant root growth and
penetration and it simultaneously suppresses soil
water availability for plant growth and colonization,
thereby affecting all soil biochemical processes.
A series of nutrient addition experiments conducted
in grasslands showed that soil nitrogen enrichment
significantly increased community biomass and
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reduced SR (Bai et al. 2010; Hautier et al. 2009;
Isbell ef al. 2013). Previous studies emphasized that
multiple environmental factors could simultaneously
shape biodiversity and ecosystem function in local
communities (Cardinale et al. 2006; Dufty et al
2017; Tilman et al. 2012), and the impact of soil on
biodiversity was mediated by climate. For example,
with the decrease of precipitation in Eurasian
grasslands, the relationship between SR and soil pH
changes from unimodal, through negative, to none
(Palpurina et al. 2017). Additionally, the response
of PFGs to edaphic factors is identity dependent
and is generally regulated by climate factors (e.g.
precipitation and temperature) (Maestre and
Reynolds 2006; Yang et al. 2011), which is likely
one of the underlying mechanisms through which
PFGs shape the relationships between biodiversity
and ecosystem function at different spatial scales
(Avolio et al. 2019; Liu et al. 2018; Palpurina et al.
2017). Therefore, how these environmental factors
regulate the contribution of PFGs to biodiversity and
ecosystem function remains to be explored.

The Mongolian Plateau is located in Asia and has
been recognized as a major component of global
rangeland systems, with important contributions to
global livestock production and ecosystem services (Wu
etal. 2015). Understanding how environmental factors
influence biodiversity and ecosystem functioning via
mediating PFGs in natural ecosystems at the regional
scale is critical to predicting the dynamics of plant
communities under global change. Grasslands on the
Mongolian Plateau are naturally distributed along
environmental gradients along an east-west axis.
Grasses and forbs constitute the two main PFGs in the
Mongolian Plateau steppe. Therefore, we conducted
65 sites in natural grasslands on the Mongolian
Plateau in 2015 and 2016, investigating biodiversity,
AGB and soil properties. We aimed to answer the
following questions: (i) What is the relationship
between environmental conditions (i.e. climate and
soil factors), SR and the productivity of communities
or PFGs (grasses vs. forbs)? and (ii) how do climate
and soil factors influence patterns of biodiversity and
biomass via regulating grasses and forbs?

MATERIALS AND METHODS

Study area

The study was conducted on the Mongolian Plateau
in the eastern part of the Eurasian steppe at latitudes
from 39.79° to 50.66° N and longitudes from 91.72° to
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Figure 1: The study area and sampling sites on the Mongolia Plateau.

117.9° E (Fig. 1). A total of 65 vegetation sites located
in central and eastern Mongolia and Inner Mongolia
were surveyed. The average elevation of the sites
was 1200 m. The study region is characterized by a
dry, temperate continental climate with mean annual
temperature (MAT) ranging from —6.5 to 6.3 °C, mean
annual precipitation (MAP) from 108 to 408 mm and
mean de Martonne’s aridity index from 7 to 66.

The major vegetation types in the study area
include temperate meadow steppe dominated by
Stipa baicalensis, Filifolium sibiricum and Leymus
chinensis, typical steppe dominated by S. grandis,
S. krylovii and S. sareptana, and desert steppe
dominated by S. klemenzii, S. glareosa, S. breviflora and
Allium polyrhizum. The soil types are predominately
chernozem or dark chestnut (meadow steppe),
typical chestnut (typical steppe) and calcic brown soil
(desert steppe).

Data collection

Field sampling design

During the growing season in 2015 and 2016, we
investigated 65 sites on the Mongolian Plateau (Fig.
1). At each site, a 10 m x 10 m plot was randomly
chosen. Within each plot, five 1 m x 1 m quadrats
were placed at the four corners and the center of the
plot (with three quadrats along the diagonal line of
the plot in four sites) to survey vegetation and soil.
In total, 317 quadrats were sampled and 215 plant
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species were recorded. The geographical coordinates
and elevation were also recorded for each plot.

Vegetation survey

We investigated plant attributes, including species
identity, height, density and standing biomass of each
species in each quadrat. Density (i.e. the number of
individuals per square meter) was measured either
by counting the number of clusters for bunchgrasses
or by counting individuals for species with distinct
stems. AGB of each plant species was clipped and put
into a separate envelope in each quadrat. The plant
samples were brought to the laboratory, oven-dried
to constant weight at 65 °C and weighed.

Soil sampling and measurements

Soil samples were collected from seven layers of the
soil profile (i.e. 0-5, 5-10, 10-20, 20-30, 30-50,
50-70 and 70-100 cm) in each plot, including
samples used for determining soil bulk density (BD)
with a BD corer (100 ¢cm?). For shallow soil layers,
the soil profile was dug to the top of the parent
materials. Composite samples from the top four
layers (i.e. 0-5, 5-10, 10-20 and 20-30 cm) along
the diagonal in each quadrat were used in this
study. After plant roots and gravel were removed,
the samples were air-dried, passed through a 2 mm
sieve, and used to determine soil physical and
chemical properties, including soil texture, pH, soil
total carbon (STC) and soil total nitrogen (STN).

JOURNAL OF PLANT ECOLOGY | 2021, 14:679-691
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Soil texture was measured with a Laser Particle
Size Analyzer (Microtrac-S3500) and particles were
divided into three grades of sand (2-0.05 mm),
silt (0.05-0.002 mm) and clay (<0.002 mm) based
on the United States Department of Agriculture
System particle size classification criteria. Soil pH
was obtained with a calibrated pH meter (Mettler
Toledo, Shanghai, China) after 30 min of extraction
in distilled water (soil:water ratio of 1:2.5). STC and
STN were determined through elemental analysis
(VARIO ELII, Elementary, Hanau, Germany) at the
Institute of Botany, Chinese Academy of Sciences.

Climate data

MAT (°C) and MAP (mm) at each surveyed site were
downloaded from CHELSA (Climatologies at high
resolution for the earth’s land surface areas, http://
chelsa-climate.org/), which is a global climate data
set based on the period from 1979 to 2013. All data
resolution was 30 s x 30 s. The de Martonne’s aridity
index (Tuhkanen 1980) was calculated as follows:
Isgm = MAP/(MAT + 10), with higher I, values
indicating higher humidity.

Calculation and statistics
Plant AGB and diversity

The AGB of each species in each quadrat was
summed to plant community AGB in the quadrat (g
m~), and the average ABG of all quadrats at each site
was calculated to represent plant community ABG at
each site (AGB_ ). SR (species m~) was the average
number of species per square meter at each study site.
The 215 recorded plant species were classified into four
PFGs primarily based on plant growth form, namely
grasses (including perennial graminoids and perennial
sedges), forbs (perennial forbs), annuals and biennials
and shrubs and subshrubs (Supplementary Table S1).
The average SR of the four PFGs in the community
was 3.86 + 1.78, 6.14 + 4.49, 1.76 + 1.39 and 0.74 =
0.60 species m™, and the average biomass values
were 41.33 £ 35.32, 23.46 + 22.75, 4.59 = 10.08 and
8.25 + 18.64 g m™, respectively (Supplementary Table
S2). The annuals and biennials group and the shrubs
and subshrubs group were excluded in functional
group analysis due to their relatively low AGB or SR
(Supplementary Table S2 and Fig. S1). We denote the
ABG and SR of grasses and forbs as AGBgraSS, AGB, .,
SR___and SR, ., respectively.

grass forb”

Statistics

We first performed the random forest model
(RFM) (Breiman 2001) to screen the important

JOURNAL OF PLANT ECOLOGY | 2021, 14:679-691

environmental factors that drove SR and AGB__,
and then performed ordinary least squares regression
to test whether the influence of these factors on
the community was related to PFGs (grasses and
forbs). RFM is an extension of the traditional
regression tree analysis (RTA) method, which
creates a collection of classification trees with binary
splits (Cutler et al. 2007). An advantage of REM
is that it can alleviate multicollinearity problems
in multiple regression and can model complex
interactions among predictors rather than make a
distribution hypothesis for predictors or response
variables (Cutler et al. 2007; Delgado-Baquerizo
et al. 2017). The environmental factors examined in
RFM included climate factors (MAT, MAP and I )
and soil factors (soil pH, BD, STC, STN, sand, silt
and clay; Supplementary Table S2). Five thousand
regression trees were established in RFM, and each
tree was fitted using random data (2/3 of the data).
The other 1/3 of the data was called out-of-bag data
(OOB) and was used to estimate the importance of
each predictor, which was the increase in the mean
square error between the observed value and the
OOB prediction value. In the establishment of each
decision tree, the model searched a few predictors
from all the variables to determine the best split of
the decision tree. The number of random predictors
that determined the best split was set to 1/3 of all
variables (three predictors in this study). REM was
implemented using the ‘randomForest’ package for R
(Liaw and Wiener 2002). The significance (P value)
of each predictor was assessed by using the ‘rfPermute’
package in R (Archer 2020). The cross-validated R?
and significance of the model were assessed with
5000 permutations of the response variable using
the ‘A3’ package in R (Fortmann-Roe 2015).

Based on the results of REM, we identified the
climate and soil factors that significantly affected
community biomass and diversity, respectively.
Then, we performed least square regression to
further determine the identified variables that have
significant relationships with the biomass and SR
of functional groups. We first built a polynomial
regression including the linear and quadratic terms of
the predictor variables. The final model was selected
by determining whether the quadratic term was
significant and whether the polynomial regression
had a better fit and explanatory power than a linear
regression (standard P < 0.05 in the F-ratio test).

Second, to examine how environmental factors
influence AGB_ and SR by regulating different
PFGs, we constructed structural equation models
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(SEMs) using climate and soil factors that significantly
affected both communities and PFGs in the regression.
We first considered a complete model that included
all possible pathways (Supplementary Fig. S2), and
then sequentially excluded nonsignificant pathways
until the final model was obtained. We used the x?
test (P > 0.05) and standardized root mean square
residual (SRMR, where SRMR <0.10) to evaluate the
fitness of the model and Akaike information criteria
to select the best model. We used standardized path
coefficients to measure the direct, indirect and total
effect sizes of climate, soil factors and functional
groupson AGB__and SR_ _(Grace and Bollen 2005).
The SEMs were developed using the ‘/avaan’ package
in R (Rosseel 2012).

Before all statistical analyses, AGB and SR of
community and PFGs, I,, and STN were square-root
transformed, and STC was log-transformed (based
on e) so that the residuals of the models followed a
normal distribution. Pearson’s correlation analysis
was carried out for pairwise correlations between all
climate and soil variables (Supplementary Fig. S3).
All analyses were programmed in R x64 v 3.6.1 (R
Development Core Team).

RESULTS

Environmental factors influencing biomass
and SR

Environmental factors explained 46% and 41% of
the variance in AGB (AGB___, Fig. 2a, cross-validation
R*>=0.46, P < 0.001) and SR (SR__, Fig. 2b, cross-
validation R* = 0.41, P < 0.001) of the community,

Re=0.46"

0 10 20 30 40
Increase in MSE (%)

respectively. Climate factors (i.e. I,,,, MAT and MAP)
significantly affected both AGB_,_and SR _ (Fig. 2).
Interestingly, soil factors were more important in
regulating SR than AGB_ , showing significant
effects of soil pH, sand and clay on SR__ but not on
AGB_  (Fig. 2b). STC and STN had significant effects
on AGB_  (Fig. 2a).

The best-fitting models for the two PFGs and the
whole community included unimodal relationships
of I, with both AGB (RZ,, = 0.46, R}, = 0.33,
R} ., = 0.26;P<0.001inallcases) and SR (RZ,,, = 0.23,
Rirass = 0.28, Rf, = 0.28, P < 0.001 in all cases, Fig.
3a and d). For functional groups, I, had a greater
explanatory value than the individual contributions
of MAP or MAT (except for the relationships between
MAT and AGB, ., MAP with AGBgrass and SRgrass, Fig.
3b, ¢, e and f). Moreover, both AGB and SR metrics
were significantly related to STN (Fig. 4a and d,
P < 0.05 in all cases) and pH (Fig. 4c and {, P < 0.05
in all cases), rather than STC (Fig. 4b and e), clay or
sand (Supplementary Fig. S4). Following the results
of the RFM and the least square regression, the I,

STN and pH were applied in the SEM.

Environmental factors influencing biomass and
SR by mediating functional groups

The SEM explained 81% of the variance in AGB_
(R* = 0.81), which was mainly due to the direct
positive effects of AGB,  (r,=0.74, P < 0.001) and
AGB of forbs (AGB, ,, 7, = 0.46, P < 0.001, Figs 5
and 6a, b). The direct effect of SR of grasses (SR,
r,=-0.33, P < 0.001, Fig. 5) on community biomass
was negative, but this effect was offset by its positive

O
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Figure 2: The importance of environmental factors driving (a) AGB and (b) SR. Increase in MSE denotes an increase in
the percentage mean square error. Abbreviations: I, = de Martonne index. Significance levels are as follows: *P < 0.05,

**P < 0.01 and ***P < 0.001.
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indirect effect on community biomass, and the total
effect of SR ~on AGB_ was only 0.5% (Fig. 6a
and b). AGB_ accounted for the largest proportion
of variation in community biomass (i.e. 31.2%),
followed by I, at 24.6% (Fig. 6b). The indirect effect
of I,,, on AGB_  was greater than the direct effect
(r,=0.18, P <0.001, Fig. 6a). I, affected AGB__ by
directly affecting AGB_  (r,=0.33, P<0.001, Fig. 5).
The indirect effects of STN and pH on AGB_  were
relatively small (4.6% and 5.1%, respectively, Fig.
6b).

The SEM explained 91% of the variance in SR
(R* = 0.91). The direct effect of SR, (r, = 0.64,
P <0.001) on SR was stronger than that of SR, s
(r, = 0.38, P < 0.001, Figs 5 and 6¢). The relative
contribution of SR, , to the variance in SR was
30.6% (Fig. 6d). Environmental factors had indirect
effects on SR_ . The positive indirect effect of 1., on
SR_,, was due to the regulation of soil factors and
functional groups (Fig. 5). STN directly affected SR, ,
(r,=0.32, P<0.01)and SR (r,=0.28, P <0.01),

SS
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and thus had a positive indirect effect on SR (Figs
5 and 6¢). The effect of soil pH on SR was negative
and indirect, mainly because pH had a negative direct
effect on SR, (r, = —0.49, P < 0.001) and SR, .
(r,=-0.36, P < 0.001, Fig. 5).

DISCUSSION

Climate indirectly affects community biomass by
regulating grasses

Our results demonstrated that grasses contributed
a majority of community biomass (AGB_ )
grasslands on the Mongolian Plateau. This is likely
because grasses are the dominant PFG in the study
area, which supports the ‘mass ratio” hypothesis
in which it is generally recognized that the high
biomass plant species (i.e. dominant species or PFGs)
in grasslands have greater relative contributions to
ecosystem functioning (Avolio et al. 2019; Grime
1998; Polley ef al. 2003). This occurs mostly as the

in
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result of their long-term evolutionary history and
resilience to environmental perturbations in the
region. Grasses of the Mongolian Plateau include
mainly Stipa spp., which are much larger than other
species and more efficiently intercept light at the
top of the canopy. Dominant species or PFGs have
an important impact on community biomass mainly
because of their capacity to capture resources
(Hooper et al. 2005), and Stipa spp. are acquisitive—
conservative for resources using a conservative
resource utilization strategy during their long-term
evolution and adaptation (Bai ef al. 2004; Zheng
et al. 2015). Moreover, under disturbance (e.g.
grazing) or stress (e.g. drought), grass species could
facilitate each other but compete with other PFGs
(i.e. forbs) (Liang ef al. 2018). Results of a warming
and drought experiment also suggested that grasses
could increase at the expense of other PFGs (Liu
et al. 2018). However, we found that the negative
direct impact of grass SR on community biomass
was offset by its positive indirect effect, so the total
effect of grass SR on community biomass was weak,
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which indicates that the ‘mass ratio effect’ of the
dominant species may be more important than its
richness.

Furthermore, our results indicated that the
effect of climate on AGB__ was mainly because of
the indirect regulation of AGB of grasses (AGB,).
and that climate directly affected AGB,_ . This is
probably generally the case in arid and semi-arid
grasslands where plant biomass is primarily driven
by climate factors (Isbell et al. 2015; Li et al. 2020;
Seddon et al. 2016). The response of plant biomass
to environmental factors varies between grasses
and forbs. As water availability increases, AGB_
increases faster than that of forbs (AGB, ,) (Yang
etal. 2011). Grasses are generally tall and erect on the
Mongolian Plateau (Liang ef al. 2018), and most of
the grasses grow at the top of the vertical architecture
in the community. When habitats provide high water
availability (e.g. with an increase in rainfall), grasses
could preferentially photosynthesize via capturing
the solar energy at the top of the plant canopy,
maintaining high AGB. Furthermore, despite some
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C, grasses being of small and prostrate structure, they
are capable of maintaining a high photosynthetic
rate and biomass because of a physiological buffering
capacity for water variability (Fay et al. 2002; Li et al.
2015). In addition, the water use efficiency of plant
species is driven by the root system (i.e. root depth)
(Fry et al. 2018). Therefore, grasses have higher
water use efficiency due to the difference in the root
system between grasses and forbs. For example, the
root systems of grasses are shallow and have many
fibrous roots (Nippert and Knapp 2007), which
means they have a large distribution area in the soil
and can preferentially and quickly use the water on
the soil surface to grow and maintain biomass. By
contrast, root systems of forbs are straight and are
usually deeper than those of grasses, and need to
absorb deep soil water (Nippert and Knapp 2007).
In conclusion, aridity affects community biomass
mainly by regulating grasses in the steppe.

Soil factors indirectly affect community SR
through mediating functional groups

Our results demonstrated that the SR of PFGs,
especially SR of forbs (SR, , ), contributed considerably
to variability in plant community biodiversity (i.e.
SR, ) in grasslands on the Mongolian Plateau.
A long-term species removal experiment has shown
that nonrandom loss of uncommon/rare species or a

JOURNAL OF PLANT ECOLOGY | 2021, 14:679-691

single dominant species is an important factor leading
to significant decline in SR (Smith et al. 2020). The
impact of dominant PFGs on SR may depend on
whether the dominant species played a facilitative or
competitive role in the community (Smith eral. 2020).
A facilitative role means that dominant species affect
the local environment on which a variety of other
species depend, allowing greater species coexistence
(Ellison et al. 2005). The competition effect is mainly
manifested as the inhibitory effect of the existence
of a dominant species on other species (Avolio et al.
2019). However, the effects of forbs on SR might
be attributed to their niche partitioning and trait
characteristics. Forbs are usually subdominant PFGs
on the Mongolian Plateau. Generally, subdominant
PFGs are smaller in stature than dominants (Grime
1998). Forbs with low canopy height could occupy
canopy space below the dominant species (Monsi and
Saeki 2005), which allows more species to survive.
Interestingly, our results suggested that SR
in grasslands was indirectly affected by edaphic
factors, mainly through the effect of soil on the SR
of PFGs, and that SR had a nonsignificant direct
relationship with climate. One possible reason is
that in arid and semi-arid climates, soil differences
in microhabitats affected by climate may have
a more significant impact on SR. A reduction
of subordinates in dryland ecosystems typically
results from low availability of soil nutrients (Ulrich
et al. 2014), which is similar to the role of forbs in
grasslands on the Mongolian Plateau. Our results
showed that STN could promote SR by directly
affecting the SR of PFGs. This is mainly because
the growth of vegetation in natural ecosystems
is limited by nitrogen (LeBauer and Treseder
2008), especially in temperate grasslands of the
Mongolian Plateau (Bai et al. 2010), so SR increases
with increasing nitrogen. Alternatively, saturated
soil nutrients could also decrease SR (Clark and
Tilman 2008; Harpole and Tilman 2007; Isbell
et al. 2013; Stevens et al. 2004). Chronic nitrogen
addition results in reduced stability of dominant
species (Wu et al. 2020), and the combined effects
of soil acidification (Bai et al. 2015; Tian ef al. 2016)
and light competition (Hautier et al. 2009) caused
by nitrogen addition significantly inhibit the
photosynthetic rate of forbs, leading to a reduction
in SR__. Additionally, our findings show that
soil pH has a negative indirect effect on SR__ by
affecting PFGs. The soils of the Mongolian Plateau
grassland are mostly alkaline. In high pH soils (pH >
7), because of the reduced solubility of phosphorus
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and iron, they become limiting nutrients, which
might lead to a decline in SR (Zohlen and Tyler
2000). There was a negative correlation between
pH and the SR of PFGs. This might be because
physiological stress affecting plants limits the
number of species, which in turn reduces SR
Overall, STN and pH affect the SR by mediating
the SR of both grasses and forbs.

Our results suggested that the regulation by soil
factors of SR_was also climate related. A study of
the Eurasian steppe showed that the relationship
between plant SR and soil pH gradually vanished as
the increasingly dry climate, indicating the important
role of climate in driving soil characteristics and SR
(Palpurinaetal. 2017). Climate had anindirect effect on
plant community composition by changing soil water
availability (Yang et al. 2011). This might be because
the climate-related soil characteristics show obvious
spatiotemporal heterogeneity, which increases with
the intensification of drought (D’Odorico et al. 2007)
and in turn affects community attributes.
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CONCLUSIONS

Overall, we found that grasses played a key role in
maintaining the community biomass of grasslands on
the Mongolian Plateau in the eastern Eurasian Steppe,
and that this relationship was regulated by climate
factors. Furthermore, the SR of PFGs, especially
forbs, determined plant SR in the community,
and this was indirectly affected by soil factors.
Our results highlight that environmental factors
(i.e. aridity index, STN and pH) are fundamental
drivers of ecosystem functioning and their impacts
on plant SR and community biomass are indirectly
expressed through the promotion of PFGs. Therefore,
community composition plays an important role in
regulating the effects of environmental factors on
community biomass and plant diversity.

Supplementary Material
Supplementary material is available at Journal of
Plant Ecology online.
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Figure S2: A conceptual model assumed that climate
and soil factors affect AGB_ and SR by regulating
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Mongolian Plateau.

Table S1: The list of species (total = 215) and their
trait information recorded in 65 vegetation sites on
the Mongolian Plateau.

Table S2: Descriptive statistics of environment factors,
biodiversity and aboveground biomass of the steppes
on the Mongolian Plateau grasslands.

Funding

This study was supported by the National Key
Research and Development Program of China
(2016YFC0500503 and 2016YFC0500501) and by
the Department of Science and Technology of Inner
Mongolia Autonomous Region for studying steppe
ecosystems on the Mongolian Plateau (20140409
and 201503001).

Conflict of interest statement. The authors declare that
they have no conflict of interest.

Authors’ Contributions

Z. Li analyzed the data and wrote the first draft of the
manuscript. M. Liang, Zh. Li, EY. Li, P. Mariotte, E.S.
Gornish, C. Liang and Zh. Dang contributed to later
versions of the manuscript and all authors provided
constructive comments to improve the manuscript.
EY. Li and C. Liang designed and led the field survey.
Z. Li, Zh. Li, X. Tong, J. Zhang, L. Dong, Y. Zheng,
W. Ma, L. Zhao, L. Wang, L. Wen, 1. Tuvshintogtokh,
C. Liang and EY. Li conducted the experiment and
collected the data.

REFERENCES

Archer E (2020) rfPermute: Estimate Permutation p-Values for
Random Forest Importance Metrics. R package version 2.1.81.
https://cran.r-project.org/web/packages/rfPermute/index.
html

Avolio ML, Forrestel EJ, Chang CC, ef al. (2019) Demystifying
dominant species. New Phytol 223:1106-1126.

Bai W, Guo D, Tian Q, et al. (2015) Differential responses of
grasses and forbs led to marked reduction in below-ground
productivity in temperate steppe following chronic N
deposition. J Ecol 103:1570-1579.

JOURNAL OF PLANT ECOLOGY | 2021, 14:679-691

Bai Y, Han X, Wu J, ef al. (2004) Ecosystem stability and
compensatory effects in the Inner Mongolia grassland.
Nature 431:181-184.

Bai Y, Wu J, Clark CM, et al. (2010) Tradeoffs and thresholds
in the effects of nitrogen addition on biodiversity and
ecosystem functioning: evidence from Inner Mongolia
grasslands. Glob Change Biol 16:358-372.

Bai Y, Wu J, Xing Q, et al. (2008) Primary production and
rain use efficiency across a precipitation gradient on the
Mongolia Plateau. Ecology 89:2140-2153.

Berdugo M, Delgado-Baquerizo M, Soliveres S, et al. (2020)
Global ecosystem thresholds driven by aridity. Science
367:787-790.

Breiman L (2001) Random forests. Mach Learn 45:5-32.

Cardinale BJ, Srivastava DS, Dufty JE, et al. (2006) Effects
of biodiversity on the functioning of trophic groups and
ecosystems. Nature 443:989-992.

Clark CM, Tilman D (2008) Loss of plant species after chronic
low-level nitrogen deposition to prairie grasslands. Nature
451:712-715.

Cleland EE, Collins SL, Dickson TL, et al. (2013) Sensitivity
of grassland plant community composition to spatial vs.
temporal variation in precipitation. Ecology 94:1687-1696.

Cutler DR, Edwards JTC, Beard KH, ef al. (2007) Random
forest for classification ecology. Ecology 88:2783-2792.

Dai A (2013) Increasing drought under global warming in
observations and models. Nat Clim Change 3:52-59.

Delgado-Baquerizo M, Eldridge DJ, Maestre FT, ef al. (2017)
Climate legacies drive global soil carbon stocks in terrestrial
ecosystems. Sci Adv 3:e1602008.

D’Odorico P, Caylor K, Okin GS, et al. (2007) On soil moisture-
vegetation feedbacks and their possible effects on the
dynamics of dryland ecosystems. J Geophys Res Biogeosci
112:G04010.

Duffy JE, Godwin CM, Cardinale BJ (2017) Biodiversity effects
in the wild are common and as strong as key drivers of
productivity. Nature 549:261-264.

Ellison AM, Bank MS, Clinton BD, et al. (2005) Loss of
foundation species: consequences for the structure
and dynamics of forested ecosystem. Front Ecol Environ
3:479-486.

Fay PA, Carlisle JD, Danner BT, et al. (2002) Altered rainfall
patterns, gas exchange, and growth in grasses and forbs. Int
J Plant Sci 163:549-557.

Fortmann-Roe S (2015) A3: Accurate, Adaptable, and Accessible
Error Metrics for Predictive Models. R package version 1.1.0.
https://cran.r-project.org/web/packages/A3/index.html.

Fry EL, Savage J, Hall AL, et al. (2018) Soil multifunctionality
and drought resistance are determined by plant structural
traits in restoring grassland. Ecology 99:2260-2271.

Garcia-Palacios P, Maestre FT, Bardgett RD, et al. (2012) Plant
responses to soil heterogeneity and global environmental
change. J Ecol 100:1303-1314.

Grace JB, Anderson TM, Seabloom EW, et al. (2016)
Integrative modelling reveals mechanisms linking
productivity and plant species richness. Nature
529:390-393.

689

1202 AN G0 uo Jesn Aysieniun Buyed Ad £18+919/629/v/v 1L /eloie/edl/wod dno-olwepeoe//:sdiy woli pspeojumoq


https://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtab021#supplementary-data
https://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtab021#supplementary-data
https://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtab021#supplementary-data

Grace JB, Bollen KA (2005) Interpreting the results from
multiple regression and structural equation models. Bull
Ecol Soc Am 86:283-295.

Grime JP (1998) Benefits of plant diversity to ecosystems:
immediate, filter and founder etfects. J Eco/ 86:902-910.
Gross N, Suding KN, Lavorel S, ef al. (2007) Complementarity
as a mechanism of coexistence between functional groups

of grasses. J Ecol 95:1296-1305.

GuoY, Schob C, Ma W, etal. (2019) Increasing water availability
and facilitation weaken biodiversity-biomass relationships
in shrublands. Ecology 100:€02624.

Harpole WS, Tilman D (2007) Grassland species loss resulting
from reduced niche dimension. Nature 446:791-793.

Harrison SP, Gornish ES, Copeland S (2015) Climate-driven
diversity loss in a grassland community. Proc Natl Acad Sci U
SA112:8672-8677.

Hautier Y, Niklaus PA, Hector A (2009) Competition for light
causes plant biodiversity loss after eutrophication. Science
324:636-638.

Hautier Y, Tilman D, Isbell F ef al. (2015) Plant ecology.
Anthropogenic environmental changes affect ecosystem
stability via biodiversity. Science 348:336-340.

Hooper DU, Chapin FS, Ewel JJ, et al. (2005) Effects of
biodiversity on ecosystem functioning: a consensus of
current knowledge. Ecol Monogr 75:3-35.

Hooper DU, Vitousek PM (1997) The effects of plant
composition and diversity on ecosystem processes. Sciernce
277:1302-1305.

Isbell E Craven D, Connolly J, et al. (2015) Biodiversity
increases the resistance of ecosystem productivity to climate
extremes. Nature 526:574-577.

Isbell F, Reich PB, Tilman D, et al. (2013) Nutrient enrichment,
biodiversity loss, and consequent declines in ecosystem
productivity. Proc Natl Acad Sci U S A 110:11911-11916.

Kardol P, Campany CE, Souza L, et al. (2010) Climate
change effects on plant biomass alter dominance patterns
and community evenness in an experimental old-field
ecosystem. Glob Change Biol 16:2676-2687.

Knapp AK, Smith MD (2001) Variation among biomes in
temporal dynamics of aboveground primary production.
Science 291:481-484.

LeBauer DS, Treseder KK (2008) Nitrogen limitation of net
primary productivity in terrestrial ecosystems is globally
distributed. Ecology 89:371-379.

Li Z, Li Z, Tong X, et al. (2020) Climatic humidity mediates the
strength of the species richness—biomass relationship on the
Mongolian Plateau steppe. Sci Total Environ 718:137252.

Li Z, Ma W, Liang C, et al. (2015) Long-term vegetation
dynamics driven by climatic variations in the Inner
Mongolia grassland: findings from 30-year monitoring.
Landsc Ecol 30:1701-1711.

Liang M, Chen J, Gornish ES, et al. (2018) Grazing effect on
grasslands escalated by abnormal precipitations in Inner
Mongolia. Ecol Evol 8:8187-8196.

Liaw A, Wiener M (2002) Classification and regression by
randomforest. R News 2:18-22.

Liu H, Mi Z Lin L, et al. (2018) Shifting plant species
composition in response to climate change stabilizes

690

grassland primary production. Proc Natl Acad Sci U S A
115:4051-4056.

Ma Z, Liu H, Mi Z, et al. (2017) Climate warming reduces the
temporal stability of plant community biomass production.
Nat Commun 8:15378.

Maestre E Reynolds J (2006) Spatial heterogeneity in soil
nutrient supply modulates nutrient and biomass responses
to multiple global change drivers in model grassland
communities. Glob Change Biol 12:2431-2441.

Mariotte P (2014) Do subordinate species punch above their
weight? Evidence from above- and below-ground. New
Phytol 203:16-21.

Mariotte P, Vandenberghe C, Kardol P, efal. (2013) Subordinate
plant species enhance community resistance against
drought in semi-natural grasslands. J Ecol 101:763-773.

McLaren JR, Turkington R (2010) Ecosystem properties
determined by plant functional group identity. J Ecol
98:459-469.

Monsi M, Saeki T (2005) On the factor light in plant
communities and its importance for matter production.
1953. Ann Bot 95:549-567.

Nippert JB, Knapp AK (2007) Linking water uptake with
rooting patterns in grassland species. Oecologia 153:261-272.

Palpurina S, Wagner V, von Wehrden H, et al. (2017) The
relationship between plant species richness and soil pH
vanishes with increasing aridity across Eurasian dry
grasslands. Glob Ecol Biogeogr 26:425-434.

Peters DPC, Yao J, Sala OE, ef al. (2012) Directional climate
change and potential reversal of desertification in arid and
semiarid ecosystems. Glob Change Biol 18:151-163.

Polley HW, Wilsey BJ, Derner JD (2003) Do species evenness
and plant density influence the magnitude of selection and
complementarity effects in annual plant species mixtures?
Ecol Lett 6:248-256.

Rosseel Y (2012) Lavaan: an R package for structural equation
modeling. J Stat Softw 48:1-36.

Sanaei A, Ali A (2019) What is the role of perennial plants
in semi-steppe rangelands? Direct and indirect effects of
perennial on annual plant species. Ecol Indic 98:389-396.

Sasaki T, Lauenroth WK (2011) Dominant species, rather than
diversity, regulates temporal stability of plant communities.
Oecologia 166:761-768.

Seddon AW, Macias-Fauria M, Long PR, et al. (2016) Sensitivity
of global terrestrial ecosystems to climate variability. Nature
531:229-232.

Smith MD, Knapp AK (2003) Dominant species maintain
ecosystem function with non-random species loss. Ecol Lett
6:509-517.

Smith MD, Koerner SE, Knapp AK, et al. (2020) Mass ratio
effects underlie ecosystem responses to environmental
change. J Ecol 108:855-864.

Stein A, Gerstner K, Kreft H (2014) Environmental
heterogeneity as a universal driver of species richness
across taxa, biomes and spatial scales. Ecol Lett
17:866-880.

Stevens CJ, Dise NB, Mountford JO, et al. (2004) Impact of
nitrogen deposition on the species richness of grasslands.
Science 303:1876-1879.

JOURNAL OF PLANT ECOLOGY | 2021, 14:679-691

1202 AN G0 uo Jesn Aysieniun Buyed Ad £18+919/629/v/v 1L /eloie/edl/wod dno-olwepeoe//:sdiy woli pspeojumoq



Symstad AJ (2000) A test of the effects of functional group
richness and composition on grassland invasibility. Ecology
81:99-109.

Tian Q, Liu N, Bai W, ef al. (2016) A novel soil manganese
mechanism drives plant species loss with increased nitrogen
deposition in a temperate steppe. Ecology 97:65-74.

Tilman D, Knops J, Wedin D, et al. (1997) The influence
of functional diversity and composition on ecosystem
processes. Science 277:1300-1302.

Tilman D, Reich PB, Isbell F (2012) Biodiversity impacts
ecosystem productivity as much as resources, disturbance,
or herbivory. Proc Natl Acad Sci U S A 109:10394-10397.

Tilman D, Reich PB, Knops J, ef al. (2001) Diversity and
productivity in a long-term grassland experiment. Science
294:843-845.

Tuhkanen S (1980) Climatic Parameters and Indices in Plant
Geography. Stockholm, Sweden: Almqvist & Wiksell
International.

Ulrich W, Soliveres S, Maestre FT, ef al. (2014) Climate and
soil attributes determine plant species turnover in global
drylands. J Biogeogr 41:2307-2319.

JOURNAL OF PLANT ECOLOGY | 2021, 14:679-691

Winfree R, Fox JW, Williams NM, ef al. (2015) Abundance of
common species, not species richness, drives delivery of a
real-world ecosystem service. Ecol Lett 18:626—635.

Wu Q, Ren H, Wang Z, et al. (2020) Additive negative effects
of decadal warming and nitrogen addition on grassland
community stability. J Eco/ 108:1442-1452.

WuJ, Zhang Q, Li A, etal. (2015) Historical landscape dynamics
of Inner Mongolia: patterns, drivers, and impacts. Landsc
Ecol 30:1579-1598.

Yang H, Wu M, Liu W, et al. (2011) Community structure and
composition in response to climate change in a temperate
steppe. Glob Change Biol 17:452-465.

Zhao M, Running SW (2010) Drought-induced reduction in
global terrestrial net primary production from 2000 through
2009. Science 329:940-943.

Zheng S, Li W, Lan Z, et al. (2015) Functional trait responses to
grazing are mediated by soil moisture and plant functional
group identity. Sci Rep 5:18163.

Zohlen A, Tyler G (2000) Immobilization of tissue iron on
calcareous soil: differences between calcicole and calcifuge
plants. Oikos 89:95-106.

691

1202 AN G0 uo Jesn Aysieniun Buyed Ad £18+919/629/v/v 1L /eloie/edl/wod dno-olwepeoe//:sdiy woli pspeojumoq



