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Abstract: Grazing is very common in the grassland ecosystem, and it has a significant impact on
the C stocks and cycle. One of the most important drivers of soil C stocks is functional diversity.
However, limited studies have attempted to explore the effects of functional diversity on soil C stocks
associated with grazing disturbance. This study was carried out in Hulunbeier grassland, Inner
Mongolia, and four grazing intensities (no grazing (NG), light grazing (LG), moderate grazing (MG),
and heavy grazing (HG)) were identified. The plant functional traits and important soil properties
under different grazing intensities were measured. Functional identity and diversity were calculated
based on the measured functional traits. The impacts of functional identity and diversity on soil
organic carbon stocks (SOCstocks) were analyzed using a multi-model inference (MMI) approach.
Our study showed that the functional diversity effect on soil C stocks varies depending on grazing
intensity. We identified that functional richness has a significant impact on SOCstocks in NG. The
community weighted mean of leaf area became the best predictor of SOCstocks in LG. As grazing
intensified, functional divergence best explained SOCstocks in moderate and heavy grazing sites,
and their relationship was positive. The major outcomes of this research could shed light on the
mechanics of soil carbon storage.

Keywords: soil carbon stocks; grazing disturbance; functional traits; functional diversity; Hulunbeier
grassland

1. Introduction

Grassland ecosystems occupy approximately 40% of the Earth’s surface and are crucial
to supplying livestock productivity. These areas store a considerable amount of carbon and
play a vital role in the global carbon cycle [1–4]. Livestock grazing is a common land use
in grassland ecosystems, which is not only the major livelihood of natives but essential
for management for sustaining grassland health [3,5]. Since the 1980s, the demand for
dairy products has surged with the progressive improvement in living conditions, further
intensifying grassland utilization in Inner Mongolia, the primary ecological barrier of north
China [5]. It has been reported that, in recent decades, long term overgrazing in grassland
areas in Inner Mongolia has caused widespread grassland degradation and even deserti-
fication, threatening the region’s ecological security and socioeconomic development [6].
Achieving a better understanding of how grazing affects the key ecosystem properties is
critical to maintaining grassland functionality and sustainability [7–9].
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Soils are the largest terrestrial carbon (C) reservoirs, with about 3200 Pg of C stored as
soil organic carbon (SOC) in the top three meters of the world’s soils [10,11]. Monitoring
of SOC stocks is essential for sustainable soil management and meeting climate change
mitigation targets [12–14]. In grassland ecosystems, soil C pools can be determined by
plant biomass, the quantity and quality of plant litter, root mass turnover, soil microbial
activities, and other environmental factors [1,15,16]. Among these factors, the collective
traits of plant communities are key drivers of soil C stocks [17,18]. As functional trait based
approaches develop, these functional characteristics of communities can be well depicted
by functional diversity, identified as the value, range, distribution, and relative abundance
of the functional traits of the organisms that make up an ecosystem [19]. Evidence suggests
that examining trait based plant functional diversity can help to capture some ‘hidden’
mechanistic linking between biodiversity and ecosystem functioning, and predict ecosystem
properties [20,21]. Functional diversity contains different components, which are related
to distinct mechanisms of how diversity influences ecosystem functioning [18]. One of
the important components of functional diversity is functional identity, which represents
the trait values of the most abundant species and can be determined by the community
weighted mean (CWM) trait. According to the mass ratio hypothesis, the contribution of
different species to ecosystem functioning is proportional to their biomass. Thus, the trait of
the most abundant species will be the main determining factor of ecosystem functioning [22].
For instance, critical functional plant traits of both above and below ground underpin
the quantity and quality of litter input, affecting soil C stocks directly [18,23]. Previous
studies have reported that functional traits associated with resource acquisitive strategies
(e.g., high leaf nitrogen concentration and specific leaf area) are expected to produce more
biomass to easily form mineralized litter, thus contributing to soil C accumulation [24,25].
On the other hand, the variety of functional trait values in the community is another
important component of functional diversity and can be expressed by a series of indices,
e.g., functional richness (FRic), functional evenness (FEve), and functional divergence
(FDiv) [26]. These functional diversity indices reflect the niche complementarity hypothesis,
suggesting that functionally different species traits, in terms of variations in resource-use
strategies, would promote the efficient use of resources by species and enhance ecosystem
functioning [27]. The coexistence of species with diverging functional traits could make
full use of resources, further produce higher plant biomass, and trigger enhanced C storage
through the higher input of litter [28].

A critical question here is which components of functional diversity are the most
strongly associated with ecosystem properties. As mentioned in the prior studies, the mass
ratio and niche complementarity hypotheses are not mutually exclusive, and different
components of functional diversity could show distinct significances in diverse environ-
ments [29,30]. It has previously been observed that forest soil C inputs would be higher in
the communities with resource acquisitive strategies functional traits in warmer or more
humid conditions than that in drier conditions [31]. Most studies have focused on how
the relationships between functional diversity and identity within ecosystem properties
vary along natural environmental gradients in temperate, tropical, subtropical forests, and
agroforests [23,25,32,33], but few scholars have attempted to explore these relationships
with grazing disturbance, particularly in temperate grassland.

The temperate grassland in Inner Mongolia, a vital component of the Eurasian Grass-
land, is renowned for its extensive distribution, high aesthetic, and production values. A
long history of grazing is still the main land-use regime in Inner Mongolia grassland [34]. It
is now well established, from a variety of studies in the region, that livestock grazing is one
of the most important disturbances that affect grassland, and research on the relationship
between biodiversity and ecosystem properties mainly emphasizes species diversity but
downplays the role of functional diversity [34,35]. The relative importance of functional
diversity for explaining the underlying mechanism of the effects of grazing on soil C stock
remains uncertain.
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This research takes the Hulunbeier grassland in Inner Mongolia as the study site and
aims to reveal the impact mechanisms of grazing on SOC stocks, using a functional trait
based approach. The major objectives of this study are to (i) assess the responses of species
diversity and different components of functional diversity to grazing intensity; (ii) assess
the responses of soil abiotic properties and soil C stocks to grazing intensity; (iii) identify
which components of plant functional diversity are vital for regulating soil C stocks under
different grazing intensities. We expected that, by incorporating a functional trait based
approach, the findings of this study would give insights into the mechanisms of grazing
disturbance of soil C stocks, providing a scientific foundation for determining the optimal
grassland grazing intensity and a valuable reference for improving grassland conservation
and sustainable soil management.

2. Materials and Methods
2.1. Study Area

This study was performed in the Hulunbeier grassland of the Huihe National Nature
Reserve (118◦48′–119◦43′ E, 48◦10′–49◦03′ N, 600–750 m a.s.l.), Inner Mongolia Autonomous
Region, China (Figure 1). The area is located in the transition zone from the Greater Khingan
Range forest to the Hulunbuir grassland and from meadow grassland to typical grassland,
with a temperate continental monsoon climate. The mean annual temperature is −2–0 ◦C,
and the mean annual precipitation ranges from 250 mm to 400 mm, 70% of which happens
from June to August, concurrent with the growing season.
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Figure 1. Geographical location and field photos of the study sites in Hulunbeier grassland of Huihe
National Nature Reserve, Inner Mongolia Autonomous Region, China.

The vegetation type of the study sites is meadow grassland, with the dominant species
of Stipa baicalensis, Cleistogenes squarrosa, and Leymus chinensis. The soil is classified as dark
chestnut soil according to the Chinese Soil Classification System [36]. Study sites have a
long history of livestock grazing, which resulted in the degradation of grassland.
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2.2. Experimental Design

A field experiment was performed in the Huihe National Nature Reserve during the
growing season in July 2020 (Figure 1). National Nature Reserves in China are generally
divided into three zones: core, buffer, and experimental zones. The core zones are strictly
protected. Around them are the designated buffer zones, where nondestructive scientific
investigation is permitted. The experimental zones are located outside the buffer zones,
and anthropogenic activities are conducted there. Therefore, disturbance intensity increases
with the distance from the core zones. We chose sites to match four grazing intensity
categories with consistent topographic characteristics based on the distance to the core
zones, vegetation, soil properties, and suggestions from local guides: no grazing (NG),
light grazing (LG), moderate grazing (MG), and heavy grazing (HG). We set up NG sites
in a 100-hectare fenced flat area that has been fenced to exclude grazing activities since
2009. LG sites were chosen in the buffer zone, where there are occasional cases of secret
grazing. MG sites were selected from near experimental zones, and HG sites were chosen
in experimental zones where grazing disturbance was more evident. Detailed information
about the grazing intensities is shown in Table 1. Three plots of 10 m × 10 m with similar
topographic characteristics were chosen randomly for each grazing intensity. The average
distance between neighboring 10 m × 10 m plots was 50 m, and three 1 m × 1 m quadrats
were randomly selected to survey vegetation and soil samples in each 10 m × 10 m plot.

Table 1. Detailed information about four grazing intensities.

NG LG MG HG

Dominant species Stipa baicalensis Leymus chinensis Cleistogenes squarrosa Carex duriuscula
Surface exposure (%) 13.1 ± 4.98 28.1 ± 3.95 35.4 ± 7.37 40 ± 6.98

Soil bulk density 0.76 ± 0.06 0.78 ± 0.06 0.81 ± 0.07 0.93 ± 0.07
Number of dumps (/10 m2) 0 1.3 ± 0.6 5 ± 1 8.7 ± 0.6

Other descriptions
No visible

grazing disturbance
indicator

Grazing disturbance
indicators exist

somewhat

Visible grazing
indicators, such as

dumps, exist

Vegetation cover
decreased, and visible

livestock increased
significantly

2.3. Plant and Soil Sampling

All living vascular plants from the quadrats were identified at the species level. Five
important plant functional traits, including plant height, leaf area (LA), specific leaf area
(SLA), leaf dry matter content (LDMC), and root length (RL), were measured. We chose
these functional traits based on their ecological sensitivity to grazing, field operability, and
functional linkages to plant growth, development, and resource acquisition [37,38]. Plant
functional traits were measured on three individuals of each species with similar size in
each 1-m2 quadrat. Measurements of plant functional traits were performed based on the
standardized measurement procedure [39].

Soil cores from two soil layers (0–15 and 15–30 cm in depth) were collected using
cutting rings (volume, 100 cm3) in each quadrat (three replicates, collected at least 50 cm
apart). Soil samples were stored in a refrigerator at 4 ◦C until further analysis. Soil water
content (SWC) was measured using the oven drying method. Soil pH was measured using
a pH combination electrode at a soil–water ratio of 1:2.5. Soil total nitrogen (STN) was
determined by the Kjeldahl method. Soil organic carbon (SOC) was measured using the
Walkley and Black potassium dichromate oxidation method [40].

2.4. Data Analysis

We employed both Simpson’s diversity index and species richness to evaluate species
diversity. The details of Simpson’s diversity index calculation are as follows:

SD = 1−∑S
i=1 pi

2, (1)
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where S is the number of species in a sampling unit and pi is the relative abundance of
species i.

The community weighted mean (CWM) of each functional trait was calculated using
the following formula:

CWM = ∑n
i=1 pi × traiti, (2)

where pi is the relative abundance of species in the community and traiti is the trait value
of species i.

Functional diversity was expressed using three indices, which were calculated based
on the 5 measured trait values together. Functional richness (FRic) represents the volume
of multidimensional space occupied by all species in a community. Functional evenness
(FEve) depicts the distribution and relative abundance of species across the functional space.
Functional divergence (FDiv) quantifies the proportion of total abundance supported by
species with the most extreme trait values within a community and reflects the degree of
niche differentiation. These three indices together provide a comprehensive description
of community functional diversity [41]. Calculations of CWM, FRic, FEve, and FDiv were
conducted in R 4.0.2 using the ‘dbFD’ function within the FD package.

We performed a principal components analysis (PCA) using the CWMs of the five
traits to refine the CWM traits into a few principal components to describe most of the total
variance and represent a comprehensive functional identity in subsequent analyses.

We created a trait space in which species are ordered according to their trait values, and the
distances between species reflect their trait similarity to illustrate the distribution characteristics
of species in functional space. We used principal coordinates analysis (PCoA) to build functional
spaces by ordinating the distance matrices in the software CANOCO 5 software.

For each soil sample, the SOC stocks were calculated as:

SOCstocks = Di × Bi × Ci, (3)

where i is the number of soil layers, Di is the soil depth (cm), Bi is the soil bulk density
(g cm−3), and Ci is the C concentration (g kg−1) of soil layer i.

∆ SOCstocks = SOCstocks(LG, MG, HG) − SOCstocks(NG), (4)

where SOCstocks(NG) and SOCstocks(LG, MG, HG) are the 0–30 cm soil organic carbon stocks of
NG, LG, MG, and HG sites, formulated as (3).

PCA was applied to examine the relationships between CWM of functional traits,
functional diversity indices, soil carbon stocks and soil properties. The analysis was
conducted using the software CANOCO 5.

2.5. Statistical Analysis

We conducted a Shapiro–Wilk normality analysis to test the normal distribution of
the data. The data was transformed to a normalized pattern if necessary. A multi-model
inference (MMI) approach was used to examine the importance of each predictor and to
obtain model averaged results. The MMI approach has been used in many areas of ecology
and evolution, and we identified that it would be the best method to provide a more robust
means of obtaining parameter estimates (both point and uncertainty estimates) by making
inferences from a weighted combination of results from all the models in the set. The MMI
approach effectively makes more stable predictions compared to traditional approaches,
e.g., stepwise methods [32,42]. However, this method is limited when dealing with data
sets with missing data, as deleting cases containing missing values can severely affect
the results of model selection [42]. We built separate models for each grazing intensity
using this method. In each case, the response variable is the total SOCstocks of 0–30 cm soil
layer, and the predictors are functional identity and functional diversity indices. For the
response variable, all possible models were fitted and ranked according to their AICC value
(Akaike’s information criterion corrected by sample size). The relative importance of the
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predictors was calculated by summing Akaike’s weights of each candidate model. The
analyses were performed using R 4.0.2 with “MuMIn” packages.

To determine the effects of grazing intensity on CWM of functional traits, functional diver-
sity indices, SOCstocks, and soil properties, a one way analysis of variance (ANOVA) followed by
Tukey’s HSD test was used to detect significant differences among grazing intensities.

3. Results
3.1. Responses of Taxonomic and Functional Indices

There were significant effects of grazing intensity on the taxonomic diversity index
(Figure 2). Both species richness (p < 0.001) and the Simpson’s index (p < 0.001) were
significantly lower in MG and HG than those in NG and LG (Figure 2a,b). Functional
indices respond differently to grazing intensity. Grazing significantly affected FRic (p < 0.01)
and FDiv (p < 0.001) (Figure 2c,e). Especially, FRic and FDiv were significantly lower in
HG than that in NG. FEve showed no significant differences among grazing intensities
(Figure 2d). The CWM of five plant functional traits (plant height, LA, SLA, LDMC, and RL)
were examined in the study. The CWM of plant height (p < 0.001) and LDMC (p < 0.001)
decreased significantly as grazing intensified (Figure 2f,i), while the CWM of SLA showed
an opposite trend (p < 0.001), with the maximum in HD (Figure 2h). The CWM of LA
(p < 0.01) and RL (p < 0.05) fluctuated among grazing intensities, with the minimum in MG
and the maximum in LG and NG, respectively (Figure 2g,j).
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evenness, (e) functional divergence, (f) the community weighted mean (CWM) of height, (g) CWM 
Figure 2. (a) Species richness, (b) Simpson’s diversity, (c) functional richness, (d) functional evenness,
(e) functional divergence, (f) the community weighted mean (CWM) of height, (g) CWM of leaf area
(LA), (h) CWM of specific leaf area (SLA), (i) CWM of leaf dry matter content (LDMC), and (j) CWM
of root length (RL) in NG (n = 9), LG (n = 9), MG (n = 9) and HG (n = 9) sites. For each variable, the
middle horizontal line in the box plot represents the median, and the upper and lower short lines
represent the maximum and minimum values. Alphabet indicates the significant differences among
the grazing intensities (Tukey’s HSD test, p < 0.01).
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A principal component analysis (PCA) was conducted to compress the variation of
CWM traits into two principal components, which jointly represented 73.43% of the total
variation (Table 2). The first principal component (CWM1) captured 48.14% of the total
variation, exhibiting positive correlations with plant height, LDMC, and RL, and negative
correlations with SLA. The second principal component (CWM2), which captured 25.29%
of the total variation, mainly reflected the variation in the LA.

Table 2. Loadings for axes1 and 2 according to principal component analysis (PCA) built using CWM
of functional traits.

Variables PC1 (CWM1) PC2 (CWM2)

CWM of height 0.792 0.338
CWM of LA 0.011 0.955

CWM of SLA −0.771 0.232
CWM of LDMC 0.869 −0.378

CWM of RL 0.651 0.22

3.2. Responses of Soil Abiotic Properties and Soil Organic Carbon Stocks

Soil water content was affected by grazing intensity for both soil layers, with a sig-
nificant decrease from MG to HG (p < 0.001). Grazing increased soil pH, but the change
was significant only for the 0–15 cm soil layer (p < 0.001). SOC and soil TN showed similar
trends; both of them decreased significantly from LG to MG (p < 0.001) and decreased sig-
nificantly from the upper to the deeper soil layers. Soil C:N ratio did not show a significant
difference among grazing intensities, with a slightly higher value in NG than in the other
sites (Table 3).

Table 3. Soil properties of different soil layers among the grazing intensities.

NG LG MG HG

SW
0–15 cm 21.05 (2.67) b * 20.04 (1.85) b 18.4 (2.3) b 12.4 (3.17) a
15–30 cm 21.22 (3.12) b 19.8 (2.57) b 18.75 (3.81) b 10.66 (2.35) a

pH 0–15 cm 6.86 (0.35) a * 6.88 (0.18) a 6.96 (0.39) a 7.61 (0.41) b
15–30 cm 7.21 (0.55) 7.12 (0.33) 7.16 (0.33) 7.7 (0.56)

SOC
0–15 cm 30.41 (3.33) b ** 32.84 (3.29) b *** 15.23 (2.79) a *** 14.02 (3.15) a ***
15–30 cm 26.43 (2.27) c 23.29 (2.06) b 7.91 (1.48)a 7.93 (0.99) a

STN
0–15 cm 2.6 (0.3) b * 2.82 (0.22) b *** 1.39 (0.38) a *** 1.28 (0.38) a **
15–30 cm 2.33 (0.33) b 2.12 (0.08) b 0.75 (0.09) a 0.76 (0.05) a

C:N
0–15 cm 11.71 (0.55) * 11.68 (1.06) 11.25 (1.52) 11.29 (1.76)
15–30 cm 11.45 (1) 11.01 (1.14) 10.47 (0.8) 10.46 (0.7)

SOCstocks
0–15 cm 3474.07 (477.68) b 3807.17 (376.04) b *** 1854.4 (442.15) a *** 1952.32 (480.4) a ***
15–30 cm 3157.76 (345.54) c 2771.98 (168.59) b 970 (221.76) a 1143 (182.16) a

SW (%), soil water content; SOC (g kg−1), soil organic carbon concentration; STN (g kg−1), soil total nitrogen
concentration; SOCstocks (Mg ha−1), soil organic carbon stocks. Alphabet indicates the significant difference
among different grazing intensities (Tukey’s HSD test, p < 0.05). For each variable in NG (n = 9), LG (n = 9),
MG (n = 9) and HG (n = 9) sites, significant differences between soil layers are indicated by symbols: *** p < 0.001,
** p < 0.01,* p < 0.05.

SOCstocks changed significantly as grazing intensified (p < 0.001), primarily exhibiting
an acute decrease from LG to MG. Compared with NG, SOCstocks of the 0–30 cm soil layer
decreased by 53.32% in HG (Figure 3).
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layer under different grazing intensities. Alphabet indicates the significant difference among different
grazing intensities (Tukey’s HSD test, p < 0.05).

3.3. Relationships between Functional Diversity Indices and Soil Organic Carbon Stocks

The result of PCA showed that differences in soil properties and functional diversity
indices were pronounced among different grazing intensity sites (Figure 4). There was a
positive correlation between FRic and TN and SOC concentration. FDiv showed a positive
relationship with SWC. SLA was positively correlated with SBD and soil pH, and negatively
correlated with soil nutrients, which indicates that heavy grazing supported species with
high SLA traits. LDMC and RL showed a close relationship with SWC, and plant height
was correlated with soil TN and SOC.
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functional richness; FEve, functional evenness; FDiv, functional divergence; SLA, specific leaf area;
LA, leaf area; LDMC, leaf dry matter content; RL, root length; SWC, soil water content; SOC, soil
organic carbon concentration; TN, soil total nitrogen concentration; SOCstocks, soil organic carbon
stocks; C/N, soil C to N ratio; SBD, soil bulk density; -A, 0–15 cm soil layer; -B, 15–30 cm soil layer.

Assessment of the effects of the functional diversity indices on SOCstocks by MMI
suggested that the role of functional diversity indices in affecting SOCstocks were distinct
under different grazing intensities (Table 4). In NG, there was a positive relationship
between FRic and SOCstocks. The highest weight of FRic indicated that FRic was the major
factor affecting SOCstocks in NG (Figure 5). For LG, the relative importance of CWM2 was
0.471, a larger value than the other indices, indicating that CWM2 was the main index
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related to SOCstocks. FDiv was of relatively higher importance than other indices in MG and
HG and showed a positive relationship with SOCstocks. In addition, CWM1 also exhibited
relative importance in affecting SOCstocks in MG and HG.

Table 4. The two best predictive models of SOCstocks based on the multi-models inference approach,
with model selection according to their corrected Akaike information criterion (AICc).

FDiv FEve FRic CWM1 CWM2 df R2 logLik AICc Weight

NG (n = 9)
0.644 3 0.41 −9.829 30.5 0.354

0.383 3 0.15 −11.526 33.9 0.065

LG (n = 9)
0.709 3 0.5 −9.095 29 0.397

0.655 3 0.43 −9.716 30.2 0.213

MG (n = 9)
0.714 3 0.51 −9.03 28.9 0.317

−0.711 3 0.5 −9.077 29 0.303

HG (n = 9)
0.780 3 0.61 −8.026 26.9 0.454

−0.702 3 0.49 −9.192 29.2 0.142
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4. Discussion
4.1. Effects of Functional Diversity on Soil Carbon Stocks under Different Grazing Intensities

Our study examined grassland biodiversity and soil C stocks with different grazing
intensities. The results revealed that severe grazing exerted a negative impact on species
diversity, functional diversity, and soil C stocks in the Hulunbeier grassland. Our conclu-
sion is in accordance with what has been suggested by other studies that showed global
grasslands are significantly negatively impacted by grazing and that grassland under high
grazing intensity suffer from carbon storage reduction, biodiversity loss, and key ecosystem
properties damage [43,44].

Previous studies have shown that various ecosystem processes and functioning can be
driven by plant functional diversity [45,46]. In our study, the trait based approach was used
to explain the effect of functional diversity on soil C stocks. This study demonstrated that
the relative importance of different components of functional diversity in affecting soil C
stocks shifted among different grazing intensities. These results corroborate the findings of
the previous work in tropical and temperate forests concerning land-use intensities [45,47].

In NG sites, FRic played a more important role in affecting soil C stocks than the
other functional indices and showed the maximum value. FRic represents the functional
space occupied by a community, including both the aboveground parts and the root sys-
tems [32]. Plant communities occupying more functional space could lead to fuller resource
exploitation [48], which promotes plant growth and underpins the quality and quantity of
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litter input, and further has direct influences on SOC stocks. In addition, a related study
carried out in China reported that plant communities with high root abundance occupied
more underground functional space, which could enhance soil stabilization and reduce the
erosion of soil C stocks [48]. Therefore, it can be concluded that a community with higher
FRic can maintain SOC stocks better in grassland without grazing disturbance.

For light grazing sites (LG), the relative importance of FRic weakened, and CWM2
became the best predictor of SOC stocks, with a positive relationship. CWM describes
traits of the dominant species in a community, following the “mass-ratio hypothesis”.
According to the results of the PCA that extracted the main information of CWM traits
into two PCA axes (CWM1 and CWM2), CWM2 was mainly positively correlated to LA.
Several studies have found that LA plays an important role in leaf energy capture and
water balance [49,50], and larger leaves require more dry mass investment per unit leaf
area than smaller ones [51,52], which affects the amount of C in aboveground biomass and
further influences C incorporated into the soil [53]. This means that grassland under light
grazing had led to the local dominance of the larger LA plants associated with more C
storage in soil.

As grazing intensified, FDiv best explained SOC stocks in MG and HG sites, and the
relationship was positive. A higher value of FDiv suggested that a plant community has
more abundant species with more extreme functional traits in a functional space [32,41].
On the one hand, the results supported the “niche complementarity hypothesis” that a
plant community with diverging values of functional traits should lead to fuller resource
exploitation, resulting in enhanced C stocks in plant biomass and soil. On the other hand,
results suggested the role of some species with specific functional traits associated with
C storage under heavy grazing. Based on PCoA results (Figure S1), we found that some
species (e.g., Astragalus scaberrimus in HG) with more extreme functional traits showed
high functional dissimilarity from other species assemblage in the functional space. A.
scaberrimus are typical members of the leguminous family and have a unique capacity for
nitrogen fixation, which could be associated with its contribution to SOC stocks. Similar
results from previous studies demonstrated that species driven idiosyncratic effects are
important in improving SOC stocks in most ecosystems [41,54].

CWM1 was also important for predicting SOC stocks in MG and HG sites, and the
relationship was negative. CWM1 is positively correlated to plant height and LDMC, while
negatively correlated with SLA. This implied that the dominance of high SLA and lower
LDMC and height was positively associated with SOC stocks in MG and HG sites. Prior
studies demonstrated that functional traits of high SLA and low LDMC were associated
with high rates of resource acquisitive strategies, which could shed more biomass in the
form of litter and promote carbon loss through leaf decomposition, thus contributing
directly to the accumulation of soil C inputs [25,33,51]. Our results align with previous
studies that demonstrated that underlined plant trait composition was an important driver
of ecosystem functions. [33,53].

4.2. Implications for Sustainable Grassland Management Strategies

The management of grassland degradation caused by grazing disturbance is one of the
most challenging problems faced today [55]. Understanding how grazing affects ecosystem
functioning is critical to promoting sustainable development [45,46]. This research could
be helpful to determine the mechanisms of soil C sequestration and help guide grassland
conservation measurements.

Grazing disturbance should be controlled under a certain level of moderate grazing.
As shown in our study, light grazing maintained a high level of species diversity, soil N
content, and C stocks, while intensified grazing led to a significant decrease in functional
and species diversity and soil nutrients and C stocks, indicating an increase in ecosystem
fragility, and the ecosystem being less buffered against species loss in MG in the face of
further disturbance.
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Species diversity and species richness have commonly been used for monitoring
ecosystem degradation. In the present study, fewer species changes with more functional
diversity (e.g., FRic and FDiv) changed as the grazing intensified from NG to LG, implying
that FD indicators could be more sensitive than species diversity indicators in reflecting the
effect of disturbance. Given that multiple biodiversity indicators and ecosystem properties
are becoming new important indicators reflecting the sustainability of ecosystems [45,56],
we propose that integrating FD indices in monitoring programs can be an effective method
to identify ecosystem sensitivity and prioritize management actions to avoid biodiversity
loss and damage to ecosystem functioning caused by grazing disturbance.

The functional diversity effect on soil C stocks differed among different grazing
intensities, indicating that protection mechanisms should be considered separately in
future monitoring and modeling programs addressing functional diversity and identity
effects on soil C stocks. However, due to the variation of plant species compositions and
environmental characteristics, generalizing the findings of this study should be carried out
with caution when comparing different ecosystems. Furthermore, this study evaluated data
for only one year, and grassland ecosystem properties may vary with time. These changes
cannot be fully understood due to the complexity of the ecosystem. Therefore, the long term
monitoring of grassland under different grazing intensities is required for future research.

5. Conclusions

Our study clearly showed that species richness, the Simpson’s index, functional
richness, and functional divergence under moderate or heavy grazing intensity were
significantly lower than those under no grazing intensity. The CWM of plant height and the
leaf dry matter content LDMC decreased, whereas the CWM of SLA increased as grazing
intensified. SOC stocks under moderate or heavy grazing intensity were significantly lower
than those under light or no grazing intensity. Our results pointed out that the functional
diversity effect on soil C stocks differed among different grazing intensities. Under no
grazing conditions, FRic played an important role in affecting SOC stocks. For light grazing
sites, CWM2 (mostly represented by leaf area) became the best predictor of SOC stocks. As
grazing intensified, FDiv mainly regulated SOC stocks under moderate and heavy grazing
sites. This research could be helpful to determine the mechanisms of soil C sequestration
and help guide grassland conservation measurements.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su14084376/s1, Figure S1: The PCoA of the first two axes showing
the distribution of the species in the functional space of NG, LG, MG and HG. Plant species names
are indicated using the first three letters of both the genus and species name. Full names can be found
in Table S1; Table S1: Full names of plant species names in Figure S1.
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