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Excessive grazing causes a decrease in plant diversity of grassland and also

leads to changes in the functional traits of grassland plants. Based on the

relationship between plant diversity and the functional traits of constructive

species, the patterns of change in plant diversity can be predicted based

on change in plant functional traits under different stocking rates. For the

present study, Stipa breviflora desert steppe in Inner Mongolia was studied

to characterize the plant community and population characteristics and

plant functional traits of S. breviflora in grazing areas with different stocking

rates [without grazing, light grazing (LG, 0.93 sheep unit hm−2 half yr−1),

moderate grazing (MG, 1.82 sheep unit hm−2 half yr−1), heavy grazing

(HG, 2.71 sheep unit hm−2 half yr−1)]. The results showed that: (1) LG

significantly weakened the competitive advantage of the constructive species

(S. breviflora) (P < 0.05), while HG significantly strengthened its competitive

advantage in the community (P < 0.05); (2) Changes in plant diversity were

generally significantly related to changes in S. breviflora root traits. The

competitive advantage of S. breviflora in the community and the change

in root traits could be used to predict the change in plant diversity in

the desert steppe under different stocking rates. This research can provide

a theoretical basis for maintaining plant diversity and sustainability in the

desert steppe.
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Introduction

Long-term over grazing causes continued degradation and
decrease in the productivity of grassland. In a desert steppe
ecosystem with extremely low-productivity, plant diversity is a
key indirect factor determining community productivity after
grazing disturbance (Wu et al., 2019). For example, decrease in
the plant diversity of Stipa breviflora desert steppe directly leads
to a decline in community productivity (Zhang et al., 2018).
Over grazing can significantly change species composition of
plant communities and cause significant decreases in plant
diversity (Herrero-Jáuregui and Oesterheld, 2018). The negative
response of plant diversity to stocking rates is greater in
arid grassland ecosystems with low productivity than in semi-
humid and humid ecosystems. Moreover, drought intensifies
the impact of grazing (Eldridge et al., 2016). For instance,
Plant diversity under high stocking rates can be nearly 50%
lower than under low stocking rates. Increasing intensity
of grazing may result in a significant decrease in species
richness (Fetzel et al., 2017). In water and nutrient-restricted
environments, increasing grazing intensity tends to cause the
death of plants, and ultimately reduces species richness, negative
effects that have been widely found in grasslands (Li et al.,
2016; Shen et al., 2022a). How to predict changes in plant
diversity is a key focus of ecological research. Studies have
shown that grazing can exhibit both positive (the intermediate
disturbance hypothesis, Fox, 1979) and negative (grazing
reversal hypothesis, Proulx and Mazumder, 1998) effects on
species richness. Intermediate disturbance hypothesis can be
used for predicting the relationships between grazing and plant
diversity, however, this relation is not certain. Especially, the
tolerance of plants might be altered by changing grazing degree
in arid or semiarid conditions, leading to uncertainty of the
predicted results of the plant diversity under different grazing
degree (Milchunas et al., 1988). Change in plant diversity is
not only affected by inter-species competition, but also by
the characteristics of plants (plant functional traits). However,
existing studies have mainly explained changes in plant diversity
from the perspective of plant communities (Jäschke et al., 2020).
Some studies analyzed the changes in plant functional diversity
based on functional traits (Díaz et al., 2007), while few of them
predicted the changes in plant diversity from the perspective of
cluster and tiller.

Plant functional traits can be effective indicators reflecting
the response of plants to biotic and abiotic stresses (Li et al.,
2021). The differences in the sensitivities of plant leaves, roots,
structure and other traits to grazing disturbance result in
different phenotypic traits. Functional traits of plant individuals
exhibit variable response patterns to different environmental
disturbances (Luo et al., 2019). For instance, over grazing can
lead to a significant degeneration in the root traits of grassland
plants (Wei et al., 2019). Increasing stocking rate leads to
decreases in traits such as plant leaf area and leaf dry weight

(Wang et al., 2016), while plant individuals exhibit stuntedness
(Li et al., 2014). Plant functional traits show a regular pattern
of change under the effect of different stocking rates, and could
be used as indicators reflecting alterations in the plants’ internal
environment as well as useful indices linking environmental
driving factors with plant diversity (Bruelheide et al., 2018).
Hence, exploring the response of grassland plant diversity to
grazing based on changes in functional traits might be an
effective way to predict patterns of change in plant diversity in
the desert steppe.

The desert steppe is arid and vegetation is sparse, which
makes it extremely sensitive to the external environment and
vulnerable to degradation (Ren et al., 2018). The ability to
predict changes in plant diversity based on plant functional traits
is of profound significance for maintaining species diversity
in desert steppes (Jin et al., 2021). Based on the foregoing
analysis, we hypothesized that the plant diversity of the desert
steppe would increase under light grazing (LG), while it would
decrease under heavy grazing (HG). In addition, changes in
plant diversity might be closely related to the aboveground and
underground traits of the constructive species. To verify the
above hypotheses, a representative S. breviflora desert steppe
was chosen to investigate functional traits of the constructive
species (S. breviflora) and the population and community
characteristics in grazing areas with different stocking rates.
Based on the data collected, the relationship between plant
functional traits, diversity and grazing under different stocking
rates was analyzed to explore the variation in S. breviflora
functional traits under the disturbance of different stocking rates
and its effects on plant diversity of the whole community. The
aim was to provide a new approach to predict patterns of change
in plant diversity in desert steppe under long-term sheep grazing
and thereby provide a theoretical basis for maintaining plant
diversity and sustainability in the desert steppe.

Materials and methods

Study site

The study site is located in Siziwang Banner, Inner Mongolia
Autonomous Region, China (41◦47′17′′ N, 111◦53′46′′ E;
elevation: 1450 m). The area has a typical temperate continental
monsoon climate, with a mean annual precipitation of
221.7 mm, a mean annual temperature of 3.7◦C with a
range from –22.07◦C (January) to 26.23◦C (July), an annual
accumulated temperature (≥10◦C) of 2200–2500◦C, a mean
annual sunshine duration of 3117.7 h and an average frost-free
period of 108 d. Rainfall mainly occurs from June to September,
and the lowest and highest temperatures occur in January and
July, respectively. The studied S. breviflora desert steppe is
dominated by S. breviflora, Artemisia frigida, and Cleistogenes
songorica with Convolvulus ammannii, Heteropappus altaicu,
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Artemisia pectinata, and Kochia prostrate as co-dominants. The
main soil type is light chestnut soil.

Experimental design

The area of the study site is about 50 hm2, and the vegetation
and soil types are relatively homogenous. The long-term grazing
study site was established in 2004. Twelve ∼4.2 hm2 paddocks
were constructed using a completely randomized block design,
with four stocking rate treatments: control (CK, without
grazing), light grazing (LG, 0.91 sheep unit hm−2 half year−1),
moderate grazing (MG, 1.82 sheep unit·hm−2

·half year−1), and
heavy grazing (HG, 2.71 sheep unit·hm−2

·half year−1), and
each treatment had three replicates. Stocking rates in this study
were calculated using the methods described by Wang and Ma
(1994) and Wei (2000), and the degree of MG in this study was
closer to the actual grazing status. The grazing period was from
June to December in every year. Before the start of grazing, ten
movable enclosures with a size of 1.5 m × 1.5 m were set up
in each grazing plot (moved once per year, and the location
was not repeated), and a 1 m × 1 m sized quadrat was set
in each enclosure.

Data collection

Indicators of community and population characteristics,
including biomass, average height, total coverage, and density,
were measured in the enclosed plot during the biomass peak
period in August 2017. In addition, at least six well grown
and disease-free S. breviflora plants were selected in the same
enclosure, and the functional traits of these clusters and their
tillers were measured. The determination method was based
on the plant functional trait manuals compiled by Perez-
Harguindeguy et al. (2016) and Wigley et al. (2020), and used
indicators shown in Table 1.

Community survey data were used to calculate the summed
dominance ratio (SDR), which reflects the dominance of the
species in the community:

SDR =
C+ F+H+ D+W

5
,

where C is the relative coverage of each species, F is their
relative frequency, H is their relative height, D is their relative
density, and W is their relative biomass. The species were ranked
based on the SDR. One-way analysis of variance (ANOVA)
was used to detect differences among grazing treatments in
the SDR of S. breviflora and community species richness, and
the least significant difference (LSD) method was used for the
post hoc test. The community characteristics and S. breviflora
functional traits that closely related to plant richness were
screened by stepwise regression analysis, and the selected traits

were again analyzed by one-way ANOVA. All analyses were
performed using R 3.6.3.

Results

The response of plant diversity and
summed dominance ratio to stocking
rate

The results in Figure 1 showed that the SDR of S. breviflora
was obviously higher than that of other species under all
stocking rates. Most other species exhibited higher SDR under
the LG treatment, and generally exhibited the lowest SDR under
the HG treatment, or even disappeared in heavily grazed areas.
That is, LG weakened the competitive advantage of S. breviflora
in the community, while HG increased its competitiveness. In
addition, the LG treatment areas had significantly higher species
richness (P < 0.05), and species richness decreased significantly
with increasing stocking rate (Figure 1A, P < 0.05). In general,
relative to community species richness, the SDR of S. breviflora
exhibited the opposite trend (Figure 1B). In addition, there was
significant negative relationship between species richness and
SDR of S. breviflora (Figure 2).

Correlation among plant diversity and
functional traits

Ten S. breviflora functional traits and community
characteristics that closely related to plant diversity were
screened by stepwise regression analysis (Table 2). Seven of
them were related to S. breviflora root traits (i.e., root surface
area of cluster, cluster diameter of stem, root-leaf ratio of
tiller, cluster root depth, tiller specific root length, root-shoot
ratio of cluster, and tiller root tip number), and the remaining
indicators were related to plant leaf traits (i.e., leaf number
of tiller), and community and population characteristics (i.e.,
aboveground net primary productivity and SDR). Among these
indicators, the SDR of species, cluster root depth, and the tiller
root tip number were significantly and negatively correlated
with plant diversity, and the other indicators were all positively
correlated with plant diversity. In general, the root traits of
S. breviflora exhibited the closest correlations with the plant
diversity of the community.

Response of plant functional traits to
stocking rate

One-way ANOVA for the ten mentioned functional traits
of S. breviflora (Figure 3, except for the SDR) indicated
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TABLE 1 Plant community characteristics and Stipa breviflora functional traits measured.

Classification Functional traits Measure detail

Community Above-ground net primary productivity; average height; total
cover; total density

1. The above-ground net primary productivity, aboveground
biomass, cluster weight, cluster root weight, cluster stem

weight, cluster leaf weight, tiller weight, tiller root weight, tiller
stem weight and tiller leaf weight were packed in different

envelope bags and dried for 48 h to a constant weight at 65◦C,
and the dried samples were weighted with an electronic scales

(precision 1/1000, BSA224S, China).
2. The average height, height, cluster root depth, cluster width
of clump crown, cluster diameter of stem, average leaf length
were measured by average value of four sample plants with a

DL91150 Electronic Vernier Caliper (Deli Corporation;
Hangzhou, China).

3. The total cover and cover according to the projected area of
the community and population.

4. The total density, density, leaf number of cluster, tiller
number of cluster, fibrous root number of tiller, leaf number of

tiller according to the value of each indicator.
5. The root surface area of cluster, tiller root tip number; tiller

root furcation number; tiller root length; tiller root surface area,
tiller root tissue density; tiller root average diameter; tiller root

volume, determined using a root scanning analysis system
(WinRHIZO, Regent Instruments; Quebec, Canada).

6. Shoot surface area of cluster and leaf area was measured
using a digital scanner and Image-J image-processing software.
7. All unmentioned indicators before were calculated based on

the area and mass of leaf and root.

Population Aboveground biomass; height; cover; density; summed
dominance ratio

Cluster Cluster root depth; cluster width of clump crown; cluster
diameter of stem; root surface area of cluster; shoot surface area

of cluster; root-to-shoot surface area rate; root-leaf ratio of
cluster; root-shoot ratio of cluster; leaf number of cluster; tiller
number of cluster; cluster weight; cluster root weight; cluster

stem weight; cluster leaf weight

Tiller Tiller root tip number; tiller root furcation number; tiller root
length; tiller root surface area; average leaf length; tiller root

tissue density; tiller root average diameter; tiller root volume;
tiller specific root length; specific root area; specific leaf area;
root-leaf ratio of tiller; root-shoot ratio of tiller; fibrous root
number of tiller; leaf number of tiller; tiller weight; tiller root

weight; tiller stem weight; tiller leaf weight

that the root surface area of clusters decreased significantly
with increasing grazing intensity (P < 0.05). LG and HG
treatments significantly increased stem cluster diameter of
S. breviflora, while MG and HG treatments significantly
decreased aboveground net primary productivity (P < 0.05).
HG treatment significantly increased the root-leaf ratio of tiller
and root-shoot ratio of clusters of S. breviflora (P < 0.05), and
all treatments increased its tiller specific root length and tiller
root tip number (P < 0.05). In addition, only the LG treatment
significantly decreased cluster root depth of S. breviflora, while
both LG and HG significantly decreased the leaf number of
tillers (P < 0.05).

Discussion

Response of plant community
composition to stocking rate

Grazing can cause changes in the species composition
of plant communities due to the selective ingestion of non-
gramineous plants with better palatability and nutritional
value by livestock, which leads to decreases in the relative
abundance of palatable species and increases in the proportion
of unpalatable and grazing-resistant species (Liang et al.,
2018). For instance, Liu et al. (2016) found that herbivores
usually exhibit grazing preferences, and plant diversity has
a significant negative correlation with herbivore preferences.
Furthermore, different plant species or functional groups

have their unique tolerance and escape strategies (Su et al.,
2017). For example, perennial weeds are more sensitive to
grazing, the average coverage of gramineous plants is sensitive
to HG, and the height of perennial forage is sensitive to
grazing intensity (Dorina et al., 2016). Grazing may lead to
an increase or decrease in the proportion of the dominant
species or functional groups, e.g., gramineous and non-
gramineous species (Gornish and Ambrozio dos Santos, 2016).
LG tends to maintain the relative coverage of erect and
prostrate species, while moderate and HG lead to increases
in the abundance of prostrate and non-gramineous species
(Pizzio et al., 2016). Changes in the species composition
of plant communities caused by grazing will directly result
in changes in plant diversity. Hence, the biological and
non-biological environment of new communities formed by
the surviving species will be changed, and the biological
environment formed by the surviving species will become one
of the main factors affecting species diversity. Consequently,
the effects of the functional traits of each species should
be taken into consideration when investigating changes in
species diversity.

The dominant position of Stipa
breviflora in areas with different
stocking rates

The results of the SDR analysis of S. breviflora showed
that LG weakened the competitive advantage of S. breviflora
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FIGURE 1

Ranking of species by summed dominance ratio (SDR), species richness (A) and SDR of Stipa breviflora (B) in areas with different stocking rates.
Different letters above bars in panels (A,B) indicate significant differences among treatments (P < 0.05). P represents perennial species, A
represents annual species, and C3/C4 represent C3 or C4 plants.

in the community, and HG exhibited the opposite effect. This
might be firstly attributed to the resistance to drought and
grazing of S. breviflora (Zhang et al., 2010). For example, among
the 9 plant functional traits of S. breviflora selected through
stepwise regression in this study, root surface area of cluster,
cluster root depth and leaf number of tillers of S. breviflora
were significantly reduced under the LG treatment, while the
cluster diameter of stem, root-leaf ratio of tillers, tiller specific
root length, root-shoot ratio of cluster and tiller root tip number
were significantly increased in HG areas (Yu et al., 2020).
The weakening of the competitive advantage of S. breviflora
in the community in LG treated areas might have resulted
from decreases in these leaf traits, while the strengthening
of its competitive advantage in HG treated areas might be
caused by increases in its root traits. In addition, the HG
treatment led to stuntedness of the plant individuals and the
death of their tillers, which would result in the decreasing
numbers of tillers and increases in the density of individuals,
consequently causing an increase in the dominant position of
S. breviflora (Wang et al., 2016; Song et al., 2021). HG led to
a significant decrease in aboveground net primary productivity
of the plant community, and indirectly provided more living
space for S. breviflora. On the other hand, the non-dominant
forages usually exhibit limited resistance to grazing and thus

cannot adapt to the stress caused by HG. LG would firstly
affect the growth of dominant species and thus provide more
living space for non-dominant species, which also contributed
to the changes in the competitive advantage of S. breviflora. In
addition, grazing significantly altered the biotic (community)
and abiotic (soil) environment (Jiang et al., 2020; Yin et al.,
2020; Zhang et al., 2022), and the alterations caused by
long-term grazing would lead to changes in plant diversity
(Shinoda et al., 2021).

Notably, we found that all treatments did not totally
alter the dominance of S. breviflora. Actually, the grazing
intensity in the present study has reached the allowed
lowest and highest boundaries of the stocking rates of
the S. breviflora desert steppe, which indicated that this
species indeed has more favorable adaptability than other
species in this environment. Chen et al. (2002) reported
that HG in early summer lead to a dominance of this C4
grass, such as Cleistogenes spp. However, similar trend was
not observed in the present study. This might be caused
by the significant increase in the SDR of S. breviflora,
which is obviously higher than C. songorica. Hence, its
increases in SDR might inhibit the photosynthesis, and
consequently, the growth of C. songorica (Supplementary
Figure 2). However, we did find that some shrub species,
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FIGURE 2

Regression fitting analysis of species richness and summed dominance ratio (SDR) of Stipa breviflora.

TABLE 2 Results of stepwise regression screening of plant diversity (Y) and Stipa breviflora functional traits.

Model Variables entered Regression equation R2 P-values

1 X1 : summed dominance ratio Y = 15.21855 – 13.98071x1 0.9000 <0.01

2 X2 : root surface area of
cluster

Y = 11.25706 –11.22908x1 + 0.00471x2 0.9654 <0.01

3 X3 : cluster diameter of stem Y = 9.5749 – 11.60759x1 + 0.00587x2 + 0.27747x3 0.9861 <0.01

4 X4 : aboveground net primary
productivity

Y = 9.89971 – 11.62979x1 + 0.00477x2 + 0.23159x3 + 0.00661x4 0.9909 0.10

5 X5 : root-leaf ratio of tiller Y = 9.85079 –
12.31609x1 + 0.00503x2 + 0.2119x3 + 0.00753x4 + 0.30827x5

0.9939 0.14

6 X6 : cluster root depth Y = 11.08539 –
11.89616x1 + 0.0051x2 + 0.10458x3 + 0.00723x4 + 0.57957x5 –

0.0301x6

0.9976 <0.05

7 X7 : leaf number of tiller Y = 11.87126 –
11.94107x1 + 0.00449x2 + 0.1097x3 + 0.00376x4 + 0.65029x5 –

0.05025x6 + 0.13394x7

0.9996 <0.05

8 X8 : tiller specific root length Y = 11.06649 –
11.73859x1 + 0.00484x2 + 0.10416x3 + 0.00228x4 + 0.6595x5 –

0.05431x6 + 0.17877x7 + 0.00037303x8

0.9999 0.09

9 X9 : root-shoot ratio of cluster Y = 10.99956 –
11.73067x1 + 0.00492x2 + 0.08151x3 + 0.00226x4 + 0.62664x5 –

0.05489x6 + 0.17479x7 + 0.00043064x8 + 0.30017x9

1 0.14

10 X10 : tiller root tip number Y = 11.19237 –
11.64305x1 + 0.00474x2 + 0.06157x3 + 0.00314x4 + 0.58823x5 –

0.05587x6 + 0.16183x7 + 0.00048212x8 + 0.39748x9 –
0.00046135x10

1 <0.01

such as K. prostrata, exhibited an increasing trend. In
addition, its SDR exhibited positive relationships with that of
S. breviflora (Supplementary Figure 2). Hence, grazing might

cause shrub-encroaching of community (Graw et al., 2016;
Shen et al., 2022b). Certainly, this phenomenon should be
studied in the following investigations.
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FIGURE 3

Analysis of variance (ANOVA) for the functional traits of Stipa breviflora under different stocking rates.

Prediction of plant diversity changes
based on Stipa breviflora root traits

The results of stepwise regression showed that ten functional
straits of S. breviflora exhibited significant correlations with the
plant diversity of the community, while seven of them reflected
root traits. Our results indicated that among the selected seven
traits, the root surface area of clusters decreased significantly
with increasing grazing intensity, while the other six root traits
(including cluster diameter of stem, root-leaf ratio of tiller,
cluster root depth, tiller specific root length, root-shoot ratio of
cluster, and tiller root tip number) increased significantly under
the HG treatment. Previous studies have shown that grazing
has inhibitory effects on roots. For instance, HG decreases
the root biomass and belowground net primary productivity
(Gao et al., 2008; Wei et al., 2019), which subsequently lead
to a negative response of the root surface area of clusters
to increasing stocking rate. However, other investigations
have also found that long-term continuous grazing, especially
HG, can disturb the functional balance between roots and
aboveground plants parts (Wang et al., 2019), and lead to
increases in plant root biomass and belowground net primary
productivity (Gao et al., 2008). Root biomass is strongly affected
by the diameter of stems and the root depth of clusters,
and these indicators exhibited significant increases under the
HG treatment. However, when the tillers were observed, it

was found that a proportion of their root traits exhibited a
positive response to HG treatment. For instance, the tiller
root tip number gradually increased with increasing grazing
intensity. This could be seen as a manifestation of the grazing
avoidance mechanism of plants (Luo et al., 2019). The main
function of the root tip of the plant is to absorb water, and
an increase in its number can increase water use efficiency
of the vegetation and the survival rate of plants. In arid
areas, grazing will cause damage to the aboveground structure
of individual plants, thus the water utilization efficiency of
plants plays an even more important role in their growth and
development. This might force the plants to allocate more
resources to root growth, which could lead to deeper growth
of roots. The tiller specific root length refers to the root
length per unit weight of fine roots, which represents the
relationship between root revenue and cost. When revenue
exceeds cost, it is conducive to the accumulation of root biomass,
so the reduction of specific root length is conducive to the
accumulation of biomass. In the present study, all grazing
treatments caused increases in the tiller specific root length of
S. breviflora, which might be another factor causing the decrease
in root biomass.

Although changes in the root biomass of constructive
species caused by HG is still controversial, in the present
study the allocation of aboveground and belowground biomass
showed some regularities (Ma and Wang, 2020). For instance,
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HG led to increases in the root-shoot ratio of cluster and
root-leaf ratio of tillers. Comprehensively considering all
related indicators, grazing might cause gradual decreases in
the aboveground and belowground biomass of S. breviflora.
However, the aboveground part exhibited more obvious
decreases. Furthermore, the aboveground part only exhibited
decreases in the leaf number of tillers and aboveground net
primary productivity, while the belowground root system was
affected in several aspects, such as reductions in the surface area
of clusters and increases in cluster root depth, cluster diameter of
stem and the tiller root tip number. In general, we found that if
(1) the aboveground net primary productivity of the community
decreased and (2) the SDR of the constructive species increased,
while its roots became thinner and deeper and with more root
tips after grazing, then (3) the plant diversity of the community
would exhibit a decreasing tendency.

This study mainly took desert steppe as an object, and
predicting the plant diversity under different stocking rates
based on functional traits of constructive species (S. breviflora).
Moreover, the dominant species of grassland did not change at
present. Hence, the change of plant diversity still needs long-
term monitoring and verification in the future. At the same time,
this study only addressed the regular of plant diversity change in
desert steppe. To predict the regular of plant diversity changes
in other various grassland types (e.g., typical steppe, meadow
steppe, etc.) in northern China based on plant functional traits,
it is still necessary to conduct long-term located monitoring
experiments of different grassland types.

Conclusion

1) Light grazing weakened the competitive advantage of
S. breviflora in the community, while HG strengthened its
competitive advantage.

2) The competitive advantage of constructive species in the
community and changes in its root traits could be used to
predict the pattern of variation in plant diversity in a desert
steppe under different stocking rates.
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