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Abstract

Maintenance of a desirable mixture of shrubs and grasses is a key issue in sustainable grazing management. The aim of this

study was to explore the effect of long-term sheep grazing on desert steppe shrubs. Based on a long-term controlled sheep

stocking rate experiment in a desert steppe of north China, combined with long-term random sampling monitoring of above-

ground vegetation standing crop (14 years) and short-term systematic sampling monitoring of vegetation cover and individual

characteristics of shrubs (3 years), we analyzed plant community changes, the current situation of shrubs and the response of

individual shrub characteristics to stocking rate. We found that low stocking rates have increased the cumulative above-ground

standing crop of shrubs and herbaceous plants, but the cumulative above-ground standing crop of shrubs under high grazing

rates tends to be flat. The cover and height of four shrub species generally showed a decrease with increasing stocking rate,

while the response of the four shrubs to the stocking rate gradient varied. Among four shrub species, Artemisia frigida was the

most sensitive to stocking rate, followed by Ceratoides latens and Caragana microphylla, while Kochia prostrata was relatively

insensitive to stocking rate. These results suggest that grassland managers can use an appropriate stocking rate to maintain

desirable plant community composition and configuration in the temperate grassland.
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Abstract

Maintenance of a desirable mixture of shrubs and grasses is a key issue in sustainable grazing management.
The aim of this study was to explore the effect of long-term sheep grazing on desert steppe shrubs. Based
on a long-term controlled sheep stocking rate experiment in a desert steppe of north China, combined with
long-term random sampling monitoring of above-ground vegetation standing crop (14 years) and short-term
systematic sampling monitoring of vegetation cover and individual characteristics of shrubs (3 years), we
analyzed plant community changes, the current situation of shrubs and the response of individual shrub
characteristics to stocking rate. We found that low stocking rates have increased the cumulative above-
ground standing crop of shrubs and herbaceous plants, but the cumulative above-ground standing crop of
shrubs under high grazing rates tends to be flat. The cover and height of four shrub species generally showed
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. a decrease with increasing stocking rate, while the response of the four shrubs to the stocking rate gradient
varied. Among four shrub species, Artemisia frigidawas the most sensitive to stocking rate, followed by
Ceratoides latens and Caragana microphylla , while Kochia prostratawas relatively insensitive to stocking
rate. These results suggest that grassland managers can use an appropriate stocking rate to maintain
desirable plant community composition and configuration in the temperate grassland.

KEYWORDS

temperate grassland; stocking rate; standing crop; plant cover; qualitive characteristics

1 Introduction

Herbivore grazing is an ecological and economic use of grasslands worldwide and is a primary disturbance
affecting the plant community (Asner et al., 2004). Although maintenance of a desirable mixture of shrubs
and herbaceous plants is beneficial to the functions and services of the grassland ecosystem (Barbosa da
Silva et al., 2016), grazing management can intentionally or unintentionally change the abundance and
distribution of shrubs and herbaceous plants in the community (Madany et al., 1983; Brown et al., 1999).
Many studies have found that long-term grazing can reduce grass cover, and aboveground and belowground
biomass, which not only increases resource availability for the recruitment of shrubs and facilitates shrub
regeneration, but also reduces surface combustibles, which may reduce fire frequency (Archer, 1994; Lin
et al., 2010; Lohmann et al., 2014). These effects change grassland vegetation structure from herbaceous-
to shrub-dominated communities and can accelerate the process of shrub encroachment (Case and Staver,
2017; Devine et al., 2017). For example, studies in savanna grassland suggest that overgrazing reduces grass
cover and shifts dominant herbaceous plants from perennial to annual species, which have been linked with
reductions in competition between shrubs and grasses, ultimately facilitating shrub development (Goheen
et al., 2004; Belsky and Blumenthal, 2010; Graz, 2010; February et al., 2013). Studies in the western
United States have shown that increasing density of grassland shrubs is related to the introduction of cattle
grazing, because livestock can be used as a carrier for shrub seed diffusion while feeding on grassland plants
(Painter et al., 1993; Tews et al., 2004). In contrast, other findings in semiarid north Chinese steppes have
shown that grazing is not a direct cause of encroachment (Zhang et al., 2014) and some studies have even
shown that grazing delays or limits shrub encroachment in a subhumid south American grassland (Altesor
et al., 2006). In the latter case, grazing by domestic animals kept the shrubs at a smaller size and a low or
static density, while shrub size and density increased with removal of the grazers (Friedel, 1985; Van Auken,
2009). Similarly, grazing exclusion in the temperate steppe in northern China has led to Caragana micropylla
invasion, because of preferential utilization of palatable shrubs by grazers, such that after grazing exclusion
vegetation species composition shifts from more to less palatable species due to the release of herbivore
feeding pressure on grasses (Zhang et al., 2014). It has also been suggested that livestock consumption of
seedlings and young branches of shrubs delays shrub development, suppressing their ability to compete with
the dominant herbaceous plants (de Dios et al., 2014), and even causing shrub frequency to decrease or
disappear.

There are often different shrub species on the grassland that form the ‘background plant’ of the plant
community, giving the vegetation structure a clear mosaic pattern (Wei et al., 2013). Although there are
many shrub species in grasslands, only a few species have actually become aggressive encroachers in regional
flora (Stockes et al., 2010; Eldridge et al., 2011). For example, in a Sonoran Desert grassland, the coverage
of Prosopis velutina increased markedly from the 1950s to the 1990s, whereas other shrubs have maintained
low coverage (Brikes, 2017). Therefore, shrub proliferation depends not only on external driving factors, but
also on the characteristics of the shrub itself (Van Auken, 2009). From the perspective of community theory,
population distribution and species richness are the result of a regional species pool passing through a series
of abiotic environment and biotic community processes, such that species with unsuitable environmental
traits are excluded from the community (Keddy, 1992). Invasive shrubs must have a strong response to at
least one encroachment driver, but must also overcome all other environmental factors in order to survive.
Non-invasive shrubs may not respond to this driving factor, or may be limited by other environmental factors.
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. In summary, the direction of succession in grassland plant communities under grazing disturbance is the result
of the interaction of grazing livestock and shrub characteristics. When shrubs are consumed selectively by
grazing livestock, shrubs in the plant community will be at a disadvantage, and when grazing animals mainly
feed on herbaceous plants, the herbaceous plants will be at a disadvantage (Van Auken and Smeins, 2008).
Therefore, the succession of grassland vegetation should be comprehensively judged according to the regional
climate, dominant plant species and grazing animals.

The Stipa breviflora desert steppe is located in the transition zone of the Eurasian steppe from the typical
steppe zone to the desert zone. The vegetation in this transition zone is shaped by the influence of a harsh
climatic environment and scarce soil resources, and the ecosystem is sensitive to interference. More than 10
years of monitoring has shown that there are more than 60 plant species in the community, including shrubs
and semi-shrubs such as Artemisia frigida ,Kochia prostrata , Caragana microphylla andCeratoides latens .
Long-term research was carried out in this region to answer the following three questions. First, does shrub
encroachment in Stipa breviflora desert steppe increase with the introduction of sheep grazing? Second,
how do shrub species respond to grazing under different stocking rates? And third, can biotic or abiotic
factors predict the direction of succession in the desert steppe under different stocking rates? Elucidating
these questions can not only deepen our understanding of shrub-herbaceous plant interactions and succession
patterns in desert steppe vegetation, but also provide a theoretical basis and experimental evidence to guide
grazing management in desert grasslands to improve the ecological environment.

2 Materials and methods

2.1 Study site

The study site was located in Siziwang Banner (41°46’43.6” N, 111deg53’41.7” E, 1456 m a.s.l.) in Inner
Mongolia, northern China. The region has a temperate continental arid and semi-arid climate, which is
dry and windy in spring and hot in summer. Mean annual precipitation was 220.00 mm and mean annual
temperature was 3.80 degC (from 2004 to 2018). Minimum temperature was -16.22 degC in January and
maximum temperature was 21.14 degC in July (from 2004 to 2018). Rainfall is mainly concentrated in May
to August, with a humidity of 15% to 30%. The frost-free period is 175 days. The main soil type is calcic
Kastanozem (FAO soil classification). Soil texture is sandy loam with 71.23+-3.98% sand, 15.97+-2.87%
silt, and 12.81+-2.69% clay. The total carbon, total nitrogen, available nitrogen, available phosphorus,
available potassium and pH were 13.56 g*kg-1, 1.41 g*kg-1, 8.08 g*kg-1, 8.30 mg*kg-1, 50.58 g*kg-1 and
10.57, respectively. The vegetation in the desert steppe is dominated byStipa breviflora, Artemisia frigida ,
andCleistogenes songorica, with average vegetation height of 8 cm and a canopy cover ranging from 17% to
20%.

2.2 Experimental design

Twelve adjacent plots (each ca. 4.40 hm2) were established at a grazing experiment site in 2004. These
plots were arranged in a randomized complete block design, which included four stocking rate treatments
with three replicates of each treatment (Figure 1 ). The stocking rates applied in each treatment were 0,
0.91, 1.82, 2.71 sheep*hm-2*half yr-1, representing no grazing (CK), light grazing (LG), moderate grazing
(MG), and heavy grazing (HG), respectively, with 4 grazing sheep in the LG treatment, 8 sheep in MG and
12 sheep in HG. Seasonal grazing started on 1 June and ended on 31 November in each year since 2004. The
initial sheep from the same cohort were 2-year old Mongolian wethers and individuals were replaced after 3
years. The daily grazing schedule was from 6:00 am to 6:00 pm. Water and salt were provided freely (Wang
et al., 2011).

2.3 Vegetation sampling

In August of 2004 to 2017, we randomly selected 10 quadrats of 50 cm x 50 cm in each of twelve plots.
The standing crop by species was clipped at the soil surface, oven-dried at 65degC, and weighed. To avoid
loss of information (e.g., if random sampling inadvertently avoided large individual shrubs), a systematic
sampling method with no paddock replication was used to investigate plant species cover. In August from
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. 2017 to 2019, a 40 m x 40 m sampling area was selected randomly in one of the three repeat plots of each of
the CK, LG, MG and HG treatments, choosing plots that were similar in terms of topography and species
composition. Four plots were selected to represent the LG, MG, HG plots in Block I and the CK plot in
Block II was selected in order to avoid edge effects because the CK plot in Block I is located at the edge of
the experiment site (Fig. 1). In this representative sampling area, there were 77 quadrats of 50 cm x 50 cm
(Fig. 2). The quadrat layout was based on mechanical sampling and cover by species was measured in each
quadrat. Simultaneously, 9-15 individuals of Artemisia frigida ,Kochia prostrata , Caragana microphylla
andCeratoides latens (shrubs and semi-shrubs, hereinafter, shrubs) were randomly selected from the above
grazing plots during 2017 to 2019, and the cover (%), height (cm), the diameter of the base of the cluster
(hereinafter, basal diameter, cm), branch number (individuals), and the maximum branch diameter (mm) of
the four shrub species were determined. There are five shrub species in experimental region, but Caragana
stenophylla has very small individuals and low density and was not found under heavy grazing, and therefore
was not systematically sampled.

2.4 Data analysis

In order to analyze changes in the above-ground standing crop of shrubby plants over time, we used mon-
itoring data on standing crop by species in August from 2004 to 2017 to calculate the annual cumulative
above-ground standing crop of shrubby plants and herbaceous plants, and plotted the dynamic curve of the
cumulative above-ground standing crop. One-way ANNOVA was used to test the effects of stocking rate
on cover (%), height (cm), basal diameter (cm), branch number (individuals) and the maximum branch
diameter (mm) of four shrubs (Artemisia frigida ,Kochia prostrata , Caragana microphylla andCeratoides
latens ) in the plots. Correspondence analysis was used to test the relationship between shrubs and stocking
rate, which was analyzed using the importance value of shrubs and the stocking rate gradient. Importance
value was calculated as (Iv )=(Cr +Hr +Dr +BNr +BDr )/5, where Cr (relative cover)=C (cover of a
certain species)/[?]C(total cover of all species), with similar calculations for Hr (relative height), Dr (relative
basal diameter), BNr (relative branch number) and BDr (relative maximum branch diameter). Variance
analysis and correspondence analysis were undertaken using SAS 9.4 (SAS Institute Inc., Cary, NC, USA)
at the P <0.05 level of significance. To analyze change in the cover of shrubby plants, the plant community
was divided into shrubby plants, perennial grasses and other herbaceous plants. Triangular diagrams of the
cover of shrubby plants, perennial grasses and other herbaceous plants were plotted using the data on the
cover by species monitored in August from 2017 to 2019. All figures were plotted using SigmaPlot Version
12.5 (Systat Software Inc., San Jose, CA, USA).

3 Results

3.1 Dynamic changes of accumulated above-ground standing crop of shrubby and herbaceous plants

From 2004 to 2017, the dynamic changes of cumulative above-ground standing crop of shrubby and herba-
ceous plants (Fig. 3) showed that although grazing started at the same time in each treatment, the effects
of different stocking rates on above-ground standing crop of plant communities were different. The cumula-
tive above-ground standing crop of shrubby and herbaceous plants both showed a decrease with increasing
stocking rate and the difference between the two increased with increasing stocking rate. This suggested that
under grazing conditions, a desert steppe rich in shrubs was evolving into a desert steppe that is completely
dominated by the herbaceous plant community and that this trend was enhanced under increased stocking
rate.

3.2 Effect of stocking rate on cover of shrubby plants

As shown in Fig. 4, the cover of shrubby plants decreased with increasing stocking rate. Accordingly,
the cover of perennial grasses increased with increasing stocking rate. Fig. 5 further highlights this trend,
showing that stocking rate had a limiting effect on shrub cover. The cover of Artemisia frigida , Kochia
prostrata ,Caragana microphylla and Ceratoides latens decreased with increasing stocking rate. However,
the results of analysis of variance showed that the cover of Artemisia frigida , Caragana microphylla and
Ceratoides latens was significantly different at different stocking rates (P <0.05). Although there was a
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. decreasing trend in the cover of Kochia prostrata , there was no statistically significant difference under
different stocking rates. This suggests that Artemisia frigida , Caragana microphyllaand Ceratoides latens
are more sensitive to stocking rate thanKochia prostrata .

3.3 Response of quantitative characteristics of shrubby plants to stocking rate

Grazing had a controlling effect on individual shrubs. The individual quantitative characteristics of Artemisia
frigida , Kochia prostrata , Caragana microphylla and Ceratoides latensshrubs at different stocking rates
are shown in Figure 6.Artemisia frigida was the most sensitive to the stocking rate, followed by Caragana
microphylla and Ceratoides latens , while Kochia prostrata had a slow response to stocking rate.

3.4 Sensitivity analysis of shrub species’ response to stocking rate

The response of the four shrubs to the stocking rate gradient is shown in Figure 7. The above analysis
indicated that the height and coverage of the shrubs decreased significantly with increasing stocking rate,
but the correspondence analysis in Figure 6 indicates that Artemisia frigida , Kochia prostrata , Caragana
microphylla andCeratoides latens had significantly different responses to stocking rate. In general, Artemisia
frigida and Ceratoides latens were the most sensitive to stocking rate, followed byCaragana microphylla , and
finally Kochia prostrata .Kochia prostrata was the most resistant to grazing, followed byCaragana microphylla
. Furthermore, the first dimension explained 82.64% and the second dimension explained 21.39%, which
indicated that two dimensions were able to account for 93.4% of the data and can reflect the information of
the original data.

4 Discussion

4.1 Proliferation conditions for shrubs in desert steppe

Grazing is one of the main factors influencing the dynamics of grassland shrubs (Van Auken, 2000; 2009). The
overgrazing hypothesis suggests that chronic overgrazing reduces the biomass of herbaceous plants, which
leads to increased resource availability for shrubs, resulting in shrubs becoming the dominant vegetation
(Archer et al., 1995; Van De Koppelet al., 2002; Tefera et al., 2007). Our findings showed that when
the sheep grazing is introduced or the stocking rate increased, Stipa breviflora desert steppe will not be
encroached by shrubs. This finding does not support the hypothesis that chronic overgrazing is a driver of
grassland shrub proliferation in the desert steppe. Zhang et al. (2006) studied the responses of Caragana
microphylla morphological characteristics to different stocking rates in a typical steppe in Inner Mongolia,
and found that the height of Caragana microphylladecreased significantly with increasing stocking rate,
which suggested that shrubby plants may resist herbivore feeding via individual miniaturization (Wang et
al., 2010). The results of these studies are consistent with the results of our experiment, and support the
hypothesis that grazing inhibited encroachment of desert steppe by shrubs (Zhang et al., 2014). Therefore,
sheep introduction can prevent the proliferation of shrubs in the desert steppe, while removal of sheep grazing
can release shrubs from top-down controls. Sheep grazing is one of barriers limiting shrub encroachment in
desert steppe.

4.2 Response of shrub species to stocking rate

With increasing duration of grazing history, the cumulative above-ground standing crop of shrubs and grasses
increased under low stocking rates (CK, LG), while under high stocking rates (MG, HG) herbaceous plants
gradually dominated the plant community. This is closely related to the palatability of grasses and the
selective feeding habits of grazing livestock (Molyneux and Ralphs, 1992; Dulamsuren et al., 2008; Staver
et al., 2009). Shrubs such as Artemisia frigida , Kochia prostrata , Caragana microphylla and Ceratoides
latenshave good palatability in the desert steppe (Yan, 2019), and all are favored by sheep. Therefore,
in desert steppe, which has sparse vegetation cover and relatively poor species composition (Han et al.,
2007), shrubs are more likely to be consumed by sheep under high stocking rates, leading to their gradual
disappearance in the plant community. In this study, the above-ground standing crop of shrubs decreased
with increasing stocking rate, which is mainly due to the influence of Artemisia frigida . The change in
Artemisia frigida was consistent with those reported by Kemp et al. (2018), who found a significant increase
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. in Artemisia frigida under long-term non-grazing and light grazing in an Inner Mongolian desert steppe.
Kemp et al. (2018) suggested that Artemisia frigida has good palatability, and that sheep preferentially
consumed Artemisia frigida under high stocking rates. Wang et al. (2018) researched the population
characteristics of Caragana microphylla across a stocking rate gradient in desert grassland and showed that
the height and cover of Caragana microphylla decreased significantly with increasing stocking rate, which
indicated that livestock consumption strongly inhibited the growth of Caragana microphylla . The height of
shrubs gradually decreased with increasing stocking rate, while the quantitative characteristics of individuals
(except for the height ofKochia prostrata , Caragana microphylla andCeratoides latens ) were highest under
LG, indicating that light grazing can inhibit the apical dominance of shrubby plants (Christie et al., 2014).

4.3 Succession pattern of the desert steppe plant community under a long-term stocking rate gradient

Plant communities in the desert steppe are developing in two opposite directions across the grazing rate
gradient. In the no grazing (CK) treatment, shrubs continue to proliferate and gradually develop into the
dominant population in the plant community, indicating a pattern of shrub encroachment under grazing
exclosure. Light grazing maintains a mixture of shrubs and herbaceous plants, supporting the results of
Kemp et al. (2018). Under long-term high stocking rates (MG, HG), particularly for HG, shrubs tend to
disappear, and herbaceous plants dominate the community. Perennial grasses have an absolute advantage
in the plant community at high stocking rates (Fig. 4). Among perennial grasses, the dominant species
of the plant community, Stipa breviflora , plays an important role (Lv et al, 2020), and its strong grazing
tolerance may be related to the fragmentation of plant clusters (Lv et al., 2019) and its sexual reproduction
characteristics (Liu et al., 2018). Preferential utilization of shrubs (including seeds and seedlings) by livestock
may help maintain desert steppe communities.

5 Conclusions

In desert steppe, the introduction of sheep grazing will not lead to shrub encroachment. Without grazing,
the desert steppe would be encroached by shrubs, while perennial grasses would have an absolute dominance
under chronic high stocking rates. The mixture of shrubby and herbaceous plants was dynamic across the
stocking rate gradient and desert steppe plant communities would have multidirectional succession pathways
under different long-term stocking rates.
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Figure legends:

Figure1 Schematic diagram of the grazing experiment plots. Dark color plots indicate systematic sampling
plots. The grazing experiment plots (each ca. 4.4 hm2) were arranged in a randomized complete block design,
which included four stocking rate treatments with three repeats of each stocking rate. The stocking rates
were 0, 0.91, 1.82, 2.71 sheep*hm-2*half year-1representing no grazing (CK), light grazing (LG), moderate
grazing (MG), and heavy grazing (HG), respectively.

Figure 2 The sample distribution for systematic sampling. The sample-plot size was 40 mx40 m, each
square was 2.5 mx2.5 m, and the solid circles represent the sample points.

Figure 3 Dynamic changes of accumulated above-ground standing crop of shrubby and herbaceous plants
during 2004-2017. CK, no grazing; LG, light grazing; MG, moderate grazing; HG, heavy grazing.

Figure 4 Triangular diagrams of the cover of shrubby plants, perennial grasses and other herbaceous plants.
CK, no grazing; LG, light grazing; MG, moderate grazing; HG, heavy grazing.

Figure 5 Cover of four species under different stocking rates. Mean values (+-SD; n = 9-15) of (A )
Artemisia frigida , (B)Kochia prostrata , (C) Caragana microphylla and (D)Ceratoides latens . Different
lowercase letters indicate that grand means differ significantly between the grazing treatments (P < 0.05).
CK, no grazing; LG, light grazing; MG, moderate grazing; HG, heavy grazing.

Figure 6 The quantitative characteristics of four species under different stocking rates. Mean values (+-
SD; n = 9-15) of (A-D )Artemisia frigida , (E-H) Kochia prostrata , (I-L)Caragana microphylla and (M-P)
Ceratoides latens . Different lowercase letters indicate that grand means differ significantly between the
grazing treatments (P < 0.05). CK, no grazing; LG, light grazing; MG, moderate grazing; HG, heavy
grazing.

Figure 7 Correlation diagram of four shrubs and stocking rate gradient. A. fri , Artemisia frigida ; K. pro
,Kochia prostrata ; C. mic , Caragana microphylla ;C. lat , Ceratoides latens . CK, no grazing; LG, light
grazing; MG, moderate grazing; HG, heavy grazing.
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