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Abstract 17 

Ecosystem stability is one of the main factors maintaining ecosystem functioning and 18 

is closely related to temporal variability in productivity. Resistance and resilience 19 

reflect tolerance and recovering ability, respectively, of a plant community under 20 

perturbation, which are important for maintaining the stability of ecosystems. Generally, 21 

heavy grazing reduces the stability of grassland ecosystems, causing grassland 22 

degradation. However, how livestock grazing affects ecosystem stability is unclear in 23 

alpine steppe ecosystems. We conducted a five-year grazing experiment with Tibetan 24 

sheep in a semi-arid alpine steppe on the Qinghai-Tibetan Plateau, China. The 25 

experimental treatments included no grazing (NG), light grazing (LG, 2.4 sheep per ha), 26 

moderate grazing (MG, 3.6 sheep per ha) and heavy grazing (HG, 6.0 sheep ha). We 27 

calculated resistance and resilience of three plant functional groups and ecosystem 28 

stability under the three grazing intensities using aboveground primary productivity. 29 

The results showed that with increasing grazing intensity, aboveground biomass of each 30 

functional group significantly decreased. As grazing intensity increased, the resistance 31 

of forbs first increased then decreased. The resistance of graminoids was significantly 32 

lower than legumes. The resilience of graminoids in HG was significantly lower than 33 

in LG and MG plots, but the resilience of legumes in HG was higher than in LG and 34 

MG plots. The resilience of graminoids was significantly higher than legume and forbs 35 

under LG and MG treatments. In HG treatments, resilience of legumes was higher than 36 

graminoids and forbs. Ecosystem stability did not change under different grazing 37 

intensities, because of dissimilar performance of the resilience and resistance of 38 



functional groups. Our results highlight how the differential resistance and resilience of 39 

different function groups facilitate the tolerance of alpine steppe to grazing under even 40 

a heavy intensity. However, the degradation risk of alpine steppe under heavy grazing 41 

still needs to be considered in grassland management due to sharp decreases of 42 

productivity induced by heavy grazing. 43 

Keywords: rotational grazing; community composition; regrowth ability; biomass 44 

production; semiarid alpine grassland; cold region  45 

 46 

1 Introduction 47 

Livelihood and recreation activities affect the structure and functioning of ecosystems. 48 

The ability of an ecosystem to adapt to disturbance is typically reflected by ecosystem 49 

stability, which is inversely related to temporal variability in community biomass 50 

production (Tilman, 1999; Cardinale et al., 2013). The resistance and resilience of a 51 

plant community to extraneous disturbances are important mechanisms that maintain 52 

the stability of ecosystems (Lake, 2013). Resistance is the ability of a plant community 53 

to tolerate disturbances without being damaged and resilience is the ability of a plant 54 

community to recover from a disturbance after a specific time period (Cole, 1995; Lake, 55 

2013). 56 

Grassland ecosystems are exposed to many disturbances, especially grazing 57 

(Koerner & Collins, 2014). Grasslands cover 30-40% of the Earth's terrestrial surface 58 

(Ramankutty et al. 2008) and 91% of them are used for grazing (Reid et al. 2008). 59 



Generally, grazing intensity strongly affects plant productivity and ecosystem stability. 60 

Optimal grazing maintains a greater level of ecosystem stability due to high functional 61 

diversity (Li et al., 2018). Moderate grazing increases temporal stability of plant 62 

communities by decreasing year-to-year variation in species richness (Beck et al., 2015). 63 

Under moderate grazing, low light competition and high regeneration rate results in 64 

coexistence of resource-acquisitive and stress-tolerant traits (Hallett et al., 2017). 65 

Compared to moderate grazing, heavy grazing can reduce functional diversity and 66 

species richness by decreasing grazing-intolerant species (Li et al., 2018) and decrease 67 

temporal ecosystem stability (Ren et al., 2018). However, in some grasslands with long 68 

grazing histories, relatively high pressure of grazing is needed to maintain community 69 

stability (Porensky et al., 2017). For example, in central Argentina, heavy grazing 70 

maintained ecosystem stability while low or moderate grazing induced community 71 

changes (Cingolani et al., 2014). 72 

In grazing systems, community composition and functional diversity are closely 73 

related to ecosystem stability (Hallett et al., 2017; Li et al., 2017). Commonly, in an 74 

ecosystem with a long grazing history, dominant species show strong resistance to 75 

livestock herbivory and are largely responsible for determining community response to 76 

grazing (Oñatibia et al., 2018). For example, in a mountain steppe, after long-term 77 

grazing, the cover of grazing-tolerant dominant sedges increased significantly under 78 

grazing and partially offset the cover decrease of palatable species (Khishigbayar et al., 79 

2015). 80 



The Qinghai-Tibetan Plateau, known as the ‘third pole’, is primarily dominated by 81 

alpine grassland ecosystems (Foggin, 2008). The alpine grasslands of the Qinghai-82 

Tibetan Plateau, however, are suffering from significant land degradation largely 83 

associated with overgrazing in recent decades (Harris, 2010). As a cold and high region, 84 

the grassland in the Qinghai-Tibetan Plateau is characterized by low productivity. In 85 

addition, plant productivity and community composition showed high inter-annual 86 

fluctuation due to variability in temperature and precipitation (Fan et al., 2010; 87 

Ganjurjav et al., 2018). High annual variability and low productivity lead to low 88 

temporal stability in the Qinghai-Tibetan Plateau grassland ecosystem. Many studies 89 

concluded that high intensity grazing could significantly reduce plant productivity in 90 

these grasslands (Ganjurjav et al., 2015; Zeng et al., 2015) and reduction of grazing 91 

pressure is critical for maintaining the function of grassland ecosystems (Fan et al., 92 

2010). In grassland ecosystems, there exist year-to-year variation in abundance of plant 93 

species and ecosystem productivity, and greater diversity leads to greater stability 94 

(Tilman et al., 2006). Our previous study confirmed that year-to-year variation of 95 

functional group proportion and community composition significantly affect plant 96 

diversity (Ganjurjav et al., 2018). However, how grazing intensity affects stability of 97 

grassland ecosystems by influencing functional groups in the Qinghai-Tibetan Plateau 98 

remains unclear. 99 

To address how grazing and its subsequent change of plant biomass impact 100 

ecosystem stability on the Qinghai-Tibetan Plateau, we conducted a five-year grazing 101 

experiment with different grazing intensities (none, low, moderate and heavy) in an 102 



area with a long history of moderate grazing. We hypothesized that low or moderate 103 

grazing would increase ecosystem stability while heavy grazing would decrease 104 

stability. 105 

2 Material and methods 106 

2.1 Study site 107 

The study was conducted in Amdo County (32°10′N, 92°33′E, 4600 m a.s.l.) in the 108 

Nagqu City of the Tibet Autonomous Region, China. The study site is characterized by 109 

a cold and dry continental climate. The annual mean temperature is -0.6 °C and annual 110 

precipitation was 450 mm between 1981 and 2010, with more than 80% of precipitation 111 

occurring in the period between June and September. During the experimental period 112 

(2006-2010), the total annual precipitation ranged from 378.3 mm to 543.9 mm and the 113 

mean annual temperature ranged from -2.0 °C to -1.0 °C (Table S1; data were obtained 114 

from the China Meteorological Data Sharing Service System of the China 115 

Meteorological Administration). At the study site, typical vegetation is alpine steppe 116 

dominated by Stipa purpurea. The soil is cold calcium purple clay, with sandy to sandy 117 

loamy texture. The shallow layer (0-10 cm) soil pH, soil organic carbon content and 118 

soil total nitrogen content were 8.40, 26.5 g kg–1 and 1.58 g kg–1, respectively. Based 119 

on a preliminary survey (unpublished data) the site has a long history of moderate 120 

intensity sheep grazing and was fenced in 2006. 121 

2.2 Experimental design and sampling 122 

2.2.1 Experimental design 123 



We fenced a 60.1 ha of alpine steppe in a flat area characterized by uniform vegetation 124 

and soil types. Based on grazing studies on the Qinghai Tibetan Plateau (Cao et al., 125 

2004; Dong et al., 2005), we implemented four stocking rate treatments, including no 126 

grazing (NG), light grazing (LG, 2.4 sheep per ha), moderate grazing (MG, 3.6 sheep 127 

per ha) and heavy grazing (HG, 6 sheep per ha) with the utilization of grazing animals 128 

by 0%, 30%, 50% and 70%, respectively, with Tibetan domestic sheep (Ovis aries, live 129 

weight ~40 kg). The experimental site was divided into three plots with 36 subplots 130 

(1.67 ha) for rotational grazing with a time interval of 10 days since 2006 (Fig. S1). A 131 

cage (area of 4 m2) was set up in each subplot to calculate the utilization percentage of 132 

sheep in each grazing rotation. After one grazing rotation, the cages were moved to 133 

another location in the subplot. The grazing treatments were implemented from late 134 

August to mid-September in 2006 and from mid-June to mid-September between 2007 135 

and 2010. There were three rounds of grazing for each subplot in 2006 and nine rounds 136 

from 2007 to 2010. 137 

2.2.2 Sampling 138 

Vegetation was sampled for plant species, plant height and aboveground biomass in 139 

each subplot using a quadrat method (Niu et al., 2016). Within each grazing round, we 140 

randomly sampled four 50 cm × 50 cm quadrants in each subplot and one quadrant in 141 

each cage. We recorded all plant species that appeared in the quadrant. Each sampling 142 

quadrant was divided into a grid of 100 squares of 5 cm × 5 cm to estimate the 143 

percentage of plant cover by visually recording the squares covered by plants. The same 144 

method was used to estimate the relative cover of each species. We randomly measured 145 



the mean height of 10 individuals of each species to assess the height of the plant 146 

community. If the number of individual available was less than 10, we measured all 147 

apparent individuals of the species. The same method was used to measure the height 148 

of all species in the community. We clipped the swards and the samples were oven-149 

dried for 48 h at 70 oC. We grouped the harvested plants into graminoids (including 150 

Gramineae and Cyperaceae species), legumes and forbs. 151 

2.3 Calculations 152 

The aboveground net primary productivity (ANPP) on the plots of the LG, MG and HG 153 

treatments was calculated as noted in equation 1. The ANPP for the plots on the NG 154 

treatment was represented by the highest aboveground biomass during the grazing 155 

period in each year. 156 

 157 

ANPP = BIOmax +∑SI     (Eq.1) 158 

 159 

Where SI = BIOc – BIOg; BIOmax is the highest aboveground biomass per year in 160 

each treatment, SI is the sheep intake, ∑SI is the sum of SI during the grazing period in 161 

each year; BIOc and BIOg are the aboveground biomass inside the cage and under 162 

grazing, respectively, after one grazing rotation of a subplot (Ganjurjav et al., 2015). 163 

In this study, the ecosystem stability was represented by the five year mean value 164 

of ANPP divided by their standard deviation (SD), i.e., mean ANPP / SD (Tilman, 165 



1999). 166 

We defined the short-term resistance of the alpine steppe to sheep grazing as the 167 

decrease of aboveground biomass immediately after grazing (Cole, 1995): 168 

1-(BIObg - BIOiag) × F / BIObg     (Eq. 2) 169 

Where F= (BIOiang - BIObg)/ BIOiang     (Eq. 3) 170 

where BIObg is biomass before grazing and BIOiag is biomass immediately after grazing 171 

in grazing subplots; and F is a modified coefficient, which excluded the non-grazing 172 

effects caused by other factors, calculated with the biomass before grazing (BIObg) and 173 

immediately after grazing (BIOiang) in the NG subplots. A higher value of resistance 174 

signifies a higher ability of the vegetation to survive from disturbances. 175 

In this study, we defined the short-term resilience of the alpine steppe from sheep 176 

grazing as the increase of aboveground biomass one month after grazing (Cole, 1995): 177 

1- (BIObg - BIOmg) × F / (BIObg - BIOiag)     (Eq. 4) 178 

Where F = BIOmng / BIObg     (Eq. 5) 179 

Where BIOmg is biomass one month after grazing; F is a modified coefficient; and 180 

BIOmng is biomass one month after the grazing experiment in the NG subplots. A higher 181 

short-term resilience signifies a stronger ability of the alpine meadow to recover from 182 

grazing. If the short-term resilience is equal to or greater than 1, this signifies that the 183 

vegetation was completely restored after the damage. 184 

The importance value (IV) was used to show the community composition under 185 



each grazing intensity. The IV was characterized by the average of relative biomass, 186 

relative height and relative cover of each species (Ren et al., 2013).  187 

 188 

IV = (Rci + Rhi + Rbi)/3     (Eq. 6) 189 

 190 

Where Rci is cover of species divided by sum of cover for all species. Rhi is height of 191 

species divided by sum of height for all species. Rbi is aboveground biomass of species 192 

divided by the sum of aboveground biomass for all species. 193 

2.4 Statistical analysis 194 

We used repeated measured analysis of variance (ANOVA) to test separate effects of 195 

year, functional group, grazing and their interactive effects on aboveground biomass, 196 

resistance and resilience of alpine plants. A Bonferroni test was used to compare the 197 

differences of aboveground biomass, resistance and resilience of alpine plants among 198 

years and experimental treatments and functional groups. We used one-way ANOVA 199 

to test effects of grazing intensity on ecosystem stability. Tukey’s test was used to 200 

examine the differences of ecosystem stability among each treatment. Differences were 201 

evaluated at the 0.05 significance level (p < 0.05). Correlation analysis was used to test 202 

the correlations of resistance and resilience to grazing intensity and the correlations of 203 

ecosystem stability to resistance and resilience of each functional group. We checked 204 

normality of residuals and homogeneity of variances before the analysis. We performed 205 

the data analysis in software IBM SPSS version 22. 206 



3 Results 207 

3.1 Changes of plant productivity and community composition under different 208 

grazing intensities 209 

During the experimental period, there were significant interactive effects of year, 210 

functional group and grazing on the aboveground biomass of plants (p = 0.002, Table 211 

1). Aboveground biomass of graminoids, legumes and forbs decreased significantly in 212 

most years under grazing treatments compared to NG (Fig. 1a-c). Five year mean values 213 

showed that the greatest decrease of aboveground biomass of graminoids, legumes and 214 

forbs reached 32.8%, 62.7% and 53.2%, respectively, in HG treatment, relative to NG 215 

(p < 0.001, Fig. 1d). The importance value of Stipa purpurea, a dominant graminoid, 216 

did not significantly change while the importance value of Poa pratensis and Koeleria 217 

argentea decreased under grazing treatments (Table S2). For legumes, the importance 218 

value of Astragalus pulvinatus and Oxytropis microphylla marginally decreased under 219 

grazing (Table S2). 220 

Table 1 Results of repeated measure ANOVA for effects of year, functional 221 

group, grazing and their interactions on aboveground biomass, resistance and 222 

resilience. 223 

Factors Aboveground biomass Resistance Resilience 

df F p df F p df F p 

Functional group (F) 2 1458.6 <0.001 2 2.40 0.119 2 27.05 <0.001 

Grazing (G) 3 40.54 <0.001 2 0.10 0.903 2 12.41 <0.001 



F × G 6 9.18 <0.001 4 1.09 0.391 4 20.54 <0.001 

Year (Y) 4 34.81 <0.001 4 2.87 0.060 4 41.92 <0.001 

Y × F  8 19.96 <0.001 8 0.52 0.836 8 18.67 <0.001 

Y × G 12 3.71 <0.001 8 0.38 0.922 8 4.82 0.001 

Y × F × G  24 2.33 0.002 16 0.55 0.907 16 4.29 <0.001 

 224 

Fig. 1 Aboveground biomass of each functional group in each year under 225 

different grazing intensities. (a): aboveground biomass of graminoids; (b): 226 

aboveground biomass of legumes; (c): aboveground biomass of forbs; (d): 227 

comparison of aboveground biomass of different functional groups under 228 

different grazing intensities. NG: no grazing, LG: light grazing, MG: moderate 229 

grazing, HG: heavy grazing. The data shown here are mean ± SE. Different 230 

lowercase letters indicate significant differences among treatments in the same 231 

year in (a), (b) and (c) (p < 0.05); different lowercase letters indicate significant 232 



differences among treatments in the same functional group in (d) (p < 0.05); 233 

different capital letters indicate significant differences among functional groups 234 

in the same treatment in (d) (p < 0.05). 235 

 236 

3.2 Plant resistance to livestock grazing 237 

Resistance is the ability of a plant community to tolerate disturbances without being 238 

damaged. There were no significant interactive effects of year, functional group and 239 

grazing on plant resistance. There was annual variation of resistance of plants (p = 240 

0.060), which reached relatively higher values in 2006 than other years (Fig. 2a). 241 

Grazing intensity had no significant effects on plant resistance (p = 0.861, Table 1, Fig. 242 

2b). The resistance of graminoids, legumes, and forbs were 1.01, 1.16, and 1.04, 243 

respectively (p = 0.034, Table 1, Fig. 2c). With the increase of grazing intensity, the 244 

resistance of forbs increased first and then decreased (Fig. S2c, n=45, r2 = 0.276, p < 245 

0.001). However, there had no significant correlations between grazing intensity and 246 

resistance of graminoids and legumes (Fig. S2a,b). 247 

 248 

 249 



Fig. 2 Effects of year, grazing and functional group on resistance. LG: light 250 

grazing, MG: moderate grazing, HG: heavy grazing. The data shown here are 251 

mean ± SE. 252 

 253 

3.3 Plant resilience to livestock grazing 254 

Resilience is the ability of a plant community to recover from a disturbance after a 255 

specific time period. Year, functional group and grazing had significant interactive 256 

effects on plant resilience (p < 0.001, Table 1). For graminoids, resilience decreased 257 

with the increase of grazing pressure in 2008 and 2009 (Fig. 3a). Overall, the resilience 258 

of graminoids decreased 15.5% in HG compared to LG (p < 0.001, Table 1, Fig. 3d). 259 

In 2006 and 2009, the resilience of legumes was higher in LG than MG and HG (Fig. 260 

3b). Overall, with the increase of grazing intensity, the resilience of legumes decreased 261 

first and then increased (Fig. S2e, n=45, r2 = 0.232, p = 0.004). The resilience of forbs 262 

was significantly higher in 2009 than other years and showed different responses to 263 

grazing between 2006 and 2007 (Fig. 3c). The resilience of graminoids was 264 

significantly higher than for legumes and forbs under LG and MG treatments (p < 0.001, 265 

Fig. 3d). In HG treatments, resilience of legumes was higher than graminoids and forbs 266 

(p < 0.001, Fig. 3d).  267 



 268 

Fig. 3 Resilience of each functional group in each year under different grazing 269 

intensities. (a): resilience of graminoids; (b): resilience of legumes; (c): resilience 270 

of forbs; (d): comparison of resilience of functional groups under different grazing 271 

intensities. LG: light grazing, MG: moderate grazing, HG: heavy grazing. The 272 

data shown here are mean ± SE. Different lowercase letters indicate significant 273 

differences among treatments in the same year in (a), (b) and (c) (p < 0.05); 274 

different lowercase letters indicate significant differences among treatments in the 275 

same functional group in (d) (p < 0.05); different capital letters indicate significant 276 

differences among functional groups in the same treatment in (d)(p < 0.05).  277 

 278 

3.4 Ecosystem stability under livestock grazing 279 

After a five-year grazing experiment, ecosystem stability did not change within grazing 280 

treatments compared to the NG treatment (p > 0.05; Fig. 4a). The resistance of each 281 



functional group did not significantly correlate with ecosystem stability (p > 0.05; Fig. 282 

4b). The resilience of legumes positively correlated with and accounted for 46.7% of 283 

the variation in ecosystem stability (n = 9, p < 0.05; Fig. 4c). 284 

 285 

Fig. 4 Change in ecosystem stability under different grazing intensities and its 286 

correlations with resistance and resilience for each functional group. LG: light 287 

grazing, MG: moderate grazing, HG: heavy grazing. The data shown here are  288 

mean ± SE. 289 

 290 

4 Discussion 291 

More than 90% of grassland ecosystems are grazed by large herbivores (Reid et al. 292 

2008). Stable production of grassland ecosystems not only maintains ecosystem 293 

functioning but also supports livestock production on grazing lands. In grassland 294 

ecosystems with long grazing histories, species are generally tolerant to grazing 295 

(Milchunas and Lauenroth, 1993). Inconsistent with our hypothesis, our experimental 296 

results showed that although grazing decreased plant productivity and changed plant 297 

community composition, ecosystem stability did not change under all grazing 298 



intensities compared to control. 299 

There is an optimum grazing intensity in grasslands that maintains ecosystem 300 

structure and function (Li et al., 2017). Overgrazing may destroy the functioning of a 301 

grassland: plant cover and plant height tend to decline first (Fu et al., 2012), followed 302 

by floristic biodiversity and productivity (Li et al., 2008; Speed et al., 2013). Too light 303 

intensity of grazing may also lead to compositional change and species invasion 304 

(Porensky et al., 2017). We also found that plant productivity decreased with increasing 305 

grazing intensity and compositional change under grazing. 306 

Generally, livestock grazing strongly affects plant community composition 307 

(Milchunas and Lauenroth, 1993). However, the magnitude and direction of community 308 

composition change under grazing are site specific due to grazing history, 309 

environmental condition and grassland types (Semmartin et al., 2004; Gornish et al. 310 

2018). In many systems, grazing leads to replacement of highly palatable species like 311 

graminoids by less palatable species like some forbs (Diaz et al., 2007; Jones et al., 312 

2011). We also found that grazing decreased the dominance of graminoids like Poa 313 

pratensis and Koeleria argentea. The diet preference of livestock tends to result in a 314 

decrease in graminoids and an increase in forbs (Yang et al., 2016). However, some 315 

graminoids like Stipa purpurea, with a high ability to regenerate, do not demonstrate 316 

large responses to grazing (Miehe et al., 2011). 317 

Resistance and resilience are two main indicators of ecosystem stability. The 318 

palatability of species partly determines its resistance to grazing due to selective 319 



livestock biting. For example, livestock prefer to graze graminoids rather than other 320 

functional groups (Adler et al., 2005). Except for biting, trampling is a main disturbance 321 

from grazing (Jones et al., 2011). In our experiment, the resistance of legumes was 322 

marginally higher than graminoids because Astragalus strictus and Oxytropis 323 

microphylla are unpalatable species. Moreover, these legumes are characterized as 324 

shrubs or semi-shrubs, which have high resistance to trampling. Optimal grazing 325 

intensity is beneficial to species coexistence and leads to an increase of species richness 326 

(Niu et al., 2016). Our results showed that moderate grazing pressure increased the 327 

importance value of forbs and resulted in relatively higher resistance (Table S2, Fig. 328 

S2). 329 

Resilience is mainly correlated with the regenerative ability of a plant. In general, 330 

graminoids have a number of traits to evade or tolerate grazing, including the presence 331 

of basal meristems, high shoot density, rapid transpiration and growth (Coughenour, 332 

1985). For example, graminoids store carbon and nitrogen in sub-surface crowns and 333 

roots, which supports regrowth, combined with high transpiration rate, and helps plants 334 

recover from biomass loss after disturbance (Coughenour, 1985). In the alpine steppe 335 

on the Qinghai-Tibetan Plateau, many graminoids were characterized as 336 

hemicryptophyte and, subsequently, the bud was protected from grazing, which results 337 

in high regrowth rate after exposure to livestock (Miehe et al., 2011). Our results also 338 

showed that under low or moderate grazing, resilience of graminoids was significantly 339 

higher than legumes and forbs. However, under heavy grazing conditions, resilience of 340 

legumes was higher than graminoids (Fig. 3d). This may result from livestock 341 



increasing offtake of unpalatable legumes under heavy grazing due to a decrease of 342 

other more palatable species. 343 

Ecosystem stability is closely correlated with productivity and the temporal 344 

variability of productivity (Tilman, 1999). In grassland ecosystems, grazing create 345 

more stable vegetation patterns than no grazing (Dumont et al., 2012; Pillar et al., 2013). 346 

For example, a semiarid shortgrass steppe is tolerant of high grazing intensities and 347 

requires a certain level of grazing to maintain ecosystem stability (Porensky et al., 2017). 348 

These results are consistent with our findings. We also found that ecosystem stability 349 

was significantly correlated with the resilience of legumes but was not correlated with 350 

plant resistance. In a rotational grazing system, grasslands have a certain time to regrow 351 

after every round of grazing. Therefore, the regenerative ability of plants after grazing 352 

may be more important than resistance to maintain stable biomass production. 353 
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