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Summary 41 

A central question in restoring degraded grasslands is whether grazing removal can 42 

sustain viable plant populations under both current and future warming conditions. 43 

Addressing this question requires demographic studies integrating vital rates’ 44 

responses to grazing removal and climate warming throughout a species’ life cycle. 45 

However, studies of this nature are rare. Using stochastic Integral Projection Models 46 

parameterized with four years (2020−2023) of demographic data, we find that nine 47 

years of grazing removal increases the stochastic population growth rate (logλS) of 48 

two coexisting herbaceous plants, Carex atrofusca and Sibirotrisetum sibiricum at two 49 

altitudes (3,700 m and 4,000 m) in an alpine grassland on the Tibetan Plateau. 50 

Although individual survival declines following grazing removal, these negative 51 

effects are overcompensated by enhanced plant growth, ultimately promoting logλS in 52 

both species. However, the benefits of grazing removal are cancelled under nine years 53 

of in situ active warming (+2�), where no demographic compensation occurred (i.e., 54 

vital rates change in the opposite directions among populations), and logλS are even 55 

lower than those under grazing. Our findings suggest that while grazing removal is a 56 

sustainable management strategy under current climate conditions, it may not remain 57 

effective under projected warming, providing valuable information for sustainable 58 

population management under global change. 59 

 60 

Keywords: alpine plants, demographic compensation, grazing removal, long-term 61 

climate warming, stochastic population dynamics. 62 
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Introduction 64 

Livestock grazing is a major anthropogenic disturbance to global biodiversity 65 

(Watkinson & Ormerod 2001; Gao & Carmel 2020). Overgrazing poses a severe 66 

threat to species’ viability worldwide (Hejcman et al. 2013; Bardgett et al. 2021; Sun 67 

et al. 2022). To protect species in danger, grazing removal has been extensively 68 

implemented as a conservation management practice (Verdoodt et al. 2009; Golodets 69 

et al. 2010; Wang et al. 2022; Schrama et al. 2023). However, quantitatively assessing 70 

the extent to which grazing removal can shape population viability is challenging, as 71 

it requires demographic studies integrating vital rates (e.g., survival, growth, and 72 

reproduction) over an entire life cycle in response to long-term grazing removal. 73 

Furthermore, grazing removal may alter multiple vital rates simultaneously, with the 74 

magnitude and direction of these effects varying according to the environments 75 

inhabited by the populations (Jónsdóttir 1991; Maron et al. 2014; Larios & Hallett 76 

2022). However, we still lack mechanistic insights into impacts of such vital rates’ 77 

responses to grazing removal on the long-term population viability. This knowledge 78 

gap hinders our ability to design effective grazing management to protect populations 79 

of conservation concern. 80 

Whether species can maintain viable populations under grazing removal may 81 

depend on long-term climate warming (Zhong et al. 2019; Wang et al. 2022). It may 82 

take multiple years for populations, especially populations of perennials, to respond to 83 

elevated temperature (Tenhumberg et al. 2018; Evers et al. 2021; Miao et al. 2025). 84 

Existing findings about the impacts of climate warming on the viability of ungrazed 85 

population are inconsistent, with negative and positive effects being documented at 86 

the demography in a few demographic studies (Williams et al. 2007; Evju et al. 2010, 87 

2011; Sletvold et al. 2013). For example, Evju et al. (2010) reported that elevated 88 

temperatures in July decreased both survival and growth of the small herb Viola 89 

biflora in an alpine habitat, thereby accelerating its population decline following 90 

cessation of grazing. Conversely, Sletvold et al. (2013) found that elevated summer 91 

temperatures enhanced survival and growth of the rare orchid Dactylorhiza lapponica 92 

in the boreal zone, thereby promoting its population growth under grazing removal. 93 
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Additionally, Williams et al. (2007) demonstrated that four years of warming by 2°C 94 

reduced the population growth of four coexisting perennial plant species under 95 

grazing removal in southeastern Australia. One reason for such inconsistent findings 96 

may be that most results are based on short-term warming scenarios (e.g., lasting a 97 

month, a season, or less than five years), which only capture the transient dynamics of 98 

ungrazed populations under climate warming. However, plant populations may take 99 

multiple years, or even decades, to fully respond to climate warming (Tenhumberg et 100 

al. 2018; Evers et al. 2021; Miao et al. 2025). Furthermore, it is unclear to what extent 101 

warming effects on population dynamics influence the outcomes of grazing removal. 102 

These knowledge gaps hamper our ability to prospectively assess the impact of 103 

grazing removal on population dynamics in the face of warming climate. 104 

The effects of grazing removal on population viability under both ambient and 105 

warmed conditions are inherently determined by the integrated response of all the 106 

demographic rates. Grazing removal may affect demographic rates differently, not 107 

only in magnitude but also in direction (Jónsdóttir 1991; Maron et al. 2014; Larios & 108 

Hallett 2022). When declines in some demographic rates are offset by increases in 109 

others, the overall population-level effects of grazing removal could be alleviated or 110 

cancelled out, a phenomenon known as “demographic compensation” (Villellas et al. 111 

2015; Sheth & Angert 2018). For instance, Evju et al. (2010) reported that the alpine 112 

plant Viola biflora compensated for reduced growth through increases in fecundity 113 

and stasis, thereby alleviating population decline under grazing removal. In contrast, 114 

populations lacking demographic compensation are more prone to decline under 115 

grazing removal (Li et al. 2013; Larios & Hallett 2022). Furthermore, the extent to 116 

which population persistence is affected by grazing removal depends not only on the 117 

magnitude of changes in vital rates but also on the sensitivity of population growth to 118 

these changes (de Kroon et al. 2000; Villellas et al. 2015). Consequently, 119 

comprehensive modeling that accounts for the cumulative effects of all demographic 120 

rates is essential for accurately assessing population viability. Evaluating the presence 121 

of demographic compensation under both ambient and warmed conditions is crucial 122 

for predicting population responses and informing adaptive grazing management 123 
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under climate change.  124 

Alpine grasslands are among the most vulnerable ecosystems to grazing activity 125 

and climate warming (Körner 2007; Elsen & Tingley 2015; Seddon et al. 2016). The 126 

Tibetan Plateau, often referred to as the “Third Pole,” has undergone decades of 127 

intensive overgrazing coupled with a rapid warming rate—nearly twice the global 128 

average (Wang et al. 2022; Yao et al. 2022). Therefore, understanding the 129 

demographic consequences of grazing removal and climate warming on the Tibetan 130 

Plateau is crucial for informing the management of such critical susceptible alpine 131 

ecosystems. Moreover, such insights can offer early warning signals for the 132 

conservation of other ecosystems. While previous studies have found that grazing 133 

removal increases aboveground biomass in alpine grasslands on the Tibetan Plateau, 134 

such positive effects diminish with altitude (Wang et al. 2022; Xiang et al. 2023). 135 

However, it remains unclear how alpine plant population maintenance will respond to 136 

grazing removal and climate warming, and whether such effects will be weakened at 137 

higher altitudes. 138 

Here, we assess the effectiveness of grazing removal in both ambient and 139 

warmed condtions for two coexisting alpine species, Carex atrofusca and 140 

Sibirotrisetum sibiricum on the alpine grassland of the Tibetan Plateau. We tracked the 141 

population dynamics of both species in grazed, ungrazed and ungrazed + warmed 142 

plots across four years (2020-2023) at different altitudes (3,700 m versus 4,000 m). 143 

We utilized these demographic data to parameterize stochastic integral projection 144 

models (stochastic IPMs) (Rees & Ellner 2009; Ellner et al. 2016). We conducted a 145 

small noise approximation life table response experiment (SNA-LTRE) to decompose 146 

differences in stochastic population growth rates into contributions from differences 147 

in means, elasticities, variability and correlations in vital rates (Davison et al. 2013; 148 

Davison et al. 2019). We used stochastic population models to test the following 149 

hypotheses: (1) grazing removal will positively affect vital rates and subsequently 150 

increase the long-term population growth rate, because alpine plants are generally 151 

favored by herbivory removal. However, the positive effects are expected to diminish 152 

towards higher altitude, as the beneficial effects of grazing removal on alpine plants 153 
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weaken with altitude. (2) Climate warming under grazing removal will negatively 154 

affect vital rates and consequently reduce the long-term population growth rate, 155 

because alpine plants are generally vulnerable to elevated temperature. Moreover, the 156 

negative effects are predicted to exacerbate towards higher altitude, as alpine plants 157 

exhibit greater vulnerability at higher elevations. (3) Overall, the negative effects of 158 

climate warming under grazing removal on population growth will outweigh the 159 

positive effects of grazing removal, because climate change is a dominant driver of 160 

grassland change on the Tibetan Plateau (Zhong et al. 2019; Wang et al. 2022). 161 

 162 

Materials and Methods 163 

Study area and experimental design 164 

The study was conducted at the Qinghai Haibei National Field Research Station of 165 

Alpine Grassland Ecosystem, located in the northeastern of the Tibetan Plateau, 166 

Qinghai Province, China (37°36′ N, 101°19′ E; Figure 1a). The region experiences a 167 

typical alpine climate characterized by short, cool summers and long, cold winters. 168 

The mean annual temperature is -1.1 �, with the warmest month (June) averaging 169 

10.4 � and the coldest month (January) averaging -14.6 �. The mean annual 170 

precipitation is 481 mm, over 80% of which falls during the growing season (May to 171 

September), primarily as rainfall. The study area is covered by alpine meadow, with 172 

the vegetation dominated by perennial herbaceous species (Figure 1a). Livestock 173 

husbandry is the primary land use in the region due to the extensive rangeland area. 174 

The study sites have experienced a long grazing history by sheep and cattle. However, 175 

improper grazing management, particularly overgrazing resulting from rangeland 176 

privatization, is believed to cause severe rangeland degradation or even desertification 177 

(Wang et al. 2022). 178 

To assess the effects of grazing removal and climate warming on alpine plants, a 179 

manipulative field experiment was established along an altitudinal gradient (3,200 m, 180 

3,700 m and 4,000 m) during 2014-2015 (Figure 1b; Table S1). At each altitude, three 181 

treatments were implemented: grazed, ungrazed and ungrazed + warmed (Figure 1c), 182 

with 3-6 replicate plots per treatment (Table S2). Grazed plots were situated in 183 
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ambient areas subjected to ongoing livestock grazing by cattle and sheep. Adjacent to 184 

these plots, ungrazed plots were fenced with 1.8 m high wire mesh to exclude 185 

livestock. To simulate climate warming under grazing removal, transparent hexagonal 186 

open-top chambers (OTCs) were installed in the ungrazed plots. Each OTC had an 187 

internal diameter of 1.5�m and a height of approximately 0.65�m. This design is 188 

commonly used in remote alpine ecosystems to passively elevate temperature 189 

(Elmendorf et al. 2012; Prager et al. 2022). The OTCs increased the mean air 190 

temperature by ~2� and soil temperature in the top 5 cm layer by ~1� (Prager et al., 191 

2022), consistent with the predicted warming of 2� by 2050 (IPCC 2023). Notably, 192 

the warming treatment was only applied within the ungrazed plots to avoid 193 

confounding effects of livestock trampling on the OTC structure. 194 

 195 

 196 

Figure 1 Two co-occurring alpine herbaceous species, Carex atrofusca subsp. minor (Boott) T. 197 

Koyam and Sibirotrisetum sibiricum (Rupr.) Barberá under a long-term grazing removal and 198 

warming experiment along an altitudinal gradient (3,700 m and 4,000 m) on the Tibetan 199 

Plateau. (a) The geographic location and altitude of the study site on the Tibetan Plateau. (b) 200 

The altitudinal gradient includes 3,200 m, 3,700 m and 4,000 m. As the individual number of 201 

our study species at 3,200 m was insufficient for demographic study, we focused solely on 202 

sites at 3,700 m and 4,000 m. (c) The experimental treatments at each altitude include grazed, 203 

ungrazed and ungrazed + warmed. (d) The study species, C. atrofusca and S. sibiricum, at the 204 

study site. 205 

 206 
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Study species and demographic data 207 

To compare the effects of grazing removal and climate warming on the population 208 

performance of alpine plant species inhabiting the same habitats, we selected two 209 

co-occurring alpine species: Carex atrofusca subsp. minor (Boott) T. Koyam and 210 

Sibirotrisetum sibiricum (Rupr.) Barberá. Both species are common species in our 211 

study area but differed in taxonomic family and reproductive traits. The plant of C. 212 

atrofusca is a perennial sedge with flattened basal leaf blades at the base and 2~5 oval 213 

spikes borne terminally on a single erect culm at the reproductive stage (Figure 1d). 214 

The plant of S. sibiricum is a perennial herb with flattened leaf blades at the base and 215 

1-30 loose panicles borne terminally on erect culms at the reproductive stage (Figure 216 

1d). Despite their morphological differences, both species share a similar life history: 217 

they sprout new leaves annually, regrow in late April, develop flowering stems from 218 

the leaf base in May, flower in late June, set fruit from July to August, and their 219 

aboveground parts wither in winter. Recruitment in both species primarily occurs 220 

through seed germination in the following spring. The plant of C. atrofusca 221 

propagates vegetatively via horizontally spreading rhizomes that produce new ramets, 222 

while S. sibiricum exhibits strong tillering, with tillers capable of developing into 223 

independent individuals. The plant of C. atrofusca has a broad distribution across the 224 

Arctic and the alpine regions of Central Asia, Europe and North America 225 

(Schonswetter et al. 2006), thriving at elevations from 2,200 to 4,600 m. The plant of 226 

S. sibiricum is widespread across temperate regions of Europe and Asia, occurring 227 

between 750 and 4,200 m in elevation. Both species are ecologically important as 228 

forage plants in alpine grasslands. 229 

To examine the effects of grazing removal and climate warming on demographic 230 

processes, we conducted annual censuses of both focal species in August from 2020 to 231 

2023. In the first census, we measured plant height of both species, which served as a 232 

proxy for individual-level state variable (Struckman et al. 2019; Miao et al. 2025). We 233 

also recorded the reproductive status of each individual for both species in each plot 234 

and counted the number of spikes or panicles produced by each reproductive 235 

individual. Upon the first measurement, we tagged each individual with a stainless 236 
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steel label and recorded its Cartesian coordinates within the plots to allow tracing 237 

through time. In the subsequent annual census from 2021 to 2023, we checked the 238 

survival status of all tagged individuals, remeasured plant height, and recorded the 239 

aforementioned reproductive characteristics on surviving ones. We also located and 240 

measured new recruits within the plots. Since reproductive individuals of both species 241 

typically produce large quantities of seeds, and it is impossible to distinguish whether 242 

new recruits originate from seeds or from vegetative propagation (ramets or tillers), 243 

we assumed that reproduction was generally size-dependent. Specifically, the number 244 

of seeds and vegetative offspring produced by an individual was assumed to be 245 

linearly related to its size (Verburg et al. 1996). Accordingly, the number of new 246 

recruits produced per individual was estimated by multiplying its size ��� by the 247 

ratio � ∑ �⁄ , where � is the total number of new recruits in the current year and ∑ � 248 

is the sum of the sizes of all individuals in the previous year within each plot (Li et al. 249 

2013; Li et al. 2015). In total, we tracked 1,904 individuals of C. atrofusca and 1,395 250 

individuals of S. sibiricum across all plots located at 3,700 m and 4,000 m (Table S2). 251 

Because the number of individuals at 3,200 m was insufficient for demographic 252 

analysis, we focused solely on the sites at 3,700 m and 4,000 m. 253 

 254 

Environmental variation  255 

To evaluate how environmental variation affect population dynamics under different 256 

grazing intensities, each census period (i.e., environmental condition) were classified 257 

into one of three environmental states: dry, normal, and wet years. This classification 258 

was based on total annual precipitation, a key proxy for plant population dynamics 259 

(van de Pol et al. 2016; Wang et al. 2020). Specifically, dry years had total 260 

precipitation lower than 1 standard deviation, while wet years had total precipitation 261 

greater than 1 standard deviation (Xu et al. 2020). To accurately capture the 262 

demographic responses to environmental variation, total annual precipitation was 263 

calculated by summing the precipitation from October at year t to September at year t 264 

+ 1 (van de Pol et al. 2016; Wang et al. 2020). Based on the long-term precipitation 265 

records spanning 1980-2023, normal years were observed from 2020 to 2021, 266 

followed by a wet year in 2021-2022 and a dry year in 2022-2023 (Appendix S1: 267 
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Figure S1). To incorporate temporal autocorrelation among environmental conditions 268 

into stochastic simulations of population dynamics, we defined a discrete Markov 269 

chain consisting of three environmental states. Transition probabilities between states 270 

were estimated from long-term precipitation records (Appendix S1: Figure S2). 271 

 272 

Demographic rate estimates 273 

To assess the effects of grazing removal and climate warming on demographic 274 

processes along an altitudinal gradient, we employed regression models to relate each 275 

demographic rate to the log-transformed plant height and treatments at each altitude. 276 

Demographic data were collected under each treatment at each altitude over four 277 

annual censuses (three transitions), resulting in a total of 18 populations for C. 278 

atrofusca and 15 for S. sibiricum. These data were then pooled and used to fit 279 

regression models for five vital rates that collectively determine population dynamics: 280 

(a) survival, (b) size changes (i.e., growth and shrinkage), (c) probability of 281 

reproduction, (d) fecundity, and (e) recruit size. Probability of survival and 282 

reproduction were modeled from the Binomial family with the logit link function. 283 

Size changes and recruit size were modeled from the Gaussian family. Fecundity was 284 

modeled from the beta family with the logit link function (Cribari-Neto & Zeileis 285 

2010). 286 

To identify the best predictors of each demographic rate, we constructed multiple 287 

regression models incorporating fixed effects of the log-transformed plant height, 288 

treatments, and their interaction, as well as random effects of year and plot (Table S3; 289 

Ellner et al. 2016; Tredennick et al. 2018). Models were fitted using the R packages 290 

lme4 and glmmTMB (Bates et al. 2015; Brooks et al. 2017). We compared candidate 291 

models using Akaike’s Information Criterion corrected for small sample size (AICc) 292 

to select the best-supported model for each demographic rate (Table S4; Burnham & 293 

Anderson 2004). To evaluate the fixed effects in the best-supported model of each 294 

demographic rate, Wald chi-squared tests were conducted using the R packages ‘car’ 295 

(Fox & Weisberg 2019), and significance was determined using type-II tests (Table 296 

S5). To evaluate the random year effects in the best-supported model, Likelihood ratio 297 
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tests (LRT) were performed by comparing models with and without the year term 298 

(Yang 1998), with significance determined using Chi-squared test (Table S5). 299 

 300 

Population dynamics model 301 

To quantify the effects of grazing removal and climate warming on long-term 302 

population dynamics of alpine species, we constructed stochastic Integral Population 303 

Model (IPMs) of both study species (Rees & Ellner 2009). IPMs use information on 304 

how an individual’s state influences vital rates to project population change in discrete 305 

time (Easterling et al. 2000). Each IPM was parameterized with multi-year estimates 306 

of vital rates derived from the best-supported vital rate models. In our IPMs, the 307 

continuous state variable was the log-transformed plant height log��height� and the 308 

discrete time step (from � to � � 1) corresponded to one year. The time-varying 309 

size-structed IPM is  310 

���, � � 1� � � ����, �; ����� � ���, �; ������ ���, ����
�

�

#�1�  

where L and U are the lower and upper bounds on the range of possible heights 311 

log��height� for all treatments, and ���� is a vector of year-specific parameters, 312 

assumed to vary over time. The variable ���, �� is the distribution of log��height� 313 

� at time �, and ���, � � 1� is the distribution of log��height� � at time � � 1. 314 

The expression ���, �; ����� � ���, �; �����  is called the kernel,  ��, �; ����� , 315 

which is a non-negative surface describing all possible demographic transitions from 316 

log��height�  �  at time �  to log��height�  �  at time � � 1 . The function 317 

���, �; ����� comprises the survival-growth component of a time-varying IPM and 318 

can be decomposed into two functions that determine the probability of survival of an 319 

individual at log��height� �, !��; �����, and the likelihood that the individual will 320 

grow from log��height� � to log��height� � over a year, "��, �; �����, such that 321 

���, �; ����� � !��; ����� "��, �; ����� . The function ���, �; �����  comprises 322 

reproductive component of a time-varying IPM and can be decomposed into three 323 

functions that determine the probability of reproduction of an individual at 324 

log��height� �, ����; �����, the number of new recruits produced per individual at 325 

log��height�  � , ����; �����  and the probability distribution of recruit size 326 
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����; �����, such that ���, �; ����� � ����; ����� ����; �����  ����; �����.  327 

To assess the effects of grazing removal and climate warming on the long-term 328 

population persistence, we calculated the stochastic population growth rate (log λ�) 329 

for both species under each treatment and altitude. The log λ� is given by the 330 

long-run geometric mean of annual growth rates (Rees & Ellner 2009): 331 

log λ� � $ %log &'�	�

'�

() #�2�  

where '� is the total population size summed across sizes at time t and E represents 332 

the expected value. The log λ� indicates whether a population will increase (log λ� > 333 

0) or decline to extinction (log λ� < 0) for a long time (Tuljapurkar 1990). We first 334 

discretized the time-varying IPM kernel into three large transition matrices of size 30 335 

× 30 using the midpoint rule (Ellner & Rees 2006). Using a sequence of Markovian 336 

environmental states derived from these matrices (Appendix S1: Figure S2), we then 337 

simulated population dynamics for 10,000 years. We then calculated the geometric 338 

mean growth rate of the latter T = 9,000 years (discarding the first 10% as transient 339 

dynamics; Elderd & Miller 2016). To estimate the uncertainty in log λ� , we 340 

bootstrapped the demographic data 1,000 times for each species to obtain the 95% 341 

confidence interval of log +
 (Andrello et al. 2020). To examine the effect of grazing 342 

removal and climate warming on log λ�, we calculated the pairwise difference in 343 

log λ� (Δ log λ�) between grazing removal and grazing, and climate warming and 344 

grazing removal), as well as their 95% confidence intervals. Furthermore, the 345 

aforementioned bootstrapped samples were employed in the subsequent population 346 

dynamics analysis. 347 

 348 

Small noise approximation life table response experiment 349 

To evaluate how demographic rates contributed to Δ log λ�, we performed a small 350 

noise approximation life table response experiment (SNA-LTRE; Davison et al. 2013). 351 

The Δ log λ� was decomposed into the contributions -��,��
 , arising from differences 352 

in each descriptor . (means /; coefficients of variation 0; temporal correlations 1; 353 

elasticities 2) of stage-specific vital rates 3� (survival !�; shrinkage "�,�
� ; growth 354 

"�,�
	 ; reproduction ��,�; fecundity ��,�; recruit size ��,�): 355 

Δ log λ� 4 5 -���
�

� 5 -��,���

�,�

� 5 -��,���

�,�

� 5 -��,���

�,�

#�3�  
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We then derived the contributions -�
 of each vital rate k and each descriptor φ by 356 

summing the -��,��
  across either stage-specific vital rates or descriptors. To 357 

compared relative total effects of each descriptor, we calculated their proportional 358 

contributions as 7-
7
%

� �7∑ -�
� 7 �∑ 7∑ -�
� 7
 �8 � 9 100 (Davison et al. 2019). 359 

 360 

Results 361 

The impact of grazing removal and climate warming at different altitudes on 362 

demographic processes 363 

To examine the effects of grazing removal and climate warming on the demographic 364 

processes of two co-occurring species, C. atrofusca and S. sibiricum, we used 365 

regression models to relate vital rates to log-transformed plant height and treatments 366 

at each altitude (3,700 m and 4,000 m). We found that treatments within each altitude 367 

and plant size significantly affected all demographic rates of both species, with 368 

considerable temporal variation across years (Table S5). The effects of treatments 369 

differed among demographic rates, across plant sizes, and between species (Figure 2a, 370 

c). Grazing removal consistently decreased the survival of C. atrofusca across all 371 

plant sizes, whereas it reduced the survival of shorter individuals and increased that of 372 

taller individuals in S. sibiricum (Figure 2a, c). Under grazing removal, warming 373 

reduced the survival of middle individuals in C. atrofusca and of shorter individuals 374 

in S. sibiricum (Figure 2a, c). Grazing removal reduced shrinkage and enhanced 375 

growth of middle individuals in both species. Warming under grazing removal had 376 

limited effects on changes in plant sizes in C. atrofusca, but it increased shrinkage and 377 

suppressed growth of taller individuals in S. sibiricum (Figure 2a, c). Both grazing 378 

removal and warming under exclusion lowered the threshold log-transformed plant 379 

height at which individuals reached a 50% probability of reproduction in both species 380 

(Figure 2a, c). Grazing removal reduced fecundity but increased recruit size in both 381 

species, while warming under grazing removal had minimal effects on these 382 

demographic rates (Figure 2a, c).  383 

 384 
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 385 

Figure 2 The effects of grazing removal (ungrazed) and warming (ungrazded + Warmed) on 386 

mean demographic rates (i.e., survival, shrinkage, growth, reproduction, fecundity, and recruit 387 

size) and their elasticities across the log-transformed plant height for two co-occurring alpine 388 

herbaceous species, Carex atrofusca and Sibirotrisetum sibiricum, on the Tibetan Plateau. 389 

Colored lines represent mean values with 95% confidence intervals shown as shaded areas. 390 

Both were calculated by randomly sampling statistical over 2,000 bootstrapped demographic 391 

datasets. 392 

 393 

In addition, increased altitude increased the survival of taller individuals in C. 394 

atrofusca, but had limited effects on survival in S. sibiricum (Figure 3a, c). Increased 395 
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altitude increased shrinkage and decrease growth of middle individuals in C. 396 

atrofusca, and of shorter and taller individuals in S. sibiricum (Figure 3a, c). Increased 397 

altitude raised the threshold log-transformed plant height at which individuals reached 398 

a 50% probability of reproduction in both species, while exerting limited effects on 399 

fecundity and recruit size (Figure 3a, c). Moreover, altitude modulated the effects of 400 

grazing removal and warming on demographic rates (Figure S3a, c, e, g). 401 

 402 

 403 

Figure 3 The effects of increased altitude on mean demographic rates (i.e., survival, 404 

shrinkage, growth, reproduction, fecundity, and recruit size) and their elasticities across the 405 

log-transformed plant height for two co-occurring alpine herbaceous species, Carex atrofusca 406 

and Sibirotrisetum sibiricum, on the Tibetan Plateau. Lines represent mean values with 95% 407 
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confidence intervals shown as shaded areas. Both were calculated by randomly sampling 408 

statistical over 2,000 bootstrapped demographic datasets. 409 

 410 

The impact of grazing removal and climate warming at different altitudes on the 411 

elasticity of demographic processes to population growth 412 

To assess how grazing removal and climate warming affect the relative importance of 413 

demographic processes to population maintenance, we calculated the elasticity of 414 

each demographic rate to population growth at each altitude (3,700 m and 4,000 m). 415 

Across treatments and altitudes, population growth was overwhelmingly most elastic 416 

to changes in survival in both species (Figure 2c, d; Figure 3c, d). The elasticities to 417 

growth, reproduction, fecundity and recruit size were positive but substantially 418 

smaller than that of survival, whereas elasticity to shrinkage was consistently negative, 419 

indicating a detrimental effect on population maintenance due to plant size reduction 420 

(Figure 2c, d; Figure 3c, d).  421 

In both species, the elasticities increased in shorter individuals, peaked at 422 

intermediate plant size, and then declined in taller individuals (Figure 2c, d; Figure 3c, 423 

d). Grazing removal shifted the peak elasticity towards taller plants, while warming 424 

under grazing removal altered the plant size at which peak elasticity occurred (Figure 425 

2c, d). Increased altitude shifted the peak elasticity towards shorter individuals in both 426 

species (Figure 3c, d). Furthermore, altitude modulated the effects of both grazing 427 

removal and climate warming on the elasticity of demographic rates (Figure S3b, d, f, 428 

h). 429 

 430 

The impact of grazing removal and climate warming under different altitudes on 431 

the population growth 432 

To evaluate the effects of grazing removal and climate warming on long-term 433 

population persistence, we constructed stochastic integral projection model (stochastic 434 

IPM) to estimate the stochastic population growth rate (log λ�) of C. atrofusca and S. 435 

sibiricum at two altitudes (3,700 m and 4,000 m). Under grazing conditions, log λ� 436 

values differed between species, with C. atrofusca exhibiting lower values (log λ� = 437 
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-0.153, 95% CI [-0.180, -0.126]) than S. sibiricum (log λ� = -0.010, 95% CI [-0.020, 438 

0.001]; Figure 4a, d). Grazing removal had a limited positive effect on the population 439 

growth of C. atrofusca (Δ log λ� = 0.012, 95% CI [-0.025, 0.050]) and significantly 440 

increased that of S. sibiricum to 0.012 (Δ log λ� = 0.022, 95% CI [0.004, 0.040]; 441 

Table S6). In contrast, warming under grazing removal substantially reduced 442 

population growth in both species, with log λ� decreasing to -0.210 in C. atrofusca 443 

(Δ log λ� = -0.069, 95% CI [-0.106, -0.034]) and to -0.104 in S. sibiricum (Δ log λ� = 444 

-0.116, 95% CI [-0.151, -0.084]; Table 1). Overall, the negative effects of warming on 445 

population growth outweighed the positive effects of grazing removal in both species 446 

(Table 1).  447 

 448 

 449 

Figure 4 The effects of grazing removal (ungrazed) and warming (ungrazed + warmed) along 450 

an altitudinal gradient (3,700 m vs. 4,000 m) on the stochastic population growth rate (log λ�) 451 

for two co-occurring alpine herbaceous species, Carex atrofusca (a-c) and Sibirotrisetum 452 

sibiricum (d-e), on the Tibetan Plateau. Error bars indicate 95% confidence interval of log λ�. 453 

The horizontal dashed line at zero represents the threshold between population growth 454 

(log λ� � 0) and population decline (log λ� � 0). 455 

 456 
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Table 1 The effects of grazing removal and climate warming on the changes in stochastic 457 

population growth rate (Δ log λ�) at different altitudes (3,700 m and 4,000 m) for two 458 

co-occurring alpine herbaceous species, Carex atrofusca and Sibirotrisetum sibiricum, on the 459 

Tibetan Plateau. 460 

Species Effects 
	 
�� 
� 

Total 3,700 m 4,000 m 

C. atrofusca 

Ungrazed effect 
0.012 

[-0.025, 0.050] 

-0.029 

[-0.079, 0.022] 

0.031 

[-0.025, 0.083] 

Warmed effect 
-0.069 

[-0.106, -0.034] 

-0.080 

[-0.137, -0.024] 

-0.043 

[-0.089, 0.004] 

Increased altitude effect 
0.053 

[0.006, 0.105] 

 

S. sibiricum 

Ungrazed effect 
0.022 

[0.004, 0.040] 

0.024 

[0.002, 0.050] 

0.017 

[-0.007, 0.041] 

Warmed effect 
-0.116 

[-0.151, -0.084] 
- 

-0.104 

[-0.140, -0.070] 

Increased altitude effect 
0.003 

[-0.028, 0.038] 

 

Note: Ungrazed effect represent Δ log λ� between ungrazed and grazed treatments; Warmed 461 

effect represent Δ log λ� between warmed and ungrazed treatment; and increased altitude 462 

effect represent Δ log λ� between 4,000 m and 3,700 m. Values in brackets indicates 95% 463 

confidence intervals (CIs) of Δ log λ� , with values significantly different from zero 464 

highlighted in bold. The symbol “-” denotes missing data. 465 

 466 

At 3,700 m, log λ� values differed markedly between species, with C. atrofusca 467 

showing lower values (log λ� = -0.184, 95% CI [-0.223, -0.150]) than S. sibiricum 468 

(log λ� = -0.009, 95% CI [-0.038, 0.014]; Figure 4b, e). Increased altitude to 4,000 m 469 

remix, or adapt this material for any purpose without crediting the original authors. 
preprint (which was not certified by peer review) in the Public Domain. It is no longer restricted by copyright. Anyone can legally share, reuse, 

The copyright holder has placed thisthis version posted July 20, 2026. ; https://doi.org/10.64898/2026.07.18.739315doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.18.739315


20 

 

promoted the population growth of C. atrofusca (Δ log λ� = 0.053, 95% CI [0.006, 470 

0.105]), while it had negligible effect on S. sibiricum (Table S6). Importantly, the 471 

effects of grazing removal and climate warming on the population growth in both 472 

species were modulated by altitude (Figure 4c, f). Grazing removal had a minor 473 

negative effect on C. atrofusca at 3,700 m but a minor positive effect at 4,000 m 474 

(Table 1). In contrast, it increased log λ� of S. sibiricum to 0.013 at 3,700 m (Δ log λ� 475 

= 0.024, 95% CI [0.002, 0.050]), while exerting a limited positive effect at 4,000 m 476 

(Table 1). Warming under grazing removal substantially reduced log λ�  of C. 477 

atrofusca to -0.273 at 3,700 m (Δ log λ� = -0.080, 95% CI [-0.137, -0.024]) but had a 478 

small negative effect at 4,000 m. Conversely, warming under grazing removal caused 479 

population extinction of S. sibiricum at 3700 m and reduced log λ� to -0.104 at 4000 480 

m (Δ log λ� = -0.104, 95% CI [-0.140, -0.070]; Table 1). 481 

 482 

Contributions of demographic rates to changes in population growth under 483 

grazing removal and climate warming 484 

To assess how changes in demographic rates contributed to changes in the stochastic 485 

population growth rate (Δ log λ�) under grazing removal and climate warming, we 486 

conducted a small noise approximation life table response experiment (SNA-LTRE) 487 

analysis at each altitude (3,700 m and 4,000 m). We found that changes in means of 488 

vital rates overwhelmingly contributed to Δ log λ� for both species (97%), whereas 489 

stochastic components made relatively small but non-negligible contributions (3%) 490 

(Figure S4). The limited increased Δ log λ� of C. atrofusca under grazing removal 491 

was primarily maintained by compensatory increases in contributions from growth 492 

and shrinkage of middle individuals that offset reductions in survival, reproduction, 493 

and fecundity (Figure 5a; Figure S5a, c). In contrast, the increased Δ log λ� of S. 494 

sibiricus under grazing removal was mainly driven by enhanced contributions from 495 

growth and shrinkage of middle individuals, despite substantial reductions in survival, 496 

reproduction, and fecundity (Figure 5b; Figure S5b). Under warming combined with 497 

grazing removal, the decreased Δ log λ� in both species was predominantly attributed 498 

to reduced survival of middle individuals, with smaller negative contributions from 499 
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growth, shrinkage, and reproduction (Figure 5c, d; Figure S5e, h). The increased 500 

Δ log λ� of C. atrofusca towards higher altitude was largely due to increased survival 501 

with a lesser positive contribution from reproduction of middle individuals, despite 502 

substantial negative contributions from shrinkage and growth (Figure 5e). Conversely, 503 

the unchanged Δ log λ� of S. sibiricus towards higher altitude was maintained by 504 

compensatory increase in reproduction of middle individuals that offset the negative 505 

contribution from shrinkage (Figure 5f). 506 

 507 

 508 

 Figure 5 Results of the small noise approximation life table response experiment 509 

(SNA-LTRE) to examine the effects of grazing removal, warming, and increased altitude on 510 
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the contributions of differences between means of vital rates to changes in stochastic 511 

population growth rate (Δ log λ�) for two co-occurring alpine herbaceous species, Carex 512 

atrofusca and Sibirotrisetum sibiricum, on the Tibetan Plateau. The contribution values of 513 

differences between means of each vital rate accumulated through all plant size are given in 514 

the bar chart at the bottom of each panel. Shaded areas and error bars indicate 95% 515 

confidence intervals of contributions. 516 

 517 

Discussion 518 

Population dynamics under current grazing in ambient and warmed condtions 519 

Quantitatively assessing the long-term persistence of plant populations under current 520 

grazing practices and projected climate warming is crucial for developing optimal 521 

grazing management strategies and guiding future biodiversity conservation efforts 522 

(Nomoto & Alexander 2021; Larios & Hallett 2022). Comparing the demographic 523 

responses of co-occurring species in stochastic environments across multiple altitudes 524 

can help generalize findings about the impacts of grazing and climate warming on 525 

plant species (Menges 2000; Miao et al. 2025). However, such comparative 526 

approaches have been rarely applied in previous demographic studies. Here, we 527 

quantified the demographic responses of two coexisting alpine species, C. atrofusca 528 

and S. sibiricum, to grazing removal and to a decade of in situ active warming under 529 

grazing removal across different altitudes over a four-year period on the Tibetan 530 

Plateau. Although current grazing activities lead to contrasting fates for the two 531 

species (C. atrofusca experiencing population decline and S. sibiricum maintaining a 532 

stable population), grazing removal facilitated the population growth in both species. 533 

The positive effects of grazing removal on population persistence of herbaceous 534 

species have been widely documented across diverse ecosystems (Knight 2004; 535 

Elderd & Doak 2006; Martorell 2007; Farrington et al. 2009; Bermingham 2010). For 536 

example, Elderd & Doak (2006) found that herbivore exclusion alleviated the 537 

population decline of the common plant Minmulus guttatus in riparian habitats of 538 

California; Martorell (2007) reported fencing stabilized the declining population of 539 

the threatened herb Echeveria longissimi in degraded steep hillside of Mexico; Knight 540 
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(2004) found that herbivory removal reversed the declining population of the 541 

perennial herb Trillium grandiflorum to growth within an old-growth beech and maple 542 

forest; Farrington et al. (2009) found that herbivory removal enhanced the population 543 

growth of the perennial herb Panax quinquefolius in an old-growth beech and maple 544 

forest; Bermingham (2010) demonstrated that exclusion of browsing accelerated the 545 

population growth of rare plant Polemonium vanbruntiae in minerotrophic wetlands 546 

of the Green Mountain National Forest. Similar positive effects of grazing removal 547 

have also been observed for shrubs and trees (Hunt 2001; Aschero et al. 2016). These 548 

findings, together with our results, suggest that the grazing removal may be a 549 

consistently effective grazing management action for biodiversity conservation. 550 

The impacts of grazing removal on population viability are largely depended on 551 

climate warming. In our study, warming reduced the population growth rate of both 552 

study species under grazing removal. Similarly, Evju et al. (2010) reported that 553 

elevated temperatures accelerated the population decline of the small herb Viola 554 

biflora following cessation of grazing in an alpine habitat. Williams et al. (2007) 555 

found that four years warming by 2� reduced the population growth of four perennial 556 

plant co-existing species under fencing conditions in southeastern Australian. These 557 

findings, together with our results, suggest that climate warming is generally 558 

detrimental to population maintenance under grazing removal. Importantly, we found 559 

that the negative effects of climate warming on population growth under grazing 560 

removal outweighed the positive effects of grazing removal alone. This suggests 561 

grazing removal may be insufficient to rescue plant species in danger if warming 562 

trends continue. Taken together, these findings suggest that successful management 563 

strategies must fully consider the impact of climate warming on population dynamics 564 

of plant species. 565 

The impact of grazing removal on population viability under ambient and 566 

warmed conditions may be modulated by altitude, altering both the magnitude and 567 

direction of demographic responses. In our results, we found that the minor negative 568 

effect of grazing removal on the population growth rate of C. atrofusca was reversed 569 

at higher altitude, whereas the positive effect of grazing removal on the population 570 
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growth rate of S. sibiricum weakened at higher altitude. Such contrasting 571 

altitude-dependent demographic responses under grazing removal have been reported 572 

in several studies (Jónsdóttir 1991; Miller et al. 2009). For example, Jónsdóttir (1991) 573 

reported that negative effect of grazing removal on the population growth rate of the 574 

clonal sedge Carex bigelowii was alleviated at higher altitude, while Miller et al. 575 

(2009) reported the positive effect of excluding insect herbivores on the population 576 

growth of the perennial plant Opuntia imbricat diminished at higher altitude. On the 577 

other hand, our results showed that the negative effect of warming on the population 578 

growth rate under grazing removal was alleviated at higher altitude for both species. 579 

This pattern may reflect population-specific adaptations to local climate (Peterson et 580 

al. 2018), leading to weaker population responses to warming at higher altitude. 581 

Collectively, these findings highlight the critical role of altitude in shaping species’ 582 

demographic responses to grazing and warming. 583 

Grazing removal may impact population viability by differentially affecting 584 

demographic processes. Demographic compensation among vital rates may allow 585 

species to maintain viable populations under grazing removal (Villellas et al. 2015; 586 

Sheth & Angert 2018). In our study, grazing removal-induced reduction in survival 587 

has a substantial negative contribution to population growth in both species under 588 

both ambient and warmed conditions. Compensatory increases in contributions from 589 

growth and shrinkage offset these reductions, thereby benefiting the population 590 

growth in both species. Demographic compensation under grazing removal has also 591 

been documented in previous studies (Farrington et al. 2009; Evju et al. 2010, 2011; 592 

Johansen et al. 2016). For example, Evju et al. (2010) reported the reduced growth 593 

under grazing removal was largely compensated by increases in fecundity and stasis, 594 

thereby alleviating the population decline under grazing removal; Evju et al. (2011) 595 

reported that decreased contributions from retrogression and clonal reproduction were 596 

completely compensated by increased contributions from survival, thereby stabilizing 597 

population growth of the clonal herb Geranium sylvaticum under grazing removal; 598 

Farrington et al. (2019) found the decreased contributions in regression were 599 

overcompensated by increases in fecundity and stasis, thereby enhancing the 600 
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population growth of the perennial herb Panax quinquefolius under grazing removal. 601 

Nevertheless, climate warming caused a breakdown of such demographic 602 

compensation in populations under grazing removal, leading to population declines in 603 

both study species. This finding underscores that demographic resilience to grazing 604 

removal can fail under warming, highlighting the need to consider interactive effects 605 

of grazing activities and climate change in conservation strategies. 606 

  607 

Adaptive grazing management implications under contemporary conditions and 608 

future warming 609 

Livestock grazing is a dominant land use practice in alpine grassland ecosystems 610 

(Wang et al. 2022; Zhang et al. 2023). Nevertheless, decades of extensive overgrazing 611 

accelerated the grassland degradation on the Tibetan Plateau (Bardgett et al. 2021; 612 

Wang et al. 2022). Grazing removal has been widely implemented in the region as a 613 

conservation and restoration strategy (Sun et al. 2020; Wang et al. 2022). Our study 614 

showed that current grazing removal can maintain or enhance population maintenance 615 

of both study species, indicating that short-term grazing removal (< 10 years) can help 616 

stabilize plant populations in degraded grassland on the Tibetan Plateau. However, the 617 

positive effects of grazing removal on population growth were nullified under 618 

warming in both study species, implying that current grazing management is 619 

unsustainable under future warming scenario. Therefore, adjusting grazing regime 620 

could help rescue warming-induced population declines (Andrello et al. 2012; Miao et 621 

al. 2025). Further research is needed to determine the optimal grazing intensity and 622 

season to maintain viable population under climate change. 623 

Effective grazing management strategies should target survival, growth, and 624 

shrinkage in plant species. In our study, survival was not only key for population 625 

maintenance of both species, but also the main demographic rate limiting population 626 

growth under grazing removal and warming, suggesting that grazing activities should 627 

be regulated to minimize mortality. In addition, increased growth and reduced 628 

shrinkage under grazing removal made considerable positive contributions to the 629 

population growth of both species in the current study. Previous studies on the Tibetan 630 
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Plateau have reported that grazing removal significantly increased the average plant 631 

size in terms of height and aboveground biomass (Yang et al. 2016; Ji et al. 2020; 632 

Zhang et al. 2023). Therefore, these findings together with our results suggest that 633 

grazing activities should also be managed to prevent substantial reductions in growth 634 

and increases in shrinkage. Given survival, growth and shrinkage are relatively easy 635 

to monitor, they could potentially serve as warning signals for the management of 636 

alpine grasslands under climate change. 637 

Communities at high latitudes and elevations, like the Tibetan plateau system 638 

studied here, serve as bellwethers for global change, especially in response to grazing 639 

activities and climate warming. We show that current grazing removal generally 640 

stabilizes or enhances the population growth of alpine species, whereas long-term 641 

warming leads to marked population declines. This highlights the urgent need to 642 

adjust grazing regimes in the context of climate change. Demographic compensation 643 

among vital rates can promote population maintenance under grazing removal; 644 

however, warming can disrupt this mechanism. Monitoring key demographic rates—645 

particularly survival, growth, and shrinkage—particularly survival, growth and 646 

shrinkage, could provide predictive metrics to guide adaptive management. Overall, 647 

these findings emphasize that carefully calibrated grazing regimes, informed by 648 

demographic monitoring, may help maintain the long-term viability of alpine plant 649 

communities under future climate scenarios. 650 
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