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Abstract 24 

1. A central question in biodiversity conservation is whether species will maintain 25 

viable population dynamics under future climate change. Assessing species 26 

extinction risk under climate warming requires demographic studies integrating 27 

vital rate responses to long-term warming throughout species’ life cycle. However, 28 

studies of this nature are rare.  29 

2. Here, we examine the demographic responses of two co-occurring herbaceous 30 

plants, Elymus nutans Griseb. and Helictotrichon tibeticum (Roshev.) Holub, after 31 

a decade (2011-2020) of in situ active warming by 2℃ in the grasslands of the 32 

Tibetan Plateau. We parameterise Integral Projection Models (IPMs) to project the 33 

population dynamics under ambient and long-term warming conditions, and 34 

examine the key vital rates responsible for any potential differences in population 35 

growth rates.  36 

3. Warming has contrasting effects on the two functionally similar co-occurring 37 

species: warming promotes the population growth rate of H. tibeticum, but 38 

intensifies the population decline of E. nutans. Our elasticity analyses show that 39 

survival is the most important vital rate for population viability in both species 40 

under both ambient and warmed conditions. Furthermore, our retrospective Life 41 

Table Response Experiment (LTRE) analysis reveals that the contrasting fates of 42 

the two species under warming mainly arise from the different responses of adult 43 

survival, which is significantly promoted in H. tibeticum but slightly reduced in E. 44 

nutans. Individual shrinkage occurred 1.6-fold more frequently under warming 45 
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than ambient conditions for both species, and made considerable negative 46 

contributions to their population growth rates in warmed plots. However, such 47 

negative effects are offset in H. tibeticum (but not E. nutans) by the positive 48 

contribution to population growth rate of the associated increased survival.   49 

4. Synthesis. Our study illustrates that the responses to climate warming may vary 50 

considerably between similar co-occurring species, and species with a 51 

demographically compensatory strategy may avoid population collapse. 52 

Additionally, caution is needed when generalizing findings among functionally 53 

similar species, and that conservation measures should be tailored at the species 54 

level.  55 

 56 

KEYWORDS: Alpine plants; Demographic response; Integral Projection Models 57 

(IPMs); Life Table Response Experiment (LTRE); Long-term climate warming; 58 

Population dynamics. 59 

60 
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INTRODUCTION 61 

Climate warming poses a growing threat to global biodiversity by rapidly altering 62 

organisms’ environments. Thus, predicting the risks of local extinction, and developing 63 

proactive conservation measures to protect species in danger is of increasing urgency 64 

(Panetta et al., 2018; Pearson et al., 2014). Species can persist in the face of climate 65 

warming if they are able to maintain viable populations under novel climate conditions 66 

(Nomoto & Alexander, 2021; Peterson et al., 2018). However, quantitively assessing 67 

the extent to which climate warming can shape population viability is challenging, as it 68 

requires demographic studies integrating vital rates (e.g., survival, growth, and 69 

reproduction) over an entire life cycle in response to long-term warming. The impacts 70 

of climate warming on individual performance in terms of changes in morphology, 71 

physiology, phenology, and vital rates have been extensively studied (Blumenthal et al., 72 

2016; Gornish et al., 2014; Wang et al., 2020). However, we still lack mechanistic 73 

insights into the impacts of such changes on long-term population viability (Iler et al., 74 

2021; Selwood et al., 2015). This knowledge gap hinders our capacity to strategically 75 

manage populations of conservation concern under future climate change (DeMarche 76 

et al., 2018; Nomoto & Alexander, 2021; Keller & Shea, 2021).  77 

The direct effects of climate warming on individual performance do not directly 78 

scale up into impacts on population viability (Iler et al., 2021; McLean et al., 2016; 79 

Selwood et al., 2015). Climate warming may affect vital rates differently, not only in 80 

magnitudes but also in direction (Keller & Shea, 2021; Nomoto & Alexander, 2021; 81 

Panetta et al., 2018). When the negative effects of climate warming on some vital rates 82 
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were compensated by positive effects on others, then the overall effects at the 83 

population level could be alleviated or cancelled out, a phenomenon called 84 

“demographic compensation” (Villellas et al., 2015; Sheth & Angert, 2018). As such, 85 

evaluating the impacts of climate warming on species viability requires integrating 86 

individual- and population-level responses. The presence of demographic 87 

compensation among vital rates may enable populations to persist under climate 88 

warming. For example, a recent study on the alpine plant Silene acaulis found that the 89 

reduction in survival was compensated by the increase in growth under increased 90 

temperature toward lower latitudes (Peterson et al., 2018). Such demographic 91 

compensation allowed S. acaulis to maintain viable populations across its range 92 

(Peterson et al., 2018). Alternatively, populations lacking demographic compensation 93 

are more likely to decline under elevated temperatures (Cui et al., 2018). Additionally, 94 

the extent to which population persistence is affected by climate change is determined 95 

not only by the magnitude of warming-induced changes in vital rates, but also by the 96 

sensitivity of population growth to such changes. This relationship is well known not 97 

to be linear (de Kroon et al., 2000; Villellas et al., 2015). As such, assessments of 98 

population viability require more comprehensive modelling efforts to assess the 99 

cumulative effects.  100 

Another challenge hampering investigation of demographic impacts of climate 101 

warming arises because such evaluations require demographic studies under long-term 102 

warming. It may take multiple years for populations, especially populations of 103 

perennials, to respond to elevated temperature (Evers et al., 2021; Tenhumberg et al., 104 
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2018). Existing findings about the impacts of climate warming on population viability 105 

are inconsistent, with negative and positive effects being widely reported at the 106 

population level in different systems (Gornish et al., 2014; Keller & Shea, 2021; 107 

Nomoto & Alexander, 2021; Panetta et al., 2018; Reed et al., 2021). For example, Keller 108 

and Shea (2021) found that the population growth of the globally invasive plant 109 

Carduus nutans was greatly accelerated under a short-term warming treatment; a study 110 

by Gornish et al. (2014) showed that short-term warming increased the growth of the 111 

populations of pineland silkgrass Pityopsis aspera; and Panetta et al. (2018) reported 112 

that a 25-year warming treatment caused declines in the population size of a widespread 113 

mountain plant Androsace septentrionalis L.. One reason for such inconsistent findings 114 

may be that most results are based on short-term warming experiments (but see Panetta 115 

et al., 2018), often shorter than the lifespan of the study species. These treatments may 116 

only capture the transient dynamics of the populations under warming, while plant 117 

populations may respond over the span of multiple years (Evers et al., 2021; Zhang et 118 

al., 2012), or sometimes even decades (Panetta et al., 2018; Tenhumberg et al., 2018).  119 

Alpine grasslands are considered among the most vulnerable ecosystems to 120 

climate warming (IPCC, 2019; Verrall & Pickering, 2020). In particular, the annual 121 

temperature on the Tibetan Plateau has increased at a rate twice the global average in 122 

the past 50 years (Chen et al., 2013). Therefore, exploring the consequences of climate 123 

warming on population persistence on the Tibetan Plateau is important to inform the 124 

management of such critical susceptible alpine ecosystems. Moreover, such findings 125 

can serve as early warning signals for the conservation of other ecosystems. Previous 126 
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studies on the grasslands of the Tibetan plateau have found that long-term warming 127 

advanced phenology and shifted plant community composition toward an increased 128 

abundance of herbaceous functional groups (Liu et al., 2018; Wang et al., 2020). 129 

However, it remains unknown how the maintenance of alpine plant populations on the 130 

Tibetan Plateau will be affected by climate warming and whether functionally similar 131 

species inhabiting the same habitats would show similar demographic responses to 132 

elevated temperatures. 133 

 Here, we examine how climate warming may affect the population dynamics of 134 

two dominant plant species, Elymus nutans Griseb. and Helictotrichon tibeticum 135 

(Roshev.) Holub, on the alpine grassland of the Tibetan Plateau. Our study sites have 136 

received a 2℃ active warming starting in 2011. To quantify the responses of both 137 

species to warming, we parameterised Integral Projection Models (IPMs; Easterling et 138 

al., 2000) with demographic data collected in 2019 and 2020. We used these models to 139 

test the following hypotheses: i) Long-term warming may negatively affect the 140 

individual vital rates and subsequently reduce the long-term population growth rate, 141 

because alpine plants are generally vulnerable to elevated temperatures; ii) The species 142 

with demographic compensation among vital rates may alleviate the warming-induced 143 

negative effects on population growth and thus save populations from collapse; iii) The 144 

co-occurring species may adopt different demographic strategies to cope with elevated 145 

temperature; if so, conservation measures should be tailored at species level under 146 

future climate warming.  147 

 148 
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MATERIALS AND METHODS 149 

Study area and experimental design 150 

The study was conducted at the Haibei National Alpine Grassland Ecosystem Research 151 

Station, Qinghai Province, China (37°36′ N, 101°19′ E, 3,125 m a.s.l.). The study area 152 

is located on the northeastern Tibetan Plateau. The climate is characterized by a long, 153 

cold winter and a short, cool summer. The mean annual temperature is -1.1 ℃, with the 154 

highest monthly temperature occurring in July (10.4 ℃) and the lowest monthly 155 

temperature in January (-14.6 ℃). The mean annual precipitation is 488 mm, with >80% 156 

occurring as rain during growing season, from May to September (Wang et al., 2020). 157 

The site is a typical alpine grassland, and the vegetation is dominated by perennial 158 

herbaceous plants, such as Elymus nutans, Helictotrichon tibeticum, and Stipa aliena 159 

(Liu et al., 2018). The study site was fenced annually in summer (from June to 160 

September) to avoid animal disturbance, but was grazed annually in winter by sheep 161 

(from October to May) to mimic historic grazing regimes in the region (Fuller et al., 162 

2017).  163 

A warming manipulation experiment was set up in July 2011. Two warming 164 

treatment plots and two ambient plots, each of 2.2 m × 1.8 m, were randomly distributed 165 

on the landscape with a spacing of about 10 m. The temperature at the warming 166 

treatment plots was elevated by 2℃ via two infrared heaters (220 V, 1,200 W; 1.0 m 167 

long, 0.22 m wide), suspended in parallel at 1.6 m above the ground. Dummy heaters 168 

with the same shape and size as the infrared heaters were used to mimic the shading 169 

effect in the ambient plots.  170 
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 171 

Study species and demographic data 172 

To compare the effects of climate warming on the population performance of 173 

functionally similar plant species inhabiting the same habitats, we selected two co-174 

occurring alpine species, Elymus nutans and Helictotrichon tibeticum. These two 175 

graminoid species have erect culms, but differ in leaf blades and spikes. Both species 176 

can reach a height of 1 m at the fruiting stage, but H. tibeticum often grows taller and 177 

more densely tufted than E. nutans. The two species have similar life histories: both are 178 

perennial and sprout new leaves annually, regrow in April-May, flower in June-July, 179 

and set fruit in August-September. Recruitment is generally from seed, with 180 

germination occurring in spring. Sexual maturity is typically attained in the second year 181 

after germination. The two species are well adapted to the cold alpine climate, are 182 

widely distributed on the grasslands of the Tibetan Plateau, and serve as important 183 

forage species (Wang et al., 2020). 184 

To examine the effect of elevated temperature on demographic processes, annual 185 

censuses were conducted in August 2019 and 2020 for both species. In the first census, 186 

we measured individual plant height, typically a good predictor of vital rates in 187 

perennial grasses (Struckman et al., 2019). We also recorded the reproductive status of 188 

each individual. To estimate seed production of E. nutans, we first measured spike 189 

length for each individual, and then randomly selected 50 individuals close (<10 m) to 190 

our experimental site and correlated the number of seeds (destructive count) to spike 191 

length. Because H. tibeticum can produce over 10 spikes per individual, we only 192 
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counted the number of spikes and later related the number of new seedlings in time t + 193 

1 to the number of spikes in t at each plot, as oftentimes done in plant demographic 194 

studies (e.g., Lucas et al., 2008). Upon the first measurement, we tagged each individual 195 

with a stainless steel label and recorded its Cartesian coordinates within the plots to 196 

allow tracking through time. In 2020, we checked the survival of all tagged individuals 197 

and re-measured size and the aforementioned reproductive characteristics on surviving 198 

ones. At that point too, we also located and measured new recruits within our plots.  199 

 200 

Statistical analyses 201 

To examine the effects of warming treatment and initial plant size on vital rates, we 202 

employed multiple regression models to relate survival, size changes 203 

(growth/shrinkage), and reproduction to the current height and warming treatment. The 204 

probabilities of survival 𝑠(𝑧)  and flowering 𝑝𝑓(𝑧)  were modelled as logistic 205 

regressions, with individual height (z) and warming treatment as independent variables. 206 

Size changes 𝑔(𝑧′, 𝑧) were modelled using multiple linear regression with future height 207 

(z′) as response variable against current height (z) and warming treatment. Subsequently, 208 

variances from the size change regression were again related to current height (z) and 209 

treatment in another multiple linear regression to test for assumptions of constancy as 210 

a function of height on variance. The estimated number of seeds in E. nutans or the 211 

number of spikes in H. tibeticum 𝑓𝑛(𝑧) were modelled using Poisson regressions, with 212 

current height (z) and treatment as independent variables. We performed Wald chi-213 

square tests to examine the fixed effects of current height and warming treatment in the 214 
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regressions of all vital rates (Fox, 2016). 215 

Size shrinkage, an important demographic process (Salguero-Gómez & Casper, 216 

2010), was observed in both species. To examine the effect of climate warming on size 217 

shrinkage, we modelled the proportional occurrence of shrinkage for these shrunken 218 

individuals employing a generalized linear model using the beta family with a logit-219 

link function, where warming treatment was included as an independent variable 220 

(Cribari-Neto & Zeileis, 2010). We then applied a Wald chi-square test to examine the 221 

significance of warming treatment in the model (Fox, 2016). Furthermore, we 222 

calculated the intensity of shrinkage for these shrunken individuals by subtracting the 223 

individual height in 2020 from that in 2019. Because the data of height shrinkage did 224 

not meet the normality assumption, we performed a Wilcoxon signed rank test to 225 

examine the effects of warming on the intensity of shrinkage (Wilcoxon, 1945).  226 

 227 

Integral projection models 228 

To examine the overall impacts of climate warming on the population dynamics of E. 229 

nutans and H. tibeticum, we built Integral Projection Models (IPMs; Easterling et al., 230 

2000). IPMs are stage-structured population models where the population is organized 231 

according to one or more continuous traits (here height) that may change in discrete 232 

time (Ellner et al., 2016). In an IPM, vital rates are included as regression functions of 233 

the predicting trait(s), as detailed in the section above. For our purposes, variation in 234 

vital rates between ambient and warming treatments can be easily included in the 235 

corresponding regression models (Nomoto & Alexander, 2021). In the IPM, the 236 
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population dynamics of our two species are then mathematically described as:  237 

𝑛(𝑧′, 𝑡 + 1) = ∫ [𝑃(𝑧′, 𝑧) + 𝐹(𝑧′, 𝑧)] 𝑛(𝑧, 𝑡)𝑑𝑧
𝑈

𝐿

 eqn 1 

where [L, U] is the range of all possible heights (L=4.6 cm, U=102.2 cm for E. nutans; 238 

L=12.9 cm, U=124.9 cm for H. tibeticum), n(z, t) is the distribution of height z at time 239 

t, and n(z′, t + 1) is the distribution of height z′ at time t + 1. The expression 𝑃(𝑧′, 𝑧) +240 

𝐹(𝑧′, 𝑧) is also referred to as the kernel 𝐾(𝑧′, 𝑧), a non-negative surface describing all 241 

possible demographic transitions from height z at time t to height z′ at time t+1. The 242 

sub-kernel 𝑃(𝑧′, 𝑧)  comprises all possible transitions of surviving individuals from 243 

height z at time t to height z′ at time t + 1. This sub-kernel can be decomposed into two 244 

functions that determine the probability of survival of an individual at height z, 𝑠(𝑧), 245 

and the likelihood that the individual will grow/shrink from height z to height z′ over a 246 

year, such that 𝑃(𝑧′, 𝑧) = 𝑠(𝑧) 𝑔(𝑧′, 𝑧). The sub-kernel 𝐹(𝑧′, 𝑧) comprises all sexual 247 

contributions of reproductive individuals in time t to established recruits in t + 1. Here, 248 

this sub-kernel is decomposed into four functions including the probability of 249 

reproduction 𝑝𝑓(𝑧) , the number of seeds or spikes 𝑓𝑛(𝑧) , the probability a recruit 250 

establishes 𝑝𝑒 , and the probability distribution of recruit size 𝑓𝑑(𝑧′) , such that 251 

𝐹(𝑧′, 𝑧) = 𝑝𝑓(𝑧) 𝑓𝑛(𝑧) 𝑝𝑒 𝑓𝑑(𝑧′). Because warming significantly affected the vital rate 252 

functions (Table S1), we built separate kernels for populations under warmed and 253 

ambient conditions for both species.   254 

To examine the effects of climate warming on long-term population viability, we 255 

calculated the population growth rate (λ) of both species under ambient and warmed 256 

conditions. To do so, first, we discretized the IPM into 100  100 matrices using 257 
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midpoint rule (Ellner et al., 2016).  The population growth rate calculated from these 258 

matrices, their dominant eigenvalue (Caswell, 2001), informs on whether a population 259 

will increase (λ > 1) or decline to extinction (λ < 1) under conditions of stationary 260 

equilibrium. To estimate the uncertainty around λ, we bootstrapped the individual data 261 

1,000 times to obtain bias-corrected 95% confidence intervals under ambient and 262 

warmed conditions for the two study species (Efron, 1987; Anderson & Wadgymar, 263 

2020). Furthermore, we calculated the differences between λ values (λ) estimated in 264 

each bootstrap to obtain bias-corrected 95% confidence interval of λ between ambient 265 

and warmed conditions for both species. In addition, to examine whether the 266 

demographic responses to climate warming may be affected by a plant’s lifespan, we 267 

calculated the mean life expectancy under warmed and ambient conditions for both 268 

species, using the Rage package (Jones et al., 2022) in R.  269 

To examine the relative importance of each vital rate on the population growth rate 270 

to guide population management under climate warming, we conducted elasticity 271 

analyses. Elasticity analysis of vital rate functions describes how much λ may change 272 

when the underlying vital rate changes by a given fraction near a particular size (Ellner 273 

et al., 2016; Griffith, 2017; Zuidema & Franco, 2001). By conducting vital rate 274 

elasticity analyses, we were able to determine the elasticity values for survival, growth 275 

and reproduction separately (Griffith, 2017; Li et al., 2011).  Positive elasticity values 276 

imply that an increase in a vital rate will increase λ, which is particularly useful for 277 

distinguishing the relative importance of positive growth versus shrinkage. To test how 278 

climate warming-induced changes in vital rates might have led to differences in λ under 279 
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ambient and warming conditions, we conducted retrospective demographic analyses, 280 

the Life Table Response Experiment (LTRE, hereafter). An LTRE analysis decomposes 281 

the observed difference in population growth rate into the contributions from different 282 

vital rates (Caswell, 1989). We conducted a fixed-design LTRE on vital rates over a life 283 

cycle. The one-factor LTRE analysis follows the formulation: 284 

𝜆(𝑚) ≈ 𝜆(𝑟) + 𝛼(𝑚) = 𝜆(𝑟) + ∑ (𝑎𝑖𝑗
(𝑚)

− 𝑎𝑖𝑗
(𝑟)

)𝑖,𝑗
𝜕𝜆

𝜕𝑎𝑖𝑗
|

(𝐾(𝑚)+𝐾(𝑟))

2

   eqn 2 

where 𝜆(𝑚) is the population growth rate under warming treatment m, and 𝜆(𝑟), as a 285 

reference, is the population growth rate under ambient conditions. The factor 𝛼(𝑚) 286 

evaluates the effect of warming treatment m on population maintenance. The 287 

contribution of different vital rates is calculated by the differences between the vital 288 

rate 𝑎𝑖𝑗
(𝑚)

 of the large transition matrix 𝐾(𝑚) under warming treatment and the vital rate 289 

𝑎𝑖𝑗
(𝑟)

  of the large transition matrix 𝐾(𝑟)  under ambient conditions multiplied by the 290 

sensitivity values of the mid matrix, which is the average of the matrices under warming 291 

and ambient conditions (Caswell, 1989). The evaluation of the mid matrix between m 292 

and r minimizes deviances due to the non-linear nature of vital rate sensitivities 293 

(Caswell, 1989). 294 

All analyses were performed with the software R 4.0.5 (R Core Team, 2021). 295 

 296 

RESULTS 297 

The impacts of warming on survival, growth and reproduction  298 

To examine the effects of climate warming on the demographic processes of two co-299 

occurring species, Elymus nutans and Helictotrichon tibeticum, we used regression 300 
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models to relate vital rates to current height and warming treatment. We found that the 301 

impacts of warming differed among vital rates, across plant sizes, and between species 302 

(Table 1). The response of survival to warming was different between E. nutans and H. 303 

tibeticum (Figure 1a,b). Warming increased the survival of shorter individuals but 304 

decreased that of taller individuals in E. nutans (Figure 1a), whereas warming 305 

consistently increased the survival of H. tibeticum across all sizes (Figure 1b). The 306 

survival of E. nutans increased with plant height under ambient conditions but 307 

decreased with plant height under warmed conditions (Figure 1a), while the survival of 308 

H. tibeticum increased with plant height under both warmed and ambient conditions 309 

(Figure 1b). 310 

Warming had a negative effect on growth in both study species (Figure 1c,d). In 311 

general, changes in height shifted from growth to shrinkage in taller plants (as indicated 312 

by the fitted regression lines falling below the 1:1 line for large plants in Figure 1c,d). 313 

The frequency of shrinkage was higher under warmed than under ambient conditions, 314 

especially for reproductive individuals (Table S3; Figure S1).  315 

The probability of reproducing generally increased with plant height in both 316 

species (Figure 1e,f). However, warming increased the probability of reproducing for 317 

short individuals in both species (Table 1; Figure 1e,f). Warming increased the threshold 318 

of height at which individuals reached 50% probability of reproducing for E. nutans, 319 

but decreased that threshold for H. tibeticum (Figure 1e,f). Warming increased the seed 320 

production of shorter individuals but decreased that of taller individuals in E. nutans 321 

(Figure 1g). However, warming consistently increased the number of spikes in H. 322 
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tibeticum (Figure 1h). Additionally, warming strongly reduced seeding recruitment in 323 

E. nutans (Figure 2c,g), but not in H. tibeticum (Figure 2d,h).  324 

 325 

The impacts of warming on population growth rate and life expectancy  326 

To examine the effects of elevated temperature on population maintenance, we built 327 

Integral Projection Models (IPMs) to estimate the population growth rate (λ) for E. 328 

nutans and H. tibeticum. We found that, under ambient conditions, λ values were similar 329 

for E. nutans (λ = 0.883, 95% CI [0.879, 0.886]; Table 2) and H. tibeticum (λ = 0.910, 330 

95% CI [0.907, 0.973]; Table 2). However, the population growth rate of the two species 331 

were significantly different under warming: warming decreased the population growth 332 

rate of E. nutans to 0.694 (λ = -0.189, 95% CI [-0.193, -0.184]; Table 2), but promoted 333 

the population growth rate of H. tibeticum to 1.001 (λ = 0.091, 95% CI [0.087, 0.094]; 334 

Table 2).  The life expectancy estimated by IPM was similar for the two species under 335 

ambient conditions: 4.5 years in E. nutans and 6.7 years in H. tibeticum (Table S2). 336 

However, warming decreased the life expectancy of E. nutans to 3.0 years, but 337 

increased that of H. tibeticum to 15.4 years (Table S2).  338 

 339 

Vital rate elasticity analyses 340 

To identify which vital rates are key to long-term population maintenance, we 341 

conducted elasticity analyses. We found that the population growth rate was 342 

overwhelmingly most elastic to changes in survival in both species, under both warmed 343 

and ambient conditions (Figure 3a-d). Under warmed conditions, the elasticity to 344 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


17 
 

changes in survival increased in shorter plants and decreased in taller individuals in 345 

both species (Figure 3c,d). The elasticity to changes in height (i.e., positive growth) and 346 

probability of reproduction was positive but much smaller than that of survival in both 347 

species under both warmed and ambient conditions (Figure 3a-d). The elasticity to 348 

shrinkage was negative in all populations, indicating a negative effect on population 349 

maintenance as a result of individuals becoming shorter (Figure 3a-d).  350 

 351 

Contributions of vital rates to changes in population growth rates under warming 352 

To examine how differences in λ under ambient and warming conditions were caused 353 

by warming-induced changes in vital rates, we conducted the Life Table Response 354 

Experiment (LTRE). We found that the reduction in λ of E. nutans under warming was 355 

mainly caused by increased shrinkage of tall individuals and reduced positive growth 356 

of short individuals (Figure 4a). Despite the high survival elasticity in E. nutans, the 357 

reduction in survival made only a small contribution to the reduction in its λ value 358 

(Figure 4a). On the other hand, the increase in λ of H. tibeticum under warming was 359 

mainly achieved by increased survival of large individuals. Although shrinkage made a 360 

considerable negative contribution to its population maintenance, this was offset by the 361 

positive contribution from increased survival under warming (Figure 4b). Fecundity 362 

contributed the least to the variation in λ in both species (Figure 4a,b).  363 

 364 

DISCUSSION 365 

Population dynamics under climate warming 366 
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Quantitatively assessing how climate warming might affect the persistence of natural 367 

populations is critical for effective biodiversity conservation (Nomoto & Alexander, 368 

2021; Sheth & Angert, 2018). Comparing the demographic responses of functionally 369 

similar species inhabiting the same habitats under elevated temperature can help 370 

evaluate the generality of the findings about the impacts of climate warming on 371 

population viability. However, this approach is rarely carried out (but see Nomoto & 372 

Alexander, 2021; Reed et al., 2021). Here, we examined the demographic responses of 373 

two co-occurring alpine herbaceous plants, Elymus nutans and Helictotrichon tibeticum, 374 

to a decade of in situ active warming on the Tibetan Plateau. Although the two species 375 

exhibited similar population growth rates under ambient conditions, E. nutans was 376 

projected to decline sharply and H. tibeticum to remain stable under warmed conditions. 377 

Different demographic responses of functionally similar species to environmental 378 

variability have been documented in diverse systems, including herbaceous plants in 379 

moist meadows (Jongejans & de Kroon, 2005), forb species in grasslands (Olsen et al., 380 

2016), bunchgrass species in prairies (DeMarche et al., 2021), and congeneric 381 

endangered grassland herbs (Münzbergová, 2013). Such different responses varied not 382 

only in terms of magnitude, but even in direction (DeMarche et al., 2021; Jongejans & 383 

de Kroon, 2005; Münzbergová, 2013; Olsen et al., 2016). These findings, together with 384 

our results, suggest that coexisting species may face contrasting fates under climate 385 

change, resulting in community re-assembly, as it has been found in recent studies 386 

(Adler et al., 2012; Cant et al., 2021). Therefore, we may not easily transfer the 387 

demographic information obtained from one species to another inhabiting the same 388 
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habitat, even those from the same functional group.  389 

 390 

Demographic processes drive population dynamics under climate warming 391 

Climate warming may affect population viability by unevenly affecting different 392 

demographic processes. Demographic compensation among vital rates may allow 393 

species to maintain viable populations under changing environments (Doak & Morris, 394 

2010; Peterson et al., 2018). In our study, both species exhibited decreased individual 395 

growth and increased shrinkage after a decade of warming, suggesting that the growing 396 

conditions became less favorable. However, the population of H. tibeticum successfully 397 

compensated for the negative effects of warming on growth by increased survival and 398 

reproduction, resulting in an increase in its overall population growth rate. 399 

Contrastingly, the population of E. nutans failed compensate, and was projected to 400 

decline sharply under warmed conditions. Demographic compensation at elevated 401 

temperatures has also been reported in a recent study on a perennial herb (Sheth & 402 

Angert, 2018). In that study, the authors found that adequate demographic 403 

compensation among vital rates enabled Erythranthe cardinalis to maintain viable 404 

populations in high latitude areas, while populations with insufficient compensation at 405 

low latitudes were projected to decline as climate change progresses. Together, these 406 

findings and our results suggest that demographic compensation may help populations 407 

to buffer warming induced negative effects and better adapt to warmed living conditions. 408 

Species lacking demographic compensation might be more likely to face future 409 

population declines.  410 
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 The influence of changes in vital rates on overall population performance depends 411 

on the sensitivity of the population growth rate to such changes (de Kroon et al., 2000). 412 

In our study, adult survival in both species had the overwhelmingly highest elasticity 413 

values under both ambient and warmed conditions, suggesting that populations are 414 

especially sensitive to changes in adult survival. Indeed, our LTRE results showed that 415 

the contrasting fates of the two co-occurring species under warming were mainly 416 

attributable to the different responses of adult survival to warming. Therefore, our 417 

results suggest that increased mortality could lead to detrimental effects on population 418 

viability. Thus, more attention should be paid to adult survival in the face of climate 419 

change (McDonald et al., 2017; Sheth & Angert, 2018), something that may be difficult 420 

to achieve in short-term studies.  421 

Climate warming may affect the distribution of elasticity values over a life cycle. 422 

In our study, the highest elasticity values of survival shifted toward shorter individuals 423 

under warming, indicating that maintaining the survival of small plants became more 424 

important for population persistence in the face of climate warming. Previous studies 425 

have reported that low winter temperatures in alpine regions could impose a strong 426 

selective pressure on plant overwintering, especially on seedlings and small individuals 427 

with less storage of carbon resources (Zait et al., 2020). Here, shorter individuals had 428 

much lower survival than taller ones, which might be partly due to the low capacity of 429 

small individuals to overwinter (Simons et al., 2010). Warming promoted the survival 430 

of shorter individuals in both species, indicating that future climate warming may 431 

benefit these small plant individuals by improving their capacity to overwinter.  432 
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The demographic responses to climate warming may be regulated by lifespan, a 433 

key life history trait that may affect a species’ capacity to cope with environmental 434 

variation (Garcia et al., 2008; Morris et al., 2008; Paniw et al., 2018). Short-lived 435 

species are often more sensitive to climate variability than long-lived species (Morris 436 

et al., 2018; Paniw et al., 2018). This pattern may be driven by short-lived species’ 437 

higher temporal variation in annual population growth rate, which may negatively affect 438 

the long-term stochastic population growth rate (Morris et al., 2008; Pfister, 1998). In 439 

our study, warming reduced the population growth of E. nutans (with a shorter life 440 

expectancy), but promoted the population growth of H. tibeticum (with a longer life 441 

expectancy). Recently, based on demographic data from 62 plant species in temperate 442 

biomes, Compagnoni et al. (2021) found that warming had stronger negative effects on 443 

the population growth rate of species with shorter generation time. Additionally, similar 444 

findings were also reported in birds and amphibians; short-lived species tended to show 445 

more pronounced responses to climate change, and species with a fast life history could 446 

be more vulnerable than species with a slower life history (Cayuela et al., 2017; Couet 447 

et al., 2022). Our results, together with these similar findings across diverse systems, 448 

suggest that lifespan might be key predictor of species’ susceptibility to climate change. 449 

 450 

Management implications in the face of future climate change 451 

Livestock grazing is a common land use activity in alpine grassland ecosystems (Zhang 452 

et al., 2023). The grasslands on the Tibetan Plateau serve as an important resource for 453 

yaks (Long et al., 2008). We found that survival was key for population maintenance of 454 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


22 
 

both species, suggesting that grazing activities should be controlled at a level that 455 

minimizes mortality. Additionally, increased shrinkage under warming made a 456 

considerable negative contribution to the population growth rates of both species in the 457 

current study. Therefore, grazing activities should also be managed to a certain extent 458 

to avoid large increases in shrinkage. As survival and shrinkage are relatively easy to 459 

monitor, they could potentially serve as warning signals for the management of alpine 460 

grasslands under climate change.   461 

Management strategies should be tailored to the species level as much as possible. 462 

Our study site was grazed annually in winter to mimic historic grazing regimes in the 463 

local region. The populations of E. nutans declined under both ambient and warmed 464 

conditions, implying that the current grazing regime is unsustainable in either current 465 

or future climates. Adjustments to the grazing regime may help to reverse population 466 

decline (Andrello et al., 2012). Further studies are needed to determine the optimal 467 

grazing regime, in terms of intensity and season, to maintain viable populations for E. 468 

nutans in face of climate change. Contrastingly, our findings on H. tibeticum suggest 469 

that the current grazing regime is likely sustainable for this species under future climate 470 

warming. However, the current study only examined the effects of 2℃ warming, the 471 

potential effects of further warming remain unknown.  472 

Population management under climate change needs to account for the potential 473 

demographic impacts of extreme weather events.  As observed in a study by Morris and 474 

Doak (2010), demographic rates may be improved in moderately warmer years but 475 

decline in the warmest years. Therefore, increased climate warming exceeding a tipping 476 
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point may still be detrimental and drive future population declines (Morris & Doak, 477 

2010; Peterson et al., 2018). Similarly, Keller and Shea (2021) found nonlinear effects 478 

of warming on different life history stages. Furthermore, Andrello et al. (2012) found 479 

that a heatwave reduced the population growth of a vulnerable perennial species, 480 

Eryngium alpinum, under all grazing regimes, and particularly exacerbated extinction 481 

risk under spring grazing. Therefore, the management of alpine plant populations in 482 

face of climate change also needs to take extreme weather events into account and 483 

adjust grazing activities accordingly.   484 

Communities at high latitudes and at high elevations, like the Tibetan plateau 485 

system studied here, serve as bellwethers for future climates. Long-term warming 486 

experiments in such systems offer lessons for ecologists, land managers and 487 

conservationists keen to predict the effects of climate warming on plant populations’ 488 

long-term viability. We show that two similar, widely distributed alpine grasses had 489 

disparate responses to elevated temperature. This finding highlights the need for 490 

species-level investigation, particularly for economically important species such as 491 

these valuable forage plants. 492 

493 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


24 
 

ACKNOWLEDGEMENTS 494 

We acknowledge funding from the National Science Foundation of China (31971423). 495 

 496 

AUTHORS’ CONTRIBUTIONS 497 

S-LL RSG, KS and J-SH conceived the study. H-TM collected the data, constructed 498 

models, wrote first draft of the manuscript, and all authors contributed substantially to 499 

revisions. All authors approved the final manuscript. 500 

 501 

CONFLICT OF INTEREST STATEMENT 502 

The authors declare no competing interests. 503 

 504 

DATA ACCESSIBILITY STATEMENT 505 

All data used in this manuscript will be archived in Dryad and the data DOI will be 506 

provided should the manuscript be accepted for publication. 507 

508 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


25 
 

REFERENCES 509 

Adler, P. B., Dalgleish, H. J. & Ellner, S. P. (2012). Forecasting plant community 510 

impacts of climate variability and change: when do competitive interactions matter? 511 

Journal of Ecology, 100, 478–487. https://doi.org/10.1111/j.1365-512 

2745.2011.01930.x 513 

Andrello, M., Bizoux, J. P., Barbet-Massin, M., Gaudeul, M., Nicole, F. & Till-Bottraud, 514 

I. (2012). Effects of management regimes and extreme climatic events on plant 515 

population viability in Eryngium alpinum. Biological Conservation, 147, 99–106. 516 

https://doi.org/10.1016/j.biocon.2011.12.012 517 

Anderson, J. T. & Wadgymar, S. M. (2020). Climate change disrupts local adaptation 518 

and favours upslope migration. Ecology Letters, 23, 181–192. 519 

https://doi.org/10.1111/ele.13427 520 

Blumenthal, D. M., Kray, J. A., Ortmans, W., Ziska, L. H. & Pendall, E. (2016). 521 

Cheatgrass is favored by warming but not CO2 enrichment in a semi-arid grassland. 522 

Global Change Biology, 22, 3026–3038. https://doi.org/10.1111/gcb.13278 523 

Cant, J., Salguero-Gómez, R., Kim, S. W., Sims, C. A., Sommer, B., Brooks, M., 524 

Malcolm, H. A., Pandolfi, J. M. & Beger, M. (2021). The projected degradation of 525 

subtropical coral assemblages by recurrent thermal stress. Journal of Animal 526 

Ecology, 90, 233–247. https://doi.org/10.1111/1365-2656.13340 527 

Cayuela, H., Joly, P., Schmidt, B. R., Pichenot, J., Bonnaire, E., Priol, P., Peyronel, O., 528 

Laville, M. & Besnard, A. (2017). Life history tactics shape amphibians' 529 

demographic responses to the North Atlantic Oscillation. Global Change Biology, 530 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


26 
 

23, 4620–4638. https://doi.org/10.1111/gcb.13672 531 

Caswell, H. (1989). Analysis of life table response experiments: Decomposition of 532 

effects on population growth rate. Ecological Modelling, 46, 221–237. 533 

https://doi.org/10.1016/0304-3800(89)90019-7 534 

Caswell, H. (2001). Matrix Population Models: Construction, Analysis, and 535 

Interpretation (2nd ed.). Sunderland, MA: Sinauer Associates Inc. 536 

Chen, H., Zhu, Q. A., Peng, C. H., Wu, N., Wang, Y. F., Fang, X. Q., Gao, Y. H., Zhu, 537 

D., Yang, G., Tian, J. Q., Kang, X. M., Piao, S. L., Ouyang, H., Xiang, W. H., Luo, 538 

Z. B., Jiang, H., Song, X. Z., Zhang, Y., Yu, G. R., … Wu, J. H. (2013). The impacts 539 

of climate change and human activities on biogeochemical cycles on the Qinghai-540 

Tibetan Plateau. Global Change Biology, 19, 2940–2955. 541 

https://doi.org/10.1111/gcb.12277 542 

Compagnoni, A., Levin, S., Childs, D.Z., Harpole, S., Paniw, M., Romer, G. , Burns, J. 543 

H., Che-Castaldo, J., Ruger, N., Kunstler, G., Bennett, J. M., Archer, C. R., Jones, 544 

O. R., Salguero-Gómez, R. & Knight, T. M. (2021). Herbaceous perennial plants 545 

with short generation time have stronger responses to climate anomalies than those 546 

with longer generation time. Nature Communications, 12, 1824. 547 

https://doi.org/10.1038/s41467-021-21977-9 548 

Couet, J., Marjakangas, E. L., Santangeli, A., Kalas, J. A., Lindstrom, A. & Lehikoinen, 549 

A. (2022). Short-lived species move uphill faster under climate change. Oecologia, 550 

198, 877–888. https://doi.org/10.1007/s00442-021-05094-4 551 

Cribari-Neto, F. & Zeileis, A. (2010). Beta Regression in R. Journal of Statistical 552 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


27 
 

Software, 34, 1–24. https://doi.org/10.18637/jss.v034.i02 553 

Cui, H. J., Topper, J. P., Yang, Y., Vandvik, V. & Wang, G. X. (2018). Plastic Population 554 

Effects and Conservative Leaf Traits in a Reciprocal Transplant Experiment 555 

Simulating Climate Warming in the Himalayas. Frontiers in Plant Science, 9, 1069. 556 

https://doi.org/10.3389/fpls.2018.01069 557 

de Kroon, H., van Groenendael, J. & Ehrlen, J. (2000). Elasticities: A review of methods 558 

and model limitations. Ecology, 81, 607–618. https://doi.org/10.1890/0012-559 

9658(2000)081[0607:EAROMA]2.0.CO;2 560 

DeMarche, M. L., Bailes, G., Hendricks, L. B., Pfeifer-Meister, L., Reed, P. B., 561 

Bridgham, S. D., Johnson, B. R., Shriver, R., Waddle, E., Wroton, H., Doak, D. F., 562 

Roy, B. A. & Morris, W. F. (2021). Latitudinal gradients in population growth do 563 

not reflect demographic responses to climate. Ecological Applications, 31, e02242. 564 

https://doi.org/10.1002/eap.2242 565 

DeMarche, M. L., Doak, D. F. & Morris, W. F. (2018). Both life-history plasticity and 566 

local adaptation will shape range-wide responses to climate warming in the tundra 567 

plant Silene acaulis. Global Change Biology, 24, 1614–1625. 568 

https://doi.org/10.1111/gcb.13990 569 

Doak, D. F. & Morris, W. F. (2010). Demographic compensation and tipping points in 570 

climate-induced range shifts. Nature, 467, 959–962. 571 

https://doi.org/10.1038/nature09439 572 

Easterling, M. R., Ellner, S. P. & Dixon, P. M. (2000). Size-specific sensitivity: 573 

Applying a new structured population model. Ecology, 81, 694–708. 574 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


28 
 

https://doi.org/10.1890/0012-9658(2000)081[0694:SSSAAN]2.0.CO;2 575 

Ellner, S. P., Childs, D. Z. & Rees, M. (2016). Data-driven Modelling of Structured 576 

Populations: A Practical Guide to the Integral Projection Model. Springer 577 

International Publishing, Switzerland. 578 

Efron, B. (1987). Better bootstrap confidence-intervals. Journal of the American 579 

Statistical Association, 82, 171–185. https://doi.org/10.2307/2289144 580 

Evers, S. M., Knight, T. M., Inouye, D. W., Miller, T. E. X., Salguero-Gómez, R., Iler, 581 

A. M. & Compagnoni, A.  (2021). Lagged and dormant season climate better 582 

predict plant vital rates than climate during the growing season. Global Change 583 

Biology, 27, 1927–1941. https://doi.org/10.1111/gcb.15519 584 

Fox J. (2016). Applied Regression Analysis and Generalized Linear Models (3rd ed.). 585 

Sage Publications, Inc. 586 

Fuller, R. J., Williamson, T., Barnes, G. & Dolman, P. M. (2017). Human activities and 587 

biodiversity opportunities in pre-industrial cultural landscapes: relevance to 588 

conservation. Journal of Applied Ecology, 54, 459–469. 589 

https://doi.org/10.1111/1365-2664.12762 590 

Garcia, M. B., Pico, F. X. & Ehrlen, J. (2008). Life span correlates with population 591 

dynamics in perennial herbaceous plants. American Journal of Botany, 95, 258–592 

262. https://doi.org/10.3732/ajb.95.2.258 593 

Gornish, E. S. (2014). Demographic effects of warming, elevated soil nitrogen and 594 

thinning on the colonization of a perennial plant. Population Ecology, 56, 645-656. 595 

https://doi.org/10.1007/s10144-014-0442-5 596 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


29 
 

Griffith, A. B. (2017). Perturbation approaches for integral projection models. Oikos, 597 

126, 1675–1686. https://doi.org/10.1111/oik.04458 598 

Iler, A. M., CaraDonna, P. J., Forrest, J. R. K. & Post, E. (2021). Demographic 599 

Consequences of Phenological Shifts in Response to Climate Change. Annual 600 

Review of Ecology, Evolution, and Systematics, 52, 221–245. 601 

https://doi.org/10.1146/annurev-ecolsys-011921-032939 602 

Jones, O. R., Barks, P., Stott, I., James, T. D., Levin, S., Petry, W. K., Capdevila, P., 603 

Che-Castaldo, J., Jackson, J., Romer, G., Schuette, C., Thomas, C. C. & Salguero-604 

Gómez, R. (2022). Rcompadre and Rage-Two R packages to facilitate the use of 605 

the COMPADRE and COMADRE databases and calculation of life-history traits 606 

from matrix population models. Methods in Ecology and Evolution, 13, 770–781. 607 

https://doi.org/10.1111/2041-210X.13792 608 

Jongejans, E. & De Kroon, H. (2005). Space versus time variation in the population 609 

dynamics of three co-occurring perennial herbs. Journal of Ecology, 93, 681-692. 610 

https://doi.org/10.1111/j.1365-2745.2005.01003.x 611 

Keller, J. A. & Shea, K. (2021). Warming and shifting phenology accelerate an invasive 612 

plant life cycle. Ecology, 102, e03219. https://doi.org/10.1002/ecy.3219 613 

Li, S. L., Yu, F. H., Werger, M. J. A., Dong, M. & Zuidema, P. A. (2011). Habitat-614 

specific demography across dune fixation stages in a semi-arid sandland: 615 

understanding the expansion, stabilization and decline of a dominant shrub. 616 

Journal of Ecology, 99, 610–620. https://doi.org/10.1111/j.1365-617 

2745.2010.01777.x 618 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


30 
 

Liu, H. Y., Mi, Z. R., Lin, L., Wang, Y. H., Zhang, Z. H., Zhang, F. W., Wang, H., Liu, 619 

L. L., Zhu, B. A., Cao, G. M., Zhao, X. Q., Sanders, N. J., Classen, A. T., Reich, P. 620 

B. & He, J. S. (2018). Shifting plant species composition in response to climate 621 

change stabilizes grassland primary production. Proceedings of the National 622 

Academy of Sciences, 115, 4051–4056. https://doi.org/10.1073/pnas.1700299114 623 

Long, R. J., Ding, L. M., Shang, Z. H. & Guo, X. H. (2008). The yak grazing system 624 

on the Qinghai-Tibetan plateau and its status. Rangeland Journal, 30, 241–246. 625 

https://doi.org/10.1071/RJ08012 626 

Lucas, R. W., Forseth, I. N. & Casper, B. B. (2008). Using rainout shelters to evaluate 627 

climate change effects on the demography of Cryptantha flava. Journal of Ecology, 628 

96, 514–522. https://doi.org/10.1111/j.1365-2745.2007.01350.x 629 

McDonald, J. L., Franco, M., Townley, S., Ezard, T. H. G., Jelbert, K. & Hodgson, D. 630 

J. (2017). Divergent demographic strategies of plants in variable environments. 631 

Nature ecology & evolution, 1, 0029. https://doi.org/10.1038/s41559-016-0029 632 

McLean, N., Lawson, C. R., Leech, D. I. & van de Pol, M. (2016). Predicting when 633 

climate-driven phenotypic change affects population dynamics. Ecology Letters, 634 

19, 595–608. https://doi.org/10.1111/ele.12599 635 

IPCC. (2019). Polar Regions. In: IPCC Special Report on the Ocean and Cryosphere 636 

in a Changing Climate (Pörtner, H. O., Roberts, D. C., Masson-Delmotte, V., Zhai, 637 

P., M. Tignor, M., Poloczanska, M. E., Mintenbeck, K., Alegría, A., Nicolai, M., 638 

Okem, A., Petzold, J., Rama, B. & Weyer, N. M., Eds.). Cambridge University 639 

Press. https://doi.org/10.1017/9781009157964 640 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


31 
 

Morris, W. F., Pfister, C. A., Tuljapurkar, S., Haridas, C. V., Boggs, C. L., Boyce, M. S., 641 

Bruna, E. M., Church, D. R., Coulson, T., Doak, D. F., Forsyth, S., Gaillard, J. M., 642 

Horvitz, C. C., Kalisz, S., Kendall, B. E., Knight, T. M., Lee, C. T. & Menges, E. 643 

S. (2008). Longevity can buffer plant and animal populations against changing 644 

climatic variability. Ecology, 89, 19–25. https://doi.org/10.1890/07-0774.1 645 

Münzbergová, Z. (2013). Comparative demography of two co-occurring Linum species 646 

with different distribution patterns. Plant Biology, 15, 963–970. 647 

https://doi.org/10.1111/plb.12007 648 

Nomoto, H. A. & Alexander, J. M. (2021). Drivers of local extinction risk in alpine 649 

plants under warming climate. Ecology Letters, 24, 1157–1166. 650 

https://doi.org/10.1111/ele.13727 651 

Olsen, S. L., Topper, J. P., Skarpaas, O., Vandvik, V. & Klanderud, K. (2016). From 652 

facilitation to competition: temperature-driven shift in dominant plant interactions 653 

affects population dynamics in seminatural grasslands. Global Change Biology, 654 

22, 1915–1926. https://doi.org/10.1111/gcb.13241 655 

Panetta, A. M., Stanton, M. L. & Harte, J. (2018). Climate warming drives local 656 

extinction: Evidence from observation and experimentation. Science Advance, 4, 657 

eaaq1819. https://doi.org/10.1126/sciadv.aaq1819 658 

Paniw, M., Ozgul, A. & Salguero-Gómez, R. (2018). Interactive life-history traits 659 

predict sensitivity of plants and animals to temporal autocorrelation. Ecology 660 

Letters, 21, 275–286. https://doi.org/10.1111/ele.12892 661 

Pearson, R. G., Stanton, J. C., Shoemaker, K. T., Aiello-Lammens, M. E., Ersts, P. J., 662 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%BCnzbergov%C3%A1+Z&cauthor_id=23574515
https://doi.org/10.1101/2023.10.03.560467


32 
 

Horning, N., Fordham, D. A., Raxworthy, C. J., Ryu, H. Y., McNees, J. & 663 

Akcakaya, H. R. (2014). Life history and spatial traits predict extinction risk due 664 

to climate change. Nature Climate Change, 4, 217–221. 665 

https://doi.org/10.1038/nclimate2113 666 

Peterson, M. L., Doak, D. F. & Morris, W. F. (2018). Both life-history plasticity and 667 

local adaptation will shape range-wide responses to climate warming in the tundra 668 

plant Silene acaulis. Global Change Biology, 24, 1614–1625. 669 

https://doi.org/10.1111/gcb.13990 670 

Pfister, C. A. (1998). Patterns of variance in stage-structured populations: evolutionary 671 

predictions and ecological implications. Proceedings of the National Academy of 672 

Sciences of the United States of America, 95, 213–218. 673 

https://doi.org/10.1073/pnas.95.1.213 674 

R Core Team. (2021) R: A language and environment for Statistical Computing. R 675 

Foundation for Statistical Computing. https://www.r-project.org/ 676 

Reed, P. B., Peterson, M. L., Pfeifer-Meister, L. E., Morris, W. F., Doak, D. F., Roy, B. 677 

A., Johnson, B. R., Bailes, G. T., Nelson, A. A. & Bridgham, S. D.  (2021). Climate 678 

manipulations differentially affect plant population dynamics within versus 679 

beyond northern range limits. Journal of Ecology, 109, 664–675. 680 

https://doi.org/10.1111/1365-2745.13494 681 

Salguero-Gómez, R. & Casper, B. B. (2010). Keeping plant shrinkage in the 682 

demographic loop. Journal of Ecology, 98, 312–323. 683 

https://doi.org/10.1111/j.1365-2745.2009.01616.x 684 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


33 
 

Selwood, K. E., McGeoch, M. A. & Nally, R. (2015). The effects of climate change and 685 

land-use change on demographic rates and population viability. Biological 686 

Reviews, 90, 837–853. https://doi.org/10.1111/brv.12136 687 

Sheth, S. N. & Angert, A. L. (2018). Demographic compensation does not rescue 688 

populations at a trailing range edge. Proceedings of the National Academy of 689 

Sciences of the United States of America, 115, 2413–2418. 690 

https://doi.org/10.1073/pnas.1715899115 691 

Simons, A. M, Goulet, J. M. & Bellehumeur, K. F. (2010). The effect of snow depth on 692 

overwinter survival in Lobelia inflata. Oikos, 119, 1685–1689. 693 

https://doi.org/10.1111/j.1600-0706.2010.18515.x 694 

Struckman, S., Couture, J. J., LaMar, M. D. & Dalgleish, H. J. (2019). The demographic 695 

effects of functional traits: an integral projection model approach reveals 696 

population-level consequences of reproduction-defence trade-offs. Ecology 697 

Letters, 22, 1396–1406. https://doi.org/10.1111/ele.13325 698 

Tenhumberg, B., Crone, E. E., Ramula, S. & Tyre, A. J. (2018). Time-lagged effects of 699 

weather on plant demography: drought and Astragalus scaphoides. Ecology, 99, 700 

915–925. https://doi.org/10.1002/ecy.2163 701 

Verrall, B. & Pickering, C. M. (2020). Alpine vegetation in the context of climate 702 

change: A global review of past research and future directions. Science of the Total 703 

Environment, 748, 141344. https://doi.org/10.1016/j.scitotenv.2020.141344 704 

Villellas, J., Doak, D. F., Garcia, M. B. & Morris, W. F. (2015). Demographic 705 

compensation among populations: what is it, how does it arise and what are its 706 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


34 
 

implications? Ecology Letters, 18, 1139–1152. https://doi.org/10.1111/ele.12505 707 

Wang, H., Liu, H., Cao, G., Ma, Z., Li, Y., Zhang, F., Zhao, X., Zhao, X., Jiang, L., 708 

Sanders, N. J., Classen, A. T. & He, J. S. (2020). Alpine grassland plants grow 709 

earlier and faster but biomass remains unchanged over 35 years of climate change. 710 

Ecology Letters, 23, 701–710. https://doi.org/10.1111/ele.13474 711 

Wang, Y., Lv, W., Xue, K., Wang, S., Zhang, L., Hu, R., Zeng, H., Xu, X., Li, Y., Jiang, 712 

L., Hao, Y., Du, J., Sun, J., Dorji, T., Piao, S., Wang, C., Luo, C., Zhang, Z., Chang, 713 

X., … Niu, H. (2022). Grassland changes and adaptive management on the 714 

Qinghai-Tibetan Plateau. Nature Reviews Earth & Environment, 3, 668–683.  715 

https://doi.org/10.1038/s43017-022-00330-8 716 

Wilcoxon, F. (1945). Individual comparisons by ranking methods. Biometrics, 1, 80–717 

83. https://doi.org/10.2307/3001968 718 

Zait, Y., Konsens, I. & Schwartz, A. (2020). Elucidating the limiting factors for 719 

regeneration and successful establishment of the thermophilic tree Ziziphus spina-720 

christi under a changing climate. Scientific Reports, 10, 14335. 721 

https://doi.org/10.1038/s41598-020-71276-4  722 

Zhang, R., Gallagher, R. S. & Shea, K. (2012). Maternal warming affects early life 723 

stages of an invasive thistle. Population Biology, 14, 738–788. 724 

https://doi.org/10.1111/j.1438-8677.2011.00561.x 725 

Zhang, Z., Zhao, Y., Lin, H., Li, Y., Fu, J., Wang, Y., Sun, J. & Zhao, Y. (2023). 726 

Comprehensive analysis of grazing intensity impacts alpine grasslands across the 727 

Qinghai-Tibetan Plateau: A meta-analysis. Frontiers in Plant Science, 13, 1083709. 728 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


35 
 

https://doi.org/10.3389/fpls.2022.1083709 729 

Zuidema, P. A. & Franco, M. (2001). Integrating vital rate variability into perturbation 730 

analysis: an evaluation for matrix population models of six plant species. Journal 731 

of Ecology, 89, 995–1005. https://doi.org/10.1111/j.1365-2745.2001.00621.x 732 

733 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560467doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560467


36 
 

Table 1 Statistical models and parameter estimates used to construct the kernels of the integral 734 

projection models for two co-occurring alpine herbaceous species, Elymus nutans and 735 

Helictotrichon tibeticum under ambient and warmed conditions on the Tibetan Plateau. 736 

 737 

Species Demographic process Model 

Elymus 

nutans 

Survival probability (s) 

Ambient: Logit(s) = 0.890 + 0.008z 

Warming: Logit(s) = 1.115 – 0.002z 

R2 = 0.005, P < 0.001 

Changes in height (g) 

Ambient: g(z’) = 25.967 + 0.437z 

Warming: g(z’) = 15.435 + 0.262z 

R2 = 0.527, P < 0.001 

Probability of reproducing 

(pb) 

Ambient: Logit(pb) = -14.402 + 0.469z 

Warming: Logit(pb) = -6.581 + 0.188z 

R2 = 0.843, P < 0.001 

Number of seeds (b) 

Ambient: log(b) = 1.589 + 0.015z 

Warming: log(b) = 2.026 + 0.007z 

R2 = 0.709, P < 0.001 

Helictotrichon 

tibeticum 

Survival probability (s) 

Ambient: Logit(s) = 0.774 + 0.015z 

Warming: Logit(s) = 2.468 + 0.008z 

R2 = 0.021, P < 0.001 

Changes in height (g) 

Ambient: g(z’) = 40.672 + 0.343z 

Warming: g(z’) = 33.618 + 0.315z 

R2 = 0.414, P < 0.001 

Probability of reproducing 

(pb) 

Ambient: Logit(pb) = -74.631 + 1.738z 

Warming: Logit(pb) = -20.439 + 0.009z 

R2 = 0.917, P < 0.001 

Number of spikes (b) 

Ambient: Log(b) = 1.507 + 0.005z 

Warming: Log(b) = 1.712 + 0.004z 

R2 = 0.176, P < 0.001 

 738 

739 
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Table 2 The effects of a decade of warming treatment on the population growth rate (λ), 740 

difference between λ values (λ) under ambient and warmed conditions for two co-occurring 741 

alpine herbaceous species, Elymus nutans and Helictotrichon tibeticum, on the Tibetan Plateau. 742 

Values in brackets refer to 95% confidence intervals (CI). 743 

 744 

Species Treatments λ λ 

E. nutans 

Ambient 0.883 [0.879, 0.886] 

-0.189 [-0.193, - 0.184] 

Warming 0.694 [0.692, 0.697] 

H. tibeticum 

Ambient 0.910 [0.907, 0.973] 

0.091 [0.087, 0.094] 

Warming 1.001 [0.999, 1.002] 

745 
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Figure legends 746 

Figure 1 The effects of a decade of warming treatment on the relationships between the 747 

vital rates of survival (a, b), growth (c, d), reproduction (e, f), and number of 748 

seeds/spikes per capita (g, h), and plant height for two co-occurring alpine herbaceous 749 

species, Elymus nutans (a, c, e, g) and Helictotrichon tibeticum (b, d, f, h), on the 750 

Tibetan Plateau. The dashed grey lines in (c) and (d) represent 1:1 line. Regression 751 

functions and parameters are given in Table 1.  752 

 753 

Figure 2 The effects of a decade of warming treatment on the survival components (a, b, e, f) 754 

and reproduction components (c, d, g, h) of the fitted kernels of integral projection models for 755 

two co-occurring alpine herbaceous species, Elymus nutans (a, c, e, g) and Helictotrichon 756 

tibeticum (b, d, f, h), on the Tibetan Plateau. The dashed 1:1 line along the diagonal represent 757 

individuals during the first census that remained the same height or produced seedlings of the 758 

same height during the second census. 759 

 760 

Figure 3 The effects of a decade of warming treatment on the vital rate elasticity of two co-761 

occurring alpine herbaceous species, Elymus nutans (a, c) and Helictotrichon tibeticum (b, d), 762 

on the Tibetan Plateau. Elasticity values of each vital rate accumulated through all sizes are 763 

given in the tables in the upper right corner. 764 

 765 

Figure 4 Results of Life Table Response Experiment analyses to examine the effects of a decade 766 

of warming treatment on the vital rate contribution of two co-occurring alpine herbaceous 767 
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species, Elymus nutans (a) and Helictotrichon tibeticum (b), on the Tibetan Plateau. Cumulative 768 

contributions of each vital rate across all sizes to the warming-induced changes in population 769 

growth rates are given in the tables in the lower right corner (a) and upper right corner (b), 770 

respectively.    771 

772 
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Figure 1 773 
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Figure 2 777 

 778 

 779 
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Figure 3 781 
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Figure 4 785 
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