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24 Abstract

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

26 viable population dynamics under future climate change. Assessing species
27 extinction risk under climate warming requires demographic studies integrating
28 vital rate responses to long-term warming throughout species’ life cycle. However,
29 studies of this nature are rare.

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

31 plants, Elymus nutans Griseb. and Helictotrichon tibeticum (Roshev.) Holub, after
32 a decade (2011-2020) of in situ active warming by 2°C in the grasslands of the
33 Tibetan Plateau. We parameterise Integral Projection Models (IPMs) to project the
34 population dynamics under ambient and long-term warming conditions, and
35 examine the key vital rates responsible for any potential differences in population
36 growth rates.

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

38 species: warming promotes the population growth rate of H. tibeticum, but
39 intensifies the population decline of E. nutans. Our elasticity analyses show that
40 survival is the most important vital rate for population viability in both species
41 under both ambient and warmed conditions. Furthermore, our retrospective Life
42 Table Response Experiment (LTRE) analysis reveals that the contrasting fates of
43 the two species under warming mainly arise from the different responses of adult
44 survival, which is significantly promoted in H. tibeticum but slightly reduced in E.
45 nutans. Individual shrinkage occurred 1.6-fold more frequently under warming
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46 than ambient conditions for both species, and made considerable negative
47 contributions to their population growth rates in warmed plots. However, such
48 negative effects are offset in H. tibeticum (but not E. nutans) by the positive
49 contribution to population growth rate of the associated increased survival.

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

51 considerably between similar co-occurring species, and species with a
52 demographically compensatory strategy may avoid population collapse.
53 Additionally, caution is needed when generalizing findings among functionally
54 similar species, and that conservation measures should be tailored at the species
55 level.

56

57 KEYWORDS: Alpine plants; Demographic response; Integral Projection Models
58 (IPMs); Life Table Response Experiment (LTRE); Long-term climate warming;
59  Population dynamics.
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61 INTRODUCTION

62  Climate warming poses a growing threat to global biodiversity by rapidly altering
63  organisms’ environments. Thus, predicting the risks of local extinction, and developing
64  proactive conservation measures to protect species in danger is of increasing urgency
65  (Panetta et al., 2018; Pearson et al., 2014). Species can persist in the face of climate
66  warming if they are able to maintain viable populations under novel climate conditions
67 (Nomoto & Alexander, 2021; Peterson et al., 2018). However, quantitively assessing
68  the extent to which climate warming can shape population viability is challenging, as it
69 requires demographic studies integrating vital rates (e.g., survival, growth, and
70  reproduction) over an entire life cycle in response to long-term warming. The impacts
71 of climate warming on individual performance in terms of changes in morphology,
72 physiology, phenology, and vital rates have been extensively studied (Blumenthal et al.,
73 2016; Gornish et al., 2014; Wang et al., 2020). However, we still lack mechanistic
74  insights into the impacts of such changes on long-term population viability (Iler et al.,
75  2021; Selwood et al., 2015). This knowledge gap hinders our capacity to strategically
76  manage populations of conservation concern under future climate change (DeMarche
77  etal.,, 2018; Nomoto & Alexander, 2021; Keller & Shea, 2021).

78 The direct effects of climate warming on individual performance do not directly
79  scale up into impacts on population viability (Iler et al., 2021; McLean et al., 2016;
80 Selwood et al., 2015). Climate warming may affect vital rates differently, not only in
81  magnitudes but also in direction (Keller & Shea, 2021; Nomoto & Alexander, 2021;

82  Panetta et al., 2018). When the negative effects of climate warming on some vital rates
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83 were compensated by positive effects on others, then the overall effects at the
84  population level could be alleviated or cancelled out, a phenomenon called
85  “demographic compensation” (Villellas et al., 2015; Sheth & Angert, 2018). As such,
86  evaluating the impacts of climate warming on species viability requires integrating
87 individual- and population-level responses. The presence of demographic
88  compensation among vital rates may enable populations to persist under climate
89  warming. For example, a recent study on the alpine plant Silene acaulis found that the
90 reduction in survival was compensated by the increase in growth under increased
91  temperature toward lower latitudes (Peterson et al., 2018). Such demographic
92  compensation allowed S. acaulis to maintain viable populations across its range
93  (Peterson et al., 2018). Alternatively, populations lacking demographic compensation
94  are more likely to decline under elevated temperatures (Cui et al., 2018). Additionally,
95 the extent to which population persistence is affected by climate change is determined
96 not only by the magnitude of warming-induced changes in vital rates, but also by the
97  sensitivity of population growth to such changes. This relationship is well known not
98 to be linear (de Kroon et al., 2000; Villellas et al., 2015). As such, assessments of
99  population viability require more comprehensive modelling efforts to assess the
100  cumulative effects.

101 Another challenge hampering investigation of demographic impacts of climate
102  warming arises because such evaluations require demographic studies under long-term
103  warming. It may take multiple years for populations, especially populations of

104  perennials, to respond to elevated temperature (Evers et al., 2021; Tenhumberg et al.,
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105  2018). Existing findings about the impacts of climate warming on population viability
106  are inconsistent, with negative and positive effects being widely reported at the
107  population level in different systems (Gornish et al., 2014; Keller & Shea, 2021;
108  Nomoto & Alexander, 2021; Panetta et al., 2018; Reed et al., 2021). For example, Keller
109 and Shea (2021) found that the population growth of the globally invasive plant
110  Carduus nutans was greatly accelerated under a short-term warming treatment; a study
111 by Gornish et al. (2014) showed that short-term warming increased the growth of the
112 populations of pineland silkgrass Pityopsis aspera; and Panetta et al. (2018) reported
113 thata 25-year warming treatment caused declines in the population size of a widespread
114  mountain plant Androsace septentrionalis L.. One reason for such inconsistent findings
115  may be that most results are based on short-term warming experiments (but see Panetta
116 et al., 2018), often shorter than the lifespan of the study species. These treatments may
117  only capture the transient dynamics of the populations under warming, while plant
118  populations may respond over the span of multiple years (Evers et al., 2021; Zhang et
119  al., 2012), or sometimes even decades (Panetta et al., 2018; Tenhumberg et al., 2018).

120 Alpine grasslands are considered among the most vulnerable ecosystems to
121 climate warming (IPCC, 2019; Verrall & Pickering, 2020). In particular, the annual
122 temperature on the Tibetan Plateau has increased at a rate twice the global average in
123 the past 50 years (Chen et al., 2013). Therefore, exploring the consequences of climate
124  warming on population persistence on the Tibetan Plateau is important to inform the
125  management of such critical susceptible alpine ecosystems. Moreover, such findings

126  can serve as early warning signals for the conservation of other ecosystems. Previous
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127  studies on the grasslands of the Tibetan plateau have found that long-term warming
128  advanced phenology and shifted plant community composition toward an increased
129  abundance of herbaceous functional groups (Liu et al., 2018; Wang et al., 2020).
130  However, it remains unknown how the maintenance of alpine plant populations on the
131 Tibetan Plateau will be affected by climate warming and whether functionally similar
132 species inhabiting the same habitats would show similar demographic responses to
133 elevated temperatures.

134 Here, we examine how climate warming may affect the population dynamics of
135  two dominant plant species, Elymus nutans Griseb. and Helictotrichon tibeticum
136  (Roshev.) Holub, on the alpine grassland of the Tibetan Plateau. Our study sites have
137  received a 2°C active warming starting in 2011. To quantify the responses of both
138  species to warming, we parameterised Integral Projection Models (IPMs; Easterling et
139  al., 2000) with demographic data collected in 2019 and 2020. We used these models to
140  test the following hypotheses: 1) Long-term warming may negatively affect the
141  individual vital rates and subsequently reduce the long-term population growth rate,
142  because alpine plants are generally vulnerable to elevated temperatures; 11) The species
143 with demographic compensation among vital rates may alleviate the warming-induced
144  negative effects on population growth and thus save populations from collapse; ii1) The
145  co-occurring species may adopt different demographic strategies to cope with elevated
146  temperature; if so, conservation measures should be tailored at species level under
147  future climate warming.

148
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149  MATERIALS AND METHODS

150  Study area and experimental design

151  The study was conducted at the Haibei National Alpine Grassland Ecosystem Research
152 Station, Qinghai Province, China (37°36' N, 101°19" E, 3,125 m a.s.l.). The study area
153 is located on the northeastern Tibetan Plateau. The climate is characterized by a long,
154  cold winter and a short, cool summer. The mean annual temperature is -1.1 °C, with the
155  highest monthly temperature occurring in July (10.4 °C) and the lowest monthly
156  temperature in January (-14.6 °C). The mean annual precipitation is 488 mm, with >80%
157  occurring as rain during growing season, from May to September (Wang et al., 2020).
158  The site is a typical alpine grassland, and the vegetation is dominated by perennial
159  herbaceous plants, such as Elymus nutans, Helictotrichon tibeticum, and Stipa aliena
160  (Liu et al., 2018). The study site was fenced annually in summer (from June to
161  September) to avoid animal disturbance, but was grazed annually in winter by sheep
162  (from October to May) to mimic historic grazing regimes in the region (Fuller et al.,
163 2017).

164 A warming manipulation experiment was set up in July 2011. Two warming
165  treatment plots and two ambient plots, each of 2.2 m x 1.8 m, were randomly distributed
166  on the landscape with a spacing of about 10 m. The temperature at the warming
167  treatment plots was elevated by 2°C via two infrared heaters (220 V, 1,200 W; 1.0 m
168  long, 0.22 m wide), suspended in parallel at 1.6 m above the ground. Dummy heaters
169  with the same shape and size as the infrared heaters were used to mimic the shading

170  effect in the ambient plots.
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171

172 Study species and demographic data

173  To compare the effects of climate warming on the population performance of
174  functionally similar plant species inhabiting the same habitats, we selected two co-
175  occurring alpine species, Elymus nutans and Helictotrichon tibeticum. These two
176  graminoid species have erect culms, but differ in leaf blades and spikes. Both species
177  can reach a height of 1 m at the fruiting stage, but H. tibeticum often grows taller and
178  more densely tufted than E. nutans. The two species have similar life histories: both are
179  perennial and sprout new leaves annually, regrow in April-May, flower in June-July,
180 and set fruit in August-September. Recruitment is generally from seed, with
181  germination occurring in spring. Sexual maturity is typically attained in the second year
182  after germination. The two species are well adapted to the cold alpine climate, are
183  widely distributed on the grasslands of the Tibetan Plateau, and serve as important
184  forage species (Wang et al., 2020).

185 To examine the effect of elevated temperature on demographic processes, annual
186  censuses were conducted in August 2019 and 2020 for both species. In the first census,
187  we measured individual plant height, typically a good predictor of vital rates in
188  perennial grasses (Struckman et al., 2019). We also recorded the reproductive status of
189  each individual. To estimate seed production of E. nutans, we first measured spike
190 length for each individual, and then randomly selected 50 individuals close (<10 m) to
191  our experimental site and correlated the number of seeds (destructive count) to spike

192  length. Because H. tibeticum can produce over 10 spikes per individual, we only
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193  counted the number of spikes and later related the number of new seedlings in time ¢ +
194 1 to the number of spikes in ¢ at each plot, as oftentimes done in plant demographic
195  studies (e.g., Lucas et al., 2008). Upon the first measurement, we tagged each individual
196  with a stainless steel label and recorded its Cartesian coordinates within the plots to
197  allow tracking through time. In 2020, we checked the survival of all tagged individuals
198  and re-measured size and the aforementioned reproductive characteristics on surviving
199  ones. At that point too, we also located and measured new recruits within our plots.
200

201  Statistical analyses

202  To examine the effects of warming treatment and initial plant size on vital rates, we
203 employed multiple regression models to relate survival, size changes
204  (growth/shrinkage), and reproduction to the current height and warming treatment. The
205  probabilities of survival s(z) and flowering pf(z) were modelled as logistic
206  regressions, with individual height (z) and warming treatment as independent variables.
207  Size changes g(z', z) were modelled using multiple linear regression with future height
208  (z') as response variable against current height (z) and warming treatment. Subsequently,
209  variances from the size change regression were again related to current height (z) and
210 treatment in another multiple linear regression to test for assumptions of constancy as
211 a function of height on variance. The estimated number of seeds in E. nutans or the
212 number of spikes in H. tibeticum f,,(z) were modelled using Poisson regressions, with
213 current height (z) and treatment as independent variables. We performed Wald chi-
214  square tests to examine the fixed effects of current height and warming treatment in the

10
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215 regressions of all vital rates (Fox, 2016).

216 Size shrinkage, an important demographic process (Salguero-Gémez & Casper,
217 2010), was observed in both species. To examine the effect of climate warming on size
218 shrinkage, we modelled the proportional occurrence of shrinkage for these shrunken
219 individuals employing a generalized linear model using the beta family with a logit-
220 link function, where warming treatment was included as an independent variable

221 (Cribari-Neto & Zeileis, 2010). We then applied a Wald chi-square test to examine the
222 significance of warming treatment in the model (Fox, 2016). Furthermore, we
223 calculated the intensity of shrinkage for these shrunken individuals by subtracting the
224 individual height in 2020 from that in 2019. Because the data of height shrinkage did
225 not meet the normality assumption, we performed a Wilcoxon signed rank test to
226 examine the effects of warming on the intensity of shrinkage (Wilcoxon, 1945).

227

228  Integral projection models

229  To examine the overall impacts of climate warming on the population dynamics of E.
230  nutans and H. tibeticum, we built Integral Projection Models (IPMs; Easterling et al.,
231 2000). IPMs are stage-structured population models where the population is organized
232 according to one or more continuous traits (here height) that may change in discrete
233 time (Ellner et al., 2016). In an IPM, vital rates are included as regression functions of
234  the predicting trait(s), as detailed in the section above. For our purposes, variation in
235  vital rates between ambient and warming treatments can be easily included in the
236 corresponding regression models (Nomoto & Alexander, 2021). In the IPM, the

11
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237  population dynamics of our two species are then mathematically described as:

U
n(z',t+1) = f [P(z',2) + F(z',2)| n(z,t)dz eqn 1

L

238  where [L, U] is the range of all possible heights (L=4.6 cm, U=102.2 cm for E. nutans;
239 L=12.9 cm, U=124.9 cm for H. tibeticum), n(z, t) is the distribution of height z at time
240 t,and n(z', t + 1) is the distribution of height z’ at time # + 1. The expression P(z’, z) +
241  F(Z',z) is also referred to as the kernel K(z', z), a non-negative surface describing all
242 possible demographic transitions from height z at time ¢ to height z’ at time #+1. The
243 sub-kernel P(z',z) comprises all possible transitions of surviving individuals from
244  height z at time ¢ to height z’ at time 7 + 1. This sub-kernel can be decomposed into two
245  functions that determine the probability of survival of an individual at height z, s(z),
246  and the likelihood that the individual will grow/shrink from height z to height z' over a
247  year, such that P(z’,z) = s(z) g(z', z). The sub-kernel F(z',z) comprises all sexual
248  contributions of reproductive individuals in time ¢ to established recruits in 7 + 1. Here,
249  this sub-kernel is decomposed into four functions including the probability of
250  reproduction ps(z), the number of seeds or spikes f,(z), the probability a recruit
251  establishes p,, and the probability distribution of recruit size f;(z'), such that
252 F(z',2) = ps(2) f(2) pe fa(2'). Because warming significantly affected the vital rate
253  functions (Table S1), we built separate kernels for populations under warmed and
254  ambient conditions for both species.

255 To examine the effects of climate warming on long-term population viability, we
256  calculated the population growth rate (1) of both species under ambient and warmed

257  conditions. To do so, first, we discretized the IPM into 100 x 100 matrices using
12
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258  midpoint rule (Ellner et al., 2016). The population growth rate calculated from these
259  matrices, their dominant eigenvalue (Caswell, 2001), informs on whether a population
260  will increase (4 > 1) or decline to extinction (4 < 1) under conditions of stationary
261  equilibrium. To estimate the uncertainty around A, we bootstrapped the individual data
262 1,000 times to obtain bias-corrected 95% confidence intervals under ambient and
263  warmed conditions for the two study species (Efron, 1987; Anderson & Wadgymar,
264  2020). Furthermore, we calculated the differences between 4 values (44) estimated in
265  each bootstrap to obtain bias-corrected 95% confidence interval of A4 between ambient
266 and warmed conditions for both species. In addition, to examine whether the
267  demographic responses to climate warming may be affected by a plant’s lifespan, we
268  calculated the mean life expectancy under warmed and ambient conditions for both
269  species, using the Rage package (Jones et al., 2022) in R.

270 To examine the relative importance of each vital rate on the population growth rate
271  to guide population management under climate warming, we conducted elasticity
272 analyses. Elasticity analysis of vital rate functions describes how much 4 may change
273 when the underlying vital rate changes by a given fraction near a particular size (Ellner
274 et al., 2016; Griffith, 2017; Zuidema & Franco, 2001). By conducting vital rate
275  elasticity analyses, we were able to determine the elasticity values for survival, growth
276  and reproduction separately (Griffith, 2017; Li et al., 2011). Positive elasticity values
277  imply that an increase in a vital rate will increase 4, which is particularly useful for
278  distinguishing the relative importance of positive growth versus shrinkage. To test how
279  climate warming-induced changes in vital rates might have led to differences in 4 under

13
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ambient and warming conditions, we conducted retrospective demographic analyses,
the Life Table Response Experiment (LTRE, hereafter). An LTRE analysis decomposes
the observed difference in population growth rate into the contributions from different
vital rates (Caswell, 1989). We conducted a fixed-design LTRE on vital rates over a life

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

oA
aaij

A20M ~ 1) 4 gm) — J0) Zi,j(agn) - ag))

(kM) 4k (™) eqn 2
2

where A(™ is the population growth rate under warming treatment m, and A7, as a
reference, is the population growth rate under ambient conditions. The factor a™
evaluates the effect of warming treatment m on population maintenance. The

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

(m)

rate a;;~ of the large transition matrix K () under warming treatment and the vital rate

ag) of the large transition matrix K™ under ambient conditions multiplied by the
sensitivity values of the mid matrix, which is the average of the matrices under warming
and ambient conditions (Caswell, 1989). The evaluation of the mid matrix between m
and » minimizes deviances due to the non-linear nature of vital rate sensitivities

(Caswell, 1989).

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

RESULTS
The impacts of warming on survival, growth and reproduction
To examine the effects of climate warming on the demographic processes of two co-

occurring species, Elymus nutans and Helictotrichon tibeticum, we used regression
14


https://doi.org/10.1101/2023.10.03.560467

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

301  models to relate vital rates to current height and warming treatment. We found that the
302  impacts of warming differed among vital rates, across plant sizes, and between species
303  (Table 1). The response of survival to warming was different between E. nutans and H.
304  tibeticum (Figure la,b). Warming increased the survival of shorter individuals but
305 decreased that of taller individuals in E. nutans (Figure la), whereas warming
306  consistently increased the survival of H. tibeticum across all sizes (Figure 1b). The
307 survival of E. nutans increased with plant height under ambient conditions but
308  decreased with plant height under warmed conditions (Figure 1a), while the survival of
309  H. tibeticum increased with plant height under both warmed and ambient conditions
310  (Figure 1b).

311 Warming had a negative effect on growth in both study species (Figure 1c,d). In
312 general, changes in height shifted from growth to shrinkage in taller plants (as indicated
313 by the fitted regression lines falling below the 1:1 line for large plants in Figure 1c,d).
314  The frequency of shrinkage was higher under warmed than under ambient conditions,
315  especially for reproductive individuals (Table S3; Figure S1).

316 The probability of reproducing generally increased with plant height in both
317  species (Figure le,f). However, warming increased the probability of reproducing for
318  shortindividuals in both species (Table 1; Figure 1e,f). Warming increased the threshold
319  of height at which individuals reached 50% probability of reproducing for E. nutans,
320  but decreased that threshold for H. tibeticum (Figure 1e,f). Warming increased the seed
321  production of shorter individuals but decreased that of taller individuals in E. nutans
322 (Figure 1g). However, warming consistently increased the number of spikes in H.

15
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323 tibeticum (Figure 1h). Additionally, warming strongly reduced seeding recruitment in
324  E. nutans (Figure 2c¢,g), but not in H. tibeticum (Figure 2d,h).

325

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

327  To examine the effects of elevated temperature on population maintenance, we built
328 Integral Projection Models (IPMs) to estimate the population growth rate (1) for E.
329  nutans and H. tibeticum. We found that, under ambient conditions, A values were similar
330 for E. nutans (A = 0.883, 95% CI [0.879, 0.886]; Table 2) and H. tibeticum (A = 0.910,
331 95% CI1[0.907,0.973]; Table 2). However, the population growth rate of the two species
332 were significantly different under warming: warming decreased the population growth
333  rate of E. nutans to 0.694 (44 =-0.189, 95% CI [-0.193, -0.184]; Table 2), but promoted
334  the population growth rate of H. tibeticum to 1.001 (42 =0.091, 95% CI[0.087, 0.094];
335  Table 2). The life expectancy estimated by IPM was similar for the two species under
336 ambient conditions: 4.5 years in E. nutans and 6.7 years in H. tibeticum (Table S2).
337 However, warming decreased the life expectancy of E. nutans to 3.0 years, but
338 increased that of H. tibeticum to 15.4 years (Table S2).

339

340  Vital rate elasticity analyses

341 To identify which vital rates are key to long-term population maintenance, we
342  conducted elasticity analyses. We found that the population growth rate was
343  overwhelmingly most elastic to changes in survival in both species, under both warmed
344 and ambient conditions (Figure 3a-d). Under warmed conditions, the elasticity to
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345  changes in survival increased in shorter plants and decreased in taller individuals in
346 both species (Figure 3c,d). The elasticity to changes in height (i.e., positive growth) and
347  probability of reproduction was positive but much smaller than that of survival in both
348  species under both warmed and ambient conditions (Figure 3a-d). The elasticity to
349  shrinkage was negative in all populations, indicating a negative effect on population
350  maintenance as a result of individuals becoming shorter (Figure 3a-d).

351

352 Contributions of vital rates to changes in population growth rates under warming
353  To examine how differences in 4 under ambient and warming conditions were caused
354 by warming-induced changes in vital rates, we conducted the Life Table Response
355  Experiment (LTRE). We found that the reduction in 4 of E. nutans under warming was
356  mainly caused by increased shrinkage of tall individuals and reduced positive growth
357  of short individuals (Figure 4a). Despite the high survival elasticity in E. nutans, the
358 reduction in survival made only a small contribution to the reduction in its 4 value
359  (Figure 4a). On the other hand, the increase in 4 of H. tibeticum under warming was
360 mainly achieved by increased survival of large individuals. Although shrinkage made a
361  considerable negative contribution to its population maintenance, this was offset by the
362  positive contribution from increased survival under warming (Figure 4b). Fecundity
363  contributed the least to the variation in 4 in both species (Figure 4a,b).

364

365 DISCUSSION

366  Population dynamics under climate warming
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367  Quantitatively assessing how climate warming might affect the persistence of natural
368  populations is critical for effective biodiversity conservation (Nomoto & Alexander,
369  2021; Sheth & Angert, 2018). Comparing the demographic responses of functionally
370  similar species inhabiting the same habitats under elevated temperature can help
371 evaluate the generality of the findings about the impacts of climate warming on
372 population viability. However, this approach is rarely carried out (but see Nomoto &
373  Alexander, 2021; Reed et al., 2021). Here, we examined the demographic responses of
374  two co-occurring alpine herbaceous plants, Elymus nutans and Helictotrichon tibeticum,
375 to adecade of in situ active warming on the Tibetan Plateau. Although the two species
376  exhibited similar population growth rates under ambient conditions, E. nutans was
377  projected to decline sharply and H. tibeticum to remain stable under warmed conditions.
378  Different demographic responses of functionally similar species to environmental
379  variability have been documented in diverse systems, including herbaceous plants in
380 moist meadows (Jongejans & de Kroon, 2005), forb species in grasslands (Olsen et al.,
381  2016), bunchgrass species in prairies (DeMarche et al., 2021), and congeneric
382  endangered grassland herbs (Miinzbergova, 2013). Such different responses varied not
383  only in terms of magnitude, but even in direction (DeMarche et al., 2021; Jongejans &
384  de Kroon, 2005; Miinzbergova, 2013; Olsen et al., 2016). These findings, together with
385  our results, suggest that coexisting species may face contrasting fates under climate
386  change, resulting in community re-assembly, as it has been found in recent studies
387  (Adler et al., 2012; Cant et al., 2021). Therefore, we may not easily transfer the
388  demographic information obtained from one species to another inhabiting the same
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389  habitat, even those from the same functional group.

390

391  Demographic processes drive population dynamics under climate warming

392 Climate warming may affect population viability by unevenly affecting different
393  demographic processes. Demographic compensation among vital rates may allow
394  species to maintain viable populations under changing environments (Doak & Morris,
395  2010; Peterson et al., 2018). In our study, both species exhibited decreased individual
396  growth and increased shrinkage after a decade of warming, suggesting that the growing
397  conditions became less favorable. However, the population of H. tibeticum successfully
398  compensated for the negative effects of warming on growth by increased survival and
399  reproduction, resulting in an increase in its overall population growth rate.
400  Contrastingly, the population of E. nutans failed compensate, and was projected to
401  decline sharply under warmed conditions. Demographic compensation at elevated
402  temperatures has also been reported in a recent study on a perennial herb (Sheth &
403  Angert, 2018). In that study, the authors found that adequate demographic
404  compensation among vital rates enabled Erythranthe cardinalis to maintain viable
405  populations in high latitude areas, while populations with insufficient compensation at
406  low latitudes were projected to decline as climate change progresses. Together, these
407  findings and our results suggest that demographic compensation may help populations
408  to buffer warming induced negative effects and better adapt to warmed living conditions.
409  Species lacking demographic compensation might be more likely to face future
410  population declines.
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411 The influence of changes in vital rates on overall population performance depends
412 on the sensitivity of the population growth rate to such changes (de Kroon et al., 2000).
413 In our study, adult survival in both species had the overwhelmingly highest elasticity
414  values under both ambient and warmed conditions, suggesting that populations are
415  especially sensitive to changes in adult survival. Indeed, our LTRE results showed that
416  the contrasting fates of the two co-occurring species under warming were mainly
417  attributable to the different responses of adult survival to warming. Therefore, our
418  results suggest that increased mortality could lead to detrimental effects on population
419  viability. Thus, more attention should be paid to adult survival in the face of climate
420  change (McDonald et al., 2017; Sheth & Angert, 2018), something that may be difficult
421  to achieve in short-term studies.

422 Climate warming may affect the distribution of elasticity values over a life cycle.
423 In our study, the highest elasticity values of survival shifted toward shorter individuals
424  under warming, indicating that maintaining the survival of small plants became more
425  important for population persistence in the face of climate warming. Previous studies
426  have reported that low winter temperatures in alpine regions could impose a strong
427  selective pressure on plant overwintering, especially on seedlings and small individuals
428  with less storage of carbon resources (Zait et al., 2020). Here, shorter individuals had
429  much lower survival than taller ones, which might be partly due to the low capacity of
430  small individuals to overwinter (Simons et al., 2010). Warming promoted the survival
431  of shorter individuals in both species, indicating that future climate warming may
432 benefit these small plant individuals by improving their capacity to overwinter.
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433 The demographic responses to climate warming may be regulated by lifespan, a
434  key life history trait that may affect a species’ capacity to cope with environmental
435  variation (Garcia et al., 2008; Morris et al., 2008; Paniw et al., 2018). Short-lived
436  species are often more sensitive to climate variability than long-lived species (Morris
437 et al.,, 2018; Paniw et al., 2018). This pattern may be driven by short-lived species’
438  higher temporal variation in annual population growth rate, which may negatively affect
439  the long-term stochastic population growth rate (Morris et al., 2008; Pfister, 1998). In
440  our study, warming reduced the population growth of E. nutans (with a shorter life
441  expectancy), but promoted the population growth of H. tibeticum (with a longer life
442  expectancy). Recently, based on demographic data from 62 plant species in temperate
443  biomes, Compagnoni et al. (2021) found that warming had stronger negative effects on
444 the population growth rate of species with shorter generation time. Additionally, similar
445  findings were also reported in birds and amphibians; short-lived species tended to show
446  more pronounced responses to climate change, and species with a fast life history could
447  be more vulnerable than species with a slower life history (Cayuela et al., 2017; Couet
448 et al., 2022). Our results, together with these similar findings across diverse systems,
449  suggest that lifespan might be key predictor of species’ susceptibility to climate change.
450

451  Management implications in the face of future climate change

452  Livestock grazing is a common land use activity in alpine grassland ecosystems (Zhang
453 et al., 2023). The grasslands on the Tibetan Plateau serve as an important resource for
454  yaks (Long et al., 2008). We found that survival was key for population maintenance of
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455  both species, suggesting that grazing activities should be controlled at a level that
456  minimizes mortality. Additionally, increased shrinkage under warming made a
457  considerable negative contribution to the population growth rates of both species in the
458  current study. Therefore, grazing activities should also be managed to a certain extent
459  to avoid large increases in shrinkage. As survival and shrinkage are relatively easy to
460  monitor, they could potentially serve as warning signals for the management of alpine
461  grasslands under climate change.

462 Management strategies should be tailored to the species level as much as possible.
463  Our study site was grazed annually in winter to mimic historic grazing regimes in the
464  local region. The populations of E. nutans declined under both ambient and warmed
465  conditions, implying that the current grazing regime is unsustainable in either current
466  or future climates. Adjustments to the grazing regime may help to reverse population
467  decline (Andrello et al., 2012). Further studies are needed to determine the optimal
468  grazing regime, in terms of intensity and season, to maintain viable populations for E.
469  nutans in face of climate change. Contrastingly, our findings on H. tibeticum suggest
470  that the current grazing regime is likely sustainable for this species under future climate
471 warming. However, the current study only examined the effects of 2°C warming, the
472 potential effects of further warming remain unknown.

473 Population management under climate change needs to account for the potential
474  demographic impacts of extreme weather events. As observed in a study by Morris and
475  Doak (2010), demographic rates may be improved in moderately warmer years but
476  decline in the warmest years. Therefore, increased climate warming exceeding a tipping
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477  point may still be detrimental and drive future population declines (Morris & Doak,
478  2010; Peterson et al., 2018). Similarly, Keller and Shea (2021) found nonlinear effects
479  of warming on different life history stages. Furthermore, Andrello et al. (2012) found
480 that a heatwave reduced the population growth of a vulnerable perennial species,
481  Eryngium alpinum, under all grazing regimes, and particularly exacerbated extinction
482  risk under spring grazing. Therefore, the management of alpine plant populations in
483  face of climate change also needs to take extreme weather events into account and
484  adjust grazing activities accordingly.

485 Communities at high latitudes and at high elevations, like the Tibetan plateau
486  system studied here, serve as bellwethers for future climates. Long-term warming
487  experiments in such systems offer lessons for ecologists, land managers and
488  conservationists keen to predict the effects of climate warming on plant populations’
489  long-term viability. We show that two similar, widely distributed alpine grasses had
490  disparate responses to elevated temperature. This finding highlights the need for
491  species-level investigation, particularly for economically important species such as
492  these valuable forage plants.

493
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734 Table 1 Statistical models and parameter estimates used to construct the kernels of the integral

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

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

737
Species Demographic process Model
Ambient: Logit(s) = 0.890 + 0.008z
Survival probability (s) Warming: Logit(s)=1.115 - 0.002z
R*=10.005, P < 0.001
Ambient: g(z’) =25.967 + 0.437z
Changes in height (g) Warming: g(z’) = 15.435 + 0.262z
Elymus R’ =10.527,P < 0.001
nutans Ambient: Logit(py) = -14.402 + 0.469z
Probability of reproducing
Warming: Logit(ps) =-6.581 + 0.188z
®) R? = 0.843, P < 0.001
Ambient: log(h) = 1.589 + 0.015z
Number of seeds (b) Warming: log(b) = 2.026 + 0.007z
R’ =10.709, P < 0.001
Ambient: Logit(s) =0.774 + 0.015z
Survival probability (s) Warming: Logit(s) = 2.468 + 0.008z
R =10.021,P < 0.001
Ambient: g(z’) =40.672 + 0.343z
Changes in height (g) Warming: g(z’) =33.618 + 0.315z
Helictotrichon R’ =10.414,P < 0.001
tibeticum Ambient: Logit(p) =-74.631 + 1.738z
Probability of reproducing
Warming: Logit(ps) =-20.439 + 0.009z
®) R =0.917,P < 0.001
Ambient: Log(b) = 1.507 + 0.005z
Number of spikes (b) Warming: Log(b) = 1.712 + 0.004z
R*=0.176, P < 0.001
738
739
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740

741

742

743

744

745

Table 2 The effects of a decade of warming treatment on the population growth rate (1),

difference between A values (44) under ambient and warmed conditions for two co-occurring

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

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

Species Treatments A Ak
Ambient 0.883[0.879, 0.886]
E. nutans -0.189 [-0.193, - 0.184]
Warming 0.694 [0.692, 0.697]
Ambient 0.910[0.907, 0.973]

H. tibeticum
Warming

1.001 [0.999, 1.002]

0.091 [0.087, 0.094]
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746  Figure legends

747  Figure 1 The effects of a decade of warming treatment on the relationships between the
748  vital rates of survival (a, b), growth (¢, d), reproduction (e, f), and number of
749  seeds/spikes per capita (g, h), and plant height for two co-occurring alpine herbaceous
750  species, Elymus nutans (a, c, e, g) and Helictotrichon tibeticum (b, d, f, h), on the
751  Tibetan Plateau. The dashed grey lines in (c¢) and (d) represent 1:1 line. Regression
752  functions and parameters are given in Table 1.

753

754  Figure 2 The effects of a decade of warming treatment on the survival components (a, b, e, f)
755  and reproduction components (c, d, g, h) of the fitted kernels of integral projection models for
756  two co-occurring alpine herbaceous species, Elymus nutans (a, c, e, g) and Helictotrichon
757 tibeticum (b, d, £, h), on the Tibetan Plateau. The dashed 1:1 line along the diagonal represent
758  individuals during the first census that remained the same height or produced seedlings of the
759  same height during the second census.

760

761  Figure 3 The effects of a decade of warming treatment on the vital rate elasticity of two co-
762  occurring alpine herbaceous species, Elymus nutans (a, c) and Helictotrichon tibeticum (b, d),
763  on the Tibetan Plateau. Elasticity values of each vital rate accumulated through all sizes are
764  given in the tables in the upper right corner.

765

766  Figure 4 Results of Life Table Response Experiment analyses to examine the effects of a decade
767  of warming treatment on the vital rate contribution of two co-occurring alpine herbaceous
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768  species, Elymus nutans (a) and Helictotrichon tibeticum (b), on the Tibetan Plateau. Cumulative
769  contributions of each vital rate across all sizes to the warming-induced changes in population
770  growth rates are given in the tables in the lower right corner (a) and upper right corner (b),
771  respectively.

772
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781  Figure3
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