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Abstract

The fate of natural populations is mediated by complex interactions among vital rates,
which can vary within and among years. While the effects of random, among-year variation in
vital rates have been studied extensively, relatively little is known about how periodic, non-
random variation in vital rates affects populations. This knowledge gap is potentially alarming as
global environmental change is projected to alter common periodic variations, such as
seasonality. We investigated the effects of changes in vital-rate periodicity on populations of
three species representing different forms of adaptation to periodic environments: the yellow-
bellied marmot (Marmota flaviventer), adapted to strong seasonality in snowfall; the meerkat
(Suricata suricatta), adapted to inter-annual stochasticity as well as seasonal patterns in rainfall;
and the dewy pine (Drosophyllum lusitanicum), adapted to fire regimes and periodic post-fire
habitat succession. To assess how changes in periodicity affect population growth, we
parameterized periodic matrix population models and projected population dynamics under
different scenarios of perturbations in the strength of vital-rate periodicity. We assessed the
effects of such perturbations on various metrics describing population dynamics, including the
stochastic growth rate, log As. Overall, perturbing the strength of periodicity had strong effects on
population dynamics in all three study species. For the marmots, log As decreased with increased
seasonal differences in adult survival. For the meerkats, density dependence buffered the effects
of perturbations of periodicity on log /s. Finally, dewy pines were negatively affected by
changes in natural post-fire succession under stochastic or periodic fire regimes with fires
occurring every 30 years, but were buffered by density dependence from such changes under

presumed more frequent fires or large-scale disturbances. We show that changes in the strength
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of vital-rate periodicity can have diverse but strong effects on population dynamics across
different life histories. Populations buffered from inter-annual vital-rate variation can be affected
substantially by changes in environmentally-driven vital-rate periodic patterns; however, the
effects of such changes can be masked in analyses focusing on inter-annual variation. As most
ecosystems are affected by periodic variations in the environment such as seasonality, assessing

their contributions to population viability for future global-change research is crucial.
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Introduction

Effects of inter-annual changes in vital rates on population dynamics have been widely studied
(e.g., Aberg 1992; Frederiksen et al. 2008; Keith et al. 2008; Frick et al. 2010; Hunter et al.
2010). However, there remains a knowledge gap regarding how populations respond to changes
in the periodic, non-random patterns of vital-rate variation. This is despite the fact that a majority
of species live in periodically varying environments and show demographic responses and
adaptations to such periodicity, with vital-rate patterns recurring predictably through time
(Panda, Hogenesch, and Kay 2002; Marra et al. 2015; Varpe 2017). Seasonality is one important
source of non-random vital-rate variation. In numerous ecosystems, reproduction and survival
strongly depend on seasonal rainfall (Dickman, Letnic, and Mahon 1999; Altwegg and Anderson
2009) or temperature (Oli and Armitage 2004; Lebl et al. 2011; McNutt, Groom, and Woodroffe
2019; Cordes et al. 2020; Paniw et al. 2020). Changes in such seasonal weather patterns can
strongly affect population dynamics. For example, perturbations in rainfall patterns led to
immediate and strong changes in the population size of the Serengeti lions (Panthera leo)
(Packer et al. 2005). Additionally, increases in seasonal rainfall (Buettner et al. 2007) and
temperature (Woodroffe, Groom, and McNutt 2017) have been found to negatively affect
reproduction in wild dogs (Lycaon pictus). Other forms of vital-rate periodicity can also strongly
influence population dynamics. For instance, disturbance-adapted species typically show life-
cycle adaptation to the periodic occurrence of extreme climatic events (Silva et al. 1991; Caswell
and Kaye 2001; Beissinger 1995) and to periodic changes in habitat structure after disturbances
(Lennartsson and Oostermeijer 2001; Evans, Holsinger, and Menges 2010; Paniw, Quintana-

Ascencio et al. 2017). Vital-rate periodic patterns can also occur on a much longer time scale
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(Park 2019). For example, as a consequence of both abiotic and biotic factors, many populations
of rodents, such as voles and lemmings, display periodic cycles in vital rates and consequently

abundances (see Oli 2019 and references therein).

Despite increasing evidence that assessing periodic changes in vital rates is critical to gaining a
mechanistic understanding of population dynamics (Hostetler, Sillett, and Marra 2015; Marra et
al. 2015; Paniw et al. 2019), most structured population models use annual data to project
populations through time and assume random inter-annual variation in demography when
projecting population fates (e.g., Hunter et al. 2010) or assessing which taxa are most vulnerable
to environmental variation (e.g., Pfister 1998; Franco and Silvertown 2004; Doak et al. 2005;
McDonald et al. 2017). This is predominantly due to a lack of high-resolution data, both on
species demography because of inaccessible periods of the life cycle (e.g., hibernation or
migration), and on environmental covariates accurately representing conditions in given periods
(Kleiven et al. 2018). However, vital rates often change non-linearly across different states of the
environment, often as a result of environment-density interactions (Hostetler, Sillett, and Marra
2015; Paniw et al. 2019). For example, Bassar et al. (2016) showed that brook trout (Salvelinus
fontinalis) population decline was mainly caused by higher mean summer temperatures
decreasing the survival of young trout, and that density feedbacks could buffer the decline.
Therefore, pooling vital rates across seasons or across years for species inhabiting periodic
environments, or omitting multi-year periodic changes in population dynamics might obscure
underlying processes affecting population dynamics, with possible implications for management

(Caswell 2001; Hostetler, Sillett, and Marra 2015). Understanding such underlying processes is
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increasingly important given the predicted changes in environmental periodicity under global

environmental change (Donat and Alexander 2012; Xu et al. 2013).

In spite of an increasing effort to include periodic vital rates into population models (e.g.,
Hostetler, Sillett, and Marra 2015; Paniw et al. 2019; Guimaraes et al. 2020), the effects of
changes in periodicity in vital rates per se on population dynamics remain largely unexplored. To
bridge this knowledge gap, we assessed the effects of changes in vital-rate periodicity in three
different species with a periodic life cycle: (i) the yellow-bellied marmot (Marmota flaviventer),
adapted to strong seasonality in snowfall which determines the hibernation period; (ii) the
meerkat (Suricata suricatta), a social mongoose living in the Kalahari desert where seasonality
and inter-annual stochasticity in rainfall affect vital rates; and (iii) the dewy pine (Drosophyllum
lusitanicum), a fire-adapted carnivorous plant, in which vital rates are affected by changes in fire
periodicity and vary across post-fire habitat states following fire. While the life history of dewy
pines is not strictly periodic (i.e., following a pattern recurring predictably across years) under
stochastic fire regimes, the succession of environmental states 4—5 years post fire leads to
periodic patterns in vital rates. These three species show different forms of adaptations to
periodic environmental patterns that are broadly representative of a large number of taxa. In
addition, they represent different life-history strategies to cope with inter-annual environmental
variation, with the two animal species buffering to various degrees vital rates strongly
influencing population fitness from environmental variations (Maldonado-Chaparro et al. 2018;
Paniw et al. 2019); and natural dewy-pine populations relying heavily on seed germination from
the seed bank induced by fire disturbance, with rather weak consequences for population

dynamics of inter-annual fluctuations in vital rates (Paniw, Quintana-Ascencio et al. 2017).
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Consequently, studying their responses to perturbations in the strength of periodic patterns will
help clarify the importance of considering periodic variation in vital rates when studying the
dynamics and viability of populations. For each species, we estimated period-specific vital rates
and subsequently built periodic demographic models. We then performed stochastic simulations
in which we used several perturbations of vital-rate periodicity to assess the effects of these

perturbations on the stochastic population growth rate.

Material and methods

Study systems and data collection

We studied the effect of perturbations in the strength of vital-rate periodicity on the population
dynamics of three species inhabiting different periodic environments: yellow-bellied marmots,
meerkats, and dewy pines. The yellow-bellied marmot population thrives at high altitudes in the
Rocky Mountains, where winters are long—seven to eight months on average (Inouye et al.
2000; Edic, Martin, and Blumstein 2020). Marmots survive the winter (mid-September to mid-
April/May) in hibernation and reproduce during the short summer growing season (Armitage
2014). Long winters are responsible for a great part of marmot mortality, but over-winter
mortality is largely dependent on summer mass gain (Cordes et al. 2020), which is influenced by
age and the location of the marmot colony in the valley where marmots live (Heissenberger et al.
2020). Mortality in marmots is also driven by predation, especially in early spring, when
marmots emerge from burrows to mate (Armitage 2014). Mortality due to predation depends on

various factors, including sociality (Montero et al. 2020), but can be hard to dissociate from
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mortality caused by climatic factors (Van Vuren 2001; Schwartz and Armitage 2002; Schwartz
and Armitage 2005; Armitage 2014). The between-year variation in these biotic and abiotic
factors can lead to important fluctuations in winter survival, while summer survival generally
remains high, particularly for adult females (Armitage and Downhower 1974; Armitage 1991).
Additionally, while marmot vital rates vary strongly among seasons (Van Vuren and Armitage
1991), previous studies on the marmot population have found no effect of population density on
vital rates (Armitage 1973; Armitage et al. 2011; Paniw et al. 2020). This makes marmots an
ideal system in which to study the effects of seasonal perturbations on vital rates, independent of

density-dependent mechanisms.

The meerkat population inhabits an arid environment characterized by a dry and a wet season
and 1s adapted to seasonal patterning but also to high inter-annual variability in rainfall (Clutton-
Brock, Gaynor et al. 1999). This stochasticity in the rainfall pattern has led to a bet-hedging
strategy in which reproduction, although highest in the wet season, can happen throughout the
year in particularly wet years and may cease altogether in particularly dry years (Clutton-Brock,
Maccoll et al. 1999; Bateman et al. 2013). Therefore, unlike in the marmot population, no
demographic processes in the meerkat population are restricted to a certain season, but some
vary seasonally (e.g., higher pup survival, individual growth, and emigration in the wet season;
Russell et al. 2002; English, Bateman, and Clutton-Brock 2012; Ozgul et al. 2014). Meerkat
groups are characterized by a dominant pair monopolizing reproduction (Clutton-Brock et al.
2010) and subordinates helping to raise the young and guarding the territory (Clutton-Brock et
al. 2001; Clutton-Brock, Hodge, and Flower 2008). Consequently, vital rates strongly differ

between social statuses (Sharp and Clutton-Brock 2011; Paniw et al. 2019). Moreover, the

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



population dynamics of the meerkats are strongly density dependent. Dominant female
reproductive success increases with population density, while helper emigration is highest at
lower densities (Bateman et al. 2013; Paniw et al. 2019). At the same time, meerkat population
dynamics are largely influenced by interactions between the environment and density (Paniw et
al. 2019), with vital rates displaying season-specific responses to density-dependent factors
(Bateman et al. 2012; Ozgul et al. 2014; Paniw et al. 2022). The presence of both strong density
feedbacks and environment-density interactions in meerkats enabled us to study how density

dependence can mediate population responses to vital-rate seasonality.

Finally, the dewy pine is an early-successional carnivorous subshrub. Dewy pines in natural
heathland habitat have adapted to recurrent fire regimes, where the seed bank is a key life-history
stage and its dynamics vary strongly with fire occurrence; and all remaining vital rates vary
strongly with inter-annual periodic post-fire habitat succession, while inter-annual weather
fluctuations have a relatively small effect on this variation (Paniw, Quintana-Ascencio et al.
2017). Aboveground plants are killed by fire, while heat and vegetation removal trigger the
germination of a persistent soil seed bank (Cross et al. 2017; Paniw, Quintana-Ascencio et al.
2017; Gomez-Gonzalez et al. 2018). Seedlings then mature and do not reproduce until at least
two years after fire. Similar to meerkats, density dependence mediates responses to vital-rate
periodicity in dewy pines. Sprouting shrubs increase seedling survival and flowering probability
of mature individuals in early post-fire stages (Paniw, Salguero-Gomez, and Ojeda 2017).
However, in later post-fire stages, aboveground density of dewy pines and other plant species
negatively affects the number of dewy-pine seedlings and seed germination rates (Correia and

Freitas 2002; Gomez-Gonzalez et al. 2018). As dewy pines are inferior competitors in heathlands
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(Garrido et al. 2003), resprouting shrubs rapidly overgrow them after a fire. Aboveground dewy
pines thus die out 4—6 years after fire, and the population persists through a soil seed bank
(Paniw, Quintana-Ascencio et al. 2017). However, natural dewy-pine populations are facing
changes in both fire regimes and post-fire habitat succession due to anthropogenic pressures,
including a combination of periodic vegetation removal (through frequent illegal burning and
mechanistic means) and heavy browsing following fires. These latter, typically persistent, small-
scale perturbations remove competing vegetation and allow aboveground individuals to persist
over a longer period and recruit continuously, thus decreasing the importance of seed-bank
dynamics (Paniw, Quintana-Ascencio et al. 2017). These perturbations therefore effectively
delay post-fire habitat succession and increase population sensitivity to year-to-year
environmental fluctuations. Such anthropogenic perturbations to the periodicity of fire regimes
are common (e.g. Menges and Dolan 1998; Quintana-Ascencio, Menges, and Weekley 2003;
Breininger et al. 2018; see also Pausas and Keeley 2014 and references therein), but their

consequences for population viability remain relatively unexplored.

The yellow-bellied marmot (Marmota flaviventer)

Demographic data

Demographic data were collected since 1962 in a continuously-monitored population living at

2900 masl in the upper East River Valley near Gothic, Colorado, United States (38°58' N,

106°59' W). In this study, we used 41 years (1976-2016) of individual data from nine colonies

located at the center of this area (Armitage 2014). Individuals were live-trapped each year
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throughout their summer active season, and ear-marked in the first capture event (Armitage
1991). Sex, age, mass, and reproductive status were recorded for each individual (Armitage and
Downhower 1974; Armitage, Downhower, and Svendsen 1976; Schwartz, Armitage, and Van
Vuren 1998). Following previous studies, we used data for females only, because most young
males disperse from their natal colony, and knowledge on maternity (and consequently number

of recruits) is more accurate than on paternity (Ozgul et al. 2010).

Life cycle and vital rates

We considered four life-history stages: juvenile (J; 0—1 year old), yearling (Y; 1-2 years old),
non-reproductive adult (N; >2 years and not reproducing), and reproductive adult (R; >2 years
and reproducing) (Ozgul et al. 2009; Fig. 1a). In the winter period (August-June), juveniles and
yearlings respectively grow to yearlings and adults, and adults can change reproductive status.
Reproductive adults then breed during the summer period (June-August). Therefore, we
considered the following seasonal vital rates: seasonal survival, transitions to and between adult
stages (from winter to summer only), and recruitment (from summer to winter only; see

Appendix S1: Fig. S1 for further details).
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The meerkat (Suricata suricatta)

Demographic data

Data on birth, death, emigration, recruitment and social status have been collected by frequently
visiting (one to three times per week) wild groups of individually-marked meerkats in the
Kuruman River Reserve, South Africa (26°58'S, 21°49' E) (Clutton-Brock et al. 1998; Clutton-
Brock, Hodge, and Flower 2008). For this study, we used 20 years of individual data (1997—
2016) to estimate stage-specific vital rates (Bateman, Coulson, and Clutton-Brock 2011; Ozgul et
al. 2014). We used data on females only, because data on males (especially male dispersal) is
limited. However, this should not introduce any bias into the analysis, given the even sex ratio in
a meerkat population, and lack of sexual dimorphism (Ozgul et al. 2014). Population density was
calculated as the number of individuals per km? of population range at each census (see

Bateman, Coulson, and Clutton-Brock 2011 and Cozzi et al. 2018 for more details).

Life cycle and vital rates

Following previous studies (Ozgul et al. 2014), the meerkat life history was characterized by the
following stages: juvenile (J; 0—6 months), subadult (S; 7—12 months), adult helper (H; >12
months with a subordinate status) and dominant (D; >12 months with a dominant status) (Fig.
1b). We used six-month intervals in order to represent the dry (April-October) and wet (October-
April) seasons characterizing the meerkats habitat. The life cycle is therefore comprised of six-

month seasonal transitions, determined by the following vital rates: seasonal survival, helper
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emigration, probability of transition from helper to dominant status, and recruitment, all

occurring in both seasons (see Appendix S1: Fig. S2 for more details).

The dewy pine (Drosophyllum lusitanicum)

Demographic data

In this study, we used data collected during nine annual censuses between April 2011 and April
2019 on dewy-pine populations occurring in three sites of southern Spain and facing different
types of post-fire disturbance: human-disturbed (i.e., heavy persistent browsing; hereafter
disturbed populations; Sierra Retin A: 36°10' N, 5°51' W) or natural (i.e., little browsing;
hereafter natural populations; Sierra Carbonera: 36°12' N, 5°21' W and Sierra Retin B: 36°11' N,
5°49' W). Both types of populations burn, although fires may occur less frequently in heavily
human-disturbed populations (see Paniw, Quintana-Ascencio et al. 2017). The seed bank-related
vital rates (seed germination or stasis) were estimated from seed-burial and greenhouse
germination experiments (see Paniw, Quintana-Ascencio et al. 2017 for details). In natural
populations, most seeds (93%) go into the seed bank and survive (85%) until the next fire. On
the other hand, in disturbed populations, a substantial proportion of seeds (13%) does not enter
the seed bank but rather goes into continuous recruitment, while the seeds entering the seed bank
have a lower survival (60%) (see Appendix S2: Table S7 for more details). Population density
was calculated as the number of aboveground dewy pines per 1-m? square within a study transect

in each site and each post-fire habitat state.
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Life cycle and vital rates

The life cycle of the dewy pine consists of one-year transitions characterized by time since last
fire (TSF) (Ojeda, Maranon, and Arroyo 1996; Paniw, Quintana-Ascencio et al. 2017; Fig. 1c).
After a fire (TSFo) seeds germinate from the seed bank (SB) and become seedlings (SD) or
juveniles (J). During the year following the fire (TSF1), surviving seedlings and juveniles reach
their adult size (small, SR, or large, LR, reproductive) and are able to reproduce from the second
year after fire (TSF2). We estimated the following vital rates: seed-bank transitions, survival of
aboveground stages and transitions among them, and reproductive parameters (i.e., flowering
probability, number of flowering stalks, and number of flowers per stalk) (see Appendix S1: Fig.

S4 for more details).

Assessing the effects of perturbations in the strength of vital-rate periodicity on population

dynamics

For each species, we used the demographic data to model periodic differences in vital rates for
each life-cycle stage using generalized linear models and mixed models (GLMs for the
deterministic vital rates in dewy pines and GLMMs for all other vital rates; with the glm and
glmer functions of the R packages stats (R Core Team 2020) and /me4 (Bates et al. 2015),
respectively; see Appendix S2 and Appendix S3). We then used the predictions of these models
to parameterize periodic matrix population models (MPMs) and project the population dynamics
for 100 years according to two scenarios—control and perturbed—to assess the effect of changes

in vital-rate periodicity on the stochastic growth rate (log 4s), the variance of 100 annual growth

85UB217 SUOWIWIOD) BAIIER1D a|qed | jdde ayy A peusenob ae sajoiiie YO ‘8sn JO Sanu 10} Aeld1auljuQ A3 ]I UO (SUO 1 IPUOD-PUR-SWLBIWOY A | 1M AReiq Ul juo//Sdny) SUORIPUOD pue SWwd | 8Yl 89S *[zz0z/2T/L0] uo Arelqiqauluo A|Im 9buy soT -elulojieD jo AiseAlun A #68¢°A39/200T OT/I0p/wWod A 1m ArIqpul|uo'seuinofess//:sdny wouy pepeojumoq el ‘0. T66E6T



rates (var(log 1)), and the probability of quasi-extinction (pgext, 1.€., the ratio of simulations
leading to quasi-extinction out of 500 simulations, with a threshold set at 15% of the minimum
observed abundance or number of reproductive individuals for the marmot and meerkat
populations, and at 50% of the minimum observed aboveground or seed bank abundance for the
dewy pines; see Appendix S4). These three metrics have been shown to provide a good
approximation of the potential fate of populations under environmental change (e.g., Hunter et
al. 2010; Trotter, Krishna-Kumar, and Tuljapurkar 2013). Below, we provide an overview of the

modeling process, the details of which can be found in Appendix S2 and Appendix S3.

Modeling the vital rates

To assess how vital rates differed among periodic environmental states, we modeled vital rates as
functions of season for the marmots and meerkats and of post-fire habitat states (time since fire,
TSF) for the dewy pines. For all three study systems, we estimated stage-specific survival,
probability of transition to another stage (binomial distribution), and reproductive output
(Poisson distribution). Moreover, we estimated the helper emigration probability in the meerkat
population, as well as the dewy-pine flowering probability (binomial distribution). System-
specific details can be found in Appendix S2. We incorporated stochastic year effects as random
effects in all appropriate models. These random effects modeled year-specific differences among
vital-rate averages for the dewy pines and among season-specific averages (i.e., random slopes)
for the marmots and meerkats. For the meerkats and dewy pines, we also incorporated the fixed

effect of density on vital rates (Appendix S2). We did not do so for the marmots, as no density
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dependence has been found in previous studies (Armitage 1973; Armitage et al. 2011; Paniw et

al. 2020).

For each modeled vital rate, we first used the r.squaredGLMM function of the MuMIn R package
(Barton 2020) to select the best random-effect structure where appropriate (i.e., testing whether a
random effect on the average vital rate and the slope between seasons outperformed a random
effect on the average vital rate only). We subsequently selected the best fixed-effect variables
using the Akaike Information Criterion corrected for small sample size (AICc) (4/Cctab function
of the bbmle R package; Bolker and R Development Core Team 2020). This enabled us to
determine the most parsimonious model, accounting for the number of model parameters
(Burnham, Anderson, and Huyvaert 2010). In case of a non-significant difference in AICc values
between two models (i.e., dAICc<2), we picked the model with fewer parameters, unless another
model was more biologically relevant (see Appendix S3: Fig. S1). Appendix S2 shows the
details of the model selection approach. For models using a Poisson distribution, we tested for
over- and under-dispersion in the best model according to the AICc and subsequently fitted over-
and under-dispersed models with a quasi-Poisson distribution (see Appendix S2). All analyses
were performed using R 4.0.3 (R Core Team 2020) via RStudio 1.4.1103 (RStudio Team 2021).
Data (Conquet et al. 2022a) are available in Dryad and R scripts (Conquet et al. 2022b) are

available in Zenodo.

Projecting population dynamics

Marmot and meerkat populations — Seasonal dynamics
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For the meerkats and marmots, we projected population dynamics under changing patterns of
vital rates which differed among seasons in a given year. That is, regardless of the fixed effect,
vital rates for which the year random effect in the GLMM was applied both on the mean vital-
rate estimate (i.e., the model intercept) and the difference between seasons. For the marmots, we
therefore assessed the population responses to changes in the seasonal patterns of yearling and
non-reproductive and reproductive adult survival. For the meerkats, we did so for subadult,
helper, and dominant survival, helper emigration, transition from helper to dominant, and helper

and dominant recruitment.

We used year-specific vital-rate predictions from the most parsimonious model to build periodic
matrix population models (MPMs) for each season (as described in Caswell 2001; ch. 13). The
matrix product of these periodic MPMs enabled us to compute the annual population projection
matrix and subsequently the stochastic realized population growth rate, log As (Appendix S4).
We then simulated population dynamics by projecting MPMs representing low- (LS) and high-
seasonality (HS) years for each of the aforementioned vital rates. Half of all years in which a
vital rate was estimated were considered as LS and the other half as HS. That is, for a given vital
rate, we defined the threshold between LS and HS years as the 50th percentile of all year-specific
absolute differences between seasons (see Appendix S5 for details). In addition, we used a
control scenario, where we projected the population dynamics using MPMs representing both
high- and low-seasonality years indistinctly (i.e., using all years; see Appendix S6: Fig. Sla for

an overview of the seasonal simulations workflow).
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We performed 500 simulations, each starting with the same population vector, and projected the
population dynamics for 100 years (see Appendix S4). For each simulation, we randomly
selected 100 years corresponding to each scenario (LS, HS, or control). In each step of the
simulation, all vital rates were predicted based on the same randomly selected year. This allowed
us to maintain within-year vital-rate correlation. The predicted vital rates were then used to build

the corresponding period-specific MPM.

Dewy-pine population — Multi-year habitat succession and periodicity in fire regimes

We characterized transitions among life-history stages and demographic parameters in dewy
pines following a succession of five post-fire habitat states (TSFo to TSF-3), where plants
remained in TSF>3 until a fire disturbance set the population back to TSFo. We simulated two
distinct types of fire regimes, each with two frequencies: (1) periodic burning occurring
systematically every 15 or 30 years, and (2) stochastic fires occurring on average every 15 or 30
years. In all simulations, dewy pines transition deterministically through the first four post-fire

states, TSFo to TSF3. Under periodic fires, once in the fifth state, TSF-3, the population remains

in that state until the next fire (15 or 30 years after the previous fire) and then transitions to TSFo.

Under stochastic fires, the population can transition from TSF-3 to TSFo conditional on fire
frequency (p) (Paniw, Quintana-Ascencio et al. 2017). Under stochastic fire regimes, and after
TSF3, the dewy pine life history is therefore not strictly periodic. However, studying the
consequences of perturbations in vital-rate patterns on dewy pines can be done employing tools
such as periodic matrix population models and Markov chains, which are commonly used to

study periodic population dynamics (Caswell 2001, ch. 13). The Markov-chain approach to
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model the sequence of post-fire habitats (see Appendix S7) has been applied in a wide range of
systems to model the probability of recurrent disturbance regimes, for example in the case of
hurricanes or fires (e.g., Pascarella and Horvitz 1998; Quintana-Ascencio, Menges, and Weekley
2003; Horvitz, Tuljapurkar, and Pascarella 2005; Morris et al. 2006; Tuljapurkar and Haridas
2006; Evans, Holsinger, and Menges 2010; Trauernicht et al. 2016). In addition to the different
periodic patterns in fire regimes, we perturbed periodic patterns in habitat succession in natural
heathlands by introducing an additional human disturbance (i.e., using vital rates from
populations under a browsing-induced disturbance) first only in the years of the last post-fire
state (TSF>3), and then increasingly in the previous states (i.e., in TSF3 and >3, in TSF2, 3, and >3, €tc.)

until all post-fire states of a natural population were perturbed.

We used TFS-specific vital-rate predictions from our models and rates on seed-bank dynamics
described in previous studies (Paniw, Quintana-Ascencio et al. 2017) to build MPMs for each

TSF. We used these MPMs to project population dynamics for 100 years using 500 simulations,

in each iteration randomly sampling among MPMs describing one of the two natural populations.

In addition, for each iteration in the stochastic post-fire state TSF-3, we randomly sampled a
year-specific MPM. We increased browsing pressure by replacing MPMs associated with natural
habitat conditions by MPMs parameterized with vital rates estimated from human-disturbed
populations, for any given TSF (see Appendix S6: Fig. S1b for an overview of the periodic
simulations workflow). We compared scenarios of increasing anthropogenic pressures to the

control scenario (i.e., natural populations with no browsing perturbation) in each fire regime.

Population responses to vital-rate periodic patterns under density dependence
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For the meerkats and dewy pines, projections of population dynamics incorporated density
dependence. That is, at each iteration of the simulations, population density was estimated and
used to predict vital rates and parameterize an MPM from these predictions at the next iteration
(see Appendix S4 for more details). To better understand the contribution of variation in
population density on the population responses to perturbations in vital-rate seasonal patterns, we
also compared density-dependent projections to ones where the density input during parameter
estimation was fixed at constant average values obtained from the observed data (see Appendix

S4).

Analysis of the simulations results

For all three systems and for each simulation, we recorded the stochastic growth rate log As
(Tuljapurkar, Horvitz, and Pascarella 2003). We also investigated the effect of changes in vital-
rate patterns on the variance in 100 annual log A, var(log 4), and the quasi-extinction probability
Paext (see Appendix S4 for more details). We checked the overlap of the distributions of each
metric (i.e., the mean and the 2.5th and 97.5th percentiles) across the 500 simulations between
two scenarios. We considered a metric to differ between scenarios when 95% of the distributions

(i.e., between the 2.5th and 97.5th percentiles) did not overlap.

Comparing population sensitivity to changes in periodic environmental patterns vs. stochastic

environmental variation
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We compared our results from periodic population models to “classic” assessments of population
fitness sensitivity to stochastic environmental variation (Morris et al. 2008). To do so, for
marmots and meerkats, we computed the stochastic elasticities of the population growth rate to
changes in the mean and standard deviation of vital rates (Tuljapurkar, Horvitz, and Pascarella
2003; Appendix S8). We then calculated the relative importance of the stochastic elasticity of the
growth rate due to changes in the variability of vital rates compared to changes in their mean

(Morris et al. 2008; Appendix S8).

For dewy pines, as the effects of periodic patterns consisted of changing the sequences of post-
fire habitat states, we explored the link between the effects of human-induced disturbances in
various post-fire habitat states and the role of these states in shaping population dynamics. We
thus used the megamatrix approach to calculate the elasticity of the population growth rate to

each post-fire habitat state (Pascarella and Horvitz 1998).

Results

Periodic patterns in vital rates of three study populations

Most vital rates of marmots, meerkats, and dewy pines showed significant, non-random periodic
variation (Fig. 2; for details, see Appendix S3). In marmots, survival of reproductive adults was
high in summer, but dropped more than 20% in winter (Fig. 2a), due to the harsh conditions
marmots are exposed to during hibernation (Armitage 2017; Cordes et al. 2020; Paniw et al.

2020). For meerkats, helper survival was lower during the wet season (Fig. 2b). Reproduction
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and emigration mainly happen in the wet season (Doolan and Mcdonald 2009; Ozgul et al.
2014), and this seasonal pattern in helper survival is likely due to an increase in the number of
evictions by dominant females to reduce reproductive competition (Young et al. 2006; Dubuc et
al. 2017), as evicted meerkats have a lower survival rate than resident individuals (Maag 2019).
In addition, while most meerkat vital rates responded negatively to population density, subadult
survival increased with density, and low densities had negative effects on juvenile survival and
dominant recruitment in the wet season (Appendix S3: Table S1, Fig. S1, and Fig. S2a). Finally,
in a natural population of dewy pines, the survival probability of juvenile individuals decreased
by about 80% between the third and fourth year after fire (Fig. 2¢), characteristic of the short
lifespan of the plant in natural habitats (Paniw, Salguero-Gémez, and Ojeda 2015); whereas in
human-disturbed populations, despite strong between-year fluctuation, juvenile survival
remained high on average. The rate of continuous germination in late TSFs was also higher in
human-disturbed populations (i.e., fewer seeds entering and remaining in the seed bank;
Appendix S2: Table S7). However, survival of smaller plants and the reproductive output of all
adults decreased on average under human disturbances (Appendix S3: Tables S3 and S4). In both
natural and perturbed dewy-pine populations, density affected most density-dependent vital rates
negatively across TSFs, although the effect was stronger in perturbed habitats (Appendix S3:
Tables S3 and S4, and Fig. S2b). At the same time, under a browsing perturbation, survival of
seedlings and small individuals increased with dewy-pine density, suggesting a facilitation

mechanism in perturbed environmental conditions (Paniw, Salguero-Gomez, and Ojeda 2017).

Effects perturbations in the strength of vital-rate periodicity on population dynamics
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Population dynamics (log 4s) of all three species were significantly affected by perturbations of
the periodic pattern of at least one vital rate (Fig. 3; see Appendix S4 for results on variance of
log 4s). Higher periodic fluctuations in vital rates could affect population dynamics positively (in
the case of yellow-bellied marmots), be strongly mediated by density feedbacks (for meerkats),

or may only show an effect in a specific environmental context (in the case of dewy pines).

For marmots, in the control scenario (i.e., simulations that sample randomly from low- and high-
seasonality years), log As was above 0 (0.056 [0.032, 0.078] on average; Fig. 3a), suggesting a
slightly increasing population (Paniw et al. 2020). In addition, perturbing the strength of the
seasonal pattern in survival of reproductive adults strongly affected the stochastic growth rate of
the population compared to the control scenario, as expected from the key role of reproductive-
adult survival in shaping marmot population dynamics (Maldonado-Chaparro et al. 2018;
Appendix S8: Fig. S1a). A high seasonality in reproductive-adult survival, which was driven
largely by decreases in winter survival compared to summer survival (Appendix S4), decreased
log 4s to 0.0093 [-0.024, 0.036] on average and slightly elevated extinction risk (Appendix S4).
In turn, log As considerably increased to 0.10 [0.084, 0.12] with low seasonality in adult survival
(Fig. 3a). Lastly, contrary to the substantial effects of intra-annual vital-rate variability, marmot
population dynamics seem buffered against inter-annual variation in all vital rates, as indicated
by low elasticity of the marmot population growth rate to inter-annual standard deviation in vital

rates (Appendix S8: Fig. Sla and b).

For meerkats, density dependence strongly mediated the effect of vital-rate seasonality on

population growth. In the control scenario (i.e., selecting years randomly among both highly- and
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little-seasonal years), compared to log As obtained at constant, average density (0.15 [0.14,
0.17]), log s in the density-dependent simulations was much lower (0.014 [0.0083, 0.021] on
average; Fig. 3b). When we included density dependence, log s was not affected by any
perturbations of vital-rate seasonality. On the other hand, at constant, average density, a low
seasonality in most vital rates had negative effects on log s, except for helper and dominant
survival. Additional analyses, where we projected population dynamics assuming no seasonality
in vital rates, confirmed that environment-density interactions shape population dynamics

(Appendix S4: Fig. S4; see also Paniw et al. 2019).

The strength of seasonality effects under average density depended on the vital rate but were
largest for subadult survival and dominant recruitment, without leading to population extinction.
Compared to an average stochastic growth rate of 0.15 in the control scenario, a low seasonality
in subadult survival strongly decreased log As to 0.097 [0.082, 0.11] on average; and a low
seasonality in dominant recruitment decreased it to 0.10 [0.082, 0.12]. On the other hand, a high
seasonality in subadult survival increased log 4s to 0.20 [0.19, 0.21] on average, while an
increased seasonality in dominant recruitment increased the population growth rate to 0.19 [0.18,
0.20] on average (Fig. 3b). These two vital rates strongly influence meerkat population dynamics
(Paniw et al. 2019). Indeed, dominant recruitment is responsible for the greater part of meerkats’
reproductive output (Clutton-Brock et al. 2010), and most subadults become helpers and thus
contribute importantly to increasing the survival of young (Clutton-Brock et al. 2001;
Groenewoud and Clutton-Brock 2020). However, in contrast with previous findings identifying
emigration as a key driver of meerkat dynamics (Bateman et al. 2012; Bateman et al. 2013;

Paniw et al. 2019), changes in emigration seasonality did not have strong effects on the
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population growth rate. As in the case of the marmots, while intra-annual vital-rate variation
under constant densities could substantially affect meerkats, changes in the standard deviation of
none of the vital rates led to large changes in the population growth rate (Appendix S8: Fig. Slc

and d), indicating buffering.

For dewy pines, the differences in vital rates between natural and perturbed habitats led to
substantial changes in growth rates under projections altering the post-fire periodic pattern of
vital rates and density dependence, compared to assuming a natural habitat succession after fires
(control scenario) under periodic and stochastic fire regimes (Fig. 3¢). Under density
dependence, introducing a browsing perturbation in a natural dewy-pine population decreased
the average population growth rate slightly to negative values, increasing extinction risk
(Appendix S4: Fig. S3b), compared to the control scenario (without browsing), where growth
rates were largely positive. The changes in growth rates were similar whether the fire regime was
stochastic or periodic when it occurred with a frequency of 1/15 years. More specifically, log As
decreased to -0.049 [-0.12, 0.013] and -0.066 [-0.14, 0.012] on average when perturbing all TSFs
under a periodic and stochastic regime, respectively, compared to log As of 0.014 [0.014, 0.015]
and 0.013 [0.0017, 0.019] in the control scenario (Fig. 3c). Changes in log 4s were more
substantial in projections of browsing perturbations at constant average density. Here, on
average, log Aswas -0.11 [-0.21, -0.067] and -0.12 [-0.20, -0.059] under a periodic and stochastic
fire regime, respectively, compared to 0.015 [0.014, 0.017] and 0.015 [0.0038, 0.020] in the

control scenario.
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Negative effects of browsing combined with frequent large-scale fires on dewy-pine populations
have been reported previously, but previous analyses omitted density feedbacks (Paniw,
Quintana-Ascencio et al. 2017). Our results however demonstrate that density dependence
somewhat buffered populations from the effects of the browsing perturbation under higher fire
frequencies, especially under periodic fire regimes (every 15 years; Fig. 3c and Appendix S4:
Fig. S3b). At the same time, under less frequent periodic burning (every 30 years), populations
were consistently negatively affected by browsing perturbations; and the effects of density
dependence disappeared (Fig. 3¢). Under this fire regime, log As was -0.097 [-0.16, -0.039] and -
0.089 [-0.16, -0.0081] at average density and with density dependence, respectively, for
perturbation starting in TSF>3, compared to 0.015 [0.014, 0.016] and 0.014 [0.013, 0.015] under
natural conditions. The browsing perturbation had similar effects under stochastic fires occurring
every 30 years on average (Fig. 3¢). This was because populations spent more years in TSF>3
under less frequent fires, where density feedbacks are less important (Appendix S3: Table S4).
The substantial effects of long-term perturbations to the period of post-fire habitat succession,
starting in early postfire years, stands in contrast to megamatrix elasticity analyses assuming no
browsing and stochastic fire regimes (Pascarella and Horvitz 1998). These latter revealed that the
dewy-pine population growth rate was largely only sensitive to perturbations in the last post-fire

habitat state (TSF>3) under natural disturbances (Appendix S8: Fig. S2).

Discussion
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Using three study systems that represent a range of life-history adaptations to periodic
environments, we highlight the complex effects that changes in vital-rate periodic patterns can
have on population dynamics. In each of our three study species, perturbing the strength of
periodicity in various vital rates led to large changes in population dynamics, especially for vital
rates strongly influencing population dynamics (Fig. 3 and Appendix S8). Our results suggest
that, while according to classic sensitivity analyses our study populations are buffered from inter-
annual environmental variation leading to vital-rate fluctuations (Paniw et al. 2020; Appendix
S8), these populations appear to be sensitive to perturbations in the strength of vital-rate
periodicity. This variety of population responses to periodic changes in environmental states—
leading to periodic patterns in critical vital rates—suggests that quantifying and taking such
periodicity into account when projecting population dynamics should receive more consideration
in population ecology and is particularly important given widespread changes in climatic

variability.

Among the various types of environmental patterning, seasonality is one of the most common
forms (Boyce 1979; Panda, Hogenesch, and Kay 2002; Park 2019). Numerous species have
adapted to seasonal environmental patterning and show various degrees of seasonal variation in
vital rates (Varpe 2017). In general, variation in vital rates is expected to negatively affect the
population growth rate (Tuljapurkar 1990; Doak et al. 2005); but such expectations are largely
based on assuming random inter-annual vital-rate variation (Tuljapurkar 1990). Our results agree
with previous studies pointing to the importance of seasonal vital-rate variation in driving
population dynamics (Wichmann et al. 2003; Kanno et al. 2015; Bassar et al. 2016) depending

on the direction of vital-rate responses to increasing or decreasing seasonality. For example, in
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species exposed to harsh winters, like marmots, an increase in environmental seasonality can be
associated with large increases in winter mortality, thus leading to population decreases and
increased extinction risks (Appendix S4; Albon et al. 2016), while a decrease in seasonality
could have positive effects on populations living in such environmental conditions (van de Pol et
al. 2010). Strong effects of changes in seasonal environmental patterns can also arise due to and
be amplified by seasonal correlations between key vital rates (Jongejans et al. 2010; but see
Compagnoni et al. 2016). For example, in meerkats, highly seasonal years in subadult survival
mostly corresponded to years where dominant recruitment was high and helper emigration
particularly low in the wet season, positively affecting the population growth rate. These
important seasonal relationships in vital rates are not picked up in classic sensitivity analyses,
where inter-annual vital-rate variation shows a consistently small effect on population growth
rates (Appendix S8). In sum, population responses to changes in environmentally-driven vital-
rate patterns are largely context dependent (Topper et al. 2018), and these contexts are masked in

analyses focusing on inter-annual variation only.

Seasonality is perhaps the most known and studied form of environmental and vital-rate
periodicity, but periodic patterns in vital rates occur on other scales as well (Park 2019). The
dewy pines represent a common form of such periodicity: adaptations to disturbance regimes
(Denslow 1980; Brawn, Robinson, and Thompson 2001; Pausas et al. 2004). Although many
studies on disturbance-adapted plants have shown strong effects of changes in the periodic
pattern of these disturbance regimes on population dynamics (Evans, Holsinger, and Menges
2010; Miller et al. 2019; Keith, Bunker, and Driscoll et al. 2020), we found no differences in

dewy-pine stochastic growth rates among different fire regimes considered. Instead, dewy-pine
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populations were negatively affected by introducing human perturbations in the form of heavy
browsing after fires, especially when starting in the early post-fire habitat states (Fig. 3c; Paniw,
Quintana-Ascencio et al. 2017). Such perturbations, continuously removing aboveground
vegetation, effectively alter the patterning of the post-fire life cycle in dewy pines by allowing
continuous seed germination (depleting the seed bank) and longer aboveground persistence of
dewy pines (increasing intraspecific competition) (Paniw, Quintana-Ascencio et al. 2017;
Brewer, Paniw, and Ojeda 2021). This then makes populations less resilient to fire disturbances.
Such detrimental effects of herbivory on populations of plants in fire-prone habitats have been
found in various species (e.g., Groenendijk et al. 2011; Mandle, Ticktin, and Zuidema 2015;
Giljohann et al. 2017, Siihs et al. 2021). In other systems, plant population persistence may be
enhanced by a combination of frequent burning and herbivory (Baeza et al. 2007; Fuhlendorf et
al. 2009; Galindez et al. 2013). While past research on disturbance-adapted plant species has
focused on natural systems, our results highlight the importance of understanding complex
interactions between disturbance regimes and environmental and anthropogenic pressures after

the disturbances in human-dominated landscapes.

Regardless of the nature of periodic variation in vital rates, density-dependent processes may
mediate effects of this variation on population dynamics. In our case, this occurred for both
meerkats (density feedbacks buffered both negative and positive effects of vital-rate seasonality;
Fig. 3b) and dewy pines (density feedbacks buffered negative effects of a browsing perturbation
under more frequent than usual periodic and stochastic fires Fig. 3¢). Density dependence is
expected to stabilize population dynamics in the long term (Sinclair and Pech 1996; Boyce et al.

2006); but on a shorter time frame (within the length of our projections), density dependence can
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be a major driver of population cycles (Radchuk, Ims, and Andreassen 2016). Numerous studies
have shown the key role of density dependence in mediating vital-rate response to inter-annual
variations in the environment (Vellestad and Olsen 2008; Bonenfant et al. 2009), making it an
important factor shaping population dynamics (Coulson et al. 2001; Gamelon et al. 2017; Hansen
et al. 2019). Our results on meerkats and dewy pines suggest that the role of density dependence
in buffering population dynamics from inter-annual environmentally-driven variation in vital

rates similarly applies at the intra-annual scale.

Interactions between density and periodic environmental variation can be important drivers of
context-dependent population responses to the environment, and are common in nature (e.g.,
Coulson et al. 2001; Barbraud and Weimerskirch 2003; Gamelon et al. 2017). For instance, in
meerkats, many vital rates show seasonal differences in their responses to important social
factors such as the number of dispersing males (Paniw et al. 2022) or group size, which interact
with population density but do not strongly correlate with it (Bateman et al. 2012; Ozgul et al.
2014). For disturbance-adapted species, density feedbacks may stabilize population dynamics
under periodic environmental change. For dewy pines, such feedbacks may slow population
declines under the most intense browsing pressures, when natural habitat succession and fire
regimes are most perturbed, but have little effects on populations otherwise. Our case studies
therefore suggest that across a wide range of environmental settings, including periodic
environmental variation, the effects of environment-density interactions on populations are quite
context-dependent (Wang et al. 2009). Nonetheless, the key role of such interactions between

periodicity and density in shaping population responses to changes in periodic patterns
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emphasizes the need to understand the effects of environmental variation beyond assuming

random stochastic environments in density-independent population projections.

In sum, our results suggest that periodic patterns in vital rates play a key role in population
dynamics across a wide range of life histories, with strong population responses to changes in
periodicity arising because of particularly favorable or adverse conditions in critical periods of
the life cycle (Burant, Betini, and Norris 2019), which can be buffered or emphasized by
environment-density interactions (Paniw et al. 2019). Further perturbations in vital-rate
patterning are expected under global change (IPCC 2014), potentially strongly affecting species
population dynamics and persistence (Beissinger 1995; Flockhart et al. 2015; Bassar et al. 2016).
Analyses of periodic vital-rate patterns have thus far primarily focused on species where vital
rates strongly differ between periods, such as migratory and seasonally breeding species (e.g.,
Reid et al. 2018). However, some populations experience periodic environments that do not
necessarily translate into sharp periodic differences in vital rates (e.g., Vifials-Domingo et al.
2020), and accounting for periodicity in vital-rate fluctuations in these populations may help
reveal sensitivities to changes in periodic patterns when there appears to be no effect of changes
in stochastic inter-annual vital-rate variations. In conclusion, our results highlight the need for
studies investigating the sensitivity of populations to changes in vital-rate patterns beyond classic
analyses relying on inter-annual variations, as sensitivities to environmental periodicity will be

masked in such frameworks.

Acknowledgments

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



We thank all the volunteers and researchers of the Rocky Mountain Biological Laboratory
(RMBL) for the collection and opportunity to use the life-history data on yellow-bellied
marmots. We are deeply grateful to our co-author, Kenneth B. Armitage, who passed away at
age 96 while we were revising this manuscript, for having initiated and dedicated his lifetime to
the study of the yellow-bellied marmots, allowing us and many others to contribute to the
understanding of the biology, ecology, and behavior of the species. We thank the editors and two
anonymous reviewers for providing feedback on previous versions of the manuscript. D.T.B was
supported by the National Geographic Society (grant #8140-06), the UCLA Faculty Senate and
Division of Life Sciences, a RMBL research fellowship, and the National Science Foundation
(IDBR-0754247, DEB-1119660 and 1557130 to DTB; DBI 0242960, 0731346, and 1226713 to
the RMBL). We are grateful to all the volunteers and field managers of the Kalahari Meerkat
Project (KMP) for contributing to data collection, and to Prof. Marta Manser for contributing to
the KMP organization. Data collection was supported by the Mammal Research Institute of the
University of Pretoria, South Africa, and long-term research on meerkats is currently supported
by a European Research Council Advanced Grant (No 742808 and No 294494) to T.H.C.B. and
by the MAVA foundation. We thank the Trustees of the Kalahari Research Centre and the
Directors of the Kalahari Meerkat Project for providing access to the meerkat life-history data
used in this paper. We thank Prof. Fernando Ojeda and the FEBIMED group at the University of
Cadiz for managing demographic data collection of the dewy pines. The dewy-pine data
collection was funded by the Spanish Ministry of Economy and Competitiveness grants
CGL2011-28759/BOS and CGL2015-64007-P. M.P. was supported by a H2020 MSCA-IF

#894223, and both M.P. and E.C. by a Swiss National Science Foundation Grant

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



(31003A_182286) to A.O.

Author Contributions

M.P., A.O., and E.C. designed the study. The data and insights on the study species were

provided by K.B.A., D.T.B., M.K.O., and J.G.A.M. for the marmots, T.H.C.B. for the meerkats,

and M.P. for the dewy pines. The analyses were performed by E.C., with input from M.P. and

A.O. The manuscript was written by E.C., with substantial contribution to revisions from all

authors.

Conflict of Interest Statement

The authors declare no conflict of interest.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



References

Aberg, P. 1992. “Size-based demography of the seaweed Ascophyllum nodosum in stochastic

environments.” Ecology 73 (4): 1488—1501. https://doi.org/10.2307/1940692.

Albon, S. D., R. J. Irvine, O. Halvorsen, R. Langvatn, L. E. Loe, E. Ropstad, V. Veiberg, et al.
2016. “Contrasting effects of summer and winter warming on body mass explain population
dynamics in a food-limited Arctic herbivore.” Global Change Biology 23 (4): 1374—1289.

https://doi.org/10.1111/gcb.13435.

Altwegg, R., and M. D. Anderson. 2009. “Rainfall in arid zones: possible effects of climate
change on the population ecology of blue cranes.” Functional Ecology 23 (5): 1014—1021.

https://doi.org/10.1111/5.1365-2435.2009.01563 .x.

Armitage, K. B. 1973. “Population changes and social behavior following colonization by the
yellow-bellied marmot.” Journal of Mammalogy 54 (4): 842—854.

https://doi.org/10.2307/1379079.

Armitage, K. B. 1991. “Social and population dynamics of yellow-bellied marmots: results from
long-term research.” Annual Review of Ecology and Systematics 22: 379—407.

https://doi.org/10.1146/annurev.es.22.110191.002115.

Armitage, K. B. 2014. Marmot biology: sociality, individual fitness, and population dynamics.

Cambridge University Press, Cambridge, UK. https://doi.org/10.1017/cbo9781107284272.

Armitage, K. B. 2017. “Hibernation as a major determinant of life-history traits in marmots.”

Journal of Mammalogy 98 (2): 321-331. https://doi.org/10.1093/jmammal/gyw159.
Armitage, K. B., and J. F. Downhower. 1974. “Demography of yellow-bellied marmot

populations.” Ecology 55 (6): 1233—1245. https://doi.org/10.2307/1935452.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Armitage, K. B., J. F. Downhower, and G. E. Svendsen. 1976. “Seasonal changes in weights of
marmots.” The American Midland Naturalist 96 (1): 36-51.

https://doi.org/10.2307/2424566.

Armitage, K. B., D. H. Van Vuren, A. Ozgul, and M. K. Oli. 2011. “Proximate causes of natal
dispersal in female yellow-bellied marmots, Marmota flaviventris.” Ecology 92 (1): 218—

227. https://doi.org/10.1890/10-0109.1.

Baeza, M. J., A. Valdecantos, J. A. Alloza, and V. R. Vallejo. 2007. “Human disturbance and
environmental factors as drivers of long-term post-fire regeneration patterns in
Mediterranean forests.” Journal of Vegetation Science 18 (2): 243-252.

https://doi.org/10.1111/5.1654-1103.2007.tb02535 x.

Barbraud, C., and H. Weimerskirch. 2003. “Climate and density shape population dynamics of a
marine top predator.” Proceedings of the Royal Society B: Biological Sciences 270 (1529):

2111-2116. https://doi.org/10.1098/rspb.2003.2488.

Barton, K. 2020. “MuMIn: Multi-Model Inference. R package version 1.43.17.”

https://CRAN.R-project.org/package=MuMIn.

Bassar, R. D., B. H. Letcher, K. H. Nislow, and A. R. Whiteley. 2016. “Changes in seasonal

climate outpace compensatory density-dependence in eastern brook trout.” Global Change

Biology 22 (2): 577-593. https://doi.org/10.1111/gcb.13135.
Bateman, A. W., T. Coulson, and T. H. Clutton-Brock. 2011. “What do simple models reveal
about the population dynamics of a cooperatively breeding species?” Oikos 120 (5): 787—

794. https://doi.org/10.1111/5.1600-0706.2010.18952..x.

Bateman, A. W., A. Ozgul, T. Coulson, and T. H. Clutton-Brock. 2012. “Density dependence in

group dynamics of a highly social mongoose, Suricata suricatta.” Journal of Animal

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Ecology 81 (3): 628—639. https://doi.org/10.1111/1.1365-2656.2011.01934 x.

Bateman, A. W., A. Ozgul, J. F. Nielsen, T. Coulson, and T. H. Clutton-Brock. 2013. “Social
structure mediates environmental effects on group size in an obligate cooperative breeder,

Suricata suricatta.” Ecology 94: 587-597. https://doi.org/10.1890/11-2122.1.

Bates, D., M. Méchler, B. Bolker, and S. Walker. 2015. “Fitting linear mixed-effects models
using lme4.” Journal of Statistical Software 67 (1): 1-48.

https://doi.org/10.18637/iss.v067.101.

Beissinger, S. R. 1995. “Modeling extinction in periodic environments: everglades water levels
and snail kite population viability.” Ecological Applications 5 (3): 618—631.

https://doi.org/10.2307/1941971.

Bolker, B., and R Development Core Team. 2020. “bbmle: Tools for general maximum

likelihood estimation. R package version 1.0.23.1.” https://CRAN.R-

project.org/package=bbmle.

Bonenfant, C., J.-M. Gaillard, T. Coulson, M. Festa-Bianchet, A. Loison, M. Garel, L. E. Loe, et
al. 2009. “Empirical evidence of density-dependence in populations of large herbivores.”

Advances in Ecological Research 41: 313-357. https://doi.org/10.1016/s0065-

2504(09)00405-x.

Boyce, M. S. 1979. “Seasonality and patterns of natural selection for life histories.” The

American Naturalist 114 (4): 569—583. https://doi.org/10.1086/283503.

Boyce, M. S., C. V. Haridas, C. T. Lee, and the NCEAS Stochastic Demography Working
Group. 2006. “Demography in an increasingly variable world.” Trends in Ecology and

Evolution 21 (3): 141-148. https://doi.org/10.1016/j.tree.2005.11.018.

Brawn, J. D., S. K. Robinson, and F. R. Thompson III. 2001. “The role of disturbance in the

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



ecology and conservation of birds.” Annual Review of Ecology and Systematics 32 (1): 251—

276. https://doi.org/10.1146/annurev.ecolsys.32.081501.114031.

Breininger, D. R., T. E. Foster, G. M. Carter, B. W. Duncan, E. D. Stolen, and J. E. Lyon. 2018.
“The effect of vegetative type, edges, fire history, rainfall, and management in fire-

maintained habitat.” Ecosphere 9 (3): €02120. https://doi.org/10.1002/ecs2.2120.

Brewer, J. S., M. Paniw, and F. Ojeda. 2021. “Plant behavior and coexistence: stem elongation of
the carnivorous subshrub Drosophyllum lusitanicum within xerophytic shrub canopies.”

Plant Ecology 222 (11): 1197-1208. https://doi.org/10.1007/s11258-021-01170-0.

Buettner, U. K., H. T. Davies-Mostert, J. T. du Toit, and M. G. L. Mills. 2007. “Factors affecting
juvenile survival in African wild dogs (Lycaon pictus) in Kruger National Park, South

Africa.” Journal of Zoology 272 (1): 10—19. https://doi.org/10.1111/].1469-

7998.2006.00240.x.

Burant, J. B., G. S. Betini, and D. R. Norris. 2019. “Simple signals indicate which period of the
annual cycle drives declines in seasonal populations.” Ecology Letters 22 (12): 2141-2150.

https://doi.org/10.1111/ele.13393.

Burnham, K. P., D. R. Anderson, and K. P. Huyvaert. 2010. “AIC model selection and
multimodel inference in behavioral ecology: some background, observations, and
comparisons.” Behavioral Ecology and Sociobiology 65 (1): 23-35.

https://doi.org/10.1007/s00265-010-1029-6.

Caswell, H. 2001. Matrix population models: construction, analysis, and interpretation. Second
edition. Sinauer Associates Incorporated, Sunderland, Massachusetts, USA.
Caswell, H., and T. N. Kaye. 2001. “Stochastic demography and conservation of an endangered

perennial plant (Lomatium bradshawii) in a dynamic fire regime.” Advances in Ecological

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Research 32: 1-51. https://doi.org/10.1016/s0065-2504(01)32010-x.

Clutton-Brock, T. H., P. N. M. Brotherton, R. Smith, G. M. Mcllrath, R. Kansky, D. Gaynor, M.
J. O’Riain, and J. D. Skinner. 1998. “Infanticide and expulsion of females in a cooperative
mammal.” Proceedings of the Royal Society B: Biological Sciences 265 (1412): 2291-2295.

https://doi.org/10.1098/rspb.1998.0573.

Clutton-Brock, T. H., D. Gaynor, G. M. Mcllrath, A. D. C. Maccoll, R. Kansky, P. Chadwick,
M. Manser, J. D. Skinner, and P. N. M. Brotherton. 1999. “Predation, group size and
mortality in a cooperative mongoose, Suricata suricatta.” Journal of Animal Ecology 68 (4):

672—683. https://doi.org/10.1046/7.1365-2656.1999.00317.x.

Clutton-Brock, T. H., S. J. Hodge, and T. P. Flower. 2008. “Group size and the suppression of
subordinate reproduction in Kalahari meerkats.” Animal Behaviour 76 (3): 689—700.

https://doi.org/10.1016/j.anbehav.2008.03.015.

Clutton-Brock, T. H., S. J. Hodge, T. P. Flower, G. F. Spong, and A. J. Young. 2010. “Adaptive
suppression of subordinate reproduction in cooperative mammals.” The American Naturalist

176 (5): 664—673. https://doi.org/10.1086/656492.

Clutton-Brock, T. H., A. Maccoll, P. Chadwick, D. Gaynor, R. Kansky, and J. D. Skinner. 1999.

“Reproduction and survival of suricates (Suricata suricatta) in the southern Kalahari.”

African Journal of Ecology 37 (1): 69-80. https://doi.org/10.1046/].1365-

2028.1999.00160.x.

Clutton-Brock, T. H., A. F. Russell, L. L. Sharpe, P. N. M. Brotherton, G. M. Mcllrath, S. White,
and E. Z. Cameron. 2001. “Effects of helpers on juvenile development and survival in

meerkats.” Science 293 (5539): 2446-2449. https://doi.org/10.1126/science.1061274.

Compagnoni, A., A. J. Bibian, B. M. Ochocki, H. S. Rogers, E. L. Schultz, M. E. Sneck, B. D.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Elderd, et al. 2016. “The effect of demographic correlations on the stochastic population
dynamics of perennial plants.” Ecological Monographs 86 (4): 480—494.

https://doi.org/10.1002/ecm.1228.

Conquet, E., A. Ozgul, D. T. Blumstein, K. B. Armitage, M. K. Oli, J. G. A. Martin, T. H.
Clutton-Brock, and M. Paniw. 2022a. “Demographic consequences of changes in

environmental periodicity.” Dryad, dataset. https://doi.org/10.5061/dryad.hhmggnkkc.

Conquet, E., A. Ozgul, D. T. Blumstein, K. B. Armitage, M. K. Oli, J. G. A. Martin, T. H.
Clutton-Brock, and M. Paniw. 2022b. R code for Demographic consequences of changes in

environmental periodicity. Zenodo, software. https://doi.org/10.5281/zenodo.7078560.

Cordes, L. S., D. T. Blumstein, K. B. Armitage, P. J. CaraDonna, D. Z. Childs, B. D. Gerber, J.
G. A. Martin, M. K. Oli, and A. Ozgul. 2020. “Contrasting effects of climate change on
seasonal survival of a hibernating mammal.” Proceedings of the National Academy of
Sciences of the United States of America 117 (30): 18119-18126.

https://doi.org/10.1073/pnas.1918584117.

Correia, E., and H. Freitas. 2002. “Drosophyllum lusitanicum, an endangered West
Mediterranean endemic carnivorous plant: threats and its ability to control available
resources.” Botanical Journal of the Linnean Society 140 (4): 383-390.

https://doi.org/10.1046/5.1095-8339.2002.00108.x.

Coulson, T., E. A. Catchpole, S. D. Albon, B. J. T. Morgan, J. M. Pemberton, T. H. Clutton-
Brock, M. J. Crawley, and B. T. Grenfell. 2001. “Age, sex, density, winter weather, and
population crashes in Soay sheep.” Science 292 (5521): 1528—-1531.

https://doi.org/10.1126/science.292.5521.1528.

Cozzi, G., N. Maag, L. Borger, T. H. Clutton-Brock, and A. Ozgul. 2018. “Socially informed

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



dispersal in a territorial cooperative breeder.” Journal of Animal Ecology 87 (3): 838—849.

https://doi.org/10.1111/1365-2656.12795.

Cross, A. T., M. Paniw, F. Ojeda, S. R. Turner, K. W. Dixon, and D. J. Merritt. 2017. “Defining
the role of fire in alleviating seed dormancy in a rare Mediterranean endemic subshrub.”

AoB Plants 9 (5): plx036. https://doi.org/10.1093/aobpla/plx036.

Denslow, J. S. 1980. “Patterns of plant species diversity during succession under different

disturbance regimes.” Oecologia 46 (1): 18-21. https://doi.org/10.1007/bf00346960.

Dickman, C. R., M. Letnic, and P. S. Mahon. 1999. “Population dynamics of two species of
dragon lizards in arid Australia: the effects of rainfall.” Oecologia 119 (3): 357-366.

https://doi.org/10.1007/s004420050796.

Doak, D. F., W. F. Morris, C. Pfister, B. E. Kendall, and E. M. Bruna. 2005. “Correctly
estimating how environmental stochasticity influences fitness and population growth.” The

American Naturalist 166 (1): E14—E21. https://doi.org/10.1086/430642.

Donat, M. G., and L. V. Alexander. 2012. “The shifting probability distribution of global
daytime and night-time temperatures.” Geophysical Research Letters 39 (14): L14707.

https://doi.org/10.1029/201221052459.

Doolan, S. P., and D. W. Macdonald. 2009. “Breeding and juvenile survival among slender-
tailed meerkats (Suricata suricatta) in the south-western Kalahari: ecological and social

influences.” Journal of Zoology 242 (2): 309-327. https://doi.org/10.1111/].1469-

7998.1997.tb05804.x.

Dubuc, C., S. English, N. Thavarajah, B. Dantzer, S. P. Sharp, H. C. Spence-Jones, D. Gaynor,
and T. H. Clutton-Brock. 2017. “Increased food availability raises eviction rate in a

cooperative breeding mammal.” Biology Letters 13 (4): 20160961.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



https://doi.org/10.1098/rsbl.2016.0961.

Edic, M. N., J. G. A. Martin, and D. T. Blumstein. 2020. “Heritable variation in the timing of
emergence from hibernation.” Evolutionary Ecology 34 (5): 763—766.

https://doi.org/10.1007/s10682-020-10060-2.

English, S., A. W. Bateman, and T. H. Clutton-Brock. 2012. “Lifetime growth in wild meerkats:
incorporating life history and environmental factors into a standard growth model.”

Oecologia 169 (1): 143—153. https://doi.org/10.1007/s00442-011-2192-9.

Evans, M. E. K., K. E. Holsinger, and E. S. Menges. 2010. “Fire, vital rates, and population
viability: a hierarchical Bayesian analysis of the endangered Florida scrub mint.” Ecological

Monographs 80 (4): 627-649. https://doi.org/10.1890/09-1758.1.

Flockhart, D. T. T., J.-B. Pichancourt, D. R. Nortris, and T. G. Martin. 2015. “Unravelling the
annual cycle in a migratory animal: breeding-season habitat loss drives population declines
of monarch butterflies.” Journal of Animal Ecology 84 (1): 155-165.

https://doi.org/10.1111/1365-2656.12253.

Franco, M., and J. Silvertown. 2004. “A comparative demography of plants based upon

elasticities of vital rates.” Ecology 85 (2): 531-538. https://doi.org/10.1890/02-0651.

Frederiksen, M., F. Daunt, M. P. Harris, and S. Wanless. 2008. “The demographic impact of
extreme events: stochastic weather drives survival and population dynamics in a long-lived

seabird.” Journal of Animal Ecology 77 (5): 1020—1029. https://doi.org/10.1111/].1365-

2656.2008.01422 .x.

Frick, W. F., J. F. Pollock, A. C. Hicks, K. E. Langwig, D. S. Reynolds, G. G. Turner, C. M.
Butchkoski, and T. H. Kunz. 2010. “An emerging disease causes regional population

collapse of a common North American bat species.” Science 329 (5992): 679-682.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



https://doi.org/10.1126/science.1188594.

Fuhlendorf, S. D., D. M. Engle, J. Kerby, and R. Hamilton. 2009. “Pyric herbivory: rewilding
landscapes through the recoupling of fire and grazing.” Conservation Biology 23 (3): 588—

598. https://doi.org/10.1111/5.1523-1739.2008.01139.x.

Galindez, G., P. Ortega-Baes, A. L. Scopel, and M. J. Hutchings. 2013. “The dynamics of three
shrub species in a fire-prone temperate savanna: the interplay between the seed bank, seed

rain and fire regime.” Plant Ecology 214 (1): 75-86. https://doi.org/10.1007/s11258-012-

0147-9.

Gamelon, M., V. Greatan, A. L. K. Nilsson, S. Engen, J. W. Hurrell, K. Jerstad, A. S. Phillips, et
al. 2017. “Interactions between demography and environmental effects are important
determinants of population dynamics.” Science Advances 3 (2): €1602298.

https://doi.org/10.1126/sciadv.1602298.

Garrido, B., A. Hampe, T. Maranon, and J. Arroyo. 2003. “Regional differences in land use
affect population performance of the threatened insectivorous plant Drosophyllum
lusitanicum (Droseraceae).” Diversity and Distributions 9 (5): 335-350.

https://doi.org/10.1046/].1472-4642.2003.00029.x.

Giljohann, K. M., M. A. McCarthy, D. A. Keith, L. T. Kelly, M. G. Tozer, and T. J. Regan.
2017. “Interactions between rainfall, fire and herbivory drive resprouter vital rates in a semi-

arid ecosystem.” Journal of Ecology 105 (6): 1562—1570. https://doi.org/10.1111/1365-

2745.12768.
Gomez-Gonzalez, S., M. Paniw, K. Antunes, and F. Ojeda. 2018. “Heat shock and plant
leachates regulate seed germination of the endangered carnivorous plant Drosophyllum

lusitanicum.” Web Ecology 18 (1): 7—13. https://doi.org/10.5194/we-18-7-2018.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Groenendijk P., A. Eshete, F. J. Sterck, P. A. Zuidema, and F. Bongers. 2011. “Limitations to
suistainable frankincense production: blocked regeneration, high adult mortality and
declining populations.” Journal of Applied Ecology 49 (1): 164—173.

https://doi.org/10.1111/5.1365-2664.2011.02078.x.

Groenewoud, F., and T. H. Clutton-Brock. 2020. “Meerkat helpers buffer the detrimental effects
of adverse environmental conditions on fecundity, growth and survival.” Journal of Animal

Ecology 90 (3): 641-652. https://doi.org/10.1111/1365-2656.13396.

Guimaraes, M., D. T. Correa, M. P. Gaiarsa, and M. Kéry. 2020. “Full-annual demography and

seasonal cycles in a resident vertebrate.” PeerJ 8: €8658. https://doi.org/10.7717/peer].8658.

Hansen, B. B., M. Gamelon, S. D. Albon, A. M. Lee, A. Stien, R. J. Irvine, B.-E. Sather, et al.
2019. “More frequent extreme climate events stabilize reindeer population dynamics.”

Nature Communications 10 (1): 1616. https://doi.org/10.1038/s41467-019-09332-5.

Heissenberger, S., G. Medeiros de Pinho, J. G. A. Martin, and D. T. Blumstein. 2020. “Age and
location influence the costs of compensatory and accelerated growth in a hibernating

mammal.” Behavioral Ecology 31 (3): 826—-833. https://doi.org/10.1093/beheco/araa013.

Horvitz, C. C., S. Tuljapurkar, and J. B. Pascarella. 2005. “Plant-animal interactions in random
environments: habitat-stage elasticity, seed predators, and hurricanes.” Ecology 86 (12):

3312-3322. https://doi.org/10.1890/04-1187.

Hostetler, J. A., T. S. Sillett, and P. P. Marra. 2015. “Full-annual-cycle population models for

migratory birds.” The Auk 132 (2): 433—449. https://doi.org/10.1642/auk-14-211.1.

Hunter, C. M., H. Caswell, M. C. Runge, E. V. Regehr, S. C. Amstrup, and 1. Stirling. 2010.
“Climate change threatens polar bear populations: a stochastic demographic analysis.”

Ecology 91 (10): 2883-2897. https://doi.org/10.1890/09-1641.1.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Inouye, D. W., B. Barr, K. B. Armitage, and B. D. Inouye. 2000. “Climate change is affecting
altitudinal migrants and hibernating species.” Proceedings of the National Academy of
Sciences of the United States of America 97 (4): 1630-1633.

https://doi.org/10.1073/pnas.97.4.1630.

IPCC. 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, Il and
111 to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core
Writing Team, R. K. Pachauri and L. A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.

Jongejans E., H. De Kroon, S. Tuljapurkar, and K. Shea. 2010. “Plant populations track rather
than buffer climate fluctuations.” Ecology Letters 13 (6): 736—743.

https://doi.org/10.1111/5.1461-0248.2010.01470.x.

Kanno, Y., B. H. Letcher, N. P. Hitt, D. A. Boughton, J. E. B. Wofford, and E. F. Zipkin. 2015.
“Seasonal weather patterns drive population vital rates and persistence in a stream fish.”

Global Change Biology 21 (5): 1856—1870. https://doi.org/10.1111/gcb.12837.

Keith, D. A., H. R. Akg¢akaya, W. Thuiller, G. F. Midgley, R. G. Pearson, S. J. Phillips, H. M.
Regan, M. B. Araujo, and T. G. Rebelo. 2008. “Predicting extinction risks under climate
change: coupling stochastic population models with dynamic bioclimatic habitat models.”

Biology Letters 4 (5): 560—563. https://doi.org/10.1098/rsbl.2008.0049.

Keith, D. A., B. Dunker, and D. A. Driscoll. 2020. “Dispersal: the eighth fire seasonality effect
on plants.” Trends in Ecology and Evolution 35 (4): 305-307.

https://doi.org/10.1016/j.tree.2019.12.001.

Kleiven, E. F., J.-A. Henden, R. A. Ims, and N. G. Yoccoz. 2018. “Seasonal difference in
temporal transferability of an ecological model: near-term predictions of lemming outbreak

abundances.” Scientific Reports 8 (1): 15252. https://doi.org/10.1038/s41598-018-33443-6.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Knowles, J. E., C. Frederick. 2020. “merTools: Tools for analyzing mixed effect regression

models. R package version 0.5.2.” https://CRAN.R-project.org/package=merTools.

Lebl, K., C. Bieber, P. Adamik, J. Fietz, P. Morris, A. Pilastro, and T. Ruf. 2011. “Survival rates
in a small hibernator, the edible dormouse: a comparison across Europe.” Ecography 34 (4):

683—692. https://doi.org/10.1111/5.1600-0587.2010.06691 .x.

Lennartsson, T., and J. G. B. Oostermeijer. 2001. “Demographic variation and population
viability in Gentianella campestris: effects of grassland management and environmental

stochasticity.” The Journal of Ecology 89 (3): 451-463. https://doi.org/10.1046/].1365-

2745.2001.00566.x.

Maag, N. 2019. Mechanisms and demographic consequences of dispersal in the cooperatively
breeding meerkat. Dissertation. University of Zurich, Zurich, Switzerland.

Maldonado-Chaparro, A. A., D. T. Blumstein, K. B. Armitage, and D. Z. Childs. 2018.
“Transient LTRE analysis reveals the demographic and trait-mediated processes that buffer

population growth.” Ecology Letters 21 (11): 1693—1703. https://doi.org/10.1111/ele.13148.

Mandle L., T. Ticktin, and P. A. Zuidema. 2015. “Resilience of palm populations to disturbance
is determined by interactive effects of fire, herbivory and harvest.” Journal of Ecology 103

(4): 1032-1043. https://doi.org/10.1111/1365-2745.12420.

Marra, P. P., E. B. Cohen, S. R. Loss, J. E. Rutter, and C. M. Tonra. 2015. “A call for full annual
cycle research in animal ecology.” Biology Letters 11 (8): 20150552.

https://doi.org/10.1098/rsbl.2015.0552.

McDonald, J. L., M. Franco, S. Townley, T. H. G. Ezard, K. Jelbert, and D. J. Hodgson. 2017.
“Divergent demographic strategies of plants in variable environments.” Nature Ecology &

Evolution 1 (2): 29. https://doi.org/10.1038/s41559-016-0029.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



McNutt, J. W., R. Groom, and R. Woodroffe. 2019. “Ambient temperature provides an adaptive
explanation for seasonal reproduction in a tropical mammal.” Journal of Zoology 309 (3):

153-160. https://doi.org/10.1111/jz0.12712.

Menges, E. S., and R. W. Dolan. 1998. “Demographic viability of populations of Silene regia in
midwestern prairies: relationships with fire management, genetic variation, geographic
location, population size and isolation.” Journal of Ecology 86 (1): 63-78.

https://doi.org/10.1046/].1365-2745.1998.00234.x.

Miller, R. G., R. Tangney, N. J. Enright, J. B. Fontaine, D. J. Merritt, M. K. J. Ooi, K. X.
Ruthrof, and B. P. Miller. 2019. “Mechanisms of fire seasonality effects on plant
populations.” Trends in Ecology and Evolution 34 (12): 1104—-1117.

https://doi.org/10.1016/j.tree.2019.07.009.

Montero, A. P., D. M. Williams, J. G. A. Martin, and D. T. Blumstein. 2020. “More social
female yellow-bellied marmots, Marmota flaviventer, have enhanced summer survival.”

Animal Behaviour 160: 113—119. https://doi.org/10.1016/j.anbehav.2019.12.013.

Morris, W. F., C. A. Pfister, S. Tuljapurkar, C. V. Haridas, C. L. Boggs, M. S. Boyce, E. M.
Bruna, et al. 2008. “Longevity can buffer plant and animal populations against changing

climatic variability.” Ecology 89 (1): 19-25. https://doi.org/10.1890/07-0774.1.

Morris W. F., S. Tuljapurkar, C. V. Haridas, E. S. Menges, C. C. Horvitz, and C. A. Pfister.
2006. “Sensitivity of the population growth rate to demographic variability within and
between phases of the disturbance cycle.” Ecology Letters 9 (12): 1331-1341.

https://doi.org/10.1111/5.1461-0248.2006.00988.x.

Ojeda, F., T. Maranon, and J. Arroyo. 1996. “Postfire regeneration of a Mediterranean heathland

in southern Spain.” International Journal of Wildland Fire 6 (4): 191-198.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



https://doi.org/10.1071/wf9960191.

Oli, M. K. 2019. “Population cycles in voles and lemmings: state of the science and future

directions.” Mammal Review 49 (3): 226-239. https://doi.org/10.1111/mam.12156.

Oli, M. K., and K. B. Armitage. 2004. “Yellow-bellied marmot population dynamics:
demographic mechanisms of growth and decline.” Ecology 85 (9): 2446-2455.

https://doi.org/10.1890/03-0513.

Ozgul, A., A. W. Bateman, S. English, T. Coulson, and T. H. Clutton-Brock. 2014. “Linking
body mass and group dynamics in an obligate cooperative breeder.” Journal of Animal

Ecology 83 (6): 1357-1366. https://doi.org/10.1111/1365-2656.12239.

Ozgul, A., D. Z. Childs, M. K. Oli, K. B. Armitage, D. T. Blumstein, L. E. Olson, S. Tuljapurkar,
and T. Coulson. 2010. “Coupled dynamics of body mass and population growth in response
to environmental change.” Nature 466 (7305): 482—485.

https://doi.org/10.1038/nature09210.

Ozgul, A., M. K. Olj, K. B. Armitage, D. T. Blumstein, and D. H. Van Vuren. 2009. “Influence
of local demography on asymptotic and transient dynamics of a yellow-bellied marmot
metapopulation.” The American Naturalist 173 (4): 517-530.

https://doi.org/10.1086/597225.

Packer, C., R. Hilborn, A. Mosser, B. Kissui, M. Borner, G. Hopcraft, J. Wilmshurst, S. Mduma,
and A. R. E. Sinclair. 2005. “Ecological change, group territoriality, and population
dynamics in Serengeti lions.” Science 307 (5708): 390-393.

https://doi.org/10.1126/science.1105122.

Panda, S., J. B. Hogenesch, and S. A. Kay. 2002. “Circadian rhythms from flies to human.”

Nature 417 (6886): 329-335. https://doi.org/10.1038/417329a.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Paniw, M., D. Z. Childs, K. B. Armitage, D. T. Blumstein, J. G. A. Martin, M. K. Oli, and A.
Ozgul. 2020. “Assessing seasonal demographic covariation to understand environmental-
change impacts on a hibernating mammal.” Ecology Letters 23 (4): 588-597.

https://doi.org/10.1111/ele.13459.

Paniw, M., C. Duncan, F. Groenewoud, J. A. Drewe, M. Manser, A. Ozgul, and T. Clutton-
Brock. 2022. “Higher temperature extremes exacerbate negative disease effects in a social

mammal.” Nature Climate Change 12 (3): 284-290. https://doi.org/10.1038/s41558-022-

01284-x.

Paniw, M., N. Maag, G. Cozzi, T. H. Clutton-Brock, and A. Ozgul. 2019. “Life history responses
of meerkats to seasonal changes in extreme environments.” Science 363 (6427): 631-635.

https://doi.org/10.1126/science.aau5905.

Paniw, M., P. F. Quintana-Ascencio, F. Ojeda, and R. Salguero-Gémez. 2017. “Interacting
livestock and fire may both threaten and increase viability of a fire-adapted Mediterranean
carnivorous plant.” The Journal of Applied Ecology 54 (6): 1884—1894.

https://doi.org/10.1111/1365-2664.12872.

Paniw, M., R. Salguero-Gomez, and F. Ojeda. 2015. “Local-scale disturbances can benefit an
endangered, fire-adapted plant species in Western Mediterranean heathlands in the absence

of fire.” Biological Conservation 187: 74-81. https://doi.org/10.1016/j.biocon.2015.04.010.

Paniw, M., R. Salguero-Gomez, and F. Ojeda. 2017. “Transient facilitation of resprouting shrubs
in fire-prone habitats.” Journal of Plant Ecology 11 (3): 475-483.

https://doi.org/10.1093/ipe/rtx019.

Park, J. S. 2019. “Cyclical environments drive variation in life-history strategies: a general

theory of cyclical phenology.” Proceedings of the Royal Society B: Biological Sciences 286

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



(1898): 20190214. https://doi.org/10.1098/rspb.2019.0214.

Pascarella, J.B., and C. C. Horvitz. 1998. “Hurricane disturbance and the population dynamics of
a tropical understory shrub: megamatrix elasticity analysis.” Ecology 79 (2): 546—563.

https://doi.org/10.1890/0012-9658(1998)079[0547:hdatpd]2.0.co:2.

Pausas, J. G., R. A. Bradstock, D. A. Keith, and J. E. Keeley. 2004. “Plant functional traits in
relation to fire in crown-fire ecosystems.” Ecology 85 (4): 1085—-1100.

https://doi.org/10.1890/02-4094.

Pausas, J. G., and J. E. Keeley. 2014. “Abrupt climate-independent fire regime changes.”

Ecosystems 17 (6): 1109—1120. https://doi.org/10.1007/s10021-014-9773-5.

Pfister, C. A. 1998. “Patterns of variance in stage-structured populations: evolutionary
predictions and ecological implications.” Proceedings of the National Academy of Science of

the United States of America 95 (1): 213-218. https://doi.org/10.1073/pnas.95.1.213.

Quintana-Ascencio, P. F., E. S. Menges, and C. W. Weekley. 2003. “A fire-explicit population
viability analysis of Hyperium cumulicola in Florida rosemary scrub.” Conservation Biology

17 (2): 433—-449. https://doi.org/10.1046/1.1523-1739.2003.01431 .x.

Radchuk, V., R. A. Ims, and H. P. Andreassen. 2016. “From individuals to population cycles: the
role of extrinsic and intrinsic factors in rodent populations.” Ecology 97 (3): 720-732.

https://doi.org/10.1890/15-0756.1.

R Core Team. 2020. “R: A language and environment for statistical computing.” R foundation

for statistical computing, Vienna, Austria. URL https://www.R-project.org/.

Reid, J. M., J. M. J. Travis, F. Daunt, S. J. Burthe, S. Wanless, and C. Dytham. 2018.
“Population and evolutionary dynamics in spatially structured seasonally varying

environments.” Biological Reviews 93 (3): 1578—1603. https://doi.org/10.1111/brv.12409.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



RStudio Team. 2021. “RStudio: Integrated Development Environment for R.” RStudio, PBC,

Boston, MA. URL https://www.rstudio.com.

Russell, A. F., T. H. Clutton-Brock, P. N. M. Brotherton, L. L. Sharpe, G. M. Mcilrath, F. D.
Dalerum, E. Z. Cameron, and J. A. Barnard. 2002. “Factors affecting pup growth and
survival in co-operatively breeding meerkats Suricata suricatta.” Journal of Animal Ecology

71 (4): 700-709. https://doi.org/10.1046/].1365-2656.2002.00636.x.

Schwartz, O. A., and K. B. Armitage. 2002. “Correlations between weather factors and life-
history traits of yellow-bellied marmots.” Pages 345-351 in K. B. Armitage, and V. Y.
Rumiantsev, editors. Holarctic marmots as a factor of biodiversity. ABF Publishing House,
Moscow, Russia.

Schwartz, O. A., and K. B. Armitage. 2005. “Weather influences on demography of the yellow-
bellied marmot (Marmota flaviventris).” Journal of Zoology 265 (1): 73-79.

https://doi.org/10.1017/s0952836904006089.

Schwartz, O. A., K. B. Armitage, and D. H. Van Vuren. 1998. “A 32-year demography of
yellow-bellied marmots (Marmota flaviventris).” Journal of Zoology 246 (3): 337-346.

https://doi.org/10.1111/5.1469-7998.1998.tb00163 .x.

Sharp, S. P., and T. H. Clutton-Brock. 2011. “Competition, breeding success and ageing rates in
female meerkats.” Journal of Evolutionary Biology 24 (8): 1756—1762.

https://doi.org/10.1111/5.1420-9101.2011.02304.x.

Silva, J. F., J. Raventos, H. Caswell, and M. C. Trevisan. 1991. “Population responses to fire in a
tropical savanna grass Andropogon semiberbis: a matrix model approach.” Journal of

Ecology 79 (2): 345-356. https://doi.org/10.2307/2260717.

Sinclair, A. R. E., and R. P. Pech. 1996. “Density dependence, stochasticity, compensation and

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



predator regulation.” Qikos 75 (2): 164—173. https://doi.org/10.2307/3546240.

Siihs, R. B., F. Silva Rosa, J. Silveira, N. Peroni, and E. L. H. Giehl. 2021. “The influence of fire
and cattle grazing on Araucaria population structure in forest-grassland mosaics.” Flora

281: 151853. https://doi.org/10.1016/j.flora.2021.151853.

Topper, J. P., E. Meineri, S. L. Olsen, K. Rydgren, O. Skarpaas, and V. Vandvik. 2018. “The
devil is in the detail: Nonadditive and context-dependent plant population responses to
increasing temperature and precipitation.” Global Change Biology 24 (10): 4657-4666.

https://doi.org/10.1111/gcb.14336.

Trauernicht C., B. P. Murphy, L. D. Prior, M. J. Lawes, and D. M. J. S. Bowman. 2016.
“Human-imposed, fine-grained patch burning explains the population stability of a fire-
sensitive conifer in a frequently burnt Northern Australia savanna.” Ecosystems 19 (5): 896—

909. https://doi.org/10.1007/s10021-016-9973-2.

Trotter, M. V., S. Krishna-Kumar, and S. Tuljapurkar. 2013. “Beyond the mean: sensitivities of
the variance of population growth.” Methods in Ecology and Evolution 4 (3): 290-298.

https://doi.org/10.1111/2041-210x.12010.

Tuljapurkar, S. 1990. Population dynamics in variable environments. Springer, Berlin.

https://doi.org/10.1007/978-3-642-51652-8.

Tuljapurkar, S, and C. V. Haridas. 2006. “Temporal autocorrelation and stochastic population

growth.” Ecology Letters 9 (3): 327-337. https://doi.org/10.1111/1.1461-0248.2006.00881 .x.

Tuljapurkar, S., C. C. Horvitz, and J. B. Pascarella. 2003. “The many growth rates and
elasticities of populations in random environments.” The American Naturalist 162 (4): 489—

502. https://doi.org/10.1086/378648.

van de Pol, M., Y. Vindenes, B.-E. Sather, S. Engen, B. J. Ens, K. Oosterbeek, and J. M.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Tinbergen. 2010. “Effects of climate change and variability on population dynamics in a

long-lived shorebird.” Ecology 91 (4): 1191-1204. https://doi.org/10.1890/09-0410.1.

Van Vuren, D. H. 2001. “Predation on yellow-bellied marmots (Marmota flaviventris).” The

American Midland Naturalist 145 (1): 94-100. https://doi.org/10.1674/0003-

0031(2001)145[0094:poybmm]2.0.co:2.

Van Vuren, D. H., and K. B. Armitage. 1991. “Duration of snow cover and its influence on life-
history variation in yellow-bellied marmots.” Canadian Journal of Zoology 69 (7): 1755—

1758. https://doi.org/10.1139/791-244.

Varpe, 0. 2017. “Life history adaptations to seasonality.” Integrative and Comparative Biology

57 (5): 943-960. https://doi.org/10.1093/icb/icx123.

Vidals-Domingo, A., S. Bertolino, G. Lépez-Iborra, and J. A. Gil-Delgado. 2020. “Seasonal
survival in a non-hibernating Mediterranean garden dormouse population.” Mammalian

Biology 100 (6): 581-589. https://doi.org/10.1007/s42991-020-00067-1.

Vollestad, L. A., and E. M. Olsen. 2008. “Non-additive effects of density-dependent and density-

independent factors on brown trout vital rates.” Oikos 117: 1752—1760.

https://doi.org/10.1111/5.0030-1299.2008.16872.x.

Wang, G., J. O. Wolft, S. H. Vessey, N. A. Slade, J. W. Witham, J. F. Merritt, M. L. Hunter Jr,
and S. P. Elias. 2009. “Comparative population dynamics of Peromyscus leucopus in North
America: influences of climate, food, and density dependence.” Population Ecology 51 (1):

133-142. https://doi.org/10.1007/s10144-008-0094-4.

Wichmann, M., F. Jeltsch, W. R. J. Dean, K. A. Moloney, and C. Wissel. 2003. “Implication of
climate change for the persistence of raptors in arid savanna.” Qikos 102 (1): 186-202.

https://doi.org/10.1034/5.1600-0706.2003.12044.x.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Woodroffe, R., R. Groom, and J. W. McNutt. 2017. “Hot dogs: high ambient temperatures
impact reproductive success in a tropical carnivore.” Journal of Animal Ecology 86 (6):

1329-1338. https://doi.org/10.1111/1365-2656.12719.

Xu, L., R. B. Myneni, F. S. Chapin III, T. V. Callaghan, J. E. Pinzon, C. J. Tucker, Z. Zhu, et al.

2013. “Temperature and vegetation seasonality diminishment over northern lands.” Nature

Climate Change 3 (6): 581-586. https://doi.org/10.1038/nclimate1836.

Young, A. J., A. A. Carlson, S. L. Monfort, A. F. Russell, N. C. Bennett, and T. H. Clutton-
Brock. 2006. “Stress and the suppression of subordinate reproduction in cooperatively
breeding meerkats.” Proceedings of the National Academy of Sciences of the United States

of America 103 (32): 12005-12010. https://doi.org/10.1073/pnas.0510038103.

85UB017 SUOWIWIOD @A 181D 8|qeoljdde ay} Aq peusenob aJe ssjoiie VO 85N JO 3N 1o} AfeidT8UIIUO AB]1AA U (SUOIPUOO-PUB-SWBIALI0D™A8 | 1M ARe.d 1 Bul UO//SdY) SUORIPUOD pue SWwie 1 843 88S *[2202/2T/L0] uo Aridiauliuo AB|im 8Buy S0 -eluolieD Jo AiseAIun Ag 168e A98/200T 0T/I0p/W0 A8 | Akeiq Ul juo'S fpuNno fessy/sdny Wwoly pepeojumoq el ‘02T66£6T



Figure captions

Figure 1 — Periodic life cycles of the three study systems. The three life cycles represent the
periodic transitions among life-history stages (solid arrows) and reproduction (dashed arrows) of
our study systems. Different arrow colors indicate whether transitions/reproduction occur in a
specific period (season or time-since-fire (TSF) state) or in all seasons or TSFs. (a) The marmot
life cycle was split between the winter hibernation period (winter-to-summer transition, August-
June) and the summer breeding season (summer-to-winter transition, June-August). Individuals
can transition between juvenile (J), yearling (Y), and non-reproductive (N) and reproductive
adult (R) stages. (b) The meerkat life cycle was split into the dry fall/winter (dry-to-wet
transition, April-October) and wet spring/summer (wet-to-dry transition, October-April) seasons.
Individuals can transition between juvenile (J), subadult (S), helper (H), and dominant (D)
stages. (c) The dewy pine life cycle consists of yearly transitions between time-since-fire habitat
states (TSFo to TSF1, TSF; to TSF», etc.). Individuals germinate from the seed bank (SB) and can
transition among seedling (SD), juvenile (J), small (SR), and large reproductive individual (LR)

stages.

Figure 2 — Vital-rate periodicity across time. (a) In marmots, reproductive adult survival
greatly varies between summer and winter, with a stable pattern across the 40 years of study. (b)
In meerkats, vital rates, including helper survival, are not strictly seasonal as in marmots but can
vary strongly between the dry and wet season as a response to stochastic inter-annual rainfall
patterns. Lines show the average estimates, shaded areas show the 95% confidence intervals and

were obtained using the predictinterval function from the merTools R package (Knowles and
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Frederick 2020). (c¢) In natural dewy-pine populations under stochastic fires occurring on average
every 30 years, individuals (here juveniles) typically have a lower survival rate, and survival

decreases predictably with time.

Figure 3 — Effect of perturbations in the strength of vital-rate periodic patterns on the
population dynamics of marmots, meerkats, and dewy pines. We assessed the effect of a
perturbation in the strength of vital-rate periodicity on the stochastic population growth rate log
As of three species: (a) For the marmots, we assessed the effect of a high or low seasonality in
yearling (Y) and non-reproductive (N) and reproductive (R) adult survival on log As. (b) For the
meerkats, we assessed the effect of a high or low seasonality in subadult (S), helper (H), and
dominant (D) survival, helper emigration, helper to dominant transition, as well as helper and
dominant recruitment. (c) For the dewy pines, we assessed the effect of changing periodic habitat
succession by projecting the population under four different fire regimes: periodic or stochastic
fires occurring every 15 or 30 years. In addition, to assess the consequences of changing post-fire
vital-rate periodicity, we introduced a human-induced disturbance in various combinations of the
five post-fire habitat states (from TSF-3 only to all TSFs). For meerkats and dewy pines,
simulations were performed including density dependence in vital rates ((b) and (c), left panels)
or keeping density constant at its average value ((b) and (c), right panels). The triangle on each

boxplot represents the mean, and the boxplot whiskers the 2.5th and 97.5th percentiles.
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