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Abstract

1. Vital rates of individuals in natural populations, such as survival and breeding

probabilities, can be affected by abiotic (i.e. environmental conditions), biotic (e.g.
population density), and individual factors (i.e. individual traits). Many studies often
consider the direct effects of one or two of these sources of watd variations, but

taking them all into account might reveal important relationships, including indirect

trait-mediated effects.

. We estimated survival and breeding probability in a kédgwvation population of an

ectotherm species while accounting for the effects of these three types of factors:
abiotic (in the form of the length of the active season and temperature at emergence
from hibernation), biotic (population size), and individual factors (body size). We
SELISOG GKA& LRLMZFGA2y tAGAY3I G GKS SEG!
affected mainly by abiotic factors, given the harsh environmental conditions

experienced.

. Using 28 vyears of captwmarkrecapture data and individual body size

measurements on an alpine population of the common tod&lf¢ bufg, we
estimated male survival probability with a Bayesian CorndadtlSeber model,
female survival and female breeding probability with a Bayesian multistate model, and

we estimated sesspecific growth curves.
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4. Our findings reveal significant negative impacts of all three factor types on survival.
Moreover, breeding probability exhibited a Markovian pattern, notably breeding
biennially, with temperature at hibernation emergence, an abiotic factor, affecting the
probability of skipping a breeding season, and population density, a biotic factor,
influencing the resuming of breedingVe also foundndicationfor the presence of
indirect effects, with both abiotic and biotic factopetentially affecting asymptotic

growth, and thus by extension, survival through changes in body size.

5. Our study reveals interesting and novel results for a population in a context seldom
studied. It also highlights the complexity of factors affecting vital rates directly and
indirectly, as well as the importance of letgrm studies, especially in understudied

habitats and taxa.
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Introduction

Fluctuations in population size have historically been ascribed to the effects of abiotic (i.e.
environmental) factors as well as biotic factors (e.g. population density) on vital rates
(Lawton, 1994; Hanski et al., 199Abiotic and biotic factors can have similar, oppqsite
interacting effects on vital rate€amelon et al., 2017; Conquet et al., 202@pre recently
studies have shown that the effect of individual traits such as body size on vital rates also
matter in driving population dynamid&asterling et al., 2000; Rees et al., 20Mdjiotic and
biotic factors, aside from their direct effect on vital rates, can influence these individual traits
as well, thus having also indirect (i.e. traiediated) effects on vital rates and by extension
on population dynamicée.g. AmarilleSuarez et al., 2011)

Populations can thus be affected by abiotic, bigied individual factors. Nonetheless,
studies in the past often have focused on one or two of these factors at a time, but a more
complete understanding of vital rates and population dynamics and their drivers could be
obtained when incorporating all factors in demographic analyBesiton et al., 2006; Ehrlén
et al., 2016) To better understand the demography underlying population dynamics, it is thus
important to investigate the relative importance of abiotic, biotic, and individual factors on
vital rates. Investigating such effects on adult survival and breeding probability, two key vital
rates that can contribute largely to population grow.g. Seether & Bakke, 2000; Schmidt
et al., 2005; Desprez et al., 2018an give important insights into population responses to
these factorsWhereas there are many studies on these factors in birds and mammals, we
are lacking studies about amphibians, which are an often understudied tg@mde et al.,
2019) despite their important role in ecosystenfg/hiles et al., 2006)and their worrying

status at the global scalHoulahan et al., 2000; Luedtke et al., 20ZBhus, this lack of


https://www.zotero.org/google-docs/?jU2Hde
https://www.zotero.org/google-docs/?sbcYVl
https://www.zotero.org/google-docs/?fdhg1R
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https://www.zotero.org/google-docs/?FEyznq
https://www.zotero.org/google-docs/?zx5NkZ
https://www.zotero.org/google-docs/?77AGlL

78 knowledge negatively affects conservation and hampers adepth understanding of
79 vertebrate demographyConde et al., 2019Moreover, we decided to focus on a population

A 2

80 ftAQAY3 |G GKS EGNBYS Nry3aS 2F Ada aLlSoAaAsSaq
81 limit. These higkelevation animal populations are rarely studied systematically and only few
82 longterm studies exist. Such populations are exposed to harsh environmental conditions (e.g.
83 cold temperatures), with known physiological effects (e.g. lower metabolic rate) which usually
84 resultin a slower life cyclgaiolo & Obeso, 20LAVe expect in these populations a stronger

85 effect of abiotic factors on vital rates compared to biotic and individual factors, given how
86 severely the environment acts as a selective fofeq. Bassar et al., 2016; Paquette &
87 Hargreaves, 2021)

88 We used 28 years of captumearkrecapture (CMR) data on a higlevation

89 population of common toadBufo bufg to quantify the relative importance of abiotic, biotic,

90 and individual factors in shaping dynamics of amphibian populations (Figure 1). The
91 implemented analytical framework has two parts. The first part is a growth model, where we
92 quantified the effect of abiotic and biotic factors on individual traits. The second partis a CMR
93 model that we used to estimate survival and the breeding probabilities (the latter only for
94 females), while assessing the direct effect of abidtiotic, and individual factors, as well as

95 the indirect effect of abiotic and biotic factors.

96 To obtain information on individual factors (i.e. body size), we implemented a von
97 Bertalanffy growth model in a Bayesian framework. We expect to obtain growth curves similar
98 towhat Hemelaar (1988) estimated using three years of data for the same population through
99 skeletochronology. We investigated the effect of population density (a biotic factor) and the

100 length of the active season in the previous year (an abiotic factor) on the two von Bertalanffy

101 model coefficients, the growth ratk and the asymptotic siza. We hypothesise that a long


https://www.zotero.org/google-docs/?JrkMgj
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active season in the previous year has a positive effect on individual growth, as the individuals
can feed and grow for a longer period of tirffieastman et al., 2012)Ve expect on the other

hand high population sizes to have a negative effect on growth, as there will be less resources
per capita availabl€Berven, 2009)

In the second part of the analytical framework (i.e. the CMR model) we aimed at
estimating survival and breeding probabilities while assessing the direct effect of abiotic,
biotic, and individual factors, as well as indirect effects of abiotic and biotic factors. We
estimated breeding probabilities for females, as they are the only sex clearly showing
intermittent breeding in this populatiorfGrossenbacher, 2002)ntermittent breeding can
arise where environmental conditions are unfavourable, such as at high elevations. In these
conditions, individuals can (and sometimes must) forfeit breeding in a year to breed the
following year. It can be either an adaptive response to environmental conditions which are
pessimal for successful breeding and therefore a way to avoid wasting energy in particularly
bad years (Bull & Shine, 1979), or it can arise in capital breeders due to the impossibility of
collecting enough resources to be able to breed every y&ansson, 1997; Houston et al.,
2007) either due to lower habitat production, or shorter feeding seasons. This is especially
the case for females, for whom reproduction is more demanding energetichdhgensen,
1992; Hayward & Gillooly, 201Hor female toads, we thus estimated survival and breeding
probabilities using a multistate model, defining breeder and-boeeder as the two states
(the latter as a norobservable state; Schaub et al., 2004). For males, we used a Cermack
JollySeber model instead. We investigated the effects of population size (biotic factor), active
season length (abiotic factor), and individual body size (individual factor) on survival and,
where applicable, breeding probabilities. For the latter, we also tested for the effect of

average minimum temperature around the timing of emergence. The latter covariate was


https://www.zotero.org/google-docs/?ku034S
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included following a previous study that hypothesised that the decision to skip breeding might
also be due to the environmental conditions experienced at emergence from hibernation
(Muths et al., 2013More in detail, we expect the length of the active season in the previous
year to be positively associated with survival and the probability of resuming breeding, as well
as negatively associated with the probability of skipping breeding, as the individuals are able
to feed for longer and accumulate resources to prepare for the next breeding s¢@atr&
Shine, 1979; Sainmont et al., 201@n the other hand, longer active seasons might increase
mortality, as toads are more exposed to mortality compared to the hibernation period. Also,
individuals from higkelevation populations, where active seasons are shorter, tend to have
higher survival and live longer, probably due to the reduced speed of the life cycle (e.g.
Hemelaar, 1988)Additionally, we expect colder temperatures around the time of emergence
from hibernation to increase the probability of skipping breeding and decrease the probability
of resuming breeding, as toads might be able to perceive the unfavourable environmental
conditions, and forfeit breedingMuths et al., 2013) Regarding the biotic factors, we
hypothesise that higher population sizes decrease the survival probability through density
dependent regulation mechanisng{Kissel et al., 2020nas well as reduce the probability of
resuming breeding since fewer females will attain the necessary energetic requirements to
breed(Hamel et al., 2010Concerning the individual factors, we expect bigger individuals to
survive better, as a bigger body size is generally linked to an increased f{ietsss, 1986;
HernandezPacheco et al., 2020Qlternatively, intermediate sizes might be correlated with
higher survivale.g. Weinbach et al., 201,8)s increased mortality at bigger sizes might be
linked to actuarial senescence. Finally, we hypothesise that there might be a weak correlation
between body size and breeding probabilities. Bidggeralesmight in fact be more successful

in accessing resourcgblin & de Roos, 2019Dn the other hand, bigger individuals have


https://www.zotero.org/google-docs/?KIAQx7
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https://www.zotero.org/google-docs/?uQaQJg
https://www.zotero.org/google-docs/?kosIjA
https://www.zotero.org/google-docs/?Vy5aNE
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higher energetic requirementdlin & de Roos, 201%herefore a better access to resources
does not necessarily reflect a higher chance of resuming breeding or a lower chance of
skippingbreeding.Assessing the effect of individual factors on vital rates, while accounting
for the effect of abiotic and biotic factors on the individual factor (in the growth model)
enables us to quantify the indirect effect that abiotic and biotic factors can have on vital rates.
We hypothesise to find synchrony in direct and indirect effects. For instance, the expected
negative direct effect of population size on survival should be matched by the negative effect
of population size on body size, which then could lead to a decrease in survival due to smaller
sizes. Similarly, a longer actiseeason coulthoth directly and indirectly increase survival, due

to its positive effect on body size, and the positive relationship between body size and
survival but could also show asynchrony if it has a negative effect on survivas
comprehensive analysis of key growth and vital rates, encompassing direct and indirect
influences of multiple factors, offers novel insights into amphibian population dynamics,

informing conservation efforts in highlevation habitats.
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Figure 1 Framework of the study. To obtain estimates of body sizes for the years when the toads were
not captured,we ran a von Bertalanffy (VB) growth model including a biotic (population size) and an
abiotic factor (the length of the active season) as covariates on the two VB parameters: growth rate
and asymptotic size. Subsequently, we ran twespecific capturanark-recapture (CMR) models to
estimate adult survival and breeding probabilities (i.e. the probability of skipping and resuming
breeding), while including the effect of a biotic factor (population size), an individual factor (body size)
and an abiotic factor (Ilength of the active season). For the breeding probabilities we also included an
additional abiotic factor (average minimum temperature in the two weeks around the emergence from
hibernation). Following thifamework,we are also able to assess the indirect effect of abiotic and
biotic factors through their effect on body size.
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Methods

Toad markrecapture and body size data

To estimate survival rates for male and female toads, as well as breeding probabilities for
females, we used data on 1615 male and 933 female common t&ade pufg collected

from 1993 to 2020. Within each breeding season we performed multiple capture nights at the
breeding site, at a pond in the proximity of the Grosse Scheigegs (Canton Bern,
{6A0G1T SNXFYRE mMypn Y StS@F{iA2YI nccodpQ b |yR
population since 1982, but uniqgue marking of individuals has been consistently applied
starting in 1993, by implanting subcutaneous PIT tags. Every toad captured during a capture
night is measured (SVL; sndotvent length in mm), weighed, sexeahd uniquely marked.

At the end of the capture night all toads are released back at the pond. For a more precise
description of the study site and methods, see Heme(d888)and GrossenbachgP002)

We use as a proxy of population size the number of individuals caught every year at the pond.
This proxy works well because detection probability in this population is(mglan = 0.89

and standard deviation = 0.06; Wood et al., 19%hce the measuring of the toads over the
study period has been done by different people, we tested for the presence of a possible
measurement difference by running a Tukey test for pairwise mean comparisons, finding a

biologically insignificant difference among fieldworkers (Appendix S1).

Climatic data
We used climatic data for the period 192020 obtained from the DaymetCH dataset (Land
Change Science group, WSL, Switzerland). DaymetCH consists of interpolated estimates of

weather variables over a grid of a Hatetre resolution covering Switzerland. The estimates

10
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are obtained using meteorological data from ground stations and the Daymet software
(Thornton et al., 1997)We extracted data for the cell containing the breeding site for daily
minimum temperatures and based on previous w@kuths et al., 2017)we calculated for

each year the approximate length of the active season (i.e. the period between the end of
hibernation in spring and the start of hibernation in autumn, which includes both the short
breeding season followed by the ndmeeding feeding season). We define the start of the
active season as the end of the winter season, which corresponds to the day of the last killing
frost (minimum temperature <4.4 °C), while the end of the active season is defined as the
start of the coming winter season, which corresponds to the first day with a killing frost in

autumn (minimum temperature <4.4 °CYMuths et a, 2017)

Growth model
To include individual body size as a covariate for survival in the CMR model we needed to
impute missing size data when toads were not captured (e.g. because they skipped breeding
in a year). To do this, we fit a von Bertalani¥B; von Bertalanffy, 1938yowth model on
common toad size data following Rose et @022)and Armstrong and Brook&013)
Previous work on the study population suggests that a VB model is appropriate to model toad
size data(Hemelaar, 1988)The VB growth model is defined by the following equation
(Equation 1):

Oy w ® 05 Qown wo 1)
WhereELy is the expected snottib-vent (SVL) length of a toadt timet, a; is the asymptotic
size of a toad, ki is the growth rate parameter of toaidat timet, andp is the time interval

between two captures, in days. We substitutedith k/a, to let individual variation in growth

rate k be independent from individual variation in asymptotic sizd he observed S\l; is

11
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223 obtained by sampling from a normal distribution with mean EL and standard devigtton

224  account for imperfect measurement and individual variation (Equation 2).

225 O 0 AQOE OO AYO - (2)

226  To better understand the effect of abiotic and biotic factors, we modelled asymptoti@asize
227 of atoadat yeart as a function of population size (i.e. the number of individuals caught every
228 year at the breeding site) and the length of the active season of the year béfbyel§ other

229 words, we calculated each year the asymptotic size that a toad would reach if the length of
230 the active season and the population size would remain constant. We also modelled the log
231 of the growth rate as a function of population size and the length of the active season, with
232 an individual random effect, drawn from a normal distribution with a mean of zero and a
233 standard deviation estimated in the Bayesian framework. Moreover, we included temporal
234 OADPSDE G@SIFNEO NI'yR2Y STFFSOGa 2y 020K | aeyL
235 Dbivariate normal distribution, therefore estimating the amopegar correlation between both

236 parameters. To account for differences in sex we modelled twespekific VB growth

237 models. Additionally, once the parametaasand k were estimated, we could build two sex

238 specific growth curves, using as a starting size (size at metamorphosis) a value drawn from a
239 random normal distribution with a mean of 12 mm and standard deviation of 1, to encompass
240 the sizes of newly metamorphosed toads measured by Craioveanu(2040)

241

242 CMR models

243 Since the data suggests that males show no (or only very limited) intermittent breeding, we
244  estimated breeding probabilities for females only. Therefore, we could model the capture
245 recapture histories of males with a CormallySeber (CJS), as we assumed that they will

246 always attempt breeding when alive, and thus we estimated only survival and detection

12
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probability (Lebreton et al., 19920n the other hand, given that females might skip breeding

in a given yeafSchmidt et al., 2002; Loman & Madsen, 20M¢ modelled the capture

histories of females with a multistate model, with the two states bemug-breederand

breedero 1 KS LIKSy2YSy2y Aa 2FG§Sy OF f f Sdeaptaré S Y LI2 NJ
literature; Schaub et al., 2004). Since Ameeders do not show up at the pond, they are not

available for capture and the staten-breederis unobservabléSchaub et al., 2004 this

model we estimated survivatietection,and the probability of changing state (becoming a

non-breeder or becoming a breeder).

We were interested in the effect ohbiotic (environment), biotic (population size), and
individual factors (body size) on the different vital ratgsgure 1). For both males and
females, for survival probability i) in yeart we added as covariates the length of the active
season at yeat, the population size at yedr and the body mass of that individual at year
obtained from the growth model (Table 1). In the estimatafrthe probability that a female

will skip breeding if it bred the year beforei €9 and the probability that a female will
resume breeding if it did not breed the year before/t-9 we included the effects of the
length of the active season of the year before, as well as the weather conditions (i.e. average
minimum temperature) in the two weeks before the first capture night (Table 1). The latter
was included based on the hypothesis that female toads might skip breeding once out of
hibernation based on the conditions they experience at awakeiiivigths et al., 2013)
Muths et al. (2013) looked at conditions in the two months around breeding time (March and
April), while we focused on the twaeek period prior to the first capture night. The first
capture night is done as soon as possible after the first signs of toads migrating to the breeding

pond aredetected ifthe weather conditions allow it. The people responsible for the fieldwork

13
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routinely check the snow cover at the study site either in person or using a webcam.
Therefore,this two-week period should cover well the precise moment of the end of the
hibernation, without covering too much of the hibernation period, where the external
environmental conditions should not influence the belgnwound toads. Finally, we included

a random effect of year on the detection probabiliyd YS I, YR &G+ YR MR RSQJA
which was shared between the two segecific models to avoid identifiability issues. We
standardised all the covariates by subtracting the mean value and dividing by the standard
deviation. Correlation coefficients between population size, length of the active season, and
the two-week average minimum temperature were 10M.20 <r < 0.43).

Given that for males we modelled a CormdadilySeber model, we could test model
assumptions using goodnes§fit tests (GoF; Pollock et al., 1985)Ve did this using the
R2Ucaregpackage in RStudi@imenez et al., 2018 he tests showed that there might be a
transience effect and overdispersion. We are not aware of the existence of similar GoF tests
in the case of a multistate model with one unobservable state, therefore we assumed that
also for the female data we had to account for transience and overdispersion. If transience is
not accounted for correctly, survival or detection probabilities might be underestimated
(Pradel et al., 1997)The solution we applied here was to estimate a specific survival
probability for the first year after capturéGenovart & Pradel, 2019) ow values of this
survival probability do not necessarily indicate an increased mortality, but just a lower
probability for the animal of being available for recapture in the following years, either due
to true mortality or permanent emigration (i.e. apparent survivRlegarding verdispersion

we know itleads to narrower standard errors around the estimated parameters, but the
estimate itself is not biassg@chmidt et al., 2002Y 0 assess the magnitude of overdispersion

we calculatedidthe variance inflation factor), by dividing the fjuared test statistic by the

14
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number of degrees of freedofPradel et al., 1997We obtained a value of 2.48 which indeed
indicates overdispersiofChoquet et al., 2009)We addressed overdispersion by including an

individual random effect in the detection probabiliggbadi et al., 2013)

Table 1.List of vital rates andemographic parameters estimated in the captunark-
recapture models with the covariates of interest.

Vital rate / demographic Abiotic covariate Biotic covariate Individual
parameter covariate
| | | | 1
Survivak it Length of active season Population size Body size
Males ) ] ) ) _ )

Survival first year G Length of active season Population size Body size
Detectionpit -

Survivak it Length of active season Population size Body size
Survival first year G Length of activeseason  Population size Body size

Females
Detectionpit -
Skip breeding 5-NB Length of active season, Population size Body size

Mean minimum
temperature in two
weeks before first
capture night

Resume breeding itNB-8 Length of active season, Population size Body size
Mean minimum
temperature in two
weeks before first
capture night

15
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We implemented the growth model and the CMR model in a unified Bayesian
framework using Markov chain Monte Carlo (MCMC) sampling in Nifwéteion 0.11.1, de
Valpine et al., 2017)We conducted all the analyses ifffRversion 4.1.1; R Core Team, 2020)
with RStudio(version 2022.7.1.554; R Studio Team, 2022 ranfour OK | Ay a F2NJ T T N
sampling iterations each, including an initial bty 2F TnQnnn AGSNI GA2Yya
2F 1I NBadzZ GAy3a Ay wmannQnnan AGSNFXraGA2ya LISNI O
inspecting MCMC trace plots and calculating the BrqGledmargRubin statisticY (Brooks &
Gelman, 1998)To assess the goodneskfit of the growth model we performed posterior
predictive checks, where we compared two sums of squared residuals to obtain a Bayesian p
value. The first sum compared observed and expected SVL values, the second sum compared
simulated and expected SVL values (Rose et al., 2022). To assess the goblihessur
two CMR models (i.e. CJS for males and multistate model for females), we performed
posterior predictive check€onn et al., 2018¥ollowing Nater et al(2020) We chose 500
evenly spaced samples from the posterior distributions of the estimated parameters and used
them to simulate 10 replicate captwigistory datasets per sampl&Ve then calculated the
number of recaptures in each set of capture history and obtained a distribution of 5000 values
for the number of recaptures. We then compared the observed number of recaptures to the
rest of the distribution both visually (Figure S2.1, Appendix S2) and by calculating a Bayesian

p-value.
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Results

All parameters showed good convergenfé< 1.1). The Bayesian-palues for the growth
model for femalesand maéswere 0.% and 0.4 respectively, indicating overall a goadl. f
The posterior predictive checks on the capturaarkrecapture modelshowa good fitas

well, with Bayesian jvalues of 0.3Tor males and 0.5 for females (Appendix S2).

Direct effects on growth and body size

We were able to estimate sespecific growth parameters and estimate sizes when individuals
were not measured. By providing initial size at metamorphosis, and using the parameters
estimated from the model, we built sespecific growth curves (Figure 2). We tested for the
effects of a biotic factor (population size) and an abiotic one (length of the active season) on
both the coefficient of growttk and the asymptotic siza. Wedid not find strictly significant
effects of neitherpopulation sizenor length of active seasomn either growth model
parameters, but there seems to lodeartrends with population size positively and negatively

associated with growth ratk and asymptotic siza respectively(Table 2.
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Table 2. Summary of the effects of population size (PopSize) and active season

(ActiveSeason) on the coefficient of growth k and the asymptotic size a. We show the
coefficient value, its standard deviation (SD), and the 95% credible intervals (CRihpbinion

column shows the proportion of samples from the posterior distribution with a value above
Values close to 0 or 1 suggest the presence of a negative or positive effect respéctiakles
show convergence of the MCMC chains.

Name Mean SD 2.5% limit of CRI 97.5% limit of CRI Proportion Y
PopSize ok 0.066  0.063 -0.034 0.175 0.907 1.00
ActiveSeason ok -0.038 0.058 -0.159 0.072 0.246 1.00
PopSize oa 0583 0408  -1.404 0.208 0.07 1.00
ActiveSeason oa 0.469 0421 -0.369 1.294 0.875 1.00
333
334
90 90/
80- 80-
701 701
601 . 60-
= : = .
e ; :
~ 50+ ~ 501 : Density
) o) :
N : N | — High
o 40 0 401 — Low
30- 30
20- 20/
10{ 101 |
0 5 10 15 0 5 10 15
A A
335 ge ge

336  Figure 2.Growth curves for males (left) and females (right), for low population size (red) and high
337 population size (blue). We looked at realistic population size values, using a vallieomfthe

338 standardised scalfor the low population size scenario (corresponding to 73 individuals) and a value
339 of 2 for the high population size (521 individual®e showthe median growth trajectory, while the

340 shaded ribbongepresentthe 95% credible intervals. These curves represent a situation with an
341 average year effect, and an average length of the active season. The vertical dotted lines indicate the
342 age where 50% of males and females are sexually mature according to Hemelaar (1988).
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343 Direct effects on vital rates

344 We modelled CMR data of 1615 male toads and 933 female toads to estimate survival of
345 males with a CormaekollySeber model, and female survival and breeding probabilities with
346 amultistate model. Average detection probability was 0.89 and varied little among years (SD
347 =0.06). Survival of males and females did not vary much across the study period, with male
348 survival fluctuating more (mean values across the study period were 0.74 and 0.73
349 respectively). Both showed a decrease in the last years (Appendix S3, Figure S3.1). Survival in
350 the year after the first capture ashowed a similar pattern, but with lower values (Appendix
351 S3, Figure S3.2). Finalllge probability of skipping breeding if an individual bred the year
352 Dbefore BNeéwas high, with an average of 0.66 over the study period, but the probability of
353 resuming breeding if an individual skipped breeding the year befttéwas higher, with an

354 average of 0.80 (Appendix S3, Fig&&3). This indicates that there is a strong Markovian
355 pattern in breeding, with the breeding status in the previous year strongly determining if an
356 individual will attempt breeding.

357

358 We analysed the effect of individual body size, population size and length of the active season
359 on survival and breeding probabilities, with also weather at emergence from hibernation for
360 the latter (Table 3). Regarding abiotic factors, we found evidence of a negative effect of the
361 length of the active season on male survival (Figure 3). Moreover, we found a negative effect
362 of the minimum temperature around time of emergence on the probability of skipping
363 breeding (i.e. the colder it is, the higher the probability of skipping breeding if an individual
364 Dbred the year before, Figure 4). For biotic factors, we found evidence of a negative effect of
365 population size on both male and female survivals, as well as a positive effect on the

366 probability of resuming breeding (Figure 5 and 4 respectively). Finally, for individual effects
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367

368

369

370

371

372

373

374

375

376

(i.e. body size) we found evidence of a negative effect of body size on male survival, and a

very clear negative trend on female survival (Figure 5).

Indirect effects on vital rates

Although strictly not significant, we could find indications for an effect of both abiotic and
biotic factors on body size. This means, along withribgative association of body size with
survival, that there might be also indirect (i.e. tranediated) effects of abiotic and biotic

factors on vital rates.

Table 3.Summary of the intercepts for the focal vital rates (logit scale) and of the effe:
abiotic (Ilengthof the active season and the average minimum temperature around emerg
ActiveSeason and EmergenceMinT in the table), biotic (population size; PopSize), and ir
factors (body size; BodySize) on survival, the probability of resuming breedindhea
probability of skipping breeding. We show the mean coefficient value, its standard deviatic
and the 95% credible intervals (CRI). praportion column shows the proportion of samp
from the posterior distribution with a value above zero. Values close to 0 or 1 sugge
presence of a negative or positive effect respectivelyYAdlues were equal to 1 and tht
indicated convergence of the MCMC chains. For the abiotic, biotic, and individual fact
highlighted in bold the variables whose 95% CRI did not overlap zero, therefore showinc
evidence for an effect in a certaiirection.

Name Mean SD 2.5% 97.5% Proportion
limit of  limit of
CRI CRI

Intercept 1.066 0.054 0961 1171 1

Male survival

Male survival in the first year 0.5 0.065 0.374 0.6/ 1

Female survival 099 0078 08% 118 1

Female survival i thrst year 0342 0116 0123 0577 0.9991

Skipping breeding 0.6 0.094 050 08M™ 1

Resuming breeding 1855 0.446 115 2879 1
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Abiotic ActiveSeason on male survival -0.161 0.039 -0.239 -0.08& 0.000aL3
ActiveSeason on female survival -0.023 0.07v8 -0.177 0.130 0.383
ActiveSeason on resuming breeding -0.27/8 0.268 -0.839 0.222  0.137
ActiveSeason on skipping breeding  0.101 0.094 -0.083 0.28/ 0.89%
EmergenceMinT on resuming breedinc0.188 0.279 -0.341 0.766 0.761

EmergenceMinT oskipping breeding -0.186 0.094 -0.372 -0.003 0.023

Biotic PopSize on male survival -0.146 0.031 -0.207 -0.085 O
PopSize on female survival -0.1%6 0.047 -0.249 -0.063 0.00(k4
PopSize on resuming breeding 1.24 0.473 0488 2339 0.9989
PopSize oskipping breeding -0.101 0.086 -0.2r1 0.068 0121
Individual BodySize on female survival -0.100 0.058 -0.215 0.013 0.041
BodySize on male survival -0.103 0.037 -0.176 -0.03L 0.00%
BodySize on resuming breeding 0516 0452 -0.263 1509 0.891
BodySize on skipping breeding -0.101 0.086 -0.271 0.068 0.121
377
0.80+
£ 0.75] Sex
c — Female
03) — Male
0.701
0.651
_ 1 [ LI [ LT 1l |
140 160 180 200
378 Active season length

379 Figure 3Relationship between the length of the active season (in days) and the survival of males (blue)
380 and females (red), based on the predictions of the model. Theréipessent the mean value, while

381 the shaded ribbons the 95% credible intervals. The relationships sisswmed average body size and

382 population size. The rug on theaxis shows the observed values.

383
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384
385

386
387
388
389
390
391
392
393
394

395
396

397
398
399
400
401

Breeding probability at low population sizes Breeding probability at high population sizes

1.0 1.04
038 0.8 ¥
E
o
O
o
(o))
C
<
@
g
D 0.4 0.4
0.2 NN ¥ N T 1 T T I 021 AN 1 1 1T T
-3 0 3 6 -3 0 3 6
Minimum temperature Minimum temperature

Breeding Probability — Resuming — Skipping
Figure 4.Relationship between the mean minimum temperature (in degrees Celsius) in the two weeks
around emergencdrom hibernation and the probabilities of skipping (blue) and resuming (red)
breeding of females, based on the predictions of the model, at low (left panel) and high (right panel)
population sizes. We defined low population size as 100 individuals and high population size as 500
individuals. The lines represent the mean value, while the shaded ribbons the 95% credible intervals.
The relationships shown assumed average body size and active season length. The rugasisthe x
shows the observed values.

Survival of males Survival of females
0.9 0.91
0.8 0.81
807 07
<
=3
%}
0.6 0.61
0.5 0.51
W W T UL L)L) LLL LI LLREE L0
50 80 70 80 70 80 90 100
Body size (mm}) Body size (mm)

PopSize [= High [ Low
Figure 5Relationship between body size and survival for two different measures of population size for
males (left panel) and females (right panel). We defined low population size asdi¥i@uals and
high population size as 500 individuals. The solid lines represent the mean value, while the shaded
ribbons the95% credible intervals. The relationships shown assumed average active season length.
The rug on the-axis shows the observed values for body size.
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Discussion

We found evidence that abiotic, biotic, and individual factors had direct effects on vital rates.
We also foundindicationsfor indirect effects of abiotic and biotic factors on vital rates

mediated by individual traits. These findings show that all three factors are acting
approximately with the same magnitude on vital rates, highlighting the complexity of
amphibian demography and the importance of a comprehensive analysis of the network of

factors affecting vital rates.

¢tKS @2y . SNIIFftlIyFFe Y2RSt SylrofSR dza (2 2010l
curves for the same population. Males grow faster than females and to smaller asymptotic

aAl Sazx 6KAOK o0l aSR 2y GKS Y2RSfQa LINBRAOGAZY
a year later than estimated by Hemelaar (1988). Females seem to reach their asymptotic size

at around 17 years of age (Figure 2; Hemelaar (1988) reported the same age). These findings
indicate that growth patterns are not varyimgassively over timen this population. We also

observe both males and females becoming sexually mature many years before reaching their
asymptotic size, at least four and nine years if the age at sexual maturity has not changed
considerably since the start of the study period (Hemelaar, 1988), more if it has shifted to
earlier ageswhichcould happen iit is a plastic trait responding to environmental conditions.

In any case, given the annual survival rates (~0.75), few will reach asymptotic size and will
therefore grow during their entire lifespan. This suggests that there is probably a-tfdde

between growth and reproduction, which could partly explain why females show intermittent

breeding.
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Direct effects on growth and body size

As hypothesised, we found indication of an effect (although not strictly significant) of an
abiotic factor (length of the active season) on growth, with longer seasons associated with
bigger asymptotic sizes. Longer active seasons allow for a longer growth period, and possibly
to higher availability of resources. We also found indications for a negative effect of a biotic
factor (population sizedpn the asymptotic sizéut a positive on the growth ratkindicating

that at higher densitiegdividuals might grow faster but to smaller sif€seen & Middleton,

2013) This is what is generally expected, given the predicted lower per capita resource
availability at higher densities and the need to grow faster to outcompete other individuals.
Moreover, smaller females might have lower fecundity due to smaller and fewer eggs
(Reading, 1986; Hernand@acheco et al., 2020\vhich could be a way density dependence
acts on the population. There are many studies showing spatial variation in body size, but only
a few studies showed that the determinants of asymptotic size could be pinpointed to
contextspecific situations such as population size and active season lgngthPaterson &
BlouinDemers, 2018)Concerning the other growth parametek, the absence of strong
evidence for an effect on @ould also mean thdt is an important fitness trait and is buffered
against factors like the environment or densifgnvironmental canalisation, Gaillard &
Yoccoz, 2003)ndeed, growing faster might be more important than growing to larger sizes.
Despite the large body of literature on the effect of density and the environment on
amphibian larval growtliReading & Clarke, 1999; Ruthsatz et al., 2048)found no studies

on their effects on the parameters of the VB growth model that covers the growth period

post-metamorphosis in amphibians, highlighting the importance of our study.
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Direct effects on vital rates

The relatively high male and femadarvival rates that we found over the study period (0.74
and 0.73 respectively, at average body size) tymcal of populations living at higher
elevations, where generally the pace of life is slow, mostly due to energy constraints. Our
values are in line with previoustudies onBufo bufopopulations(Table 4 of Muths et al.,
2013) where populations living in similar conditions had a higher survival rate than lowland
populations. The estimates of our breeding probabilities (mea#-N= 0.66 and mean
i\B-B= 0.80) revealed a Markovian breedipattern in females, meaning that most adult
females breeding in a given year will skip breeding the following year, and most timatle
did not breed will attempt breeding, creating a relatively regular biennial cycle of breeding as
previously observed in this populatiq@®rossenbacher, 2002This is expected as they are
capital breeders living in harsh conditiof&ull & Shine, 1979Yhis outcome has been found
in previous studies on amphibiafs.g. Muths et al., 2013; Cayuela et al., 2054 further
supports the hypothesis that individuals attempt breeding only upon reaching a certain
energy threshold, which females often can reach only every two years as their life cycle is
slower and habitat production is lower at higher elevatigHsuston et al., 2007; McNamara
& Houston, 2007) In more recent years, we observe in our population more females
reproducing inconsecutive years, indicating that there might be other factors influencing the
probability of skipping breeding that we have not properly identified.

Concerning abiotic factors, we found that the length of the active season was
negatively associated with adult survival of males. This could be explained by the intrinsic
higher mortality of being more activ@Verner & Anholt, 1993; Houston et.al 997, which
exposes the animals to more risks, such as diseases, predation, road kill and higher sensibility

to extreme weather events (e.g. drought). On the other hand, we did not find a meaningful
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correlation between the active season length and female survival, nor with the probabilities
of either skipping or resuming breeding. For the first case, females might be more cautious
than males(e.g. in rats, Jolles et al., 201%)pr the second case, it is possible that even the
longest active season lengths observed in our system are not long enough to enable most
females to build up the energy necessary to breed in consecutive years, and therefore we do
not detect a significant correlation.

We also found evidence of the minimum temperature around emergence from
hibernation negatively affectingthe probability of skipping breeding. This supports the
hypothesis that when the weather would allow for breeding to happen, but it is still harsh,
females might forfeit breeding that year to not risk unsuccessful breeding or @yiaths et
al., 2013) especially in alpine habitat where environmental conditions are highly variable. In
fact, the ability to voluntarily forfeit breeding when conditions at the start of the breeding
season are not optimal can increase lifetime fithess of both the female, as she avoids an
increased risk of mortality, and tadpoles, as they would be exposed to bad conditions upon
hatching. We therefore expect this trait to be under selecfignkstad et al., 1998; Cubaynes
et al., 2010) Muths et al. (2013) could not find strong support for their hypothesis in their
study. One of the reasons they pointed out was the relatively short study period (six years). It
is possible that given our longer study period we were able to successfully find this
association.

Regarding biotic factors (population size), we found evidence that population size has
a negative effect on both malkend more weakly, female survival. This hints at the presence
of densitydependence effects in the terrestrial stage of amphibians. We expect density
regulation due to a decrease in the per capita resource availability or an increased

competition for shelters, especially in a context where habitats might be less productive, and
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shelters scarcer than at lower elevations. There are only a few studies investigating this aspect
in adult amphibians, in contrast to the large number of studies on density dependence in the
larval aquatic stagée.g. Reading & Clarke, 199Bensity dependence in the adult terrestrial
stage could play a significant role in regulating the populatidallriegel, 2000)Previous
studies tested density dependence in adults in an experimental se(éigvegg, 2003;
Harper & Semlitsch, 20073howing that densitglependence processes can indeed operate,
while our study is one of the few that investigated this aspect in a wild population, indicating
that density dependence acts also in the wild, within the limits of observational field studies
(see also Berven, 2008jssel et al., 2020Counter to our hypothesis, we found a strong
positive association between population size and the probability of resuming breeding,
indicating that the bigger the population, the higher the probability of resuming breeding. A
possible mechanism explaining this relationship is the decision by females to breed rather
than delaying due to increased mortality at higher densit{dcNamara et al., 2004)
Alternatively, this finding might indicate just a correlation and not causation, hinting at a
common cause that is affecting both population size and the probability of resuming
breeding. If in general the conditions experienced by this population are getting better, we
could expect both an increase in population size, and a higher probability of resuming
breeding in females.

Finally, regarding individual factors, we found a negative association between body
size and male survival, and an almost significant negative association also with female
survival. This result can be explained by actuarial senescence, so a higher mortality at older
ages(Hamilton, 1966)and therefore bigger sizes, as growth slows down but does not stop
over the lifetime of individualgDuellman & Trueb, 1994l could also be explained by the

higher costs in maintaining bigger body siZégevious studies also looked at the role that
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body condition can have on survival and breeding, finding support for the idea that for
breeding to happen, body condition must reach a threshold véBagon et al., 2013; Reading

& Jofré, 2021)In our case, we did not find any correlation between increased body condition
and a lower chance of skipping breeding, or a higher chance of resuming breeding (Appendix

S1).

Indirect effects on vital rates

Our findings suggest the presence of direct and indirbody-size mediateyl effects of
population density and active season length on survival and breeding probabilities. The
magnitudes of these effects do not seem to be so different to warrant a claim about their
relative importance when estimating vital rates. Interestingly, we could observe the
synchrony of the direct and indirect effects of the active season length on male survival.
Longer active seasons are associated with decreased survival (direct effect) and an increased
body size, which in turn is negatively associated with male survival (indirect effect). On the
other hand, the negative associations between population size and body size, and between
body size and survivajlpbally a positivindirect effect) seems to indicate that density might
buffer the negative effect of body size on survival, while still maintaining itself a direct

negative effect.

Conclusion

We could not only demonstrate the presence of intermittent breeding for females in this

population living at high elevation, but also estimate key vital rates and assess the importance
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that abiotic, biotic, and individual factors can have on these rates. The fact that females show
strong intermittent breeding seems to further indicate that the major onus energetically
speaking is on them, and this seems to apply to most anugiargensen, 1992; Hayward &
Gillooly, 2011)Even though we could not find a clear effect of the active season length on
the breeding probabilities, we can hypothesise that under current climate scenarios future
active seasons will be long enough to lead to a more frequent annual breeding. However,
current effects of climate change on this population are not as strong and predictable as
expected. For instance, winter and spring temperatures are not constantly increasing, nor is
snow cover constantly decreasiifigenzi et al., 2023)perhaps due to topologically driven
micro-climatic conditions(Scherrer & Kérner, 2011)f indeed females slowly move more
consistently towards an annual breeding, there might be consequences for the population, as
many more individuals will be produced. On the other hand, we expect stronger regulatory
effects due to density dependence both at the larval and the adult stage, with a decrease in
survival, compensating the increase in reproduction.

This study is an important addition to the literature on demography of amphibians,
especially on populations living at the elevational edge of the species distribution, in a highly
threatened habitat(Diaz et al., 20030ur main findings indicate that multiple factors act on
adult survival and breeding probability, and proper estimates of these vital rates can be
obtained only with a comprehensive approach. In particular, we found a possible strong effect
of population density on the survival of the terrestrial stage (i.e. adult), which in amphibians
has been rarely detected. Moreover, the relationships we found between environment and
vital rates, combined with the ongoing and predicted scenarios of climate change, show the

importance of integrating the outcome of such analyses into population models to obtain
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564 important insights on the dynamics and persistence of amphibian populations under changing

565 environmental conditions.
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Appendix

S1. Other analyses

Measurer bias

This analysis relies on data collected over a study period of almost 30 years2(Z®3 and

data have been collected in a standardised way, but by different people. This can cause a
measurer bias when it comes to size measurements. To better understand if there is a
potentially confounding bias in the size data, we assessed if there were significant differences
in the people tasked with data collection over the study period. To do this we ran a Tukey test
where we compare the mean value of body size measured by each person with the others
(piecewise comparison). The results showed a significant difference in certain cases, but
overall the differences were low in terms of absolute values. Indeed, the maximum difference
in mean values between two measurers was 3.2 mm, which is approximately 4.5% of the
mean body size (Figure S1.1 and S1.2). Differences could also arise for other reasons than
measurement bias, such as the population structure. For instance, if more young individuals,
or more males than females are showing up at the breeding site in a given year, the mean
measured size will be lower than in years with more females and older (and bigger)

individuals. For these reasons, we did not include the measurer effect further in the analyses.
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874  Figure S1.2Boxplots showing the range of measured SVL for each measurer (i.e. observer), identified
875  with numbers going from one to five.
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Body condition

Another interesting concept linked to physiology is the body condition. Body condition is a
measure that usuallgonsidersboth body size and body mass. It is useful to distinguish
individuals with similar sizes but that might be in quite different states, for instance due to
different levels of fat reserves. Following Moldowan et(@D22) we calculated for each
individual at each capture occasion its body condition, in the form of the scaled mass index
(SMI; Peig & Green, 2009)his method consists in calculating a standardised mass relative to
the body size in the population (divided by sex), whdasideringhe allometric relationship
between size and mass. This measure of body condition was determined to consider
accurately the fat reserves in some amphibiéiscCracken & Stebbings, 2012)

Body condition seems to vary little over the study period (:2832), especially in males
(Figure S1.3). We analysed the relationship between body condition and environmental
conditions and population size. We hypothesised higher body condition in the breeding
season if the previous active season was long. We also hypothesised a lower body condition
the higher the population size. We both inspected visually these relationships and ran linear
models. The results suggest that body condition is not correlated with environmental
conditions nor population size, at least in breeding adults (Figures S1.4 and S1.5). This might
be a further indication that there is a threshold in energetical requirements that must be
NBIlI OKSR F¥2NJ 6KS G2FTR&a G2 32 (2 GKS oNBSRAyY3
Shine, 1977). If body condition is lower, an individual might skip breeding, if it is higher the
individual will migrate to the pond to breed. This might explain the small observed variation
in SMI. To corroborate thisypothesiswe focused on females that both bred in consecutive
years and bred after skipping breeding the year before. For these females, we compared their

SMI in a year where they bred the year before with the SMI in a year where they skipped
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900 breeding the previous year. We expected a lower SMI in years following a breeding attempt,
901 as reproduction is energy demanding, especially in such harsh environifMuatss et al.,
902 2013) We observed that there are no meaningful differences (Figure S1.6), further suggesting

903 the presence of a threshold in body condition necessary to attempt breeding.

601
o
>
(D)
2 50
" Sex
% Female
- - Male
D
= 40
(&)
N
x x TEyg Y IIIIIIIII}:IIIIIII =y
30 II — II = =_ =
3
1990 2000 2010 2020

904 Year

905 Figure S1.3Average scaled mass index (calculated following Peig & Green, 2009) for females (red) and
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Figure S1.6For each female we show the difference in scaled mass index between a year which
followed a breeding year and a year which followawa-breedingyear. The horizontal dotted line at

zero represents the case where a female experienced no difference in scaled mass index when
reproducing after either skipping or not skipping reproduction the year before. We expected the
distribution of points to be consistently above the red dotted line, indicating that the scaled mass index
is higher after a year without reproducing, but it is not what we observe. No clear trend is observable,
indicating perhaps that the scaled mass condition (i.e. the body condition) is mainly influenced by other
factors. Moreover, the scaled mass indices we show for females might be in someiasedsy the
individual mass measured during fieldwork, as sometimes the females are caught and measured
before or after laying eggs. Females weighed before they laid eggs will be heavier than when weighed
after they laid eggs.
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