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Species- and population-specific responses to their environment may depend to a large
extent on the spatial variation in life-history traits and in demographic processes of
local population dynamics. Yet, those parameters and their variability remain largely
unknown for many cold-adapted species, which are exposed to particularly rapid rates
of environmental change. Here, we compared the demographic traits and dynamics
for an emblematic bird species of European mountain ecosystems, the ring ouzel
(Turdus torquatus). Using integrated population models fitted in a Bayesian framework,
we estimated the survival probability, productivity and immigration of two populations
from the Western European Alps, in France (over 11 years) and Switzerland (over
6 years). Juvenile apparent survival was lower and immigration rate higher in the Swiss
compared to the French population, with the temporal variation in population growth rate
driven by different demographic processes. Yet, when compared to populations in the
northwestern part of the range, in Scotland, these two Alpine populations both showed a
much lower productivity and higher adult survival, indicating a slower life-history strategy.
Our results suggest that demographic characteristics can substantially vary across the
discontinuous range of this passerine species, essentially due to contrasted, possibly
locally evolved life-history strategies. This study therefore raises the question of whether
flexibility in life-history traits is widespread among boreo-alpine species and if it might
provide adaptive potential for coping with current environmental change.

Keywords: conservation, immigration, integrated population model, intraspecific variation, ring ouzel

INTRODUCTION

The evolution of diversity in life-history strategies is a central topic in evolutionary
ecology (Partridge and Harvey, 1988). It has become increasingly important from
a conservation biology perspective, as understanding the type and flexibility of life-
history strategies contributes to the estimation of the adaptive potential (Forcada et al.,
2008), which will be decisive for accurately predicting the responses of biodiversity to
environmental change (Reed et al., 2011; Swab et al., 2015). Life-history traits have already been
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recognized as good indicators of a species’ sensitivity to global
change and extinction risk (Jiguet et al., 2007; Pearson et al.,
2014). Yet, there is growing evidence that not only interspecific
variation, but also intraspecific variation is widespread across a
variety of taxonomic groups (Morrison and Hero, 2003; Blanck
and Lamouroux, 2007; Nilsen et al., 2009; Albert et al., 2010).
The lack of knowledge of demographic characteristics across the
distribution range of animal populations thus still limits our
ability to assess their vulnerability to global change.

In the Western Palearctic, many taxa present a discontinuous
distribution where they occupy mountain ranges at medium
to high elevations at lower latitudes (i.e., central and western
Europe), as well as taiga and tundra ecosystems at lower
elevations at higher latitudes (i.e., Fennoscandia and Northwest
Russia), thus covering a large latitudinal and elevational gradient.
These species are referred to as boreo-alpine (or arctic-alpine)
and are considered to be particularly vulnerable to climate change
(Scridel et al., 2018) as the latter disproportionately impacts the
aforementioned regions (Ernakovich et al., 2014). Yet, population
trends of several boreo-alpine species differ markedly across
their range (Lehikoinen et al., 2019) and it remains unclear
if this results from contrasting rates of environmental change
or from population-specific responses. Indeed, we might expect
that intraspecific differences in life-history traits contribute to
spatially heterogeneous sensitivity (Jiguet et al., 2007; Swab et al.,
2015), which would have important implications for conservation
management (Caswell, 2000; Reed et al., 2011; Schwartz et al.,
2021). This calls for more local studies to understand which
ecological and demographic processes matter at the population
level across latitudinal and elevational gradients (Chamberlain
et al., 2012; Lehikoinen et al., 2019; Lundblad and Conway, 2020;
Schwartz et al., 2021). Finally, this knowledge would help to
improve predictions of population resilience or resistance to new
environmental circumstances (Pearson et al., 2014; Swab et al.,
2015; Boyle et al., 2016).

Birds have historically served as models to understand
variation in life-histories (Lack, 1947; Martin, 2004). Indeed,
despite a very consistent life cycle among species (Bennett
and Owens, 2002), avian life-history strategies cover a large
range of the well-known fast-slow continuum, i.e., contrasting
long-lived species reproducing slowly to those with short
lives and fast reproduction (Sæther and Bakke, 2000; Dobson,
2007). In addition, broad geographical differences in life-history
traits have been extensively documented in birds, first along
a latitudinal gradient (Lack, 1947), but also in relation to
elevational gradients (Cody, 1966). While, on average, faster life-
histories are generally reported toward northern latitudes, there
is evidence of the opposite pattern toward higher elevations
(Hille and Cooper, 2015; Boyle et al., 2016), at least in temperate
regions (Balasubramaniam and Rotenberry, 2016). Such shifts
have been evidenced both between and within species but
are often limited to few life-history traits, such as clutch
or egg size (Lack, 1947; Cody, 1966; Balasubramaniam and
Rotenberry, 2016). Several authors have stressed that a suite
of demographic parameters should be included in intra- and
interspecific comparisons across geographical gradients for better
appraisals (Bennett and Owens, 2002; Sandercock et al., 2005;

Bears et al., 2009; Lundblad and Conway, 2020). Information
on the demographic characteristics of bird species living at high
elevations or latitudes should thus advance our knowledge of the
ultimate and proximate drivers of life-history strategies (Bennett
and Owens, 2002; Martin, 2004; Sandercock et al., 2005; Dobson,
2007; Balasubramaniam and Rotenberry, 2016), but research in
this area is still excessively scarce (Chamberlain et al., 2012;
Scridel et al., 2018).

The development of integrated population models (IPMs)
has opened a range of opportunities to better assess the role
of demographic processes in population dynamics (Besbeas
et al., 2002; Schaub and Abadi, 2011; Schaub and Kéry, 2022).
First, IPMs enable the simultaneous use of different types of
demographic data in a combined model, leading to more precise
estimates of demographic parameters, especially when sample
sizes are small (Besbeas et al., 2002; Schaub et al., 2012). Second, a
hierarchical formulation enables the separation of sampling from
process variance, which translates into more reliable estimates
of temporal variation in parameters (Kéry and Schaub, 2012).
Third, it is possible to estimate parameters about which explicit
information is lacking, such as immigration or productivity
(Abadi et al., 2010; Schaub and Fletcher, 2015), albeit this requires
some caution (Riecke et al., 2019; Paquet et al., 2021; Schaub
and Kéry, 2022). All these advantages can be decisive when
relationships between demographic parameters and variation in
population growth rate or environmental variables need to be
assessed (Besbeas et al., 2002; Schaub and Abadi, 2011).

The present study focuses on the population dynamics
of the ring ouzel (Turdus torquatus), a typical boreo-alpine
thrush species breeding in mountain and upland ecosystems
within the Western Palearctic (Keller et al., 2020). Although
globally classified as “least concern” (Birdlife International, 2020),
the species is nationally or regionally threatened following
recent population declines. To the best of our knowledge,
detailed demographic analyses have been performed only for
a single declining population in Scotland, where juvenile and
adult survival were identified as key parameters in population
dynamics (Sim et al., 2011). Hence, the steady decline observed
in the United Kingdom is probably caused by particularly
low survival probabilities, but ecological drivers are still
poorly understood (Sim et al., 2011). The succession of warm
and dry summers associated with a decrease in territory
occupancy over several sites in northern United Kingdom could
negatively impact survival through reduced food availability
(Beale et al., 2006).

Here, we used IPMs to describe the local dynamics of
two populations of ring ouzels in the French and Swiss Alps.
Our aims were (1) to reliably estimate demographic rates,
namely adult and juvenile apparent survival, immigration and
productivity; (2) to identify key demographic rates contributing
to temporal variation in local population growth rates using
perturbation analyses; (3) to assess the relationships between
annual demographic rates and a set of potentially important
weather variables; (4) to compare estimates of demographic rates
from these two Alpine populations with those from Scotland,
i.e., at the western margin of the species’ range, and discuss any
discrepancies in the light of both their contrasting population
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trends and life-history theory; and (5) to provide a better base
for predictions from a biological conservation perspective.

MATERIALS AND METHODS

Study Species and Study Sites
Besides a subspecies occurring in the Middle East (T. t. amicorum
in the Caucasus and Turkey), two other subspecies of ring ouzel
are distinguished across the distribution range (Keller et al.,
2020). T. t. alpestris breeds in central and southern Europe
in semi-open forests, mostly within coniferous stands in the
subalpine zone (Glutz von Blotzheim and Bauer, 1988). In the
Alps, most breeding pairs are single-brooded (65–75%; Glutz von
Blotzheim and Bauer, 1988) and annual survival probabilities
are unknown. T. t. torquatus occupies more open areas in
the British Isles, typically steep slopes of heather moorland,
while it prefers semi-open habitats with bushes and shrubs in
Fennoscandia (Burfield, 2002). Double brooding is common in
the United Kingdom (e.g., 63% in Scotland; Sim et al., 2012),
whereas it is apparently rare in Fennoscandia (Burfield, 2002).
Demographic parameters from a population in Scotland are
presented in Table 1 (Sim et al., 2011). All three subspecies are
short-distance migrants, with birds from western Europe sharing
overwintering grounds in mountainous areas of southern Spain
and North Africa (Glutz von Blotzheim and Bauer, 1988; Sim
et al., 2015).

We focused on two different breeding populations of alpestris
ring ouzels in the Alps, one in the Vercors massif (Drôme, France;
44.781 N, 5.564 E) and one in Valais (Switzerland; 46.328 N, 7.428
E). The Vercors population is located at the western periphery
of the Alpine range, approximately 225 km southwest of the
Valais population, which has a more central position. Study sites
cover 90 and 200 ha, respectively. In spite of weakly overlapping
elevation ranges [Vercors: 1,560–1,760 m above sea level (m asl),
Valais: 1,720–2,120 m asl], habitat configuration is similar in both
sites and consists of summer cattle pastures interspersed with
coniferous trees (Pinus mugo uncinata in Vercors, Larix decidua
and Picea abies in Valais) close to the treeline. Both sites receive
similar amounts of precipitation during the core of the breeding
season (250–270 mm over April–June).

Data Collection
Three types of data were collected at each study site: capture-
mark-recapture (CMR), productivity and population size data.
In Vercors, data collection occurred over the period 1999–2009.
Birds were captured with mistnets and clap traps and ringed with
unique color-ring combinations on a yearly basis from March to
July. Adults were defined as birds in their second calendar year
or older and sexed based on plumage coloration (total number of
ringed individuals: nmale = 94, nfemale = 81). Juveniles were ringed
directly at the nest or in its surroundings as fledglings (njuv = 239).
Specific sessions to re-sight ringed individuals were performed
using binoculars or spotting scopes, with an even effort across
the years. Productivity data were collected every year except in
1999, from an annual average of 10.5 nests (total number of
nests = 105; range over years 3–24). Each nest was visited at

TABLE 1 | Posterior means (with 95% credible intervals) of demographic rates,
generation time and results from prospective (elasticities) and retrospective
(transient LTRE) perturbation analyses as obtained from integrated population
models for two ring ouzel (T. t. alpestris) populations in the Alps (Valais and
Vercors).

Parameter Valais (Switzerland) Vercors (France) Glen Clunie
(Scotland)

Demographic rates

Adult survival (φad ) 0.61 (0.39–0.86) 0.69 (0.59–0.81) 0.42

Juvenile survival (φjuv ) 0.00 (0.00–0.02) 0.13 (0.07–0.22) 0.05

Productivity (f ) 2.80 (2.33–3.31) 1.92 (0.87–3.41) 3.64

Immigration (ω) 0.43 (0.30–0.57) 0.11 (0.01–0.26) –

Population growth rate (λ) 1.04 (0.98–1.10) 0.93 (0.87–1.01) 0.91

Generation time (Tb ) 2.68 (1.59–5.53) 4.31 (2.67–7.78) 1.86

Growth rate elasticities

Adult survival (φad ) 0.58 (0.44–0.71) 0.75 (0.61–0.87) –

Juvenile survival (φjuv ) 0.00 (0.00–0.03) 0.14 (0.05–0.26) –

Productivity (f ) 0.00 (0.00–0.03) 0.14 (0.05–0.26) –

Immigration (ω) 0.42 (0.29–0.56) 0.12 (0.01–0.26) –

Summary φad > ω

> φjuv = f
φad > φjuv = f

> ω

φad > fearly* > φjuv >

flate

LTRE contribution (%)

Adult survival (φad ) 1.62 (0.01–5.13) 0.71 (−0.05–3.58) –

Juvenile survival (φjuv ) 0.08 (−0.07–0.78) 0.25 (−0.14–1.64) –

Productivity (f ) – 0.76 (0.01–2.43) –

Summary φad > φjuv f > φad > φjuv φjuv > fearly > φad > flate

*fearly and flate refer to productivity of early and late broods, respectively, as those
were tested separately in perturbation analyses in Sim et al. (2011).
Estimates of the present study are compared to reported demographic rates and
characteristics of a T. t. torquatus population in Scotland (Sim et al., 2011).

least every sixth day and its content monitored from the ground
with a mirror or camera fixed on a perch to determine fledging
success. Population surveys were performed each year (except
in 1999 and 2000) on a subzone of the study area (32 ha) and
consisted of 15 visits in May–June starting at dawn and along
a predefined transect, recording all observations of ring ouzels
(visual and acoustic) on a map. To estimate the annual number of
breeding pairs, the observations were aggregated into territories
(assuming that each territory corresponded to a breeding pair)
by overlapping the maps of the different visits at the end of the
season, following Bibby et al. (2000).

In the Valais study site, the methods to capture and re-sight
the birds were identical to those in Vercors (except that single
and unique alphanumeric color rings were used instead of color
ring combinations) and were applied annually from March to
June in the years 2015–2020. While adult birds were captured on
a yearly basis (total number of ringed individuals: nmale = 203,
nfemale = 107), juveniles were only ringed at the nest in 2017 and
2019 (njuv = 80). Direct information about productivity was thus
only available for those 2 years, as well as in 2020 (total number
of nests = 45; range over years 12–20). Population surveys were
based on the same sampling design as in Vercors, except that it
consisted of three visits per year in May–June and the total study
area of 200 ha was covered.

Integrated Population Model
We used IPMs to estimate demographic parameters and
population size (Besbeas et al., 2002; Schaub and Abadi, 2011).
An IPM is based on a joint likelihood that is created by the
likelihoods of each contributing dataset (Schaub and Abadi, 2011;
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TABLE 2 | Mean Pearson’s correlation coefficients r (with 95% credible intervals) between annual demographic rates and weather variables during the breeding season
in two different populations of ring ouzels in the Alps, along with the probability of the correlation coefficient to be positive or negative, depending on the sign of r.

Parameter Precipitation sum Mean ambient
temperature

Number of snow free
days

Vercors population (n = 10 years)

Adult survival (φad ) 0.19 (−0.50–0.76)
p(r > 0) = 0.71

−0.11 (−0.72–0.56)
p(r < 0) = 0.62

0.02 (−0.59–0.63)
p(r > 0) = 0.52

Juvenile survival (φjuv ) −0.08 (−0.69–0.57)
p(r < 0) = 0.59

−0.06 (−0.65–0.60)
p(r < 0) = 0.59

−0.02 (−0.63–0.57)
p(r < 0) = 0.52

Productivity (f ) 0.21 (−0.09–0.49)
p(r > 0) = 0.92

−0.04 (−0.34–0.29)
p(r < 0) = 0.60

0.39 (−0.18–0.66)
p(r > 0) = 0.93

Valais population (n = 5 years)

Adult survival (φad ) 0.05 (−0.64–0.71)
p(r > 0) = 0.56

0.03 (−0.69–0.72)
p(r > 0) = 0.54

−0.24 (−0.86–0.60)
p(r < 0) = 0.74

Juvenile survival (φjuv ) 0.03 (−0.78–0.86)
p(r > 0) = 0.49

−0.02 (−0.84–0.79)
p(r < 0) = 0.46

−0.02 (−0.80–0.83)
p(r < 0) = 0.56

Kéry and Schaub, 2012; Schaub and Kéry, 2022), in our case of
the population survey, the productivity and the CMR data. We
defined a multinomial likelihood to fit the Cormack-Jolly-Seber
(CJS) model on the CMR dataset (Lebreton et al., 1992). This
model separately estimates apparent survival, here with an age
structure, and recapture probability. Juvenile apparent survival
(φjuv,t) is defined as the probability that a juvenile ringed in year
t survives and returns to the study area in year t+1. Apparent
adult survival (φad,t) is defined similarly, but applies to birds that
are at least 1-year old. The recapture probability is defined as the
probability of re-sighting a marked individual that is present in
the study population. The productivity data was modeled with
the Poisson likelihood, but differently for the two populations.
For Vercors, we assumed that

Jt ∼ Pois(RtfVE,t)

where Jt is the total number of fledglings raised in year t in Rt
monitored broods and fVE,t is the mean productivity in year t.
Due to missing productivity data in the Valais population for half
of the study years, we modeled productivity as

J ∼ Pois(RfVA)

where J is the total number of fledglings fromR broods monitored
over the years and fVA is the mean productivity, which is assumed
to be constant over time.

Lastly, the likelihood of the population survey data was
formulated as a state-space model (Besbeas et al., 2002), which
consists of state and observation processes to disentangle
true variations in population size from observation errors
(Kéry and Schaub, 2012). The state process corresponds to a pre-
breeding census, female-based matrix projection model. For a
given year t, we distinguished three types of females, 1-year old
birds (N1,t ; i.e., females born in the study area in the year t-1 that
have survived and are present again in year t), adults (Nad,t ; i.e.,
females that were present in the study area in year t-1 and at least
1-year old, and which have survived and are present again in year
t) and immigrants (Nimm,t ; i.e., females that were born outside
the study area, are at least 1-year old and appear for the first time
in the study area in year t). The total number of females in year

t+1 (Ntot,t+1) was defined as the sum of the number of females
in these three stage classes:

Ntot,t+1 = N1,t+1 + Nad,t+1 + Nimm,t+1

The temporal change in the numbers of females in each stage
class was modeled with Poisson and binomial distributions to
explicitly include demographic stochasticity:

N1,t+1 ∼ Pois(φjuv,tf t
1
2
Ntot,t)

Nad,t+1 ∼ Bin(φad,t,Ntot,t)

Nimm,t+1 ∼ Pois(ωtNtot,t)

where ωt is the immigration rate, i.e., the proportion of the
number of female immigrants in year t+1 to the total number
of females in year t, and ft is the mean productivity at time t
(fVE,t and fVA for Vercors and Valais populations, respectively),
divided by two as we assumed an even fledgling sex ratio. The
observation process, i.e., the relationship between observed (Ct)
and true (Ntot,t) population size, was modeled using a Poisson
distribution:

Ct ∼ Pois(Ntot,t)

Each demographic parameter was modeled with random time
effects to estimate an overall mean and temporal variance (Kéry
and Schaub, 2012). Preliminary analyses revealed that the model
fit was poor for both populations unless the immigration rate
(ωt) was assumed constant over the years. Hence, we were not
able to estimate temporal variation of immigration. The joint
likelihood of the IPM was obtained by the product of all three
different likelihoods under the assumption of independence of
the datasets. Although this assumption may be violated in our
datasets, several studies have shown that this has only a minor
influence on parameter estimates (Schaub and Fletcher, 2015;
Weegman et al., 2021; Schaub and Kéry, 2022).
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Model Implementation
All models were fitted in a Bayesian framework, meaning that
prior distributions of all unknown parameters had to be defined.
We formulated vague priors for all parameters and used the
program JAGS (Plummer, 2003) to run our models using package
jagsUI (Kellner, 2019) in program R (R Development Core Team,
2021). We ran three chains with 1,100,000 iterations including
a 100,000 burn-in and a 10−2 thinning rate. R-hat diagnostics
were used to assess convergence (R̂ ≤ 1.01 for all parameters)
and we report posterior means with 95% credible intervals (CRI)
of the estimated parameters. Regarding the model structure, we
fitted time effects on apparent adult and juvenile survival as one
goal of the study was the estimation of the temporal variability
in demographic rates. Recapture probability was modeled with
time effects too, as inter-annual variability in environmental
conditions may have led to differences in re-sighting probability,
despite the even observation effort. Given the relatively small
sample size and the absence of obvious sex-related differences
in the species ecology, we did not fit any sex effect on the
parameters. To assess the fit of the models, notably to diagnose
over- or underdispersion, we computed Bayesian p-values from
the posterior predictive distributions of a goodness-of-fit (GOF)
statistic for each dataset (see Supplementary Figure 1). The GOF
of the CJS model alone was further evaluated by frequentist tests
using the R package R2ucare (Gimenez et al., 2018).

Effects of Demographic Rates on
Population Growth Rate
To assess the impact of demographic rates on population
dynamics, we performed prospective and retrospective
perturbation analyses. Prospective analyses address the question
of how much would the population growth rate (λ) change if
a given demographic rate changes by a small amount (Caswell,
2000). We calculated elasticities as the proportional changes
of λ when each demographic rate was changed by the same
proportion in turn. Retrospective analyses address the question
of how strongly the temporal variability of each demographic
rate has contributed to the variability of the population growth
rate (Caswell, 2000). We applied transient life table response
experiments (LTRE) for this purpose, as they fully account
for the interplay between vital rates and population structure
(Koons et al., 2017).

In addition to perturbation analyses, we assessed the position
of each population on the fast-slow continuum using generation
time. We calculated generation time following Gaillard et al.
(2005) and assuming constant productivity from onset of
reproduction (at age = 1 year). As for demographic rates, all
metrics are reported as posterior means along with 95% CRI.

Effects of Weather Variables
In order to identify possible drivers of annual variation in
demographic rates, we examined temporal relationships with
environmental factors. We restricted our selection to weather
variables collected in the direct surroundings of the study sites
during the breeding season. Only few potentially important
weather factors were included, based on known important

relationships for mountain birds. Ambient temperature and
precipitation are key drivers of variation in demographic rates
(Novoa et al., 2008; Chiffard et al., 2019; Strinella et al., 2020)
and both affect the provisioning activity of the ring ouzel in
the Swiss Alps. Indeed, provisioning rates and delivered prey
biomass peak in wet and fresh weather conditions, due to the
higher availability of earthworms, the staple food source (Barras
et al., 2021c). We thus assumed that spring precipitation would
have a positive effect, and ambient temperature a negative effect
on survival and productivity. In addition, we considered the
number of snow free days (defined as snow cover < 10 cm over
a given period) as a proxy for the onset of snowmelt, since the
latter may play an important role in the breeding ecology of
high-elevation bird species (Resano-Mayor et al., 2019). For ring
ouzels, snowmelt timing defines a brief peak in food availability
that imposes strong temporal constraints on breeding (Barras
et al., 2020, 2021c). We hypothesized that in years with an early
snowmelt, i.e., a larger number of snow free days, breeding birds
could miss this food peak, with detrimental effects on survival
and productivity.

In Vercors, data on precipitation (sum over April–June) and
number of snow free days (sum over March–April) was provided
by the closest meteorological station in Chichilianne (44.812
N, 5.571 E; 1,010 m asl, 3.3 km distance) while temperature
information (mean over April–June) was extracted from the
Safran surface model (Quintana-Seguí et al., 2008) over the
corresponding grid cell (8 km resolution; center 44.748 N, 5.518
E). In Valais, data on precipitation (sum over April–June),
ambient temperature (mean over April–June) and number of
snow-free days (sum over June–July) were obtained from the
nearest meteorological stations for which this data was available
(Anzère: 46.305 N, 7.408 E; 1,614 m asl, 3.2 km distance —
Montana: 46.299 N, 7.461 E; 1,422 m asl, 4.1 km distance —
Donin du Jour: 46.321 N, 7.367 E; 2,390 m asl, 4.1 km distance,
respectively). We recorded the number of snow-free days over
different months for Vercors and Valais, in order to capture the
period of snowmelt, which occurred much later at the high-
elevation weather station in Valais compared to Vercors. The
snow height threshold at 10 cm was selected as this measure was
the most reliable and available from both study sites. Despite
the distance and elevation differences between weather stations
and study sites, we assume that the annual variations in weather
factors were equivalent.

All weather variables were standardized prior to the analyses
and they were not correlated (Pearson’s correlation coefficients
|r| < 0.7). Fitting the explanatory weather variables directly as
temporal covariates in the IPM led to convergence problems in
the estimates of survival and productivity (R̂ > 1.1 for some
parameters), most probably due to the relatively small sample
size. For this reason, we ran bivariate correlation analyses (again
using Pearson’s r) between each weather variable and annual
estimates of demographic rates from the IPM. We calculated
these correlations for each MCMC draw such that the full
uncertainty in the parameter estimates was accounted for. This
resulted in posterior distributions of the correlation coefficients,
so that the probability of coefficients being positive or negative
(depending on the sign of r) could be computed.
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RESULTS

The GOF tests indicated no lack of fit (Bayesian p = 0.20–0.80; see
Supplementary Figure 1) except for the CMR data in the Vercors
model (Bayesian p = 0.85). Nevertheless, the more powerful
frequentist tests on the CJS models indicated a good fit for either
CMR dataset (Vercors: X2

31 = 26.43, p = 0.70; Valais: X2
12 = 15.78,

p = 0.20). The mean recapture probability was 0.27 (0.14–0.44)
in Vercors and 0.44 (0.30–0.62) in Valais; annual estimates are
reported in Supplementary Figure 2.

Estimated Demographic Rates
There were apparent differences between the two populations as
revealed by the estimates of the demographic parameters, despite
their large uncertainties (Table 1). Productivity was higher on
average in the Valais (2.80, 2.33–3.31) compared to the Vercors
population (1.92, 0.87–3.41). On the contrary, juvenile apparent
survival was almost null in Valais (0.003, 0.00–0.02) and clearly
lower than in Vercors (0.13, 0.07–0.22). Adult apparent survival
was also higher in Vercors than in Valais, but only slightly
(0.69, 0.59–0.81 vs. 0.61, 0.39–0.86). The extremely low apparent
survival of juveniles in the Valais population means that local
recruitment was almost non-existent. Immigration was nearly
four times as strong in the Valais (0.43, 0.30–0.57) compared to
the Vercors population (0.11, 0.01–0.26). The estimated mean
population growth rate indicated a declining population in
Vercors [λ = 0.93, 0.87–1.01; p(λ < 1) = 0.95], while the Valais
population was increasing [λ = 1.04, 0.98–1.10; p(λ > 1) = 0.91].
Estimated population sizes were close to counts from the surveys
(Supplementary Figure 3). Annual estimates of population
growth rate, adult survival and juvenile survival showed no clear
temporal trend for either population, whereas productivity in
Vercors appeared to be declining over the years (Figure 1).

Effects of Demographic Rates on
Population Growth Rate
The calculated elasticities show that the growth rate of both
populations is most sensitive to variation in adult survival.
Moreover, the Valais population is potentially more impacted by
a change in immigration than by the same relative change in local
recruitment (in terms of both productivity and juvenile survival),
while the opposite was found for the Vercors population
(Table 1). Stability of the Vercors population (λ = 1) would
necessitate an average increase in either mean adult survival
to 0.77 (0.64–0.90), productivity to 3.36 (1.58–6.37), juvenile
survival to 0.25 (0.10–0.54) or immigration rate to 0.20 (0.05–
0.32). Transient LTRE, i.e., retrospective analyses, revealed that
growth rate fluctuations in the Vercors population were primarily
due to the variation in productivity, while survival parameters
contributed less (Table 1). By contrast, the growth rate of the
Valais population was essentially driven by the variation in adult
survival (Table 1). Lastly, mean generation time appeared higher
in Vercors (4.31, 2.67–7.78) than in Valais (2.68, 1.59–5.53;
Table 1).

Effects of Weather Variables on
Demographic Rates
Best supported correlations were found with parameters that
varied most in the population with the longest monitoring period,
i.e., in Vercors (Table 2). There was a high posterior probability
(p = 0.92) for productivity to be positively correlated with the
amount of precipitation, but also with the number of snow free
days (p = 0.93). It appears that the extremely low productivity
in 2006, a dry year with a late snowmelt, was partly responsible
for this pattern, while early snowmelt years resulted in higher
productivity overall (Figure 2). We could not assess if these
relationships were similar in the Valais population, as annual
estimates of productivity were not computed due to missing data
for some years. No strong correlation was detected for other
parameters, however, most probably due to the low number of
annual estimates (Table 2).

DISCUSSION

Intraspecific variation in life history across the distribution range
is increasingly documented and can have large implications
on population-specific responses to environmental change
(Reed et al., 2011). This may apply to many cold-adapted,
high-elevation species, given their discontinuous ranges and
vulnerability to climate shifts, but demographic information is
generally lacking (Chamberlain et al., 2012). Here, we highlight
differences between two geographically distinct populations
of the ring ouzel in the Alps, in terms of both the
mechanisms underpinning their respective trends and in
a suite of demographic traits. Compared to a population
from the northern part of the range, however, our two
study populations evidence characteristics of a slower life-
history strategy, with a lower productivity and higher adult
survival leading to a longer generation time. This study
establishes that demographic characteristics can substantially
vary across the range of a boreo-alpine songbird and raises
the question of whether flexibility in life-history strategies
might provide adaptive potential for coping with current
environmental change.

First of all, we would like to stress that several aspects in
the structure of the collected data complicate an extensive
comparison between populations. On the one hand, given
the non-overlapping periods of population monitoring, we
cannot rule out that these differences within the distribution
range result from period-specific effects rather than a
population response to local conditions. On the other
hand, the relatively brief time series and thus small sample
sizes (1) precluded the estimation of annual estimates for
some parameters and led to a high level of uncertainty in
others, making comparisons between populations more
difficult and (2) hindered fitting environmental variables
directly as covariates in the IPM, so that relationships
were only explored with bivariate correlations. With these
limitations in mind, we discuss and interpret a few pronounced
differences in demographic parameters that were highlighted
across populations.
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FIGURE 1 | Annual population growth rate, adult and juvenile apparent survival probabilities for two ring ouzel populations in the Alps. Annual productivity
parameters were also obtained for the Vercors population, whereas only the average productivity was estimated in the Valais population. Error bars represent 95%
credible intervals (CRI).

FIGURE 2 | Relationships between demographic rates and weather variables for which the probability of a positive correlation coefficient was high (p > 0.90) in the
Vercors population. Error bars represent 95% CRI. Given are posterior means, 95% CRI of Pearson’s correlation coefficients (r) and the probability of r being positive.

Demographic Characteristics of the Two
Alpine Populations
Concerning demographic trajectories first, the recent population
growth rate in Valais (Switzerland) indicated a stable or even
slightly increasing population size, while the Vercors (France)
population declined before that, in the first decade of this
century. Independent data collected via a “constant effort site”
ringing scheme at the same Vercors study site in 2002–2020

(i.e., in the late phase and in prolongation of the period of the
present CMR dataset) revealed a linear decrease in the number
of annual captures of adult ring ouzels (β = −0.16, p = 0.04;
Renous N. and Blache S., unpubl. data). This strongly suggests
that the decline continued unabated beyond the last year of
systematic CMR data collection at the French site in 2009, and
thus during the period of monitoring of the Swiss population
(2015–2020). Besides population growth rate, other demographic
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parameters differed between the two study sites. The Valais
population was characterized by a higher immigration rate, lower
juvenile apparent survival and, to a lesser extent, lower adult
survival than the Vercors population. This indicates frequent
permanent immigration and emigration across age classes, which
is typical in core populations (Reichert et al., 2021), whereas the
higher local recruitment and site fidelity in Vercors suggests a
geographically and demographically more isolated population.
A lower habitat suitability in Vercors, as typically observed at
the distribution margin (Hampe and Petit, 2005), could explain a
lower attractivity for immigrants, in addition to the lower average
reproductive output achieved by breeding pairs compared to
Valais. Yet, estimated immigration rates should be interpreted
with great caution. First, the size of a study site directly influences
estimates of immigration (a smaller area leads to higher apparent
immigration; Millon et al., 2019), although this should render our
results even more conservative since the Vercors site is smaller
than the Valais one. Another caveat is reduced reliability of
immigration estimates from IPMs, in particular of their temporal
variation, when not informed directly by data (Riecke et al., 2019;
Paquet et al., 2021).

We could detect only weak correlations of demographic
rates with weather conditions during reproduction. In the
case of Valais, this is inherent to the brevity of the time
series, which is also reflected in the high level of uncertainty
in the estimates of the correlation coefficients. Furthermore,
demographic parameters of altricial bird species inhabiting
temperate biomes are often driven by weather circumstances
during the non-breeding season (Sæther et al., 2004), with time-
lagged effects upon reproduction. We had to restrain our analysis
to weather conditions during the breeding season because of
limited knowledge about the whereabouts of wintering Alpine
ring ouzels. Notwithstanding these issues, some interesting
patterns emerged. Firstly, productivity was positively associated
with precipitation in Vercors, as expected, which contrasts
with the usually negative impact of precipitation on avian
productivity (Novoa et al., 2008; Arlettaz et al., 2010). This is
likely explained by the reliance of ring ouzel on earthworms for
chick provisioning (Barras et al., 2021c), the availability of which
increases with rainfall. Secondly, but contrary to our prediction,
productivity was enhanced in years with an early onset of the
snowmelt. This pattern is known from other mountain birds
(Novoa et al., 2008; Saracco et al., 2019), suggesting that some
species may cope better with earlier phenological events than
when the breeding season is delayed.

Results from the perturbation analyses also highlighted some
discrepancies in the contribution of demographic rates to
the dynamics of the two populations. Retrospective analyses
revealed that productivity contributed most to growth rate
annual variation in Vercors, while it was adult survival in Valais.
Because productivity in Valais was modeled as a constant due
to limited data, we call for caution when interpreting these
results. It is anyway very unlikely that productivity impacts
population growth rate when one considers the extremely low
local juvenile apparent survival in Valais, given that the number
of juvenile recruits depends on both parameters (as the product
of productivity and apparent survival). In the end, the most

prominent drivers of dynamics were those showing marked
temporal variability in both populations (Figure 1), in line with
numerous other demographic studies (Caswell, 2000; Sæther
and Bakke, 2000). However, the demographic parameters that
are considered as important in retrospective analyses usually
differ from those evidenced in prospective analyses. This is
due to a process called “demographic buffering,” where natural
selection reduces variation in demographic traits exhibiting
a high elasticity (i.e., those contributing much to population
growth rate), because variation of the latter has negative fitness
consequences (Pfister, 1998; Sæther and Bakke, 2000; Hilde et al.,
2020). This was not obvious in our results since adult survival
was important according to both prospective and retrospective
appraisals. Yet, the short time series covered by our datasets
and other confounding effects certainly question our ability to
evidence such a pattern (see Hilde et al., 2020). All in all,
this suggests that the Valais population would be particularly
vulnerable to variations in adult survival, while the Vercors
population decline probably results from a series of years with
low productivity.

Comparison Across the Range
To our knowledge, estimates of a suite of demographic rates exist
for only one other ring ouzel population, which is located in
Scotland (Sim et al., 2011). Scottish birds (subspecies torquatus)
appear to have a fairly different life-history strategy than Alpine
birds. Compared to Vercors and Valais populations, they exhibit
a higher productivity but lower adult annual survival (Sim
et al., 2011), resulting in a shorter generation time, i.e., ranking
lower on the fast-slow continuum (Table 1). This difference
in productivity between the British uplands and the Alps has
most likely its source in the number of broods achieved per
reproductive season. While double brooding has never been
observed in our two focal Alpine populations, it concerns more
than half of the breeding females in the Scottish highlands, with
even triple-brooding observed in rare cases (Sim et al., 2012). Yet,
an increased reproductive effort probably entails higher intrinsic
costs (Bennett and Owens, 2002; Martin, 2004; Dobson, 2007)
that are paid back in the form of reduced adult survival in Scottish
ring ouzels. Single brooding in the Alps is probably imposed
by the shorter time window with suitable breeding conditions
at higher elevations, mediated through prey availability (Boyle
et al., 2016; Lundblad and Conway, 2020). In effect, the deep
snowpack in the Alps impedes any access to the traditional
foraging grounds when birds return from their winter quarters
(Barras et al., 2021b), whilst snow is most of the time absent
at the same period in the British uplands. Later in the season,
the suitability of the Alpine foraging habitat and thereby prey
availability decreases rapidly (Barras et al., 2020). Other factors
could also play a role, such as a greater predation pressure on
ground-nesting females in British uplands, which might select for
higher productivity (Sandercock et al., 2005; Boyle et al., 2016),
or the slightly longer migration route of northern populations
to non-breeding grounds, which could result in lower survival
(Martin, 2004; Sim et al., 2011).

Regardless of the underlying mechanism, these apparent
differences in life-history strategies across the distribution range
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of the ring ouzel are in line with intraspecific differences
evidenced across a wide range of taxa along eco-geographical
gradients (Morrison and Hero, 2003; Martin, 2004; Blanck and
Lamouroux, 2007; Nilsen et al., 2009; Boyle et al., 2016). In
birds, the populations that inhabit high latitudes usually show
higher fecundity and lower adult survival than those closer to
the tropics (Lack, 1947; Martin, 2004), which is what we report
for the ring ouzel. Second, bird populations at higher elevations
tend to adopt slower life-history strategies (Sandercock et al.,
2005; Hille and Cooper, 2015; Boyle et al., 2016), which is also
corroborated by the present results. In effect, our two Alpine
populations occur at much higher elevations (1,650–2,100 m
asl) than the Scottish population (350–850 m asl). Third, the
geographic position of a population within its species range
can also affect life-history traits: populations occurring at range
margins should theoretically exhibit a slower pace of life than
those in the core zones (Hampe and Petit, 2005; Canonne et al.,
2020). The difference reported here between Scotland and the
Alps does not support this third theoretical prediction, but the
latter could still explain the differences between Vercors, which is
peripheral, and Valais, which is more central.

Conservation Implications and Adaptive
Potential to Environmental Change
Our study highlights different demographic trends across the
range of the ring ouzel: population declines at the range margin
(Vercors and Scotland) and stable or slightly increasing numbers
closer to the core of its range in the Alps (Valais). This view
is corroborated by recent observations and predictions of the
species’ demographic trajectories across the Swiss mountain
massifs, where peripheral populations suffer more than central
ones (Knaus et al., 2018; Barras et al., 2021a). Our findings of a
very low local juvenile recruitment and a rather high immigration
rate in the Valais population might indicate that we are in the
presence of a complex metapopulation system, with numerous
exchanges of individuals between subpopulations. In this case,
conservation action should be envisioned at a larger spatial
scale than the population under study (Schaub et al., 2012;
Schaub and Ullrich, 2021). A second series of lessons can be
drawn from the local demographic population specificities. Low
productivity is driving the negative demographic trajectory of
the French population (this study), whereas reduced survival was
identified as the reason for the decline in the United Kingdom
(Sim et al., 2011). Local conservation interventions should thus
focus on measures contributing to an amelioration of these
respective demographic traits (e.g., habitat restoration to enhance
reproductive output), in addition to keeping an eye on the
underlying metapopulational issue.

As an emblematic mountain species with a typical, complex
boreo-alpine distribution, the ring ouzel shows a pronounced
geographic variation in the realization of its life-history tactics.
This may indicate a high level of intrinsic potential for
adjustments to environmental change in this species (Forcada
et al., 2008; Reed et al., 2011). For instance, an increase in
the duration of the available temporal window for breeding,
notably following modifications of snowfall regimes and an

earlier snowmelt in spring at high elevations (Saracco et al., 2019),
could provide room for adapting to even fairly rapid changes in
environmental conditions. The question thus remains whether
a similar variability is shared by other cold-adapted species
(Morrison and Hero, 2003; Forcada et al., 2008) and whether it
may suffice to achieve viable life history trade-offs in response
to the novel challenges that future environments will impose on
biodiversity (Albert et al., 2010; Reed et al., 2011). What is certain
is that predictive models of species’ future distribution ranges
would certainly gain in accuracy by accounting for this variability
in life-history traits.
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