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Understanding the demographic responses of wild animal populations to different fac-
tors is fundamental to make reliable prediction of population dynamics. Both bottom–
up processes and top–down regulation operate in terrestrial and marine ecosystems, 
but their relative contribution remains insufficiently known. In addition, direct 
weather effects on demographic rates have been overlooked in marine ecosystems and 
inferences on the demographic effects of environmental drivers were overwhelmingly 
made from single study sites. Here, we evaluate the relative effects of bottom–up, 
top–down and weather processes on four vital rates and on population growth rates of 
a long-lived seabird, the snow petrel Pagodroma nivea, within three different breeding 
colonies. We used multistate capture–recapture modelling and perturbation analyses 
from a matrix population model based on a 36-year-long (1981–2017) individual 
monitoring dataset to quantify the different drivers (predation, climatic and weather 
covariates) of probabilities of survival, breeding, hatching and fledging according to 
colony, sex and breeding status of individuals. Results show that bottom–up forces and 
local weather affected breeding parameters, and that survival was driven by top–down 
regulation pressure and bottom–up processes. Breeding parameters differed between 
colonies and survival was sex-specific. Sensitivity analysis revealed that population 
regulation was mainly driven by bottom–up processes and that top–down processes 
played a minor role. However, there were major differences between colonies about the 
importance of how local weather processes affected population growth rate. Our study 
brings new insights into the drivers of demographic processes in a marine meso-pred-
ator, and how these drivers vary according to colonies and individual characteristics. 
We emphasize the importance of considering multiple study sites to make robust infer-
ences on the effects of environmental drivers on wildlife demography. More generally, 
robust conclusions about the importance of environmental drivers on demography 
rely on considering multiple causal effects at multiple sites, while accounting for indi-
vidual characteristics.
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Introduction

Multiple demographic processes determine changes in ani-
mal populations, and the relative fluctuations of these 
processes affect the rate of population growth or decline. 
Identifying and quantifying the strength of the underlying 
mechanisms affecting these processes, which are often com-
plex and dynamic, is central to determine drivers of popula-
tion change. This is particularly important within the current 
context of unprecedented climate change and biodiversity 
crisis (Ceballos et al. 2017) in order to anticipate how popu-
lations will perform. Many animal population studies have 
identified different drivers of one or multiple demographic 
processes, but few have simultaneously assessed the effects 
of extrinsic and intrinsic factors, bottom–up and top–down 
mechanisms on multiple demographic traits to understand 
the relative importance of each driver (Horswill et al. 2016).

Bottom–up forcing implies population regulation through 
climate driven limitation in food availability, whereas top–
down forcing implies population regulation driven by higher 
trophic level organisms. In marine ecosystems, there is evi-
dence for top–down and bottom–up control on populations 
at large spatial and temporal scales (Hunt and McKinnell 
2006). However, the deciphering of the relative impor-
tance of these factors at fine-scales on multiple demographic 
parameters is less advanced (Collar et al. 2017) than in ter-
restrial or freshwater ecosystems (Hunter and Price 1992, 
Leroux and Loreau 2015). It is generally thought that bot-
tom–up and top–down forcings are important in the charac-
terization and control of marine predator populations, such 
as seabirds or marine mammals. The bottom–up effect is usu-
ally considered to have the greatest impact (Stenseth 2002, 
Sydeman et al. 2015) but this view was recently challenged 
by studies showing evidence for top–down control of seabird 
populations (Horswill et al. 2016, Perkins et al. 2018).

Yet, these studies made inference from a single population 
or colony and generally assumed that climate effects were indi-
rect operating through bottom–up processes. Nevertheless, 
the strength of bottom–up and top–down regulation can vary 
in space (Leroux and Loreau 2015), and a population may be 
divided into several colonies or sub-colonies which may be 
subject to different weather conditions (local direct climatic 
effects) in addition to different bottom–up and top–down 
processes. Consequently, studies comparing simultaneously 
the relative importance of bottom–up, top–down and direct 
weather effects on several demographic processes in multiple 
populations or colonies are lacking for marine ecosystems.

Here, we analyse temporal and intercolony variations in 
four demographic traits (probabilities of survival, breeding, 
hatching and fledging) simultaneously using capture–mark–
recapture modelling to quantify bottom–up, top–down and 
local weather pressures on a polar seabird in Terre Adélie, 
Antarctica, the snow petrel Pagodroma nivea, while account-
ing for intrinsic factors such as breeding state or sex. We 
then use a matrix population model to estimate the sensi-
tivities and elasticities of population growth rates to envi-
ronmental covariates characterizing bottom–up, top–down 

and weather effects. The snow petrel is a pagophilic spe-
cies foraging exclusively within the pack ice (Ainley et al. 
1984, Delord et al. 2016, Barbraud et al. 2019). Sea ice 
is suspected to affect some of its demographic traits such 
as survival and breeding success through bottom–up pro-
cesses (Jenouvrier et al. 2005a). Moreover, the south polar 
skua Stercorarius maccormicki is the main predator of snow 
petrels at its breeding sites (Marchant and Higgins 1990). 
Snow petrel breeding success is also known to be affected 
by weather conditions such as snowfalls (Chastel et al. 
1993). Finally, several demographic parameters are state 
or sex dependent (Jenouvrier et al. 2005a, Barbraud et al. 
2011). More details about the study species are provided in 
Supporting information.

Hypotheses and predictions

Prediction 1 – Top–down effects
Skuas prey on snow petrel eggs, chicks and adults in varying 
proportions (Marchant and Higgins 1990). In Terre Adélie, 
the main prey of south polar skuas during the breeding sea-
son is the Adélie penguin Pygoscelis adeliae (Pacoureau et al. 
2019), snow petrels being secondary prey. Remains of adult 
snow petrels consumed by skuas are occasionally observed 
nearby skua nests and in the vicinity of snow petrel colo-
nies (Barbraud unpubl.). The sudden disappearance of snow 
petrel eggs and chicks from their nest has also been attributed 
to skua predation. Therefore, the abundance of skuas can be 
expected to negatively affect the survival and/or reproductive 
performances of snow petrels. Apart from south polar skuas, 
snow petrels have no other predators.

Prediction 2 – Bottom–up effects
The impact of climate on resource availability and accessibil-
ity is well documented in seabirds (Frederiksen et al. 2004, 
Barbraud et al. 2018). The climate system drives – through 
the interannual variations of the atmosphere or the hydro-
sphere and external limiting factors (i.e. greenhouse gases or 
variation in solar intensity) – the changes in sea ice (Persson 
and Vihma 2016). More specifically wind and temperature 
are the main factors behind variation in sea ice prevalence 
(Stammerjohn et al. 2008). The sea ice characteristics (con-
centration, extent, thickness) together with other factors such 
as stratification of the water column, determine the avail-
ability of nutrients and light on which the primary produc-
ers depend (Arrigo et al. 2008). In turn, primary producers 
impact the abundance of Antarctic fishes and crustaceans. 
Snow petrels feed primarily on sea ice-associated fishes 
(Antarctic silverfish Pleuragramma antarctica) and crustaceans 
(Euphausia spp.) (Ainley et al. 1984, Ridoux and Offredo 
1989) whose distribution and abundance are strongly related 
to sea ice (Vacchi et al. 2012, Bluhm et al. 2016). Accordingly, 
studies have shown links between sea ice and vital rates of 
snow petrels likely reflecting bottom–up processes (i.e. prey 
abundance) or physical constraints (i.e. prey accessibility) 
(Jenouvrier et al. 2005b, Sauser et al. 2018). Therefore, we 
expect to find an effect of sea ice characteristics during and 
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outside the breeding season on survival and reproductive 
parameters.

Prediction 3 – Local weather and colony effects
Direct local weather effects on demographic traits have 
been demonstrated in many animal species (Sæther 1997, 
Rodriguez and Bustamante 2003, Anthony et al. 2006) but 
have seldom been investigated in seabirds which however nest 
in potentially exposed areas (Chambers et al. 2011). One of 
the main causes of breeding failure in snow petrels is flooding 
and freezing of the egg or chick due to accumulated snow 
at the nest site following heavy snowfalls and little wind, 
which melts and then freezes at night (Chastel et al. 1993). 
We therefore expect direct effects of local weather conditions 
on breeding success parameters such as the hatching or the 
fledging probability. Local weather conditions may also inter-
act with the specific topographic characteristics of the colo-
nies. The studied snow petrel colonies are close to each other  
(< 1 km) but their orientations and topography differ, which 
makes them more or less vulnerable to local weather condi-
tions such as wind exposure and snow accumulation. Thus, 
we expect variability in hatching and fledging probabilities 
between colonies.

Prediction 4 – Sex effects
The snow petrel is a sexually dimorphic species, males being 
larger (≈ 8%) and heavier (≈ 20.5%) than females (Barbraud 
and Jouventin 1998). A previous study (Barbraud and 
Chastel 1999) showed that the body condition of females, 
but not of males, had a significant effect on hatching success. 
Being structurally smaller, females have a lower fasting capac-
ity, and the higher breeding effort of females may reduce their 
survival (Jenouvrier et al. 2005a). Thus, we expected differen-
tial survival between males and females with a lower survival 
for females. 

Prediction 5 – Differences between breeding states
Theoretical and empirical studies across a wide range of wild 
animal species provide strong evidence for state-dependent 
demographic parameters reflecting differences in individual 
quality or demographic strategy (McNamara and Houston 
1996, Wilson and Nussey 2010). State-dependent demo-
graphic traits are common among seabirds (Fay et al. 2018), 
including snow petrels (Jenouvrier et al. 2005a). We there-
fore expect different survival probabilities between states but 
also different reproductive performances.

In addition to the above hypotheses and predictions tested 
regarding the relative strength of bottom–up, top–down and 
weather effects, we also aim to advance knowledge on snow 
petrel population ecology. Compared to previous studies we: 
1) assess the impact of predation on vital rates, 2) use accu-
rate information on the spatial distribution of snow petrels 
throughout the year to assess the effects of climate variability, 
3) assess the effect of local weather on demographic rates, 4) 
decompose breeding performance into three steps to assess 
environmental effects.

Methods

The overall approach to our analysis is to study the response of 
demographic traits (survival and reproductive performance) 
and population growth rate to bottom–up, top–down and 
weather variables, while accounting for individual character-
istics (sex, previous breeding state considered here as a proxy 
of the individual quality) and breeding colony. In a first step 
we identify, for each vital rate, if there are demographic dif-
ferences between colonies (prediction 3), sexes (prediction 
4) and breeding states (prediction 5). Then, for each demo-
graphic trait, we separately test the influence of bottom–up, 
top–down and direct weather effects using a set of covari-
ates selected for their biological relevance according to the 
snow petrel ecology (prediction 1, 2 and 3). Finally, we use a 
two-sex matrix population model structured by age and then 
by breeding state to estimate sensitivities and elasticities of 
population growth rate to demographic parameters and envi-
ronmental covariates.

Monitoring methodology

Snow petrels were studied at Ile des Pétrels (66°40′S, 
140°01′E), Pointe Géologie archipelago, Terre Adélie, 
Antarctica. Around 200 breeding pairs were monitored 
annually since the breeding season 1981/1982 (hereafter 
1981) in three colonies (Damier: ≈ 72 pairs; Hydride: ≈ 77 
pairs; Pylone: ≈ 140 pairs) in which nest sites were individu-
ally marked (Fig. 1). Adults and chicks were leg-banded with 
a stainless steel band. Adults were sexed by vocalization and 
relative size (Barbraud et al. 2000). A capture–mark–recap-
ture program is ongoing annually during the breeding season 
with several nest visits following the laying period. The rings 
of birds occupying a nest site are checked just after egg lay-
ing. Hatching dates are recorded by daily inspections of nest 
contents, and a final nest visit in mid-February is made to 
ring the chicks just before fledging. More details about the 
species study and the monitoring methodology are provided 
in the Supporting information and in Chastel et al. (1993) 
and Barbraud and Weimerskirch (2001).

General capture–mark–recapture model

We considered observations of individuals banded as adults 
(n = 1428) in the three colonies monitored during the period 
1981–2018 to build encounter histories. The sex and colony 
of each individual were known. Although we had informa-
tion on known age birds collected as part of the long-term 
monitoring of the population, data available were insufficient 
(n = 327 known age individuals that recruited in the popula-
tion) to take into account the effect of age in addition to the 
effects of sex, colony and state to test for the effects envi-
ronmental covariates. To estimate demographic parameters 
simultaneously and the effects of colony, sex, previous breed-
ing status and covariates while taking into account imper-
fect detectability of marked individuals, we used multi-state 
capture–mark–recapture (MSCMR) models (Brownie et al. 
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1993, Lebreton and Pradel 2002). We estimated the follow-
ing demographic parameters: the survival probability (Φ) 
as the probability that an individual survives from year t to 
t + 1, the breeding probability (β) as the probability that an 
individual breeds (i.e. lay an egg) in year t + 1 given that it 
survived, the hatching probability (δ) as the probability that 
an individual hatches its egg in year t + 1 given that it bred 
and survived, the fledging probability (γ) as the probability 
that an individual fledges a chick in year t + 1 given that it 
hatched its egg, bred and survived, and the recapture prob-
ability (p). To do so, we constructed a MSCMR model with 
five states consisting of one non-breeder state (NB), three 
breeder states [failed breeder at the egg stage (FBE), failed 
breeder at the chick stage (FBC), successful breeder (SB)], 
and the dead state (†). Capture histories were coded consid-
ering five events corresponding to field observations: 0 = not 
observed, 1 = seen as NB, 2 = seen as FBE, 3 = seen as FBC, 
4 = seen as SB. The dead state was not observable. In this 
model, all parameters were time, state, sex and colony depen-
dent. Details of the parameterization of the general model 
can be found in the Supporting information.

Environmental covariates

We used previous knowledge on seabirds and snow petrel 
ecology to select yearly environmental covariates. To char-
acterize bottom–up forces we included a large-scale climatic 
index, the Southern annular mode, a local climate covariate 

on different spatial and temporal scales, the sea ice concen-
tration (SIC), and a covariate representing favourable forag-
ing habitat the snow petrel on different spatial and temporal 
scales (i.e. the surface areas covered by 30–90% sea ice). To 
characterize top–down forces we used the number of breed-
ing pairs of south polar skuas. To characterize the effect of 
local weather we used the number of days of wind above 100 
km h−1, the number of days above 0°C, the number of days 
below −10°C and the number of days with snowfall. The 
effects of environmental covariates were tested separately on 
the four demographic parameters (Φ, β, δ, γ – Supporting 
information) with a correlative approach to assess their 
potential influence. Due to the high number of covariates 
we only tested for linear effects. We also tested for density-
dependence with a proxy of population size (number of 
breeding pairs) on some demographic parameters. More 
details on environmental covariates and their modelling are 
available in the Supporting information.

After establishing which covariate had a significant effect 
on demographic parameters, we constructed a composite 
MSCMR model per colony.

Population modelling

We constructed a two-sex population model using a pre-
breeding matrix (Caswell 2001) structured by age and then 
breeding states (Supporting information). Parameters enter-
ing the model were adult survival, breeding probability, 

Figure 1. Map showing location of Ile des Pétrels at Pointe Géologie Archipelago, Terre Adélie, Antarctica and the three monitored colonies 
of snow petrels on the island.
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hatching probability and fledging probability accord-
ing to states (estimated from the MSCMR model), juve-
nile survival from age 1 to 4 (estimated from Sauser et al. 
2018) according to a linear interpolation between first-
year survival and adult survival, and probability of recruit-
ment estimated from Barbraud et al. (2011). Between 1 
and 4 years old, individuals were considered as immature 
(Jenouvrier et al. 2005a). Then, they are able to start breed-
ing and were thus considered as prebreeders. We assumed 
equal survival between sexes before recruitment and a sex 
ratio 1:1. Population models were constructed for the three 
colonies separately.

We built a deterministic matrix model based on the mean 
values of the demographic parameters to estimate the deter-
ministic population growth rate (λ), stable age distribution, 
generation time, reproductive value. In a prospective analysis 
we estimated sensitivities and elasticities of the growth rate 

(λ) to variation in each demographic parameter (θ) ( d
d
l
q

) 

(Caswell 2001). In a retrospective analysis we estimated the 
contribution of temporal variations of demographic param-
eter (θ) to the variability of growth rate (λ) using the first-
order Taylor expansion:
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Environmental sensitivity analysis

Environmental sensitivity analysis allows us to assess to which 
climate variables the growth rate (λ) is the most sensitive. We 
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eters and the sensitivity of demographic parameters to covari-
ates (estimated from the partial derivative of the parameter 
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the sensitivity of demographic parameter (θ) to covariate c.
Interpretation of sensitivities can be complex, as environ-

mental variables are measured in different units. Therefore, 
the sensitivity of λ to changes in a covariate X can be diffi-
cult to compare with sensitivities to the covariate Y. Elasticity 
analysis estimates the effect of a proportional change in covari-
ates on population growth. Thus, we estimated elasticity of 
growth rate (λ) to environmental covariates by considering 
sensitivity of growth rate (λ) to environmental covariates and 
scaled covariates between 0 and 1.

Results

The goodness of fit tests indicated that the general model fitted 
the data correctly for each group (Supporting information).

Effects of colony, sex and state on demographic 
patterns

The model selection procedure retained the effects of previ-
ous state of breeding, sex, colony and time on the recapture 
probability (Supporting information, model 10).

The model selected for the fledging probability 
(Supporting information, model 14) indicated a difference 
between states and colonies (Fig. 2). Fledging probability was 
higher 1) for successful breeders, failed breeders at the chick 
stage, non-breeders than for failed breeders at the egg stage; 
2) for Damier and Pylone colonies than for the Hybride col-
ony (Table 1).

For the probability of hatching, the selected model 
(Supporting information, model 14) suggested a difference 
between states, sex and colonies (Fig. 2). Hatching probabil-
ity was higher for 1) failed breeders at the chick stage and 
successful breeders than for failed breeders at the egg stage 
and non-breeders, and 2) for the Damier colony than for 
the Hybride and Pylone colonies (Table 1). Although model 
selection suggested a difference in hatching probability 
between sexes, we strongly suspect this was due to a bias in 
the data collection (Supporting information), as this result 
may appear surprising since snow petrels are socially monog-
amous when breeding and mate and nest fidelity are high 
(Jouventin and Bried 2001).

For the breeding probability, the model selected (model 
22) indicated a difference between states and colonies (Fig. 2). 
Breeding probability was lower 1) for non-breeders than for 
successful breeders and failed breeders; 2) for the Damier 
colony than Hybride and Pylone colonies (Table 1).

Finally, the model selected for survival probability 
(Supporting information, model 26) indicated a difference 
between states and sexes (Fig. 2). Survival was higher for 
males than for females, and for successful breeders compared 
to failed breeders and non-breeders (Table 1).

Population dynamics

The deterministic model using the mean parameter values 
according to colony yielded a long-term annual population 
growth rate of 0.9909, 0.9897 and 0.9889 respectively for 
colony 1, 2 and 3, indicating a nearly stationary population. 
The prospective analysis indicated that the population growth 
rate showed the highest sensitivity to survival followed by 
breeding probability, hatching probability and fledging prob-
ability (Supporting information, Fig. 3). Population growth 
rate showed high sensitivity to demographic parameters of 
successful breeders the previous year. In addition, popula-
tion growth rate was more sensitive to the survival of males 
than females. All colonies showed about the same pattern. 
The retrospective analysis suggested a large contribution of 
survival to the population growth rate in all colonies (Fig. 3). 
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In colonies 2 and 3 survival of successful breeders had the 
largest contribution, but in colony 1 non-breeders had the 
largest contribution. For breeding, hatching and fledging 
parameters, there was a greater contribution from successful 
breeders compared to other states. 

Top–down, bottom–up and local weather effects

For survival 12 significant slopes were identified (Supporting 
information). Testing for an effect of the covariates for which 
significant slopes were detected, ANODEV tests detected 
four effects on the probability of survival (Supporting infor-
mation). Survival of males that were in the failed breeder state 
was negatively related to the number of breeding pairs of 
south polar skuas (Fig. 4) and to SIC of the preceding sum-
mer in the winter range. Survival of males in the successful 
breeding state was negatively affected by SIC in winter but 
was positively related to the surface of favourable foraging 
habitat in winter.

For breeding probability 21 significant slopes were identi-
fied (Supporting information) and from these, five effects were 
detected by ANODEV tests (Supporting information). At one 
colony (Hybride) SIC during the prelaying period negatively 

affected the breeding probability of individuals that previously 
failed (Fig. 4). At the Pylone colony, the breeding probability 
of successful breeders was positively affected by SIC of the 
preceding summer in the winter range. This covariate had a 
negative effect on individuals from the Hybride colony, but 
this negative relationship was due to an outlier. The relation-
ship disappeared when this outlier was removed.

For hatching probability, 46 significant slopes were iden-
tified (Supporting information), and 17 significant effects 
were detected by ANODEV tests (Supporting information). 
Negative effects of SAM and of the number of days with 
snowfall during the incubation period were detected on males 
(Fig. 4) and females from different colonies (Hybride and 
Pylone) and in different breeding states (non-breeder, failed 
breeders at the egg stage, successful breeder). Positive effects 
of the number of days above 0°C and of SIC during the incu-
bation period were detected in male and female hatching suc-
cess at different colonies and in different states (non-breeder, 
successful breeder). Finally, the number of windy days had a 
negative effect on hatching probability of females previously 
in the non-breeding state in one colony (Damier), but a posi-
tive effect on male hatching success that previously failed at 
the egg stage from another colony (Hybride).

Figure 2. Estimates of four demographic parameters (± SE). Fledging probability according to state and colony (a), hatching probability 
according to state, sex and colony (b), breeding probability according to state and colony (c) and survival probability according to state and 
sex (d) for snow petrels breeding at Ile des Pétrels, Terre Adélie, Antarctica, 1981–2018. NB: non-breeder the previous year, FBE: failed 
breeder at the egg stage the previous year, FBC: failed breeder at the chick stage the previous year and SB: successful breeder the previous 
year. Dots, triangles and squares correspond to Damier, Hybride and Pylone colonies, respectively. Black and grey correspond to females 
and males, respectively. Estimates are from model 26 (Supporting information).
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For fledging probability 34 significant slopes were identi-
fied (Supporting information), and 11 effects were detected 
by ANODEV tests (Supporting information). For two col-
onies, a positive effect of the number of breeding pairs of 
south polar skuas and of the number of days below −10°C 
during the chick rearing period was detected for individuals 
that previously failed (Fig. 4). For two colonies, SAM and the 
number of windy days during the chick rearing period nega-
tively affected the fledging success of individuals that previ-
ously failed or were non-breeders. A negative effect of the 
number of days with snowfall during the chick rearing period 
was detected on the fledging success of individuals previously 
successful in the Pylone colony.

We did not detect negative density-dependence in the 
demographic parameters (results not shown).

Sensitivity of the population growth rate to 
environmental covariates

The sensitivity analysis (Fig. 5, Supporting information) 
revealed that population growth rate in three colonies was 

most sensitive (in proportional change in covariates on pop-
ulation growth) to bottom–up forces, direct local weather 
showed intermediate sensitivity and top–down forces showed 
low sensitivity.

Discussion

This study is among the first to consider and provide evi-
dence for the influence of individual state, top–down and 
bottom–up regulation, local weather and colony site on mul-
tiple demographic traits in a marine meso-predator (Fig. 6). 
We showed that interannual variation in probabilities of sur-
vival, breeding, hatching and fledging in snow petrels were 
partly determined by a combination of previous breeding 
state, predation pressure, local weather effects, sea ice con-
centration and large scale climatic patterns, with differences 
between neighboring colonies and between sexes. Population 
modelling and sensitivity analyses further revealed that the 
population growth rate appeared mainly driven by bottom–
up processes, and that top–down processes played a minor 
role. However, local weather also appears to be an impor-
tant driver of population growth rate, although this differed 
between neighboring colonies. In terrestrial ecosystems, 
empirical studies suggested that populations of the same 
species exposed to similar climatic oscillations exhibit simi-
lar demographic variation and, consequently, similar demo-
graphic trends (Stenseth et al. 1999, Sæther et al. 2007). 
However, recent studies showed large intraspecific variations 
in population responses to similar environmental change 
(Rushing et al. 2016). Demographic responses to environ-
mental changes may be different according to sex or col-
ony, because individuals belonging to different groups may 
respond differently. (Morganti et al. 2019). Our study brings 
new evidence that such intraspecific variations in responses to 
environmental change also occur in marine ecosystems.

State effect

Consistent with our predictions and with the theory of 
life histories, our results showed variations in all demo-
graphic parameters according to the previous breeding state 
(McNamara and Houston 1996). Individuals previously 
successful in their reproductive attempt had higher survival 
and reproductive performances than other individuals. These 
results suggest that variations in demographic traits between 
different states partly reflect variations in individual quality, 
with individuals in the successful breeding state potentially 
being higher quality individuals (Cam et al. 1998). Poor 
breeding performance is generally related to poor individual 
quality, defined as ‘an axis of among-individual heterogeneity 
that is positively correlated with individual fitness’ (Wilson 
and Nussey 2010). This individual quality may induce dif-
ferences in the ability of individuals to find and allocate 
resources or avoid predators and is supported by observa-
tions of individuals having different performance levels that 
are consistent through life (McCleery et al. 2008). Positive 

Table 1. Average estimates of demographic parameters according to 
previous breeding state, sex and colony for snow petrels breeding in 
three colonies at Ile des Pétrels, Terre Adélie, Antarctica during the 
period 1981–2018. Estimates were obtained from the selected 
model structure when testing for the effects of previous breeding 
state, sex and colony. SE: standard error. SB: successful breeder. NB: 
non-breeder. FBE: failed breeder at the egg stage. FBC: failed 
breeder at the chick stage.

Parameter State or group Estimate (SE)

Fledging probability NB 0.848 (0.030)
FBE 0.829 (0.021)
FBC 0.821 (0.035)
SB 0.845 (0.015)
Damier 0.846 (0.028)
Hybride 0.834 (0.026)
Pylone 0.850 (0.022)

Hatching probability NB 0.558 (0.037)
FBE 0.589 (0.026)
FBC 0.708 (0.049)
SB 0.695 (0.019)
Male 0.612 (0.033)
Female 0.672 (0.033)
Damier 0.672 (0.036)
Hybride 0.629 (0.035)
Pylone 0.611 (0.028)

Breeding probability NB 0.475 (0.021)
FBE 0.787 (0.017)
FBC 0.811 (0.031)
SB 0.855 (0.012)
Damier 0.693 (0.023)
Hybride 0.760 (0.021)
Pylone 0.759 (0.017)

Survival probability NB 0.935 (0.008)
FBE 0.920 (0.008)
FBC 0.936 (0.016)
SB 0.956 (0.005)
Male 0.933 (0.009)
Female 0.941 (0.010)
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correlations between life-history traits are frequently reported 
(Cam et al. 2002, Fay et al. 2016) and are interpreted as indi-
viduals varying in their abilities to acquire resources (Van 
Noordwijk and de Jong 1986).

State differences may also be partly determined by age. For 
example, the lower performances of previous non-breeders 
and failed breeders may reflect a higher proportion of young 
individuals in these states, which are generally less perfor-
mant that older individuals (Forslund and Pärt 1995).

Sex effect

In birds, the cost of reproduction is often different between 
males and females. Provision of care, such as incubating 
eggs and raising young is energetically costly, so the theory 
of parental care predicts higher mortality for the care-giving 

sex, which is often the female (Liker and Székely 2005). In 
snow petrels, a previous study detected higher mortality in 
females than in males (Jenouvrier et al. 2005a). Our study 
confirms this finding, but highlights the impact of sex only 
on the survival of previous breeders. Non-breeders did not 
show a difference in survival between sexes. We suggest that 
among breeders, females had a lower survival than males, 
but not among non-breeders, thereby pointing for higher 
costs of reproduction for females than for males. Studies in 
other sexually dimorphic species such as the wandering alba-
tross Diomedea exulans, indicate higher reproductive costs 
(Weimerskirch et al. 2000) and lower survival in females than 
in males (Pardo et al. 2013). Snow petrels are strongly sexu-
ally size dimorphic, females being smaller than males, and 
there is some evidence that reproduction may be more costly 
in females than in males during chick rearing (Barbraud and 

Figure 3. Sensitivities of population growth rate to demographic parameters and contributions of demographic parameters to the variance 
in population growth rate according to sex, colony and state for the snow petrel breeding at Ile des Pétrels, Terre Adélie, Antarctica, 1981–
2018. Red and blue correspond to female and male respectively. NB: non-breeder the previous year, FBE: failed breeder at the egg stage the 
previous year, FBC: failed breeder at the chick stage the previous year and SB: successful breeder the previous year.
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Chastel 1999). We thus suggest that females experienced 
higher costs of reproduction than males during chick rearing, 
resulting in a difference in survival.

Top–down effects

Our study brings a new contribution to the emerging view 
of a top–down control of seabird populations through an 
impact of predation on demographic rates (Horswill et al. 
2016). Predation pressure from south polar skuas had a nega-
tive effect on the survival of male snow petrels that previously 
failed at the egg stage. The same trend was found for females 
but the confidence interval of the slope parameter included 
zero (95% CI: −0.43, 0.02). One of the reasons for this higher 
mortality among previous failed breeders at the egg stage in 
relation to the number of south polar skuas may be a higher 
risk of predation among inexperienced individuals with lower 
anti-predatory skills (Griesser and Suzuki 2016). Based on 
our results, we speculate that failed breeders at the egg stage 
are inexperienced or poor quality individuals and are more 
affected by predation. Skua predation mainly occurs at colo-
nies during the breeding season (Weimerskirch et al. 2015). 
In snow petrels, individuals that lost their egg often wander 

and display in the colonies (Marchant and Higgins 1990) 
and may be more vulnerable to predation. Although non-
breeding individuals may also be considered as poor quality 
or inexperienced individuals vulnerable to predation, these 
individuals are present only at the beginning of the breeding 
season and spend less time wandering and displaying in the 
colonies and are therefore less exposed to predation. At Terre 
Adélie, the snow petrel population is stable. However, given 
the increasing trend of pairs of nesting skuas (Pacoureau et al. 
2018) and the effect of predation on snow petrel survival, this 
may affect the snow petrel population in the future.

Contrary to our prediction, fledging success was positively 
linked to the number of skua breeding pairs. We suspect that 
this relationship reflects an indirect unknown environmental 
effect that positively affected the main preys of both species, 
i.e. Adélie penguins for south polar skuas (Pacoureau et al. 
2018) and Antarctic silverfish for snow petrels chicks 
(Delord et al. 2016).

Bottom–up effects

Climatic variability can have contrasting effects on marine 
predator populations including seabirds (Barbraud et al. 

Figure 4. Four demographic parameters modelled as function of covariates (plain line) with 95% confidence intervals and annual estimates 
obtained from the time dependent model (filled circles). Survival of males that failed at the egg stage as a function of the number of breeding 
pairs of skua (a). Breeding probability of failed breeders at the egg stage from the Hybride colony as a function of sea ice concentration 
during the prelaying period (b). Hatching probability of male that failed at the egg stage from the Hybride colony as a function of the 
number of days with snowfall during the incubation period (c). Fledging probability of failed breeders at the egg stage from the Hybride 
colony as a function of the number of day below −10°C during the rearing period (d). Error bars indicate (± SE).
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2012, Sydeman et al. 2012). Although increases in sea sur-
face temperature are generally negatively related to repro-
ductive performances and occasionally survival, the effects 
of sea ice variability are more contrasted (Post et al. 2013). 
It can be inferred from our results that increases in sea 
ice concentration generally had negative effects on demo-
graphic parameters of snow petrels breeding at Pointe 
Géologie. The relationships are however complex and vary 
between periods and parameters: SIC in winter affects sur-
vival probability, SIC during the preceding summer affects 
survival and breeding probability, SIC during prelaying 
period affects the breeding probability and SIC during 
incubation affects hatching probability. The underlying 

mechanisms of these processes are likely associated with 
abundance or accessibility to food resources. The distribu-
tion of phytoplankton biomass is determined by the avail-
ability of light and nutrients (Arrigo et al. 2008). Since sea 
ice concentration partially determines the amount of light 
entering the water column, in combination with other 
factors such as water column stratification, high SIC can 
provide a suboptimal habitat for krill and Antarctic silver-
fish (Meyer et al. 2017), the main prey of snow petrels. In 
addition to decreasing prey abundance, high SIC values 
can reduce prey accessibility by providing structures that 
offer protection from predators (Meyer et al. 2017). Thus, 
our results supports previous studies showing an impact 

Figure 5. Sensitivities (a) and elasticities (b) of population growth rate to environmental covariates according to colony for the snow petrel 
breeding at Ile des Pétrels, Terre Adélie, Antarctica, 1981–2018. Habitat: habitat quality in the winter foraging area. SIC summer: sea ice 
concentration during summer in the summer foraging area. SIC winter: sea ice concentration during winter or preceding summer in the 
winter foraging area. Skua: number of breeding pairs of skua on Ile des Pétrels. Temperature: number of days under −10°C or above 0°C 
during the hatching or rearing period on Ile des Pétrels. Wind: number of days above 100 km h−1 during the hatching or rearing period on 
Ile des Pétrels. SAM: Southern annular mode. Snowfall: number of days with snowfall on Ile des Pétrels. White, black and grey are bot-
tom–up, top–down and direct local weather forcings respectively.
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of environmental conditions on survival and reproduc-
tion of marine predators through effects related to the 
availability (Barbraud et al. 2018) and abundance of prey 
(Bustnes et al. 2013).

In terrestrial animals, foraging habitat characteristics (area, 
quality or heterogeneity) have been identified as drivers of 
demographic rates and population dynamics (Ram et al. 
2017). Although the fundamental principles relating popula-
tion dynamics with foraging habitat that have emerged from 
terrestrial ecological studies should apply in marine systems 
(Steele 1991), few studies have investigated the links between 
foraging habitats and demography in marine species. This 
may be related to the difficulty of characterizing foraging 
habitats in marine species, which has only been possible dur-
ing the last decade with the development of miniaturized bio-
logging tools (Hussey et al. 2015). Here, we found that the 
proportion of foraging habitat in the wintering distribution 
area had a positive effect on survival. Indeed a large area of  
favorable foraging habitat is likely to facilitate foraging effort, 
decrease potential competition and thus positively affect the 
chances of survival. Since foraging habitat characteristics can 
be described for an increasing number of marine animals and 
particularly seabirds, we encourage further studies to investi-
gate the links between these and the demography of moni-
tored populations.

Coherently with a previous study on snow petrels that 
showed a negative influence of Southern annular mode 
(SAM) on juvenile survival (Sauser et al. 2018), we detected 
a negative overall effect of SAM on hatching and fledging 
probability. We interpret this relationship in a similar way 
than we did previously with SIC. Indeed, in its positive phase, 
the SAM induces an Ekman drift northward thus increasing 
the extent of fast ice (Holland et al. 2017), which potentially 
decreases the access to resources. In addition, in years with a 
high positive SAM it has been shown that the net primary 
production is lower in some regions in Antarctica (La et al. 
2019), suggesting a decline in abundance of resources for 
marine predators.

Bottom–up effects affected demographic parameters for 
all the previous states of breeding. First, bottom–up effects 
were detected on demographic traits of failed breeders and 
non-breeders. Assuming these breeding statuses partly 
reflected lower quality individuals, this result is consis-
tent with findings from previous studies showing a greater 
sensitivity of lower quality individuals to climate fluctua-
tions (Lescroël et al. 2009). Moreover, in the closely related 
southern fulmar Fulmarus glacialoides, it has been estab-
lished that the previous state of breeding had an influence 
on the demographic responses to environmental conditions 
(Jenouvrier et al. 2015). However, we also found that bot-
tom–up effects negatively affected the survival and breeding 
probabilities of successful breeders. This may also suggest the 
existence of a reproductive cost for these individuals which 
may have a poorer body condition at the end of the breeding 
season due to their higher breeding effort.

Colony and local weather effects

Most population dynamic studies suggest that nearby 
populations exhibit relatively similar temporal variation in 
demographic parameters (Bjørnstad et al. 1999). Analyses 
of synchrony in changes in vital rates can help identify fac-
tors that regulate populations (Lahoz-Monfort et al. 2013). 
However, local factors such as predation, microclimate or 
small-scale habitat features can generate asynchrony between 
neighbouring populations or colonies (Tavecchia et al. 2008). 
In our study, we highlighted differences in several breeding 
parameters between very nearby seabird colonies. Several 
processes may explain these differences. First, interactions 
between weather and orientation of the colonies: the Pylone 
colony faces west, the Hybride colony faces south-east and 
the Damier colony faces south. The dominant winds at Ile 
des Pétrels are oriented south-east. Hence, nests in the three 
colonies differ in their exposure to snowdrift and potential 
subsequent flooding during melting, but also in their expo-
sure to wind and thus energetic costs for individuals staying 

Figure 6. Diagram summarizing the main relationships between environmental forcings, demographic parameters and individual attributes 
of snow petrels breeding at Ile des Pétrels, Terre Adélie, Antarctica, 1981–2018. Plain arrows show the effects of forcings on each demo-
graphic parameter, with the thickness of arrows being proportional to the sensitivity of the demographic parameter to each effect. Dotted 
lines show the effect of individual attributes on demographic parameters (Supporting information, model 26). Only statistically significant 
relationships are shown.
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in the nests. More specifically we suspect that Hybride and 
Damier colonies are more exposed to wind due to their 
topography and orientation. Second, nest characteristics may 
also vary between colonies which may determine nest micro-
climate and breeding output as shown in the Wilson’s storm 
petrel (Michielsen et al. 2019). These two factors may explain 
differences in hatching and fledging probability. Third, avail-
ability of nest sites within colonies may differ and explain 
differences in breeding probability through competition for 
nest sites for example. Regardless of the underlying causes for 
these differences between colonies, our results caution using 
data from a single population or colony for making infer-
ences and generalization on the effects of environmental fac-
tors on demographic processes.

Apart from colony effects, hatching and fledging probabil-
ity showed a high sensitivity to local weather. We observed 
a negative effect of the snowfall, a positive effect of the tem-
perature and a contrasting effect of the wind (positive during 
incubation and negative during breeding). The link between 
these covariates and demographic parameters is partially 
described in the literature. For example, snowfall can cause 
flooding in nests affecting both eggs and chicks (Chastel et al. 
1993, Michielsen et al. 2019). Temperature is known to play 
a vital role during egg incubation (Deeming and Reynolds 
2015), but may also prevent the melting of snowdrifts above 
nests and thus flooding of nests and hypothermia of wet 
chicks when temperatures drop at night.

Interestingly these effects of local weather variables dif-
fered between colonies. For example, we found a positive 
effect of the number of days above 0°C during the incuba-
tion period on the hatching probability for two colonies but 
no effect for the third one. This further supports our above 
hypotheses about the interactions between colony character-
istics and weather as determinants of differences in colony-
level breeding performance.

Limitations to our study

There are several limitations to our study. First, available data 
did not allow us to take into account the age of individuals. Age 
may have an effect on reproductive performance and survival 
due to actuarial and reproductive senescence (Nussey et al. 
2013), or to the poor performance of young individuals due 
to reproductive constraints or restraints (Curio 1983). It is 
also expected that age drive the responses of vital rates to 
environmental variation as predicted by life history theory 
(Pianka and Parker 1975) and as found by empirical studies 
(Pardo et al. 2013). Despite evidence for age-related effects 
in many vertebrate species, studies on snow petrels have 
reported an absence or very little evidence of a decrease in 
reproductive traits with age (Angelier et al. 2007, Moe et al. 
2007, Berman et al. 2009), suggesting a limited effect of 
reproductive senescence in this species. These studies showed 
nevertheless an increase in breeding performances during 
early life, i.e. between 5 and 10 years, a pattern commonly 
observed in long-lived vertebrates (Forslund and Pärt 1995). 
Since our data set included adult individuals with at least one 

breeding experience, and since most individuals start breed-
ing at 9–10 years old (Chastel et al 1993, Jenouvrier et al. 
2005a), we therefore think that age effects had relatively little 
influence on our main results. It is possible that, if age had an 
effect on breeding or survival parameters, we failed to detect 
some environmental effects that would be specific to some 
age-classes. However, the effects we detected should not dis-
appear when age is taken into account, although age effects in 
the relationships between demographic parameters and envi-
ronmental covariates may affect the magnitude of the rela-
tionships. Investigating how age specific vital rates respond 
to environmental variation deserves further attention in this 
species.

Second, although our results suggest that previous breed-
ing state partly reflected differences in individual quality, 
individual quality could be taken into account more explic-
itly. For example, individual heterogeneity could be inte-
grated in capture–mark–recapture models (Cam et al. 2016) 
and in matrix population models (Jenouvrier et al. 2015) to 
assess the effect of heterogeneity on responses to environmen-
tal fluctuations. However, given the data at hand and the rela-
tively high number of effects tested, we suspect that several 
parameters might not be estimated when explicitly account-
ing for individual heterogeneity.

Third, non-linear effects between demographic parameters 
and environmental factors could be tested in a future study 
since several studies have provided evidence for such qua-
dratic effects (Doak and Morris 2010, Desprez et al. 2018).

Conclusion

Our study suggests that bottom–up, top–down and local 
weather effects are important factors explaining variations in 
vital rates in interaction with the effects of sex and breed-
ing state. Direct weather effects were detected on breeding 
parameters, which were the most sensitive to variation in 
environmental covariates. Bottom–up effects were detected 
on breeding and survival parameters, and top–down effects 
were detected on survival, which was the least sensitive 
parameter to variation in environmental covariates. However, 
population modelling and sensitivity analyses indicated that 
the Malthusian fitness of the colonies, that is, their popu-
lation growth rates, was mainly driven by bottom–up pro-
cesses, mainly changes in sea ice concentration and sea ice 
foraging habitats in winter. Top–down processes played only 
a minor role in driving population growth rates. Interestingly, 
there were major differences between colonies about the 
importance of how local weather processes contributed to the 
regulation of colonies. Together our results suggest that simi-
lar processes drive the vital rates and population dynamics in 
marine and terrestrial vertebrates.

Our study clearly shows that reproductive parameters and 
factors regulating population dynamics may vary at small 
spatial scales at the intra-specific level, here at the colony 
scale. Very few studies have taken into account such spatial 
heterogeneity when investigating the relationships between 
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vital rates, population growth rate and the environment, and 
generally make inferences from a single study site or colony. 
Making general inferences about such relationships requires 
further studies investigating bottom–up, top–down and local 
weather effects on multiple traits and sites across a broader 
range of species in marine ecosystems. Considering the effect 
of different environmental forcings on several demographic 
parameters and Malthusian fitness and across different colo-
nies would make it possible to better understand how ecosys-
tems are structured and how populations are responding to 
global change.
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