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Abstract. Assessing the effects of climate and interspecific relationships on communities is
challenging because of the complex interplay between species population dynamics, their inter-
actions, and the need to integrate information across several biological levels (individuals, pop-
ulations, communities). Usually used to quantify single-species demography, integrated
population models (IPMs) have recently been extended to communities. These models allow
fitting multispecies matrix models to data from multiple sources while simultaneously account-
ing for uncertainty in each data source. We used multispecies IPMs accommodating climatic
variables to quantify the relative contribution of climate vs. interspecific interactions on demo-
graphic parameters, such as survival and breeding success, in the dynamics of a predator–prey
system. We considered a stage-structured predator–prey system combining 22 yr of capture–re-
capture data and population counts of two seabirds, the Brown Skua (Catharacta lönnbergi)
and its main prey the Blue Petrel (Halobaena caerulea), both breeding on the Kerguelen Islands
in the Southern Ocean. Our results showed that climate and predator–prey interactions drive
the demography of skuas and petrels in different ways. The breeding success of skuas appeared
to be largely driven by the number of petrels and to a lesser extent by intraspecific density
dependence. In contrast, there was no evidence of predation effects on the demographic
parameters of petrels, which were affected by oceanographic factors. We conclude that
bottom-up mechanisms are the main drivers of this skua–petrel system.

Key words: Bayesian inference; demography; environmental variation; integrated population model; ma-
trix population model; Nimble; predator–prey interactions.

INTRODUCTION

The effects of climate change on the diversity and the
structure of communities have been reported repeatedly
(Walther et al. 2002, Parmesan 2006, Hoegh-Guldberg
and Bruno 2010, Miller et al. 2018). However, the under-
lying mechanisms remain poorly understood due to the
complex community dynamics of interacting species:
interactions occur within species, between species and
between species and the environment (Godfray and May
2014). Following disturbance, the abundance and distri-
bution of species are expected to be modified according
to the position and extent of the species’ niche (Thomas
et al. 2004). Because the effects of environmental

variability on mortality, fecundity and dispersal may dif-
fer between species (Grosbois et al. 2008, Jenouvrier
2013), changes in structure and diversity appear at the
community level. However, studying species-by-species
responses to environmental changes may overlook the
role played by species interactions on those responses,
and contribute to a lesser extent to the broader under-
standing of species interactions that is required by com-
munity ecology.
Models for population dynamics have been used to

understand the effect of interspecific interactions and
environmental variables on species demography. How-
ever, these models are often not demographically struc-
tured (Stenseth et al. 2015, Pacoureau et al. 2019a,
Stoessel et al. 2019) or only partially (Millon et al. 2014,
Saunders et al. 2018, Pacoureau et al. 2019b). Unstruc-
tured approaches consider individuals as being equiva-
lent but differences in size, age and ontogenic stages
exist within a population and may be of importance in
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the context of interspecific interactions. As argued by
Miller and Rudolf (2011), the consideration of the stage
structure of populations can lead to a better understand-
ing of community structure and dynamics. Interactions
between species such as predation or competition do not
necessarily have a homogeneous impact on the different
stages of the interacting species. For example, young
individuals might be predominantly preyed upon in car-
nivore–ungulate systems (Gervasi et al. 2015). Therefore,
to detect and understand species interactions, we need to
consider jointly the demography of several stage-
structured populations (Oken and Essington 2015).
Although well developed for single-species dynamics

(Tuljapurkar and Caswell 1997, Caswell 2001), demo-
graphic stage-structured models have received little
attention in community ecology (but see Chu and Adler
[2015] on a plant system). The difficulty is that a multi-
species demographic analysis requires integrating infor-
mation across several biological levels (individual –
population – community), which, in turn, requires unify-
ing all available data sources into a single framework.
Integrated population models (IPMs) have been recently
developed to infer population demography by making
complete use of all available sources of information (see
Schaub and Abadi 2011, Zipkin and Saunders 2018 for
reviews). In their simplest form, these models combine
population counts and demographic data into a single
framework, which allows the estimation of demographic
parameters while simultaneously accounting for various
sources of uncertainty in each data sources (Besbeas
et al. 2002). The IPM framework has been extended to
multiple species for competition/parasitism (Péron and
Koons 2012), and for predator–prey interactions (Bar-
raquand and Gimenez 2019).
Here, our main objective was to quantify the relative

contribution of environmental changes and species inter-
actions on demographic parameters of a predator and
its prey. To do so, we used a multispecies IPM frame-
work accommodating the effects of local and global cli-
matic conditions on demographic parameters, such as
survival and breeding, while explicitly considering spe-
cies interactions. We applied our approach to a stage-
structured predator–prey system combining 22 yr of
capture–recapture data and population counts on two
seabirds, the Brown Skua (Catharacta lönnbergi) and its
main prey the Blue Petrel (Halobaena caerulea) (‘skua’
and ‘petrel’ hereafter) breeding on the Kerguelen Islands
in the Southern Ocean.
Because seabirds often occupy high trophic levels in

food webs, bottom-up forcing, which implies popula-
tion regulation through climate-driven limitation in
food availability, has long been featured as the domi-
nant paradigm to understand their dynamics (Lack
1967, Aebischer et al. 1990, Stenseth et al. 2002). Sea-
bird foraging behavior and demography reflect the
influences of climate variability, which directly impacts
biological processes in marine ecosystems and cascade
through food webs up to seabirds (Barbraud and

Weimerskirch 2001, Jenouvrier et al. 2003). However,
top-down pressures from predation at breeding colo-
nies are also known to affect the vital rates of seabirds
(Hipfner et al. 2012). There is increasing evidence that
bottom-up and top-down processes often act in concert
and differently affect demographic parameters (Suryan
et al. 2006, Horswill et al. 2014, 2016). For example, the
effects of predation and resource limitation caused
breeding failure of Black-legged Kittiwakes (Rissa tri-
dactyla) (Regehr and Montevecchi 1997) and popula-
tion declines of Arctic Skuas (Stercorarius parasiticus)
(Perkins et al. 2018). Therefore, quantifying the relative
strength of environmental conditions and predator–
prey effects is essential for a better understanding of
the drivers of population dynamics in seabirds. This is
all the more important as climate changes impact the
physical properties of the oceans, including the South-
ern Ocean (Gille 2002, Han et al. 2014) and, through
the trophic food web, affect demography and popula-
tion dynamics of seabirds (Barbraud et al. 2012, Syde-
man et al. 2015), the species we study here being no
exception (Barbraud and Weimerskirch 2003).
Using a multispecies IPM, we assessed the relative

contribution of environment and predator–prey interac-
tions on seabirds’ demographic parameters. We esti-
mated survival and adult breeding success for the two
interacting species, and assessed the impacts of climatic
conditions on these demographic parameters to under-
stand the contribution of predator–prey interactions in
shaping population dynamics.

MATERIALS AND METHODS

Study site and species

Skuas and petrels were studied on Mayes Island
(49°280 S, 69°570 E), a 2.8 km2 uninhabited island of the
Kerguelen Islands in the Southern Ocean where the two-
species breed during the austral summer (October–
February).
The petrel is a small (150–250 g) long-lived seabird

belonging to the family of Procellariiformes. At Kergue-
len Islands, petrels feed on macrozooplankton and
micronekton, mainly crustaceans and fishes (Cherel
et al. 2002, 2014). Individuals from Mayes Island spend
the nonbreeding season (from mid-February to Septem-
ber) between the polar front and the northern limit of
the pack-ice (57–62°S) between longitudes 20° W and
90° E (Cherel et al. 2016). Birds return to breeding colo-
nies in early September (Quillfeldt et al. 2020). Mayes
Island is covered with dry soils and dense vegetation,
providing suitable breeding sites for approximately
142,000 breeding pairs of these burrowing petrels (Bar-
braud and Delord 2006). In late October, a single egg is
laid in a burrow dug in peat soil under tall and dense
vegetation. The incubation lasts 45–49 d and the chick-
rearing period 43–60 d (Jouventin et al. 1985). The chick
fledges in early February. Both sexes participate in
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parental care by alternating foraging trips during the
incubation and fledging periods.
The skua is a medium sized (1.1–2.2 kg) long-lived

seabird belonging to the family of Charadriiformes. On
Mayes Island between 80 and 120 pairs breed annually
(Mougeot et al. 1998). Breeding pairs form in October
with a high mate fidelity, and generally establish them-
selves in the same territory each year (Parmelee and
Pietz 1987), which they tenaciously defend throughout
the breeding season. Generally, two eggs are laid
between October and December. The incubation lasts
28–32 d and the chicks rearing period 40–50 d (Higgins
and Davied 1996). Skuas are extremely plastic in their
foraging techniques and adapt their diet depending on
the local availability of prey (Carneiro et al. 2015). On
Mayes Island, during the breeding season, Blue Petrels
represent 95% of the skua diet (Pacoureau et al. 2019c).
Skuas from Mayes Island overwinter in the southern
hemisphere between 10° E and 150° E (Delord et al.
2018).
During the breeding period on Mayes Island, the pre-

dation of petrels by skuas takes place mainly at night,
when petrels come out or arrive at their burrows (Mou-
geot and Bretagnolle 2000a). Skuas mostly prey on pet-
rels on the ground, but they can also catch petrels in
flight (Mougeot et al. 1998, Pacoureau et al. 2019c).
Vocalizing petrels, especially those without partners, are
more easily detected by skuas during the courtship per-
iod (Mougeot and Bretagnolle 2000b). Skuas may also
prey on chicks during the fledging period.

Count and capture–recapture data

Data of both skuas and petrels were collected during
the breeding seasons from 1996/1997 to 2017/2018. For
convenience, breeding seasons are named from 1996 to
2017 hereafter. The time interval used in our model
starts before the wintering of species and ends at the end
of the breeding period. Two types of data were used:
count data corresponding to the number of burrows or
territories occupied by seabirds and capture–recapture
(CR) data of adult seabirds found on the monitored
area. Each year, adult individuals of both species were
checked at specific times following the species phenology
to determine the breeding status of each bird. The breed-
ing status of marked birds was determined at the end of
the breeding period. Count data are considered in a post
breeding census. In the following we describe how the
data were collected for the two species. For clarity, all
parameters for skuas are indicated by S and for petrels
by P.
Around 200 individually marked burrows of petrels

were inspected each year from early-to-mid November
just after egg-laying, to check for eggs and to identify
marked adults, and then in late January, just before
fledging of the chicks. Each year since 1985 (see Bar-
braud and Weimerskirch 2005), all fledglings as well
as unknown individuals found in burrows were

marked with a stainless steel band (captured by hand,
marked, and replaced in their burrow). Petrels never
observed with an egg or a chick during a given breed-
ing season were considered as nonbreeders (NB).
Individuals were identified as breeders if they laid a
single egg or raised a chick and as successful breeders
if their chick fledged (SB). Two categories of failed
breeders were used depending on the stage of failure:
egg stage (FBE) or chick stage (FBC). Given that the
first sampling period occurred just after laying, it is
very unlikely that nonbreeders were failed breeders.
These breeding statuses allowed the construction of
the individual capture histories (ChP) and constituted
our CR data. The annual number of adult petrels
(YP), i.e., count data, was estimated as the number of
occupied burrows. Each occupied burrow was consid-
ered as being frequented by a pair of petrels. We con-
sidered that this count included all adult individuals,
both breeders and nonbreeders.
For skuas, each year since 1991, the eastern side of

Mayes Island was inspected to identify territories of
skuas. A territory was considered established when a
pair strongly defended an area against other skuas
(Mougeot et al. 1998). Around 50 nesting territories
were visited four to eight times from mid-October (after
egg-laying) to late February (just before fledging of the
chicks) each year. Chicks just before fledging, as well as
new adult individuals, were marked with a metal ring
and a plastic ring to facilitate individual identification
using binoculars. Breeding status was determined by
checking the nest contents for the presence of eggs or
young chicks. Skuas never observed with an egg or a
chick were considered as nonbreeders (NB). Individuals
were identified as breeders if they laid at least one egg or
raised a chick. If the eggs did not hatch or the chicks
died, both members of the pair were considered failed
breeders (FB). Given that the first sampling period
occurred just after laying, it is very unlikely that non-
breeders represented failed breeders. Successful breeders
were defined as individuals that fledged one or two
chicks, and were denoted as SB1 or SB2, respectively.
These breeding statuses allowed the construction of the
individual capture histories (ChS) and constituted our
CR data. The annual number of skuas (YS), i.e., count
data, was estimated as the number of territories and each
territory was considered occupied by a pair of skuas. We
considered that this count included all adult individuals,
both breeders and nonbreeders.
For both species, individual breeding status could

be considered as “uncertain” (C) in case of difficulties
to ascertain their breeding status (lack of information,
missed checks, individuals never re-observed). Only
adult individuals that have bred at least once between
the 1996 and the 2017 breeding seasons were kept in
the data set for analysis to eliminate potential tran-
sient individuals (n = 318 for skuas and n = 1210 for
petrels). Individual capture histories (Ch) started at
the first breeding attempt recorded. Based on the high
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probability of observing breeders in the study site, we
assumed that the first breeding attempt was correctly
detected. Unknown individuals found in monitored
burrows or territories are considered as immigrants to
the study site (Nim).
The presence of chicks was used to assign a breed-

ing status to adult individuals captured in the breed-
ing area. In order to maintain the independence of
the data, we did not include information on chicks in
the model. Therefore, the fecundity was a fixed value.
We considered one chick for each pair of seabird,
considered as successful breeders (NSB,P) for petrels or
successful breeders with one chick (NSB1,S) for skuas
(fSB,P and fSB1,P are equal to 1, respectively). For
skuas that successfully fledged two chicks (NSB2,S), we
considered two chicks per pair of skuas (fSB2,S) is
equal to 2). Since juveniles only return to the breed-
ing sites as adults to attempt to breed for the first
time (from 4 yr old or older), we did not have data
on juvenile states.

Integrated population model

We built a two-species IPM that combines count
and CR data and allows estimating abundances and
demographic rates (Besbeas et al. 2002, Schaub and
Abadi 2011). More specifically, we connected two
IPMs, one for predatory skuas and one for petrels,
their main prey, through explicit predator–prey rela-
tionships (Barraquand and Gimenez 2019). We incor-
porated the effects of predation within species-specific
vital rates such as survival and breeding parameters.
This IPM is structured by life history states (Fig. 1).
We built two likelihoods, one for the CR data and
the other for the count data, which we combined into
a joint likelihood.
In the following, we detail the state process follow-

ing a biological timeline and we explain the various
likelihoods we used. The structure was the same for
the two species but states differed in relation to spe-
cies biology (Fig. 1). The two main differences were
(1) skuas could have up to two chicks vs. only one
for petrels, (2) the failed-breeder stage in petrels could
be split further according to the timing of failure
(failure at the incubation vs. chick-rearing stage). For
clarity, parameters are indexed by S (for skuas) or P
(for petrels) when differences occur, or by X (for S or
P) when the structure is the same for both species.
We used Poisson (Po) and binomial (Bin) distributions
to account for demographic stochasticity. Notations
of all parameters and state variables are detailed in
Appendix S1: Table S1.

State process.—Offspring production.—The estimated
numbers of skuas and petrels in their first year, i.e.,
between 0 and 1 yr old (NJ1,S,t) at year t, are modeled
with a Poisson distribution

NJ1,S,t ∼ Poð0:5 � f SB1,S� NSB1,S,t�1þ 0:5
� f SB2,S�NSB2,S,t�1Þ (1)

NJ1,P,t ∼ Poð0:5 � f SB,P�NSB,P,t�1Þ (2)

with NJ1,S the number of chicks produced by all successful
skua breeders (NSB1,S and NSB2,S) according to their fecun-
dity (fSB1,S, one chick and fSB2,S, two chicks per female
skua, sex ratio: 0.5). For petrels, NJ1,P is also Poisson dis-
tributed but with only one chick (fSB.P) per estimated suc-
cessful female breeder (NSB.P with a sex ratio of 0.5).

Juvenile survival.—The numbers of juveniles in their sec-
ond year (NJ2), in their third year (NJ3), in their fourth year
and older (NJ4+) are modeled with binomial distributions:

NJ2,X ,t ∼ BinðϕJ1,X , NJ1,X ,t�1Þ (3)

NJ3,X ,t ∼ BinðϕJ2,X , NJ2,X ,t�1Þ (4)

NJ4þ,X ,t ∼ Bin ϕJ3,X , NJ3,X ,t�1
� � þBinðϕJ4,X , NJ4NB,X ,t�1Þ

(5)

with apparent survival probabilities between 1 and 2 yr
(ϕJ1), between 2 and 3 yr (ϕJ2), between 3 and 4 yr (ϕJ3),
and for 4 yr old individuals and older that did not attempt
to breed during the previous breeding season (ϕJ4), respec-
tively. The NJ4þ count includes individuals in their fourth
year and 4-yr-old individuals and older that did not attempt
to breed during the previous breeding season (NJ4NB).
Aswe observed only adult breeding birds, we had no infor-

mation on the juvenile phase. We assumed that juvenile
apparent survival increased with age (Greig et al. 1983,
Grande et al. 2009, Fay et al. 2015), as experienced birds are,
on average, more effective in foraging (Daunt et al. 2007), in
competing with conspecifics or in avoiding predators

logit ϕJagei ,X

� �
¼ λ1,X þλ2,X �agei (6)

where ϕJ is the juvenile apparent survival probability,
agei the age of the juvenile state (from NJ1 to NJ4þ), λ1
the intercept and λ2 the slope, which is constrained to be
positive.

Juvenile first breeding attempt.—The first breeding
attempt in skuas and petrels could start from age four.
The individuals that attempted to breed for the first time,
with a probability Pr, are in the stateNJ4B and the individ-
uals that did not attempt to breed are in the stateNJ4NB

NJ4B,X ,t ∼ Bin PrX ,t, NJ4þ,X ,tð Þ (7)

NJ4NB,X ,t ¼NJ4þ,X ,t�NJ4B,X ,t (8)

Adult survival.—For the two species, we modeled the
number of surviving adults (Nalive) at year t among the
total number of adult individuals (Nadtot) at year t−1
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with a binomial distribution, with ϕ the adult apparent
survival probability

Nalive,X ,t ∼ Bin ϕX ,t�1, Nadtot,X ,t�1
� �

(9)

Breeding probability.—The number of adult individuals
that have bred or not bred among those that survived
(Nalive) is modeled as

NBalive,X ,t ∼ Bin βX ,t�1, Nalive,X ,t
� �

(10)

NNB,X ,t ¼ Nalive,X ,t� NBalive,X ,t (11)

with β the probability of breeding, NBalive the number of
adult breeders that survived, and NNB the number of
adult nonbreeders. As capture histories started at their
first breeding attempt recorded, the immigrants, i.e.,
newly marked individuals (N im) coming for the first time
in the colony, were considered as breeders. Then, the
total number of breeders (NB) corresponds to the sum of

the number of adult breeders that survived (NBalive), the
number of immigrants (N im), and the number of juve-
niles attempting to breed for the first time (NJ4B)

NB,X ,t ¼NBalive,X ,tþ NJ4B,X ,tþN im,X ,t (12)

Breeding success.—Breeding success and failure are
modeled differently for skuas and petrels. For skuas, the
numbers of failed breeders (NFB,S) and successful breed-
ers (NSB,S) are modeled using a binomial distribution

NSB,S,t ∼ Bin γS,t�1, NB,S,t
� �

(13)

NFB,S,t ¼ NB,S,t�NSB,S,t (14)

with γS the probability of a successful breeding. A suc-
cessful breeder can then have one or two chicks, respec-
tively, NSB1,S and NSB2,S and this is modeled using a
binomial distribution:

State assignment probability

Detec n probability

State assignment probability

Detec n probability

8/16

Survival
Breeding              

probabilityHatching successBreeding success
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Ndead ,
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FIG. 1. Structure of the multispecies Integrated Population Model. Squares represent the state variables, circles represent the
parameters. Data and fixed values are represented with a dark background, estimated state variables and parameters with a white
background. Two types of data are used, capture histories (Ch) from capture–recapture data and count data (Y). Adult apparent
survival (ϕ), breeding probability (β), hatching success (ω), breeding success (γ), probability of having two chicks rather than one
(δ), apparent survival in each juvenile age class (ϕJ1 to ϕJ4), probability of first breeding attempt (Pr), state assignment probability
(u) and detection probability (p) are parameters estimated in the model. Fecundity (f) is fixed. The number of adults (Nadtot), dead
(Ndead), alive (Nalive), breeders (NB), nonbreeders (NNB), failed breeders (NFB), failed breeders at the egg stage (NFBE), breeders
with an egg hatched (NSH), failed breeders at the chick stage (NFBC), successful breeders (NSB), successful breeders with one chick
(NSB1) or with two chicks (NSB2) and the number of juveniles in each juvenile age class (NJ1 to NJ4þ) are state variables estimated
by the model. The number of immigrants (N im) is a fixed vector. The blue part is for Blue Petrels and the brown part is for Brown
Skuas. Interspecific relationships are represented with thick arrows.
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NSB2,S,t ∼ BinðδS,t�1, NSB,S,tÞ (15)

NSB1,S,t ¼ NSB,S,t� NSB2,S,t (16)

with δs the probability of having two chicks rather than
one among the successful breeders.
For petrels, there are two states for failed breeders:

one with petrels that failed to hatch their egg
(named failed breeder at the egg stage NFBE,P) and
the second with petrels that failed to fledge their
chick (named failed breeder at the chick stage
NFBC,P). Hence, there is a parameter of successful
hatching (ωP). The numbers of petrels with an egg
that successfully hatched (NSH,P) and the failed
breeders at the egg stage (NFBE,P) were modeled
using a binomial distribution:

NSH,P,t ∼ Bin ωP,t�1, NB,P,tð Þ (17)

NFBE,P,t ¼ NB,P,t�NSH,P,t (18)

with ωP the probability of successful hatching. Successful
breeder numbers (NSB,P) and numbers of failed breeders
at the chick stage (NFBC,P) follow a binomial distribu-
tion

NSB,P,t ∼ BinðγP,t�1, NSH,P,tÞ (19)

NFBC,P,t ¼ NSH,P,t� NSB,P,t (20)

with γP the probability of successful breeding.

Total number of adults.—For skuas, the total number of
adults (Nadtot,S) corresponds to the sum of adult non-
breeders (NNB,S), failed breeders (NFB,S), successful
breeders with one chick (NSB1,S), and successful breeders
with two chicks (NSB2,S)

Nadtot,S,t ¼NNB,S,tþ NFB,S,tþ NSB1,S,tþNSB2,S,t (21)

For petrels, the total number of adults (Nadtot,P)
corresponds to the sum of adults nonbreeders
(NNB,P), failed breeders at the egg stage (NFBE,P),
failed breeders at the chick stage (NFBC,P), and suc-
cessful breeders (NSB,P)

Nadtot,P,t ¼NNB,P,tþ NFBE,P,tþ NFBC,P,tþ NSB,P,t (22)

Count data.—As only the adult states were observed
on the field, we excluded the juvenile states from the
observation equation. The observation equation links
the observed adult population count (Y) (i.e., the
number of territories/burrows multiplied by two for a
pair of seabirds) with the true adult population size
(Nadtot), with an additional term for observation
error

YX ,t ∼ NormðNadtot,X ,t, ɛX Þ

ɛX ∼ Normð0, σ2Y ,X Þ (23)

where ϵ is the error term and σ2Y its variance. The
likelihood for the population count data is denoted
as Lco,SðY SjϕJ1,S, ϕJ2,S, ϕJ3,S, ϕJ4,S, PrS, ϕS, βS, γS, δS,
Nadtot,S, σ2Y ,SÞ for skuas and as LðY jϕ, ϕ, ϕ, ϕ, Pr, ϕ,
β, ω, γ, N , σÞ for petrels.

Capture–recapture data.—For adult CR data, we used
multievent capture–recapture models to estimate the
demographic parameters (Pradel 2005). These models
take into account the imperfect detectability of the indi-
viduals as well as the uncertainty in the assignment of
states to individuals (Gimenez et al. 2012).
For skuas, our multievent model includes five states,

NB, FB, SB1, SB2, dead, and six events, not seen, seen
as NB, seen as FB, seen as SB1, seen as SB2, seen as C,
i.e., individuals seen with an uncertain breeding status.
For petrels, the five states are NB, FBE, FBC, SB, dead,
and the six events are not seen, seen as NB, seen as FBE,
seen as FBC, seen as SB, seen as C. The following demo-
graphic parameters were estimated for the two species:
the adult apparent survival probability (ϕX ), the breed-
ing probability (βX ), and the probability of successful
breeding (γX ). The probability of having two chicks (δS)
was also estimated for skuas, as well as the probability of
hatching (ωP) for petrels. Two additional parameters
were also estimated: the detection probability (pX ) and
the state assignment probability of individuals with
uncertain state (uX ). All parameters were time-varying
through a yearly random effect, except u (Table 1). State
transitions were set to be state dependent according to
the breeding status in the previous breeding season
(Table 1): breeder (~B) representing birds that attempted
to breed in the previous breeding season (FB, SB1, SB2
for skuas or FBE, FBC, SB for petrels) or nonbreeder
( ~NB) representing birds that already bred previously but
did not attempt to breed during the previous breeding
season (NB). The detection probability and the state
assignment probability also depended on the breeding
status (Table 1). The likelihood for the CR data for
skuas is denoted as Lcr,SðChSjϕS, βS, γS, δS, pS, uSÞ and
Lcr,PðChPjϕP, βP, γP, δP, pP, uPÞ for petrels.

Joint likelihood.—The joint likelihood of the skua IPM
is the product of the likelihood for the count data (Lco,S)
and CR data (Lcr,S)

Lipm,S Y S, ChSjϕJ1,S, ϕJ2,S, ϕJ3,S, ϕJ4,S, PrS, ϕS, βS, γS,
�

δS, Nadtot,S, pS, uS, σ
2
Y ,SÞ¼Lco,S YSjϕJ1,S, ϕJ2,S, ϕJ3,S,

�

ϕJ4,S, PrS, ϕS, βS, γS, δS, Nadtot,S, σ2Y ,SÞ

�Lcr,S ChSjϕS, βS, γS, δS, pS, uSð Þ: (24)
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For petrels, the product of the likelihood for the count
data (Lco,P) and CR data (Lcr,P) is denoted as
Lipm,PðYP, ChPjϕJ1,P, ϕJ2,P, ϕJ3,P, ϕJ4,P, PrP, ϕPβP, ωP,
γP, Nadtot,P, pP, uP, σ2Y ,PÞ.

Interspecific relationships, intraspecific density
dependence, and environmental covariates

Different covariates have been assumed to affect adult
demographic parameters depending on the species
(Table 2). We focused on demographic parameters of

adult individuals, because only adults were observed in
the field. We estimated interspecific predator–prey rela-
tionships between skua and petrel (dependence of vital
rates on the other species density) and intraspecific rela-
tionships (dependence of vital rates on the focal species
density) for both species. Moreover, we considered sev-
eral climatic covariates that were suspected to affect
demographic parameters of skuas and petrels, the south-
ern annular mode (SAM) on a large scale, and the sea
surface temperature anomalies (SSTa), and chlorophyll
a concentration (Chl a) on a local scale. In the following,
we provide more details on covariates and how they may
affect the demography of skuas and petrels.

Predator–prey interactions.—Multispecies IPMs allow
us to explicitly include interspecific relationships
between vital rates of one species and estimated popula-
tion sizes of the other. Based on the high proportion of
petrels in the diet of the skuas during the breeding sea-
son (Mougeot et al. 1998, Pacoureau et al. 2019c), we
predicted that petrel adult apparent survival (ϕP) should
decrease with the number of skuas. As skuas prey on
adults and chicks during the fledging period, we pre-
dicted that the hatching success (ωP) and fledging suc-
cess (γP) would be impacted by the number of predators.
Conversely, we predicted that a large number of petrels
in the breeding colony would provide enough food
resources for skua and then be favorable to their breed-
ing success (γS) and probability of having two chicks
(δS).

Intraspecific density dependence.—We investigated the
effect of intraspecific density dependence on the demog-
raphy of the two species, as a higher density of individu-
als on the breeding ground can lead to an increased
competition for food resources or for territories. Skuas
are highly territorial and defend their territories vigor-
ously during the whole breeding season. The most vio-
lent fights may even lead to their death. Moreover, the
limited number of territories could cause emigration of

TABLE 1. Summary of the demographic parameters and their
specificities (year random effect or state dependence) for the
two species: the Brown Skua (top) and the Blue Petrel (bottom).

Parameter

Year
random
effect

State
dependence

Skua
Adult apparent survival ϕS ✓ ~NBS | ~BS

Breeding probability βS ✓ ~NBS | ~BS

Breeding success γS ✓ ~NBS | ~BS

Probability of having
two chicks δS

✓ ~NBS | ~BS

Detection probability pS ✓ NBS | BS

Uncertain state assignment
probability uS

✗ NBS | FBS |
SB1S |SB2S

Petrel
Adult apparent survival ϕP ✓ ~NBP | ~BP

Breeding probability βP ✓ ~NBP | ~BP

Hatching success ωP ✓ ~NBP | ~BP

Breeding success γP ✓ ~NBP | ~BP

Detection probability pP ✓ NBP | BP

Uncertain state assignment
probability uP

✗ NBP | FBEP |
FBCP |SBP

Notes: Notations are ~NB, nonbreeder in the previous breed-
ing season; ~B, breeder in the previous breeding season; NB,
nonbreeder; B, breeder; FB, failed breeder; SB1, successful bree-
der with one fledged chick; SB2, successful breeder with two
fledged chicks; FBE, failed breeder at the egg stage; FBC, failed
breeder at the chick stage; and SB, successful breeder.

TABLE 2. Summary of the covariates tested on the demographic parameters of the two species, the Brown Skua (top) and the Blue
Petrel (bottom), and the time period (in months) considered for each demographic parameter.

Parameter Covariates tested Time period

Skua
Adult apparent survival ϕS DD|SAM wintering (March–September)
Breeding probability βS DD|SAM pre-breeding (July–November)
Breeding success γS PP|DD|SAM breeding (October–February)
Probability of having 2 chicks δS PP|DD|SAM breeding (October–February)

Petrel
Adult apparent survival ϕP PP|DD|SAM|SSTa|Chl a wintering (February–September)
Breeding probability βP DD|SAM|SSTa|Chl a pre-breeding (August–October)
Hatching success ωP PP|DD|SAM|SSTa|Chl a breeding (October–December)
Breeding success γP PP|DD|SAM|SSTa|Chl a breeding (December–January)

Notes: Notations are PP, predator–prey interactions; DD, intraspecific density dependence; SAM, southern annular mode; SSTa,
sea surface temperature anomalies; Chl a, chlorophyll a concentration.
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skuas without a territory. Thus, we predicted that the
apparent survival probability (ϕS), which represents both
mortality and emigration, would be negatively impacted
by the number of skuas. This limited number of territo-
ries could also lead to a negative relationship between
breeding probability (βS) and population density. The
time spent defending a territory throughout the breeding
season, together with its energetic cost, may limit the
time spent searching for food, which potentially limits
energy investment in reproduction. We thus predicted a
negative effect of population density on the successful
breeding parameter (γS) and the probability of having
two chicks rather than one for successful breeders (δS).
For petrels, we also tested the effects of intraspecific
competition for food resources, which could affect their
adult apparent survival (ϕP) and their breeding parame-
ters: breeding probability (βP), hatching (ωP), and fledg-
ing success (γP).

Environmental covariates.—Climate variability impacts
biological processes in marine ecosystems, which cascade
through food webs and are integrated by seabirds (Bar-
braud and Weimerskirch 2001, Jenouvrier et al. 2003).
Hence, we considered several covariates that are sus-
pected to affect populations of petrels and skuas
through these bottom-up mechanisms. All covariates are
used as proxies of food availability at sea at different
scales. In the following, we explain how environmental
conditions may impact the two species based on their
diet and distribution.
Because skuas have broad wintering areas (Delord

et al. 2018), we tested a large-scale environmental covari-
ate, the SAM. While skuas are specialized on the Blue
Petrel during the breeding season, during winter skuas
adopt a mixed diet composed of low trophic level prey
items, such as macrozooplankton and crustaceans
(Delord et al. 2018). We hypothesized that availability of
food resources at sea during the austral winter might
have an effect on the body condition of skuas and then
affect their survival. Moreover, skuas may experience a
carry-over effect: the additional energy invested by indi-
viduals to maintain their body condition in poor winter-
ing environments may influence their ability to breed in
the next breeding season (Harrison et al. 2011, Bog-
danova et al. 2017).
For petrels, the wintering areas have been determined

(Cherel et al. 2016) allowing us to test two covariates
used at the local scale, SSTa and Chl a, in addition to
the SAM. As their diet is mainly composed of crus-
taceans and fish feeding at low trophic levels (Cherel
et al. 2002, 2014), food availability at sea may impact the
survival of petrels. Moreover, during the breeding sea-
son, male and female petrels take turns, one incubating
the egg and fasting while the other is foraging at sea,
which results in substantial variation in their body mass
(Chaurand and Weimerskirch 1994a, b, Weimerskirch
et al. 1994, Chastel et al. 1995). Therefore, high food
availability at sea may allow the foraging partner to

return to land after a short stay at sea, resulting in a
good synchronization of the breeding partners. In con-
trast, poor conditions could increase the time spent at
sea by the foraging partner, which would increase deser-
tion of the nest by the fasting partner and then, reduce
the breeding success. We thus predicted that conditions
at sea during the breeding season would also affect the
breeding success of petrels.

Southern annular mode.—The SAM is a large-scale cli-
mate index. SAM is the leading mode of climate vari-
ability over the Southern Hemisphere. SAM is defined
as the difference of atmospheric pressure between the
40° S and 65° S latitudes (Marshall 2003). SAM influ-
ences surface wind, sea surface temperature (SST) and
surface Chlorophyll concentration. A large majority of
the skuas from Mayes Island overwinter north of the
polar front (Delord et al. 2018). In the subtropical zone,
SAM positive phases induced warm SSTa, low surface
chlorophyll concentration and easterly winds driving
Ekman transport (the 90° wind-driven net transport on
the sea surface), while in the subantarctic zone there is a
convergence of waters that increase downwelling and
positive SSTa (Lovenduski and Gruber 2005). We thus
predicted that the positive phases of SAM, potentially
leading to poorer food availability in the areas used by
skuas during the nonbreeding period, would have nega-
tive impacts on skua survival and limit their ability to
breed the next breeding season. South of the polar front,
where petrels spend the winter, positive phases of the
SAM are associated with westerly winds. This induces
cold SSTa, increased equatorward Ekman transport,
and drives increased upwelling (Lovenduski and Gruber
2005). Consequently, the biological productivity and
potential prey availability for petrels are higher during
positive phases of the SAM. We thus predicted that the
positive phases of SAM would be favorable for petrel
demographic parameters. Data were obtained from the
online database of the British Antarctic Survey (avail-
able online).7

Sea surface temperature anomalies.—SSTa reflect local
oceanographic conditions that influence the whole mar-
ine food web. High SST generally reduces vertical mixing
and provides poor growing conditions for zooplankton
communities, which, through bottom-up mechanisms,
induces reduced trophic resources for seabirds (Bar-
braud et al. 2012, Sydeman et al. 2015). Consequently,
year-to-year variation of SSTwas previously found to be
negatively correlated with petrel body condition (Guinet
et al. 1998). Therefore, we predicted that high SSTa
would negatively affect overwinter survival and breeding
success of petrels. The SSTa data were downloaded from
the National Oceanic and Atmospheric Administration
(data: NOAA NCEP EMC CMB GLOBAL Rey-
n_SmithOIv2 monthly ssta) from 1996 to 2018.

7http://www.nerc-bas.ac.uk/icd/gjma/sam.html
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Chlorophyll a.—Chlorophyll a is found in phytoplank-
ton that lies at the bottom of the marine food web and
provides resources for higher trophic levels. Because pet-
rel diet is mainly composed of crustaceans and fish feed-
ing at low trophic levels (Cherel et al. 2002, 2014), we
predicted that high concentrations of Chl a would be
favorable to the survival and breeding success of petrels.
The Chl a data were downloaded from the NASA Ocean
Data with a 9 km mapped concentration data of chloro-
phyll a for the years 1997–2001 and from the NASA
Earth Observation (NEOAQUA/MODIS data) monthly
for the years 2002 to 2018.

Assessing the effect of environmental covariates and popu-
lation densities.—We fitted a single multispecies IPM
including all the biologically relevant effects. Logit-
linear regressions were used to estimate the effect of
environmental (SAM, SSTa, and Chl a) as well as inter-
and intraspecific interactions on demographic parame-
ters (adult apparent survival, breeding probability,
hatching probability, breeding success; Table 2). We used
state variables Nadtot,S and Nadtot,P, respectively the num-
ber of adult skuas and petrels, to assess the effects of
inter- and intraspecific interactions. For example, we
modeled the hatching probability for petrels that bred
during the previous breeding season (ωP,~B) using a logit
link

logitðωP,~B,t�1Þ¼μω,P,~Bþ αSAM,ω,P,~B � SAMω,P,t

þαSSTa,ω,P,~B � SSTaω,P,tþ αchla,ω,P,~B
�Chlaω,P,tþαDD,ω,P,~B�Nadtot,P,t

þαPP,ω,P,~B�Nadtot,S,t þ ɛω,P,~B,t

ɛω,P,~B,t ∼ Normð0, σ2ɛ,ω,P,~BÞ (25)

with μω,P,~B the intercept, αSAMω,P,~B
the slope for the cli-

matic covariate SAMω,P, αSSTa,ω,P,~B the slope for the cli-
matic covariate SSTaω,P, αChla,ω,P,~B the slope for the
climatic covariate Chlaω,P, αDD,ω,P,~B the slope indicating
the strength of the intraspecific density dependence with
Nadtot,P the number of adult petrels, αPP,ω,P,~B the slope
indicating the strength of the predator–prey relationship
with Nadtot,S the number of adult skuas, ɛω,P,~B is a yearly
random effect and σ2ɛ,ω,P,~B its temporal variance. This
temporal random effect allows to capture residual envi-
ronmental stochasticity that is not explained by tempo-
ral covariates. The descriptions of all logit-linear
relationships used on demographic parameters are avail-
able in Appendix S2 and the within-year ordering of
state variables, parameters and covariates is described in
Appendix S3: Fig. S1.
For local covariates (SSTa and Chl a), we calculated

the average values of the covariates in the areas in which
petrels were located (Cherel et al. 2016), for a specific
time period during which the environment might affect
the demographic parameter under investigation
(Table 2). Each environmental covariate was

standardized to have zero mean and unit variance. How-
ever, the inter- and intraspecific covariates were not stan-
dardized prior to the analyses because the population
sizes were estimated step by step each year. To compare
the relative contribution of the effects of each covariate,
we calculated the standardized effect of population size
(for inter- and intraspecific relationship) posterior to the
analyses by multiplying their slopes (α) by the standard
deviation of the estimated population sizes. Then, we
compared the relative contribution of each covariate
using the regression estimate which we used as a measure
of effect size.
We computed the 95% and 80% credible intervals

(CRI) for the regression coefficients α. We did not inter-
pret uncertain effects (i.e., 80% CRI including zero) and
focused particularly on clear effects whose sign could be
reliably assessed (i.e., 95% CRI excluding zero).

Model implementation

To fit the juvenile apparent survival parameters
increasing with age, we modeled them as a positive linear
function of age by assigning to the slope λ2 a U 0, 1ð Þ
prior, and by defining the intercept λ1 with a normal
N 0, 1ð Þ prior. The probability of the first breeding
attempt Pr is time-dependent with a uniform prior:
Prt ∼ Uð0, 1Þ. The state assignment probability of indi-
viduals with uncertain state parameter (u) was defined a
priori with a Uð0, 1Þ prior. We specified vague priors for
the parameters: σY ,S ∼ Uð1, 15Þ, σY ,P ∼ Uð1, 100Þ,
σɛ ∼ Uð0, 10Þ, α ∼ Nð0, 104Þ, μ ∼ Nð0, 104Þ.
Bayesian posterior distributions were approximated

via Markov chain Monte Carlo (MCMC) algorithms.
Two independent MCMC chains of 190,000 iterations
were used with a burn-in period of 90,000. One out of
five iterations was kept and final inferences were derived
from a sample of 2 × 20,000 iterations that resulted
from merging the two chains. Gelman-Rubin conver-
gence diagnostics (Brooks and Gelman 1998) were below
1.5 for each parameter and the mixing of the chains was
satisfactory. We performed the analyses using Nimble
(de Valpine et al. 2017; version 0.9.1) and program R (R
Core Team 2020; Rversion 4.0.3).

RESULTS

Predator–prey relationships

We estimated positive relationships between the two
breeding parameters of skuas and the number of adult
petrels. The breeding success for at least one chick (γS,~B;
slope mean αPP,γ,S,~B = 0.67; 95% CRI 0.38, 1.04; Fig. 2a)
and the probability of having two chicks (δS,~B; slope
mean αPP,δ,S,~B = 1.28; 95% CRI 0.67, 2.08; Fig. 2b) for
skuas that were breeders during the previous breeding
season increased with petrel numbers. Even though the
effects were less clear (95% CRI including zero), we
detected a positive relationship between the number of
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adult skuas and the hatching success of petrels that were
breeders in the previous breeding season (ωP,~B), with the
breeding success (γP, ~NB) and with the apparent survival
(ϕP, ~NB) of petrels that were nonbreeders during the pre-
vious breeding season. We found no other interspecific
relationship on the other parameters i.e., without the
80% CRI including zero (Table 3).

Intraspecific density dependence

The number of skuas had a clear effect on two demo-
graphic parameters, namely the breeding success and the
probability of having two chicks rather than one, for
skuas that were breeders in the previous breeding sea-
son. We found negative density dependence for the
breeding success (γS,~B; slope mean αDD,γ,S,~B = −0.40;
95% CRI −0.66, −0.15; Fig. 2c) and for the probability
of having two chicks (δS,~B; slope mean αDD,δ,S,~B = −0.54;

95% CRI −1.04, −0.13; Fig. 2d). As these two breeding
parameters were also affected by the other species den-
sity, we could observe that the predator–prey effects
were stronger than intraspecific effects

( meanαPP,γ,S,~B
���

��� = 0.67; meanαDD,γ,S,~B

���
��� = 0.40, respec-

tively) for the breeding success and

( meanαPP,δ,S,~B
���

��� = 1.28; meanαDD,δ,S,~B

���
��� = 0.54, respec-

tively) for the probability of having two chicks (Table 3).
We estimated a positive effect of increased numbers of

adult petrels on the breeding probability for petrels that
were breeders in the previous breeding season (βP,~B;
slope mean αDD,β,P,~B = 0.65; 95% CRI 0.19, 1.06; Fig. 2
e). Even though the effects were less clear (95% CRI
including zero), the number of petrels tended to nega-
tively affect the apparent survival (ϕP, ~NB) and the breed-
ing success (γP, ~NB) of petrels that did not breed in the
previous breeding season (Table 3).

FIG. 2. Effects of predator–prey relationships (top panels) and intraspecific density dependence (bottom panels) on adult demo-
graphic parameters for the two seabirds, the Brown Skua (predator) and the Blue Petrel (prey). Solid lines represent the estimated
relationship between the covariates and the demographic parameters. Shaded areas are the 50% and 95% credibility intervals. Points
represent demographic parameter estimates each year (21 yr) plotted against covariate values. Error bars are standard deviations.
Petrel numbers effect on (a) the estimated breeding success γS,~B and (b) the probability of having two chicks rather than one δS,~B for
skuas that bred in the previous breeding season. Intraspecific density dependence effect on (c) the breeding success γS,~B and on (d)
the probability of having two chicks rather than one δS,~B for skuas that were breeders in the previous breeding season and on (e) the
breeding probability of petrels that bred in the previous breeding season βP,~B.
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Environmental covariates

We found ecologically relevant relationships between
environmental covariates and demographic parameters
of the two species (Table 3). For petrels, we found posi-
tive relationships between the two local environmental
covariates (SSTa and Chl a) and the breeding probability
for individuals that were nonbreeders in the previous
breeding season ðβP, ~NBÞ. The effect of these environmen-
tal covariates on the breeding probability was stronger

for Chl a than SSTa ( meanαChla, β,P, ~NB

���
��� = 0.78;

meanαSSTa,β,P, ~NB

���
��� = 0.31, respectively). We estimated a

positive relationship between the SAM and the hatching
success (ωP,~B) as well as breeding success (γP,~B) of petrels
that were breeders in the previous breeding season and
with the hatching success (ωP, ~NB) of petrels that were
nonbreeders in the previous breeding season. For skuas,
we also found a positive relationship between the SAM
and the breeding probability (βS, ~NB) of skuas that were
nonbreeders in the previous breeding season.
In addition to the results above, we also estimated the

demographic parameters and the number of individuals
in each state for both species from 1996 to 2017 (see
Appendix S4: Figs. S1–S6).

DISCUSSION

In this paper, we provide the first application of a mul-
tispecies IPM in a predator–prey context. Joint analysis
of empirical data for two seabird species allowed us to
estimate demographic parameters and population size
for both species simultaneously. The key advantage of
using a multispecies IPM was that it enabled us to use
the population sizes estimated by the model for one spe-
cies to analyze its effect on the demographic parameters
of the other species while propagating all sources of
uncertainty. Hence, it allowed us to understand the con-
tribution of interspecific interactions on the demo-
graphic parameters while further taking into account the
effects of climatic conditions. Our results showed that
the demography of the predatory skua was mainly driven
by the number of petrel prey individuals during the
breeding season, whereas petrels were mostly impacted
by the environment. This suggests that this predator–
prey system is mainly driven by bottom-up processes.

Effects of predator–prey relationships

Prey population size is a determining factor in the
breeding success of skuas according to our results. Food
availability is known to be positively related with breed-
ing parameters in seabirds (Cairns 1988, Piatt et al.
2007, Oro et al. 2014). As the diet of skuas during the
breeding period is dominated by petrels (Mougeot et al.
1998, Pacoureau et al. 2019c), a large abundance of pet-
rels provides suitable conditions for skuas to feed

themselves and their chicks, resulting in a high breeding
success.
Interestingly, we did not find the reverse effect of the

predator onto prey dynamics. Our model provided no
evidence for a negative effect of the number of skuas on
the demographic parameters of the petrel (effects were
mostly positive whenever present). As skuas prey on
both adults and juveniles during the breeding season, we
expected a negative effect of the number of skuas on the
petrel breeding parameters. This lack of negative effect
could be explained by the large abundance of petrels
compared to the skuas on Mayes Island. Oro et al.
(2006) reported that, in another seabird predator–prey
system, the highest breeding success of the prey occurred
when the prey/predator ratio was very high. On Mayes
Island, the breeding population of petrels is estimated at
approximately 142,000 breeding pairs (Barbraud and
Delord 2006), and this does not include chicks (around
71,000 each year) and nonbreeders (approximately 30%
of the petrels). Hence, there are about 476,000 petrels
during a breeding season vs. about 200 skuas, resulting
in a very high prey/predator ratio. Moreover, Mougeot
et al. (1998) showed that skuas breeding at Mayes Island
preyed on about 40,000 petrels each breeding season.
This corresponds to about 8% of the petrel population
of the island. It is therefore possible that skua predation
is only a minor contributor to petrel demographics, and
this effect may be too weak to be detected by our model.
Conversely, although the relationships estimated were
less clear, our results suggest that the hatching success
and breeding success of the prey tended to increase
slightly with the density of skuas. However, it is unlikely
that the presence of predators increased the reproductive
success or survival of petrels. To explain these relation-
ships, we might rely on the other strong effects estimated
by our model. Indeed, we found that the number of pet-
rels positively affected the breeding success of skuas and
that skuas were sensitive to intraspecific density depen-
dence. Therefore, years when prey experience a high sur-
vival and breeding success correspond to years with
particularly abundant food resources for skuas and this
until the end of the breeding season as petrels stay longer
on the breeding area when they successfully breed. Since
skuas are less affected by abundance of conspecifics than
by abundance of prey, they could potentially breed in
higher numbers in good years for petrel reproduction,
explaining this puzzling relationship.

Effects of intraspecific density dependence

For skuas, we found negative density-dependent effects
on breeding success and probability of having two chicks
rather than one, in accordance with our predictions. Egg
and chick predation by conspecifics has been reported in
the Great Skua (Catharacta skua) (Hamer et al. 1991,
Ratcliffe and Furness 1999). Hence, a higher abundance
of skuas increases the risk of predation on eggs and
chicks, resulting in higher breeding failure. To avoid
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predation by conspecifics, the skuas start defending their
territories from conspecifics just a few days after arrival
on a breeding site until the end of the season. This activity
is energetically costly and may also limit the time spent
searching for food, potentially limiting energy investment
in reproduction. The heterogeneous habitat hypothesis
already demonstrated in territorial birds (Dhondt et al.
1992, Krüger and Lindström 2001, Ferrer and Donazar
2015) could also explain the relationships we found.
Indeed, when the population increases, some individuals
may be forced to occupy poorer quality habitats, resulting
in lower reproductive success. We did not find an effect of
density dependence on the breeding probability of skuas.
As skuas are territorial with high site fidelity, we initially
hypothesized that in years with a high abundance of
skuas, the breeding probability would decrease, as all the
skuas would not succeed in acquiring a territory. It is pos-
sible that we did not observe this effect because the logis-
tic function used for density dependence does not
accurately model the territory acquisition dynamics by
floaters (e.g., van de Pol et al. 2010, Barraquand et al.
2014).
We estimated that the breeding success of skuas was

affected by both predator–prey relationships and
intraspecific density dependence. Predator–prey rela-
tionships had a higher contribution to the variability
in breeding success of skuas than the density-
dependent effect. Hamer et al. (1991) reported that,
following a reduction of sandeel (Ammodytes marinus)
abundance, Great skuas increased their foraging
effort, thereby reducing the adult territorial atten-
dance. In turn, breeding failure increased due to pre-
dation from adults of neighboring territories. We then
may assume that petrel abundance allowed a suitable
territorial attendance for skuas, moderating the nega-
tive density-dependent effects, such as chick predation
by conspecifics.
For petrels, we found a negative relationship between

the survival and breeding success of petrels that did not
breed in the previous breeding season and the number of
petrels on the colony. Combined effects of density
dependence and climate have already been observed in
petrels, with a low winter survival when density is high
(Barbraud and Weimerskirch 2003), suggesting a mecha-
nism of competition between conspecifics for food
resources. As nonbreeders are known to be in poorer
condition than breeders (Chastel et al. 1995), they are
potentially more sensitive to the competition for food
resources explaining why this effect was only found on
petrels that were nonbreeders in the previous breeding
season. Interestingly, we found a positive intraspecific
density dependence on the breeding probability of pet-
rels that bred in the previous breeding season. This sug-
gests that years with a high abundance of petrels
reflected a good return rate to the breeding site because
environmental conditions were favorable for breeding.
This is in agreement with studies showing that petrels
might skip breeding and take sabbatical years when

environmental conditions are poor (Warham 1990,
Chastel et al. 1995).

Effects of environmental conditions

We detected positive relationships between the hatch-
ing and breeding success of petrels and the SAM. South
of the polar front, where petrels feed during the breeding
season, positive phases of the SAM increase the biologi-
cal productivity and potential prey availability for petrels
(Lovenduski and Gruber 2005), which may have a posi-
tive impact on their breeding success. Breeding probabil-
ity of petrels tended to be positively impacted by two of
the environmental covariates tested, namely SSTa and
Chl a. This effect of environmental conditions on the
breeding probability is in accordance with previous
research showing that the body condition of petrels
might impact their decision to attempt breeding (War-
ham 1990, Chastel et al. 1995). High Chl a increases
resources availability for organisms at higher trophic
levels (macrozooplankton, fishes), which are consumed
by petrels (Cherel et al. 2002). Consequently, high Chl a
may increase abundance of petrel prey, with a positive
effect on the breeding performances and body condition
of petrels. We detected a positive effect of SSTa on
breeding probability of petrels. This result was more sur-
prising as a previous study showed that warm SST events
negatively affected the breeding performances and body
condition of petrels at Kerguelen Islands (Guinet et al.
1998). Indeed, high SST generally reduces vertical mix-
ing and provides poor growing conditions for zooplank-
ton communities that in turn reduce trophic resources
for seabirds (Barbraud et al. 2012, Sydeman et al. 2015).
However, it has been showed recently that during the
pre-laying period petrels use water masses situated at
more northerly latitudes than during the winter period
or the breeding period (Quillfeldt et al. 2020), where
relationships between SST and primary productivity
may differ. Indeed, the covariance between SST and Chl
a depends on location and shows particularly complex
patterns in the Southern Ocean (Dunstan et al. 2018).
Positive effects of SSTa have already been identified in
other subantarctic seabirds (Pinaud and Weimerskirch
2002, Nevoux et al. 2007, Horswill et al. 2014). Further-
more, we estimated that Chl a, at the bottom of the
trophic food chain, had a larger effect on the breeding
probability than SSTa, which reflects oceanographic
conditions. This indicated that the effect size of environ-
mental covariates increased when the covariates
approached the trophic level occupied by the prey of the
petrels, suggesting a bottom-up mechanism. This result
is consistent with many studies showing that climatic
conditions affect seabirds indirectly through prey avail-
ability, resulting in alterations of their population
dynamics (Frederiksen et al. 2006, Barbraud et al. 2012,
Jenouvrier 2013, Lauria et al. 2013).
We did not detect any relationship between the breed-

ing success of the skuas and the environmental
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covariates. This lack of effect could be explained by an
absence of a direct link between skuas and the environ-
mental covariates tested, as breeding skuas remain on
their territory to defend it or to forage. However, we
found an effect of SAM on the breeding probability for
skuas that were nonbreeders during the previous season.
It was proposed that only seabirds attaining a threshold
condition decide to breed (Weimerskirch 1992). There-
fore, environmental conditions before the breeding per-
iod may impact the conditions of skuas and
consequently, their breeding decision. Nonbreeders are
generally in poorer conditions than breeders (Chastel
et al. 1995, Cam et al. 1998) and thus more sensitive to
environmental conditions explaining why this effect is
only detected on previous nonbreeders. Nevertheless, we
found a positive relationship between breeding probabil-
ity and SAM whereas we expected a negative relation-
ship. Indeed, skuas mainly overwinter north of the polar
front (Delord et al. 2018) where positive phases of SAM
induce warm SST, low surface Chl a concentration
(Lovenduski and Gruber 2005), and thus potentially
poor feeding conditions. However, only breeding skuas
were studied in Delord et al. (2018) and nonbreeding
individuals may use different wintering areas where the
relationships between SAM and oceanographic variables
differ. Several studies reviewed in Jenouvrier (2013)
highlighted multifaceted effects of climatic conditions
on the demography of seabirds involving direct, time-
lagged and non-linear effect, which we did not consider
here. Therefore, despite our contribution to understand-
ing environmental effects in our predator–prey system,
disentangling the complex mechanistic pathways
between environmental covariates and seabirds’ demo-
graphic parameters remains challenging.

Bottom-up predator–prey dynamics

Overall, our study has highlighted the important role
of bottom-up processes in the dynamics of this marine
predator–prey system, i.e., the population dynamics of
these two seabirds was mostly driven by food availability.
Petrel dynamics were more strongly affected by environ-
mental covariates (since we did not directly measure
their food resources) and the number of petrels impacted
the dynamics of skuas. The bottom-up control of demo-
graphic rates in oceanic predators is a common assump-
tion (Jenouvrier 2013). This is because the functioning
of oceanic systems is controlled and structured by physi-
cal processes impacting nutrient fluxes (Behrenfeld et al.
2006) and consequently the whole trophic food web. We
found no evidence of top-down processes, i.e., predation
effects, in this system, although these two mechanisms
have been found to jointly affect ecosystems (Hunter
and Price 1992, Sinclair et al. 2003) including some other
seabird systems (Horswill et al. 2014, 2016, Perkins et al.
2018). Effects of skua predation on petrel vital rates were
expected, based on skua diet during the breeding season.
However, given the very large number of petrels present

on the island compared to the number of predators, the
impact of predation may have been too small to be
detected by our model.

CONCLUSION

Our multispecies IPM framework allowed us to esti-
mate demographic parameters and abundances for skuas
and petrels. Taking into account both species interac-
tions and environmental covariates in the same analysis
improved our understanding of their joint population
dynamics. We concluded that bottom-up mechanisms
are the main drivers of population dynamics in this
skua-petrel system. Generalizing such assessments of
interspecific relationships and environmental effects in a
unified demographic framework may be essential to pre-
dict how contrasted climatic scenarios will affect com-
munities. A promising avenue of research in multispecies
IPMs lies in fitting models to data on a larger number of
species, which will likely require further methodological
developments.
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Diet and feeding ecology of blue petrels Halobaena caerulea
at Iles Kerguelen, Southern Indian Ocean. Marine Ecology
Progress Series 228:283–299.

Cherel, Y., M. Connan, A. Jaeger, and P. Richard. 2014.
Seabird year-round and historical feeding ecology: blood
and feather δ13C and 1315N values document foraging
plasticity of small sympatric petrels. Marine Ecology Pro-
gress Series 505:267–280.

Cherel, Y., P. Quillfeldt, K. Delord, and H. Weimerskirch. 2016.
Combination of at-sea activity, geolocation and feather stable
isotopes documents where and when seabirds molt. Frontiers
in Ecology and Evolution 4:3.

Chu, C., and P. B. Adler. 2015. Large niche differences emerge
at the recruitment stage to stabilize grassland coexistence.
Ecological Monographs 85:373–392.

Daunt, F., V. Afanasyev, A. Adam, J. P. Croxall, and S.
Wanless. 2007. From cradle to early grave: Juvenile mortal-
ity in European shags Phalacrocorax aristotelis results from
inadequate development of foraging proficiency. Biology
Letters 3:371–374.

de Valpine, P., D. Turek, C. J. Paciorek, C. Anderson-Bergman,
D. T. Lang, and R. Bodik. 2017. Programming with models:

writing statistical algorithms for general model structures
with NIMBLE. Journal of Computational and Graphical
Statistics 26:403–413.

Delord, K., Y. Cherel, C. Barbraud, O. Chastel, and H. Weimer-
skirch. 2018. High variability in migration and wintering
strategies of brown skuas (Catharacta antarctica lonnbergi) in
the Indian Ocean. Polar Biology 41:59–70.

Dhondt, A. A., B. Kempenaers, and F. Adriaensen. 1992.
Density-dependent clutch size caused by habitat heterogene-
ity. Journal of Animal Ecology 61:643–648.

Dunstan, P. K., S. D. Foster, E. King, J. Risbey, T. J. O’Kane,
D. Monselesan, A. J. Hobday, J. R. Hartog, and P. A.
Thompson. 2018. Global patterns of change and variation in
sea surface temperature and chlorophyll a. Scientific Reports
8:1–9.

Fay, R., H. Weimerskirch, K. Delord, and C. Barbraud. 2015.
Population density and climate shape early-life survival and
recruitment in a long-lived pelagic seabird. Journal of Animal
Ecology 84:1423–1433.

Ferrer, M., and J. A. Donazar. 2015. Density-dependent fecun-
dity by habitat heterogeneity in an increasing population of
Spanish imperial eagles. Ecology 77:69–74.

Frederiksen, M., M. Edwards, A. J. Richardson, N. C. Halliday,
and S. Wanless. 2006. From plankton to top predators:
bottom-up control of a marine food web across four trophic
levels. Journal of Animal Ecology 75:1259–1268.

Gervasi, V., E. B. Nilsen, and J. D. C. Linnell. 2015. Body mass
relationships affect the age structure of predation across
carnivore-ungulate systems: A review and synthesis. Mammal
Review 45:253–266.

Gille, S. T. 2002. Warming of the Southern Ocean since the
1950s. Science 295:1275–1277.

Gimenez, O., J. D. Lebreton, J. M. Gaillard, R. Choquet, and
R. Pradel. 2012. Estimating demographic parameters using
hidden process dynamic models. Theoretical Population Biol-
ogy 82:307–316.

Godfray, H. C. J., and R. M. May. 2014. Open questions: Are
the dynamics of ecological communities predictable? BMC
Biology 12:22.

Grande, J. M., D. Serrano, G. Tavecchia, M. Carrete, O. Cebal-
los, R. Dı́az-Delgado, J. L. Tella, and J. A. Donázar. 2009.
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