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Individual heterogeneity in foraging behaviour determines how individuals and populations
respond to changes in the availability and distribution of resources. Antarctic krill
Euphausia superba is a pivotal species in Southern Ocean food webs and an important
target for Southern Ocean fisheries. Changes in its abundance could dramatically impact
marine predators, with effects depending on the extent to which all individuals rely on krill
as prey. The Antarctic petrel Thalassoica antarctica is a high latitude seabird thought to be
dependent on krill in part of its breeding range. Here, by combining fine-scale GPS
tracking of petrel foraging trips with diet data, we examined the level and consistency of
inter-individual variation in foraging strategies in breeding Antarctic petrels in Dronning
Maud Land, Antarctica, and assessed whether all individuals share a similar reliance on
Antarctic krill. We found that Antarctic petrels showed high levels of repeatability in their
diet and foraging movements at sea, indicating consistent individual differences in foraging
strategies. During consecutive foraging trips, petrels tend to make trips of similar lengths
and durations to reach similar terminal locations and to feed on similar prey. These
individual differences in diet were spatially structured, with individuals travelling towards
the west consuming a more fish-based diet. These different foraging tactics did not
appear to be associated with different costs and/or benefits as adult body mass, chick
survival and chick growth were unrelated to birds’ foraging movements and diet. Our
results show that, even if a large part of the population may be dependent on krill, some
individuals specialize on fish. Such inter-individual variation in foraging suggests that this
population could be more resilient to changes in the marine environment, such as a
decline in krill abundance or a shift in krill distributions.
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1 INTRODUCTION

Individual heterogeneity is ubiquitous in natural populations and
can have a strong influence on population dynamics and
ecosystem functioning (Benton et al., 2006; Bolnick et al., 2011;
Kendall et al., 2011; Vindenes and Langangen, 2015). Variation
among individuals in their foraging behaviour and/or resource
use may, for example, lead to differences in demography
(Morales et al., 2010), which can ultimately affect the
population viability (Okuyama, 2008; Gibert and Brassil, 2014).
Such heterogeneity in resource use can be driven by many
different factors such as sex, age, and morphology, and can be
consistent over various periods of time (Bolnick et al., 2003). It
may be the consequence of individual resource specialization per
se (i.e. individuals are specialized on specific resources among all
those available) or of individual variation in foraging habitat in
an environment where prey vary spatially (i.e. individuals are not
specialist per se but the available resources vary among
individuals). Whatever the mechanism, such inter-individual
variation may affect the way populations respond to
environmental perturbations and changes in resource
availability (Bolnick et al., 2011; Phillips et al., 2017).

Individual heterogeneity in resource use has been described in
many organisms such as marine and freshwater fish (Holbrook
and Schmitt, 1992; Chavarie et al., 2021), amphibians (Lunghi
et al., 2020), terrestrial and marine mammals (Estes et al., 2003;
Edwards et al., 2011), and birds (Woo et al., 2008; Pagani-Núñez
et al., 2015). In birds, evidence of inter-individual variation in
foraging behaviour and diet exists in different taxonomic groups
(e.g., waders, Van De Pol et al., 2010; passerines, De León et al.,
2012; raptors, Navarro-López et al., 2014), including seabirds,
where such variation seems widespread (Ceia and Ramos, 2015;
Phillips et al., 2017). Seabirds, by definition, depend on the
marine environment to forage. Marine food resources are
generally patchily distributed, and both their composition and
abundance show strong spatial variation (e.g., Godø et al., 2012;
Tarling and Fielding, 2016; Bergstad et al., 2018). Such spatial
heterogeneity may drive variation among individuals in their
space use (Fauchald, 1999; Trevail et al., 2021) and then
ultimately in their diet as a way to minimize intra-specific
competition (Araújo et al., 2011). This may be especially
pronounced during the breeding season when seabirds are
central-place foragers and intra-specific competition for
resources is intensified (Ashmole, 1963).

Understanding the extent to which individuals in a given
population vary in how they use their environment is critical to
evaluating the resilience of this population to environmental
change. Indeed, the deterioration of a specific foraging habitat or
the decline in the abundance of a specific prey will have stronger
effects on a population if all individuals depend on this area or
prey (Durell, 2000). Such problems are especially pertinent for
populations living at high latitudes (i.e. Arctic and Antarctic)
where environmental changes like climate warming, are, or are
predicted to be, extremely pronounced (Intergovernmental Panel
on Climate Change, 2013), with impacts on the distribution and
abundance of many key prey species. For populations dependent
on harvested resources, it is further necessary to address the
Frontiers in Marine Science | www.frontiersin.org 2
degree of individual specialization within the population, in
order to evaluate the potential population-level impacts of
resource exploitation.

Here, by combining fine-scale GPS tracking with diet data, we
assessed the level and consistency of inter-individual variation in
foraging strategies of breeding Antarctic petrels Thalassoica
antarctica in Dronning Maud Land, Antarctica. In this region,
Antarctic krill Euphausia superba (hereafter krill) is the main
prey for Antarctic petrels, at least during the breeding season
(Lorentsen et al., 1998; Descamps et al., 2016a). Krill is a pivotal
species in the Southern Ocean food webs (Trathan and Hill,
2016) and also an important target for Southern Ocean fisheries
(Nicol et al., 2012). Though the status and trend of the Antarctic
krill is debated (Cox et al., 2018), some studies suggest that it may
be declining (Atkinson et al., 2004). It thus appears even more
important to better understand the relationships between krill
and Antarctic petrels, and to what extent the entire petrel
population may be relying on krill during the breeding season.
Antarctic petrels from this population exhibit a wide range of
foraging behaviours (e.g., Tarroux et al., 2020), but it is unclear
whether these differences remain consistent through time and
thus represent individual foraging specialization (in terms of
space use and diet). Our study aimed at evaluating the inter-
individual variation in resource use in Antarctic petrels and the
level of consistency (i.e. repeatability) in their foraging
movements and diet. We then assessed whether individual
differences in foraging were associated with fitness
consequences, by looking at offspring mass and survival. The
Antarctic petrel, as well as many polar seabirds (e.g., Ainley et al.,
2010; Strøm et al., 2020; Trathan et al., 2020; Descamps and
Strøm, 2021), has been declining (by more than 50% in the last
30 years, Descamps et al., 2016b and unpublished data) and to
better understand the individual variation in their foraging
ecology, and more specifically in their dependence on krill, is
especially important in a context of increasing krill fisheries
(CCAMLR, 2021).
2 METHODS

2.1 Study System
The Antarctic petrel is a medium-sized petrel weighing ca. 600 g
that lays one egg between late November and early December.
The incubation is shared by both parents and each incubation
shift lasts for one to three weeks (Lorentsen and Røv, 1995). After
hatching (mid-January), the chick is guarded for another two
weeks (Lorentsen and Røv, 1995). In this period, foraging trips
gradually shorten until the chick is left unattended for the first
time (end of January). From this point, both parents feed their
chick until it fledges at 6-7 weeks of age (early March). During
the breeding season, the most common prey is Antarctic krill
that represents about two third of the diet by mass on average,
but fish (e.g. Antarctic lanternfish Electrona antarctica, and
Antarctic silverfish Pleuragramma antarcticum) are also
important prey items and represent on average 30% of the diet
(Lorentsen et al., 1998; Descamps et al., 2016a). Adult petrels
were captured at the Svarthamaren colony (71°53’S, 5°10’E) in
March 2022 | Volume 9 | Article 809852
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Dronning Maud Land, Antarctica (Mehlum et al., 1988). This
colony is located ca. 200 km inland and hosts between 20,000
and 200,000 pairs of Antarctic petrels depending on years
(Descamps et al., 2016b). All captured birds and their chick
were weighed at logger deployment and retrieval. Nests were also
monitored (i.e. presence/absence of the chick) from logger
deployment (17th-22nd January) until 9th-11th February (i.e. last
nest visit). Hatching dates of these nests, and thus chick age, were
unknown. All captures, sampling and logger deployments were
carried out in accordance with the permit provided by the
Norwegian Animal Welfare Authority (Matti lsynet,
permit no.7935).

2.2 Tracking Data
Breeding adults were captured on their nest during chick-rearing
and equipped with GPS loggers (CatTrack 1, Catnip
Technologies Ltd., Anderson, USA). Loggers were deployed in
period 17th-22nd January 2016 and retrieved in period 21st

January-7th February. The GPS units weighed approx. 20 g (ca.
3% of bird body mass) and were taped to tail feathers (using Tesa
tape). Additional details about the procedure are given in
Tarroux et al. (2016; 2020). Birds were recaptured upon return
to their nests to retrieve the loggers and download the data. The
loggers recorded the locations of the birds along their foraging
trip at 30 min intervals. We deployed 91 loggers and retrieved 41
(5 to 20 days after deployment; median: 12 days); the remaining
50 loggers were either lost by the birds or birds could not be
recaptured. Three loggers did not work properly and so did not
provide data. One individual’s breeding attempt failed after
logger deployment but before departure and was excluded
from the analyses. In total, data from 37 loggers were included
in this study.

We considered a potential foraging trip as a round trip
starting or ending when the bird left or entered, respectively, a
5 km-buffer area around the colony (defined as a single point at
coordinates 71°53’S, 5°10’E), and reached the sea ice edge
(approx. 200 km from the colony). We consequently excluded
three short inland trips where birds reached a maximum distance
of <25 km from the colony, which likely constitute local flights
around the colony. We considered five variables describing each
foraging trip: the trip duration, the total distance travelled, the
maximum distance from the colony and the coordinates
(latitude/longitude) of the farthest point. One trip was
incomplete, but the bird was returning towards the colony and
its last recorded position was <50 km from the colony (after
reaching a maximum distance of almost 600 km from the
colony). We thus included this trip in our analyses of
maximum distance from the colony and the latitude/longitude
of the farthest point, but not in our analyses of trip duration and
total distance travelled. In total we recorded 80 foraging trips
from the 37 tracked individuals (11 individuals with 1 trip, 12
with 2 trips, 11 with 3 trips and 3 with 4 trips). Data are given in
the Supplementary Table 1.

2.3 Stable Isotopes and Diet Data
We collected ca. 0.3 ml of blood from a subsample of 21
individuals when recovering their GPS unit. Samples were
Frontiers in Marine Science | www.frontiersin.org 3
collected from the brachial vein (using heparinized syringes
with a 26G needle) and stored in heparinized tubes. Blood
samples were centrifuged within 8 hr after collection at 10,000
rpm for 10 minutes. Plasma and blood cell samples were then
frozen until stable isotope analyses at the LIENSs laboratory, La
Rochelle University (France). Samples were used to determine
the stable isotope ratios of nitrogen (d15N), a proxy of the trophic
position with higher values indicating higher position (Newsome
et al., 2007; Hussey et al., 2014). The stable isotope ratios of
carbon (d13C) were also analysed (data available in the
Supplementary Table 1) but were not included in the present
study. d13C values are generally used to identify bird foraging
areas but in our case, as birds were GPS-tracked, examining
variation in d13C values would not provide any significant
additional information.

Stable isotopes integrate dietary information over different
time scales depending on the tissue type (Bearhop et al., 2004).
Stable isotopes in plasma reflect diet integrated several days prior
to sampling (and thus, the diet during the last foraging trip
before sampling) whereas in blood cells, they reflect longer term
integrated diet (i.e., several weeks, Hobson and Clark, 1993). As
plasma and red blood cells were extracted from the same blood
sample for a given individual, their respective isotopic values
were not completely independent. However, given that red cell
isotopic values reflect the bird diet over the 3-4 weeks preceding
sampling, while plasma isotopic values reflect diet over the 3-5
days prior to sampling (Hobson and Clark, 1993), the red cell
isotopic values should only be marginally affected by what the
bird ate in the few days before sampling, and the red cell and
plasma isotopic values should thus be largely independent.

Subsamples (~0.3 mg) of plasma and blood cells were packed
into tin cups and their relative abundance of N isotope were
determined with a continuous flow mass spectrometer (Thermo
Scientific Delta V Advantage) coupled to an elemental analyzer
(Thermo Scientific Flash EA 1112). Stable isotope concentrations
were expressed in conventionaldnotation (dX=[Rsample/Rstandard) -
1] x 1000) where X is 15N and R is 15N/14N and Rstandard is the
atmospheric N2. Replicate measurements of internal laboratory
standards (acetanilide) indicated measurement errors <0.15‰.

Additionally, we collected in the same period (Jan/Feb 2016)
the stomach content of 10 individuals by stomach lavage
(Wilson, 1984), five of them being from tracked individuals
when recovering their GPS unit. Collection took place
immediately after the return of the bird to its nest from a
foraging trip and before it started feeding its chick. Stomach
contents were immediately frozen and later transferred to the
laboratory for taxonomic analysis, following Cherel et al. (2002).
Prey was identified using published keys and descriptions and by
comparison with material held in our reference collections.

2.4 Statistical Analyses
All statistical analyses were done with R software version 4.0.2 (R
Development Core Team, 2020).

2.4.1 Individual Consistency in Foraging Behaviour
We first quantified repeatability in movement metrics (trip
duration, total distance travelled, maximum distance travelled,
March 2022 | Volume 9 | Article 809852
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latitude and longitude of the farthest location), defined as the
proportion of variation in a given trait that can be attributed to
between-individual variation (Lessells and Boag, 1987;
Nakagawa and Schielzeth, 2010). We used a linear mixed
model approach using the rpt() function of the rptR package
(Stoffel et al., 2017). We included logger deployment date as a
fixed effect and thus estimated adjusted repeatabilities
(Nakagawa and Schielzeth, 2010). All individuals, including
those tracked during only one foraging trip, were included in
the repeatability estimations in order to base these estimations
on the best possible estimate of the among-individual variance in
the traits considered. All metrics followed a Gaussian
distribution, except the longitude of the farthest location which
was left-skewed [and was thus transformed as (Longitude+30)2].
The 95% confidence intervals of repeatability coefficients were
estimated using parametric bootstrapping with 1000 bootstraps
(Stoffel et al., 2017).

In a second step, we estimated the consistency in individual
diet (equivalent to the level of individual specialization in diet) by
quantifying the correlation (Pearson’s r) between plasma and
blood cell isotopic values. Indeed, as these tissues have different
turn-over rates (several weeks for blood cells and several days for
plasma), a strong correlation between stable isotopic ratios in
blood cells and plasma would indicate some level of temporal
consistency in individuals’ diet, or more exactly its trophic
position (Bond et al., 2016; Cherel et al., 2018).

2.4.2 Relationships Between Spatial Distribution
and Diet
We tested in a third step whether or not the spatial distribution
of petrels (i.e. their farthest latitude and longitude) was
associated with their diet. We first used a linear model with
d15Nplasma as the response variable and Longfarthest location and
Latfarthest location as the explanatory variables. Visual inspection of
model residuals indicated that they were normally distributed
and homoscedastic. For each individual, we included only the
foraging trip made immediately prior to blood sampling (i.e. only
one trip per individual) and the d15Nplasma value is expected to
represent the diet during this single trip (i.e., these foraging trips
averaged 4.6 days ± 1.6 SD, which corresponds to the expected
plasma turn-over). Then, using the same data, we performed a
cluster analysis based on the distance between the farthest
locations of each foraging trip to group individuals into
categories representing their space use, and compared the
mean d15Nplasma value among these groups. We used the distm
function (from package geosphere, Hijmans et al., 2017) to
generate a geodesic distance matrix between these farthest
locations and the hclust and cutree functions to define clusters,
using an arbitrary distance threshold (i.e. cut-of value for the
height of the cluster dendrogram) of 400 km (which corresponds
to scale of the foraging areas used by Antarctic petrels; Fauchald
and Tveraa, 2006). This latter analysis was used to confirm the
previous results based on a linear regression and to give a more
explicit spatial description of the differences among individuals
in their diet but did not intend to identify the optimal number
of clusters.
Frontiers in Marine Science | www.frontiersin.org 4
Results from stomach samples were further used to aid
interpretation of results from stable isotope analyses, but
sample size was too low (n=5) to test for a link with the spatial
distribution of birds.

2.4.3 Consequence of Individual Foraging Strategies
on Adult Mass, Chick Mass and Chick Survival
To test for the effect of petrel foraging strategies (movement
metrics and diet) on petrel body mass chick mass and survival,
we used linear models with either adult mass, chick mass or chick
survival as response variables. For both adult and chick mass we
considered mass measurements on adults’ return to the nest. We
used a Gaussian distribution for mass variables and a binomial
distribution with a logit-link function for chick survival. The
chick survival was defined based on the last nest visit done in
period 9th-11th February. For the mass analyses, we included in
the models the adult or chick mass at deployment, as well as the
logger deployment date as covariates. For the chick survival
analysis, we also included the deployment date as a covariate.
Chick age was unknown and could thus not be included
in models.

We first tested for the effect of the mean distance travelled per
foraging trip and the mean coordinates of the farthest locations
on these three dependent variables (adult mass, chick mass and
chick survival). We did not include the mean trip duration and
mean maximum distance from the colony as these two variables
were highly correlated with the mean distance travelled
(Pearson’s r=0.85 and 0.73, respectively). These analyses were
based on all 37 tracked individuals. We then tested in separate
models for the effect of d15Ncells (i.e. a proxy of the average
trophic position of the birds during the previous weeks) on the
three previously described dependent variables. We used
separate models to test for an effect of d15Ncells because isotope
data were only available for a subsample of tracked individuals
(n=21 individuals).
3 RESULTS

3.1 Individual Consistency in
Foraging Behaviour
Antarctic petrel movement metrics were repeatable (Table 1 and
Supplementary Figure 1) indicating that Antarctic petrels show
substantial levels of individual consistency in their movements at
sea when foraging. More specifically, individuals that travelled
far from the colony and/or that had a long foraging trip tend to
do the same during consecutive trips. The highest repeatability
was obtained for the coordinates (latitude and longitude) of the
farthest positions (Table 1) suggesting that birds were generally
consistent in their most distant foraging areas.

Antarctic petrels did not all feed on the same prey (range of
d15N values in plasma and blood cells, respectively: 8.44-12.36
and 8.81-10.18 ‰; Fig.1) and our results suggest some level of
individual specialization in diet. Individuals’ plasma (mean ±
SD: 9.71 ± 1.27‰) and blood cell (mean ± SD: 9.46 ± 0.35‰)
d15N values were highly correlated (Pearson’s r=0.75, 95%CI=
March 2022 | Volume 9 | Article 809852
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[0.47, 0.89], p<0.001]; Figure 1) indicating that individuals
were consistently foraging on high, or low, trophic level prey.
The relationship between d15N in plasma and blood cells
shows an increase in the d15N values in the plasma of the
individuals that already had higher d15N values in their blood
cells (slope higher than one, Figure 1). This suggests that
those individuals were feeding on higher trophic levels during
their last foraging trip as compared to the trips occurring in
the previous weeks.

3.2 Relationships Between Spatial
Distribution and Diet
The d15N value of Antarctic petrel was significantly associated
with their movements at sea and individuals travelling towards
more eastern longitudes were characterized by lower d15N values
(effect of the longitude of the farthest position: b=-0.09 ± 0.03 SE,
t=-3.58 p=0.002; Figure 2). The effect of the latitude was negative
(lower d15N values at higher latitudes) but only marginally
significant once the longitude effect was taken into account
(effect of the latitude of the farthest position: b=-0.41 ± 0.20
SE, t=-2.03, p=0.06).

A cluster analysis based on the farthest locations from the
colony indicated three different clusters (Figure 3). Petrels that
Frontiers in Marine Science | www.frontiersin.org 5
travelled towards the “central” and “east” clusters (Figure 3) had
similar mean d15Nplasma values equal to 9.5‰ (95%CI=[8.7, 9.2])
and 9.0‰ (95%CI=[8.8, 9.3]), respectively. The mean d15Nplasma

value of those that travelled towards the west was higher and
equal to 11.9 ‰ (95%CI=[11.6, 12.3]; Figure 2).

Stomach samples revealed a high proportion of fish (72% on
average of the wet biomass of the samples, mostly the neritic
Pleuragramma antarcticum, and the oceanic Notolepis coatsi and
Electrona antarctica) and a low proportion of crustaceans
(dominated by krill; 26% of the wet biomass) in Jan/Feb 2016
(n=10). While fish appeared to be the dominant prey in 2016,
results from stomach content of tracked individuals
(representative of the diet of their chick) match results from
stable isotopes (that are representative of adult diet) and indicate
that the proportion of fish in the diet was higher and the
proportion of krill lower in birds that travelled towards the
west. If we consider the same areas as the ones depicted in
Figure 2, we found that food samples of birds travelling towards
the east were composed of 27% krill and 71% fish (n=3; range for
the % of krill and fish respectively: [5, 50] and [50, 88]), whereas
for birds travelling towards the west, stomach contents were
comprised of 1% krill and 97% fish (n=2; range for the % of krill
and fish respectively: [1, 2] and [95, 99]).
FIGURE 1 | Relationships between d15N values in plasma and blood cells in the Antarctic petrel (n=21; data from Jan-Feb 2016, Svarthamaren Dronning Maud
Land). The regression line and associated 95% confidence interval (shaded area) are from the single regression model d15Nplasma ~ d15Nblood cells (b ± SE = 2.70 ±
0.55, t=4.90, p<0.001). The dotted line represents the regression with a slope equal to 1.
TABLE 1 | Adjusted repeatability in movement metrics in the Antarctic petrel (data from Jan-Feb 2016, Svarthamaren, Dronning Maud Land).

Trait Mean ± SD Repeatability 95% CI

Trip duration (hours) 95.2 ± 29.3 0.47** 0.19-0.68
Total distance (km) 2034 ± 622 0.49*** 0.22-0.70
Max. distance (km) 593 ± 149 0.39** 0.10-0.64
Long. farthest location (°) 5.9 ± 9.4 0.61*** 0.39-0.78
Lat. farthest location (°) -67.6 ± 1.2 0.72*** 0.52-0.84
March 2022 | Volume 9 | Artic
Results are based on 80 trips from 37 individuals for the maximum distance and farthest lat/long, and on 79 trips from 37 individuals for trip duration and total distance. All models include
the GPS deployment date as a covariate.
**p<0.01, ***p<0.001.
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FIGURE 2 | Relationships between the longitude of the farthest position during a foraging trip and the corresponding d15N plasma values in chick-rearing Antarctic
petrels (n=21; data from Jan-Feb 2016, Svarthamaren Dronning Maud Land). The regression line and associated 95% confidence interval (shaded areas) are from a
single regression model: (d15Nplasma ~ Long farthest location, b ± SE = -0.13 ± 0.02, t=-6.24, p<0.001; R2 = 0.67).
FIGURE 3 | Foraging trips of Antarctic petrels in January-February 2016 (n=21 trips from 21 individuals for which blood was sampled at return to the colony for
stable isotope analyses). The breeding colony, Svarthamaren, is indicated by a yellow dot. The farthest position from the colony for each foraging trip is indicated by
a star. The three colours represent the three clusters of Antarctic petrels based on their farthest positions. The mean (and associated 95% confidence interval)
d15Nplasma value is indicated for each group using the same colour code.
Frontiers in Marine Science | www.frontiersin.org March 2022 | Volume 9 | Article 8098526
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3.3 Consequence of Individual Foraging
Strategies on Adult Mass, Chick Mass and
Chick Survival
After adjusting for the logger deployment date and mass at
deployment, we found that petrel movement and diet metrics
were not significantly associated with the adult or chick mass at
return, nor with the chick survival probability (Table 2).
4 DISCUSSION

Antarctic petrels from Svarthamaren show high levels of
repeatability in their diet and movements at sea. During
consecutive foraging trips, petrels tend to make trips of similar
lengths and durations, reach similar terminal locations and feed
on similar prey. These individual differences in foraging are
spatially structured, with individuals travelling towards the west
feeding more on fish than those travelling to the east.
4.1 Individual Specialization in the
Antarctic Petrel?
Our results, based on GPS-tracking, stable isotope and stomach
content data, support the hypothesis of individual specialization
in foraging behaviour. However, our results are based on
relatively short-term tracking of individuals during the chick-
rearing period and the longer-term persistence of petrel
specialization in foraging behaviour remains unknown. Studies
during the other parts of the Antarctic petrel life-cycle (e.g.,
incubation, migration), and in consecutive years would be
needed to get a more complete understanding of the level of
individual specialization in this population.
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Our results contrastwithpreviousobservationsmade in another
Antarctic petrel colony in East Antarctica (Hop Island, Prydz Bay
region). Dehnhard et al. (2020) reported that all tracked Antarctic
petrels behaved like generalists and did not show any sign of
specialization in terms of their foraging sites and habitat use,
neither during incubation nor chick-rearing. This was explained
by the high variability and low predictability of the petrels’ foraging
environment surrounding Hop Island. Indeed, individual
specialization in foraging is only expected when the environment
shows some level of consistency and/or predictability. In a
constantly changing foraging environment, being generalist (in
terms of foraging habitat and/or diet) is expected to be the most
beneficial strategy and there should be limited individual
specialization (Futuyma and Moreno, 1988). The apparent
individual specialization of Antarctic petrels breeding at
Svarthamaren may thus be explained by a more predictable
foraging environment than at Prydz Bay/East Antarctica. In
support of this, recent observations found that some regions
within the Svarthamaren Antarctic petrel foraging range are
characterized by recurrent very high productivity (Descamps
et al., 2021; Kauko et al., 2021). These studies identified a large
late-summer phytoplankton bloom spanning 300 km east of the
Weddell Gyre, associated with high krill densities. At-sea
observations indicated that this area (that overlaps with the
“central” and “East” clusters shown in Figure 3) is used
intensively by Antarctic petrels. This bloom happens regularly in
this area and such predictability may be linked to the individual
specialization observed in petrels from Svarthamaren.

Based on previous satellite and GPS tracking, Fauchald et al.
(2006; 2017) suggested that Antarctic petrels from Svarthamaren
had no fixed foraging areas and adjust their behaviour and search
for food based on real-time cues (i.e. during the ongoing foraging
bout). However, our new results indicate that Antarctic petrels
TABLE 2 | Consequence of individual foraging strategies on adult mass, chick mass and chick survival in the Antarctic petrel (Svarthamaren Dronning Maud Land).

Dependent variable Explanatory variables Slope ± SE Test statistic (p-value)

Adult mass at return Adult mass at deployment 0.19 ± 0.17 t = 1.13 (0.27)
Date deployment -6.39 ± 9.52 t = -0.67 (0.51)
Mean tot. distance 0.01 ± 0.02 t = 0.49 (0.63)
Mean Long. Farthest point 2.13 ± 2.09 t = 1.02 (0.32)
Mean Lat. Farthest point -15.23 ± 13.19 t = -1.16 (0.26)

Chick mass at return Chick mass at deployment 0.77 ± 0.97 t = 0.79 (0.44)
Date deployment -20.78 ± 23.41 t = -0.89 (0.39)
Mean tot. distance -0.07 ± 0.12 t = -0.61 (0.55)
Mean Long. Farthest point -3.59 ± 8.46 t = -0.43 (0.68)
Mean Lat. Farthest point 75.41 ± 96.18 t = 0.78 (0.45)

Chick survival Date deployment -0.09 ± 0.29 z = -0.31 (0.76)
Mean tot. distance -0.0005 ± 0.0009 z = -0.53 (0.60)
Mean Long. Farthest point -0.07 ± 0.08 z = -0.88 (0.38)
Mean Lat. Farthest point 0.88 ± 0.81 z = 1.08 (0.28)

Dependent variable Explanatory variables Slope ± SE Test statistic (p-value)
Adult mass at return d15Ncells -1.95 ± 10.72 t = -0.18 (0.86)
Chick mass at return d15Ncells 20.38 ± 31.38 t = 0.65 (0.53)
Chick survival d15Ncells 0.35 ± 0.37 z = 0.93 (0.35)
March 2022 | Vo
(a) The variables “Mean tot. distance”, “Mean Long. Farthest point” and “Mean Lat. Farthest point” represent respectively the mean distance travelled per foraging trip for each tracked bird,
and the mean longitude and latitude of the farthest point reached during the trips. Sample size for all models is n=37 and results are the same when considering each variable separately in
single regression models. (b) Models were run separately for testing the effect of the d15Ncells value (a proxy of the birds’ trophic position) as data were only available for a subsample of
individuals (n=21). In (a) and (b), the test statistic column represents either a t-statistic for models based on a gaussian distribution, or a z-statistic for models based on a binomial
distribution.
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show some level of consistency in their movements and tend to
have the same final destination between consecutive foraging
trips. This does not necessarily mean that they follow the exact
same routes and forage at the same locations along these trips. In
fact, when looking at potential foraging areas along each foraging
trip (see details in Supplementary Table 2), we found that
foraging areas were distributed along the tracks and there was
very little overlap in these potential foraging areas between
consecutive trips. This supports Fauchald et al. (2006; 2017)
results and indicates that, even if petrels generally travel to the
same destination during consecutive trips, they show a flexible
foraging strategy and opportunistically adjust their search areas
based on cues they find along the way.

4.2 Antarctic Krill and Petrel Foraging
The differences in Antarctic petrel movements were linked to
differences in diet. Birds travelling towards the East were
characterized by a diet more based on lower trophic level-prey
than birds travelling westward. This indicates spatial differences in
prey composition or spatial variation in the isotopic value of the
prey. Indeed, the isotope values of fish or krill can vary spatially,
which could ultimately affect the isotope values in their predators
(e.g., Jaeger et al., 2010; Moreno et al., 2011). More specifically, the
d15N values of krill vary with both its size and the chlorophyll-a
concentration in their environment (Polito et al., 2019). Such
intra-specific differences in krill (or fish) could in theory explain
the differences in d15N values observed in the different Antarctic
petrel foraging areas. However, both the large d15N difference (2.9
‰, one full trophic level; Figure 2) and the results from food
sample analyses do not support this interpretation and rather
suggest different diets in these areas, with krill being more
important in the eastern areas. These eastern “krill foraging
areas” correspond to the phytoplankton bloom area described
above and that is characterized in some years by very high primary
productivity in late summer and high densities of Antarctic krill
(Moreau et al. in prep.). On the contrary, Antarctic petrels foraging
west of Svarthamaren had a diet dominated by fish, which fits with
results from an earlier study (Lorentsen et al., 1998). In this study,
ten stomach content samples were obtained from Antarctic petrels
shot at sea along the coast, west of Svarthamaren (at 72°25’S, 16°
43’W) in February 1994 and these samples were also dominated by
fish (87% of the total stomach mass).

Although the sample size is small, our results also indicate
that the proportion of krill in the diet in 2016 was much lower
than observed in previous years (Lorentsen et al., 1998;
Descamps et al., 2016b). Indeed, krill represented only 26% on
average of the wet biomass of samples collected in January and
February 2016 while it represented ≥60% in the 1992, 1994 and
2013 breeding seasons (Lorentsen et al., 1998; Descamps et al.,
2016a). Surprisingly, primary production was very high in the
“bloom area” in 2016 but not in 2013 (Moreau et al. in prep.),
while the proportion of krill in the diet was high in 2013 but low
in 2016. The relationships between primary production, krill
availability and petrel diet in this area may be complex and
additional years of data are needed to understand them.

The 2015/2016 breeding season had one of the fewest number
of breeders since the work at this colony started in 1984/1985
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and was characterized by the lowest number of breeding pairs
(ca. 18,000 active nests at the end of January 2016, after the peak
of hatching, as compared to 20,000-50,000 in period 2012-2014
and 50,000-200,000 in period 1985-2001, unpublished data). To
determine whether this low colony size was linked to the
generally low proportion of krill in the diet, which could reflect
poor foraging conditions and low krill availability in the marine
environment, warrants further investigation.

4.3 Demographic Consequences
Individual variation in habitat use, foraging behaviour and/or
diet may lead to differences in demography (Morales et al., 2010).
Such relationships have been observed in several seabirds like the
wandering albatross Diomedea exulans (Weimerskirch, 2018),
herring gull Larus argentatus (Pierotti and Annett, 1987; van den
Bosch et al., 2019) or Adélie penguins Pygoscelis adeliae
(Chapman et al., 2011; Ainley et al., 2018). In the Adélie
penguin, there seems to be clear energetic, and potentially
fitness, benefits for the chicks of having fish (more specifically
Antarctic silverfish) in their diet as compared to a diet based on
krill only (Chapman et al., 2011; Ainley et al., 2018). Our results
do not support these findings in petrels, as the different foraging
tactics and diet observed in Svarthamaren petrels were not
associated with different adult body mass, or in chick survival
or growth. Our results suggest that these costs and benefits
associated to different foraging strategies were similar for all
strategies, at least in the 2016 breeding season. Whether having a
fish-based or krill-based diet may bear different costs and/or
benefits in different years remain to be elucidated. Moreover,
Antarctic petrels share parental care and both parents feed the
chick. Consequently, to conclude more firmly that individual
variation in foraging strategies does not affect chick growth or
survival, information on both parents’ foraging behaviour would
be needed as one parent could potentially compensate for a low
foraging efficiency of its partner (Varpe et al., 2004). Such study
would require the tracking of both parents simultaneously.

4.4 Conclusion
Variation among individuals in their foraging strategies and
resource use has major implications for our understanding of
animal ecology and of how populations can interact with their
environment and respond to environmental change. The apparent
inter-individual variation in foraging strategies and dependence on
krill that we observed in Antarctic petrels from Dronning Maud
Land may increase the resilience of this population to future
changes in the krill population, and more generally to changes in
their foraging environment. In this context, assessing whether the
individual specializationwe observed at an intra-seasonal scale also
exists at an inter-annual scale, and assessing the proportion of the
population adopting each different strategy, is a priority.
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