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Long-lived species must balance allocation between reproduction and self-maintenance, and such a trade-off is expected to affect their
foraging behavior. A bimodal foraging strategy, where individuals alternate between long trips for self-maintenance and short trips
for offspring provisioning, may reflect this compromise. Using tracking data collected over three breeding seasons, we investigated
the occurrence of a bimodal foraging strategy and inter-annual variation in foraging decisions among black-legged kittiwakes (Rissa
tridactyla) breeding in Kongsfjorden, Svalbard. Kongsfjorden, a glacial fjord with six tidewater glacier fronts, provides close foraging op-
portunities to breeding sites. The continental shelf break outside the fjord offers another foraging area but involves higher commuting
costs. We tested the hypothesis that breeding adults perform foraging trips outside the fjord for self-maintenance. We predicted that
(1) adults were more likely to undertake foraging trips outside the fjord when their body condition was low and that (2) individuals
foraging outside the fjord were likelier to improve their body condition than those foraging within. Our results indicate that kittiwakes
in Kongsfjorden may adopt a bimodal foraging strategy during chick-rearing, but not every year. Contrary to our first prediction, we
found no evidence that adult body condition affected the probability of foraging at distant sites. However, adults were more likely to
maintain or improve body condition during outside-fjord foraging trips, supporting the hypothesis that long-distance trips can be used
for self-maintenance. Overall, our results suggest that bimodal foraging is not a fixed characteristic of kittiwake foraging behavior and
may be influenced by environmental conditions.
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Introduction 2010). When foraging takes place near the breeding site, off-
spring may benefit from a higher feeding rate; however, nearby
feeding patches may not necessarily be optimal for individuals’
self-maintenance. Consequently, the same food patches may
not be optimal for both adult self-maintenance and offspring
provisioning. Hence, the optimal foraging decisions of central
place foragers may reflect trade-offs between individual self-
maintenance and allocation to reproduction, and these decisions
may vary during the breeding season because nutritional and/
or energetic requirements vary with offspring age (Murphy 1996;
Markman et al. 2004).

The foraging behavior of breeding animals is expected to be
dependent on their body condition (eg Varpe et al. 2004) but such
relationships can vary according to the life history of the species.
In long-lived species, individuals in poor condition are expected to
prioritize their own survival over that of their offspring (Clutton-
Brock 1988; Newton 1989). If optimal foraging patches which allow
central place foragers to improve their body condition are further
from their nesting site, individuals in poor condition are expected

Central place foraging is common across a wide range of terres-
trial and marine- taxa (eg Kacelnik 1984; Kacelnik et al. 1986;
Fryxell and Doucet 1991). By definition, central place foragers
must periodically return to a central location after each foraging
bout (Orians and Pearson 1979). Theoretical models of central
place foraging assume that resources are patchily distributed in
space and that foraging decisions are based on trade-offs between
the quality and the distance of foraging patches. These models
suggest that foraging costs increase with increasing distance
from the central base, and benefits increase with patch quality
(Orians and Pearson 1979; Schoener 1979). Central place foragers
are thus predicted to forage in the nearest suitable patches.
During the breeding season, central place foragers allo-
cate foraging efforts to both self-maintenance and chick provi-
sioning. Travelling long distances may allow animals to exploit
high-quality patches and improve their body condition, yet longer
trips may also jeopardize offspring growth or survival via re-
duced food delivery rate (Ydenberg 1994; Ydenberg and Davies
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to perform longer foraging trips to reach these patches than those
in good condition (Ydenberg and Davies 2010; Welcker et al. 2012).
Such decisions may lead to the adoption of a bimodal foraging
strategy, whereby breeding individuals alternate between short
foraging bouts to maximize offspring provisioning rates and long
foraging bouts to improve their own body condition (Chaurand
and Weimerskirch 1994; Weimerskirch et al. 1994; Baduini and
Hyrenbach 2003; Ydenberg and Davies 2010). Such a bimodal
foraging strategy has been well documented in seabirds, espe-
cially in Procellariiformes (eg Chaurand and Weimerskirch 1994;
Baduini and Hyrenbach 2003) and Charadriiformes (eg Steen et al.
2007; Welcker et al. 2009, 2012; Elliott and Gaston 2015). Although
short-term benefits of long foraging trips have been reported in
colonial seabirds (eg increase adult body condition), unraveling
how these advantages are impacted by annual changes in envir-
onmental conditions poses a persistent challenge (see Granadeiro
et al. 1998; Ballard et al. 2010; Jakubas et al. 2020; Fayet et al. 2021,
Gee et al. 2024). Interannual variations in prey abundance and
distribution are likely to affect both the benefits and the necessity
of undertaking long foraging trips (Granadeiro et al. 1998; Ballard
et al. 2010). If patches that allow central place foragers to cover
both self-maintenance and chick provisioning are located near
the nesting site, individuals could limit themselves to shorter
foraging trips.

The black-legged kittiwake (Rissa tridactyla, hereafter kittiwake)
is a long-lived seabird known to use a bimodal foraging strategy
during the breeding period (Kotzerka et al. 2010; Paredes et al.
2012; Christensen-Dalsgaard et al. 2018), and whose foraging be-
havior can be affected by inter-annual changes in oceanographic
conditions (Goutte et al. 2014; Paredes et al. 2014; Bertrand et
al. 2021a). Kittiwakes breeding in Kongsfjorden, a glacial fjord
located on the west coast of Spitsbergen, Svalbard (78.91°N,
11.93°E), can undertake long trips to forage in the open sea but
can also forage extensively at tidewater glacier fronts near their
colonies (Urbanski et al. 2017; Nishizawa et al. 2020; Bertrand et
al. 2021b; Stempniewicz et al. 2021). Glacier fronts are spatially
restricted and relatively predictable foraging patches (Lydersen et
al. 2014; Urbanski et al. 2017), however, their profitability appears
to vary among years (Stempniewicz et al. 2017; Draganska-Deja
et al. 2020; Bertrand et al. 2021a). Kongsfjorden has no sill and
is directly connected to the continental slope, making it influ-
enced by both the Arctic waters from the coastal current and the
Atlantic waters from the West-Spitsbergen current (Svendsen et
al. 2002; Hop et al. 2019). The intrusions of these water masses
vary annually (Cottier et al. 2005; Tverberg et al. 2019) and influ-
ence the level of nutrients and the abundance and distribution of
kittiwake prey species in the fjord (Vihtakari et al. 2018; Hegseth
et al. 2019; Hop et al. 2019).

In this study, we used fine-scale GPS tracking data of chick-
rearing kittiwakes collected over three breeding seasons in
Kongsfjorden to investigate the interannual variation in their
foraging decisions, in which adults can alternate between short
(ie inside-fjord) and long (ie outside-fjord) foraging trips (Harris
et al. 2020; Bertrand et al. 2021b). We aimed to test the hypoth-
esis that breeding adults perform outside-fjord foraging trips for
self-maintenance during the chick-rearing period. We then pre-
dicted that 1) outside-fjord foraging trips are more likely to occur
when adult body condition is low and that 2) adults performing
outside-fjord foraging trips are more likely to improve their body
condition than those foraging mainly within the fjord. As environ-
mental conditions encountered during the breeding season can
affect bird conditions and foraging patterns (eg Weimerskirch et
al. 2001; Christensen-Dalsgaard et al. 2018), we also quantified

the annual abundance of food resources using estimates of zoo-
plankton biomass in Kongsfjorden (Hop et al. 2019).

Methods

Study system and species

This study was conducted in the summers 2016, 2017 and 2018
at two kittiwake breeding colonies within Kongsfjorden, namely
Observasjonsholmen (hereafter OBS; 78.93°N, 12.28°E) and Ossian
Sarsfjellet (hereafter OSS; 78.92°N, 12.44°E; Fig. 1). There are
six tidewater glacier fronts in the fjord, which are all used to a
varying extent by breeding kittiwakes during the incubation and
chick-rearing periods (Bertrand et al. 2021a).

The kittiwake is a surface-feeding seabird species, feeding on
small fishes and crustaceans (Coulson 2011; Vihtakari et al. 2018).
Kittiwakes breed monogamously once a year and lay one to three
eggs per clutch (generally one or two on Svalbard). Hatching oc-
curs in early/mid-July (Burr et al. 2016). Both parents exhibit par-
ental care and feed offspring until fledging, which occurs around
40 d after hatching (Coulson 2011).

Field data collection

We captured adult kittiwakes on their nest using a noose pole.
Nest content was assessed and only birds having at least one
chick in their nest were equipped with a GPS logger. Upon capture,
we measured head-bill length to the nearest millimeter using a
caliper and weighed each individual to the nearest 5 g using a
600 g Pesola scale. Birds were weighed a second time at logger re-
trieval (i.e recapture) 2 to 6 d after the initial capture. Three types
of loggers were deployed in this study: i-gotU GT-120, Mobile
Action; CatLog Genl, and CatLog Gen?2. All devices were sealed
in waterproof tubing and then fitted on birds’ back feathers using
TESA tape. Loggers weighed on average 11.8 g (range = 7.2 to 18.4;
representing 2% to 5% of birds’ mass). Deployments occurred be-
tween 28 June and 3 August. We found no effect of relative logger
weight on the probability of foraging outside the fjord or on the
relative body mass changes in birds breeding in Kongsfjorden (see
details in Supplementary material 1). In total, 71 chick-rearing
adult kittiwakes were tracked (Table 1). Among these, 6 individ-
uals (ca. 9%) were equipped more than once (either during the
same year or in different years).

The sex of individuals was determined based on a molecular
approach using DNA from either feather material or blood sam-
ples (n =67, ca. 94%; see details in Harris et al. 2020). Otherwise,
sex classification was performed using head-bill length morpho-
metric cutoff (x) of 90.5 mm (female < x <male; Coulson 2009)
when DNA material was unavailable (n =4, ca. 6%). In total, 35
females and 36 males were tracked.

Tracking periods varied among individuals (mean=69.9h,
range =42.9 to 142.6 h) and tracking intervals ranged from 2 to
10 min but were subsampled to obtain a standardized resolution
of 10 min between successive locations. Based on previous work,
we considered an individual to be foraging if it flew farther than
200 m from its colony center and for at least 50 consecutive min-
utes (Bertrand et al. 2021a). Since kittiwakes spend time on land
to fetch nesting materials or to bathe in freshwater (Coulson and
Macdonald 1962), we excluded trips that had more than 50% of
their locations overlapping land to avoid analyzing non-foraging
trips. About 8% of the trips were incomplete (ie last locations being
outside the colony) due to battery failure. Among those incom-
plete trips, we only retained trips where birds had completed the
majority of their foraging trip (ie when they returned towards the
colony and had traveled at least 75% of the maximum distance
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Fig. 1. Overview of the study area. The Norwegian Sea and Svalbard (a). The Atlantic currents, located between 200 and 600 m depth, are shown using
red arrows highlighting two main entryways: along the continental slope and in the middle of the Norwegian Sea along the Knipovitch ridge. The
Arctic surface currents, shown using blue arrows, originate from the Arctic Ocean. The black rectangle indicates Kongsfjorden. Spatial extent of the
study area highlighting the boundary of the fjord (light blue shaded area; Kongsfjorden, Svalbard) (b). Blue-shaded areas represent glacier fronts and
circles breeding colonies of kittiwakes targeted by this study (purple = Observasjonsholmen; green = Ossian Sarsfjellet).

Table 1. Annual number of foraging trips and adult black-legged kittiwakes (in parentheses) tracked during the chick-rearing period in
two colonies located in Kongsfjorden, Svalbard. A total of 71 individuals were captured and six of them were tracked more than once

(see methods).

Colony 2016 2017 2018

Female Male Female Male Female Male
Ossian Sarsfjellet 23 (7) 38 (9) 18 (3) 26 (5) 23 (7) 23 (5)
Observasjonsholmen 54 (9) 54 (11) 50 (7) 36 (6) 14 (4) 15 (5)
Total 77 (16) 92 (20) 68 (10) 62 (11) 37 (11) 38 (10)

reached on their trip; eg Paredes et al. 2012; Harris et al. 2020). A
total of 374 trips were delineated from the raw tracks (Table 1),
ranging from 1 to 16 per individual (mean +SD; 5.3 + 3.3).

Zooplankton biomass

Prey abundance and distribution are known to vary annually in
Kongsfjorden (Vihtakari et al. 2018; Hop et al. 2019). To investigate
the link between the foraging patterns of birds and resource abun-

dance, we used seasonal zooplankton biomass in Kongsfjorden
estimated from a long-term monitoring program (Hop et al. 2019).
Five stations, distributed along a transect from the inner to outer
fjord have been systematically sampled during the study period
(2016 to 2018) between 13 and 31 July. Zooplankton were sampled
using a multiple plankton sampler (MultiNet type Midi, Hydro-
Bios), having five closing nets with an opening of 0.25 m? and a
mesh size of 200 pm. The closing nets of the multiple plankton
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sampler were operated at the following depths: seafloor, 200, 100,
50, 20 m and at the surface. The biomass index was calculated
as the depth-strata averaged abundance (ind m) of each species
consumed by kittiwakes in Kongsfjorden and then converted to
a dry biomass estimate (mg dry mass m?). Estimates from each
station were averaged to obtain a yearly seasonal biomass index
at the Kongsfjorden level. Details of the procedure are available in
Hop et al. (2019) and Bertrand et al. (2021a).

Data analyses
Annual variation in foraging behavior.

We first assessed whether the presence of a bimodal foraging
strategy could be detected each year in the kittiwake popula-
tion breeding in Kongsfjorden. We used the Hartigans’ dip test
from the DIPTEST package (version 0.76-0; Ameijeiras-Alonso et
al. 2021) to evaluate whether distributions of maximum foraging
ranges (le maximum distance traveled from the colony, which is
highly correlated to trip duration, Pearson’s r = 0.81) followed a
bimodal pattern. This test evaluates the null hypothesis that the
distribution is unimodal, against the alternative hypothesis that
the distribution is multimodal. To avoid pseudo-replication in
these analyses, we, here, used the maximum range reached by an
individual during its entire tracking period, resulting in one value
per individual (and not one value per trip, which was used in the
remaining analyses - see below). Only the first tracking period
was considered when individuals were tracked multiple times
in a given season. We then estimated the locations of modes
in each distribution (ie year) using the critical bandwidth pro-
posed by Hall and York (2001). Limits for the calculation of the
critical bandwidth were set between 0 and 200 km to avoid the
identification of artificial modes in the right tail of distributions
(Ameijeiras-Alonso et al. 2021). To assess the robustness of these
results, we conducted a second analysis using a resampling ap-
proach. This method accounted for the probability of including
all trips made by each individual. Across 999 iterations, we ran-
domly selected one single trip per individual for each year and
extracted its maximum foraging range. We then calculated the
corresponding p-values using the Hartigans’ dip test, creating a
probability distribution of p-values for each year. Bimodality was
then validated based on the visual inspection of the characteris-
tics of these distributions (Murdoch et al. 2008).

We used a mixed modeling approach to investigate whether
maximum ranges of both inside- and outside-fjord foraging trips
were consistent over the years. Delimitation of the inside-fjord
area was based on the extent of the middle and inner zones of
Kongsfjorden (Hop et al. 2002), corresponding to a surface area
of ca. 230 km? with outside borders delineated by a transect from
Kapp Guissez to Kvadehuken (Fig. 1). Maximum range distribu-
tions of both groups (ie inside and outside-fjord foraging trips)
were highly right-skewed and were thus log-transformed to im-
prove linearity with predictors. Estimates of predicted values were
then back-transformed to ease interpretation, corresponding to
the median of the response distribution on the original scale.
In addition to the year, the colony was added as a predictor to
account for the average difference in habitat use among colonies
(Bertrand et al. 2021b). We fitted individual identity as a random
intercept to account for the non-independence of repeated indi-
vidual measurements. The model was defined as follows:

log (maximum range) ~ «+ B (yearo17)
+ B2 (yearaoig) + B3 (COIOHYOssian Sarsﬁellet) +(id),

with o corresponding to the intercept (corresponding to the year
2016 and Observasjonsholmen colony as reference levels), 5; the
different predictors (defined as contrasts) and (id) the random in-
dividual effect. Modelling was performed under a Bayesian frame-
work using the RSTANARM package (version 2.21.1; Goodrich et al.
2020). We used default weakly informative prior distributions for
each parameter to regularize computation and prevent model
overfitting (Muth et al. 2018). We performed five Markov chains of
60,000 iterations, including 30,000 iteration-warmups that were
subsequently discarded before the estimation of the parameters’
posterior distributions. All effective sample sizes (Neg > 1000) and
potential scale reduction factors (R < 1.1) indicated model con-
vergence (Muth et al. 2018). Along with estimates, we reported
the 95% posterior uncertainty interval (ie 95% PI) of the posterior
probability distribution for each model parameter and considered
we had evidence for an effect if this interval was not overlapping
zero. Posterior predictive checking (ie comparison between pre-
dictive distribution and observed data) was performed visually to
assess the goodness-of-fit of models.

We used a generalized linear mixed model with a binomial
distribution and a logit link function to test for annual variation
in the probability of performing outside-fjord foraging trips.
Foraging trips were coded as binary, where 0 was assigned to trips
where birds remained inside fjord boundaries to forage (ie inside-
fjord; light blue area depicted in Fig. 1) and 1 to trips where birds
flew out of the fjord (ie outside-fjord). We added year and colony
as predictors, and the individual identity was fitted as a random
intercept, giving the following form:

p
log {m} ~ a+ B (yearyz) + B2 (yearaois)

+ 63 (COIOHYOssian Sarsﬁellet) + (Id) )

with P corresponding to the probability of foraging outside the
fjord, a the intercept, 3 the different predictors and (id) the
random effect.

Linking initial body condition and mass change to foraging
decision.

Generalized linear mixed models with a binomial distribution and
a logit link function were used to test the prediction that outside-
fjord foraging trips were more likely to occur when the adult body
condition was low. We coded the response variable based on the
first trip performed by the bird after capture and assigned 0 if the
bird performed an inside-fjord foraging trip and 1 for an outside-
fjord trip. We defined body condition as the size-corrected mass
(Jakob et al. 1996; Jacobs et al. 2012) calculated as the residuals of
the linear relationship between individual mass and total head-
bill length. This metric is expected to represent the individual
nutritional status (ie a proxy of the level of nutrient stores). The
total head-bill length is a proxy for the structural body size that
allows differentiating sexes (estimate of the head-bill length ef-
fect on body mass =5.96, 95% CI =3.22 to 8.71; R?=0.20; df = 76;
Coulson 2009; Jacobs et al. 2012). Colony was also added as a pre-
dictor to account for potential inter-colony differences in foraging
behavior (Bertrand et al. 2021b) and the individual identity as a
random intercept. Including sex in the analysis did not affect par-
ameter estimates (data not shown). The model was computed as
follows:

log {%] ~ a+ B1(BC) + B2 (I(yearaois)) + B3 (I(yearzo17))

+ 54 (I (}’eafzola)) + 55 (COIOHYOssian Smsﬁellet) + (Id) ’
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Fig. 2. Interannual variation in the frequency distribution of the maximum foraging ranges (km) in chick-rearing kittiwakes breeding in Kongsfjorden
(a), and the proportion of foraging trips performed outside of the fjord for each colony, as well as the seasonal zooplankton biomass density (yellow
triangle) (b). In panel a, the solid black line represents density distributions of observations and the dashed line corresponds to the distance threshold
separating the fjord from the open sea. The Hartigans’ dip test p-values are also indicated for each year. Average annual zooplankton biomass and
95% confidence intervals were calculated by bootstrapping station estimate along 999 iterations using the HmIsc package (version 4.7-2; Harrell et al.
2020). The average annual and colony-specific proportion of outside-fjord foraging trips were calculated using individual proportions but weighted
values using the number of trips recorded per individual. The displayed 2.5 and 97.5% percentiles for each average were computed by bootstrapping
individual proportions and associated weights along 999 iterations via the boot package (version 1.3-25; Canty and Ripley 2024).

with P corresponding to the probability of foraging outside the
fjord, o the intercept, §; the different predictors (BC corresponding
to body condition, I (yearsoxx) an indicator variable for year 20XX
(XX =16, 17 and 18)), and (id) the individual random effect. Then,
we used linear mixed models to test the prediction that individ-
uals performing outside-fjord foraging trips were more likely to
improve their body condition compared to those foraging mainly
within the fjord. The response variable was the relative body
mass change (BMC) between the initial capture and recapture;

(M; — Mc)
M.

where M corresponds to the mass at capture (M) or recapture (My
). As a predictor of BMC, we initially aimed at using the foraging
site location (ie inside- vs outside-fjord) of birds on their last trip
before being recaptured. However, many tracking periods were
incomplete due to battery failure which constituted a limited
sample size. As an alternative, we used the proportion of outside-
fjord foraging trips among all trips performed during the tracking
period (ie between capture and recapture). In parallel, we tested
the robustness of the results by using a binary predictor (ie in-
stead of the proportion), coded as 0 if the birds stayed inside the
fjord during the entire tracking period, and 1 otherwise. Similar
results were obtained using this alternative predictor (results
not shown). We, thus, only provided results based on the propor-
tion of outside-fjord foraging trips as a predictor of the BMC. Like
previous models, we also added the colony as a predictor to the
model and the individual identity as a random intercept, giving
the following form:

BMC =

BMC ~ «+ B4 (proportion) + 83, (I (yearaoie))
+ B3 (I (yearao17)) + Ba (I (yearaoig))
+ fBs (COIOHYOssian Sarsﬁeﬂet) + (Id) )

with a corresponding to the intercept, 5 the different predictors
(proportion indicating the proportion of outside-fjord foraging
trips), I (yearaoxx) an indicator variable for year 20XX (XX = 16, 17
and 18), and (id) the individual random effect.

Results

Chick-rearing kittiwakes breeding in Kongsfjorden foraged from
3.8 t0 395.0 km from their colony (Figs. 2a and 3). The distribution
of maximum foraging ranges followed a bimodal pattern in 2018
(D =0.15; p =<0.001; mode, = 10.0 km; mode, = 115.8 km) while
being unimodal in 2016 (D = 0.05; p = 0.760; mode = 14.4 km) and
2017 (D=0.10; p=0.090; mode =9.5 km). Further analysis by
resampling confirmed these annual differences in the distribution
of maximum foraging ranges (see Supplementary Information 2).
Nonetheless, some outside-fjord foraging trips were observed in all
years and the maximum foraging range reached during these trips
was significantly longer on average than inside the fjord (mean
difference in 2016 = 105.9 km, 95% PI =91.5 to 120.6; 2017 =19.2
km, 95% PI=17.1t0 21.2; 2018 = 120.9 km, 95% PI = 98.4 to 143.7).
Maximum foraging ranges of inside-fjord trips were similar in all
years (median in 2016 = 5.2 km, 95% PI =4.3 t0 6.1; 2017 = 6.7 km,
95% PI=5.61t08.1; 2018 = 5.6 km, 95% PI = 4.4 to 7.2), while ranges
of outside-fjord foraging trips were significantly smaller in 2017
(median = 23.3 km, 95% PI=11.6 to 45.9) compared to 2016 and
2018 (median in 2016 = 75.1 km, 95% PI =48.3 to 115.9; 2018 = 90.2
km, 95% PI=59.4 to 138.0). Importantly, outside-fjord foraging
trips were not restricted to the use of the open sea. In 2016 and
2017 (1% to 4% of trips per year), birds reached glacier fronts lo-
cated in an adjacent fjord (Krossfjorden), up to ca. 50 km from
Kongsfjorden (Fig. 1).

The proportion of outside-fjord foraging trips varied signifi-
cantly among years (Fig. 2b), being higher in 2018 (31%, 95%
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Fig. 3. Foraging trips of the 71 chick-rearing adult kittiwakes breeding in Kongsfjorden and tracked with GPS in 2016 (a, b, c), 2017 (d, e, f), and 2018
(g, h,i). Light-green tracks represent outside-fjord foraging trips and dark-blue tracks inside-fjord foraging trips. The location of the two colonies
(Observasjonsholmen = black circle; and Ossian Sarsfjellet = black triangle) is also provided. Three spatial scales are shown: left = western Svalbard;

center = Kongsfjorden and Krossfjorden area and right = Kongsfjorden.

PI = 14 to 64) compared to 2017 (2%, 95% PI =0 to 5) and 2016 (7%,
95% PI =3 to 14). The proportions of outside-fjord foraging trips
observed in 2016 and 2017 were not significantly different (log-
odds =0.8,95% CI = -1.9 to 3.5). Interestingly, 2018 was character-
ized by the lowest level of zooplankton biomass in Kongsfjorden
(Fig 2b). Individual body conditions at capture also differed among
years, being the highest in 2017 (mean = 22.2 gmm-?, 95% PI = 8.6
to 35.7), and similar in 2016 and 2018 (mean 2016 =-9.0 g mm-",
95% PI=-20.5 to 2.6; mean 2018 =-13.7 g mm™, 95% Pl =-28.7
to 1.1; see details Supplementary material 3). The body condition
of individuals at capture did not affect the birds’ probability of
foraging outside the fjord on the first trip following their release

(Table 2). There was no evidence for different patterns between
years (interaction not significant, results not shown).

Birds tracked in 2017 experienced greater body mass loss
(mean =-7.9%, 95% PI = -10.2 to -5.7) during the tracking period
than birds tracked in 2016 (mean =-2.1%, 95% PI=-3.9 to -0.3)
and 2018 (mean = -3.4, 95% PI = -5.9 to -0.7). Relative body mass
changes were similar in 2016 and 2018 (mean difference =1.3,
95% PI = -1.3t0 3.9). Individuals’ body mass change was positively
related to the proportion of outside-fjord foraging trips during a
whole tracking period (ie between capture and recapture, slope
of 0.054; Table 3; Fig. 4). This suggests that chick-rearing adults
performing more outside-fjord trips were more likely to improve
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Table 2. Binomial generalized linear mixed model testing the
effect of body condition at capture on the probability of foraging
outside the fjord (during the first trip after the bird’s release).
The colony (Ossian Sarsfjellet as reference level) and the year
were added as fixed effects. Point estimates (mean; §) with

95% posterior uncertainty interval (Post. Int.) of the posterior
probability distribution for each model parameter are indicated.
The standard deviation of the random effect is 1.96. Significance
(shown in bold) based on the nominal threshold of 0.05.

Predictors B Post. Int. (95%)
BC -0.01 -0.04: 0.03
2016 -4.42 -8.24: -2.20
2017 -5.02 -9.00: -2.27
2018 -1.75 -4.09: 0.02
Colony (Ossian) 2.01 0.15: 4.35

Table 3. Linear mixed model testing the effect of outside-fjord
foraging trip (Proportion of trip out) on relative body mass
change. The colony (Ossian Sarsfjellet as reference level) and the
year were added as fixed effects. Point estimates (mean; 3) with
95% posterior uncertainty interval (Post. Int.) of the posterior
probability distribution for each model parameter are indicated.
The standard deviation of the random effect and the standard
deviation of the residuals equals, respectively, 0.01 and 0.04.
Significance (shown in bold) based on the nominal threshold of
0.05.

Predictors B Post. Int. (95%)
Prop 0.05 0.01: 0.10
2016 -0.02 -0.04: 0.00
2017 -0.08 —-0.10: -0.06
2018 -0.03 —-0.06: -0.01

Colony (Ossian) 0.00 -0.02: 0.02
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Fig. 4. Interannual difference in the relative body mass change as a
function of the proportion of outside-fjord foraging trips performed

by chick-rearing kittiwakes breeding in Kongsfjorden, Svalbard.

The regression line (median value of posterior samples) and

its associated credible interval (90% Bayesian posterior uncertainty
interval) were estimated from the corresponding Bayesian linear mixed
model, with individual identity fitted as a random effect.
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their body condition than those foraging mainly within the fjord.
This result was mostly driven by the season 2016 (ie excluding
this season led to a non-significant effect of the proportion of
outside-fjord foraging trips; results not shown). The effect size
was nonetheless relatively small; foraging exclusively outside the
fjord (ie a proportion of outside-fjord trips equal to 1) leads to
an average body mass increase of 3.4% while foraging exclusively
inside the fjord leads to an average body mass decrease of 2.0%

(Fig. 4).

Discussion

The investigation of foraging decisions is central to understanding
how individuals respond to spatiotemporal variation in habitat
quality and maximize fitness benefits (Orians and Pearson 1979;
Schoener 1979). Adopting a bimodal foraging strategy, whereby
birds alternate between long and short trips, may allow adults to
balance their investments between survival (self-maintenance)
and breeding performance (chick growth and survival). Adult kitti-
wakes breeding in Kongsfjorden adopted such a bimodal foraging
strategy during the chick-rearing period in one of the three years
under study, 2018, when zooplankton biomass was low inside
the fjord. Contrary to our first prediction, we found no evidence
that adult body condition affected the probability of foraging in
sites located further away from the colony However, adults could
slightly improved their body condition when foraging outside the
fjord compared to foraging exclusively inside. Overall, our results
support the hypothesis that long-distance foraging trips could be,
at least partially, used for self-maintenance but also suggest that
the benefits of performing such trips may vary between years in
central-place foragers like kittiwakes.

Assuggestedinother colonial seabirds such as Procellariiformes
and Charadriiformes (eg Granadeiro et al. 1998; Steen et al. 2007),
breeding kittiwakes may be more likely to perform long-distance
foraging trips, and adopt a bimodal strategy, when the food supply
close to their colony is poor. In our study system, kittiwakes can
heavily forage at tidewater glacier fronts located within the
fjord and a few kilometers away from their colony (Urbanski et
al. 2017; Bertrand et al. 2021a). However, annual variation in en-
vironmental conditions, including the level of zooplankton bio-
mass in the fjord, appears to modulate the relative profitability
of foraging habitats located within the fjord, including tidewater
glacier fronts (Stempniewicz et al. 2017, 2021; Hamilton et al.
2019; Bertrand et al. 2021a). When the Atlantic inflow and zoo-
plankton biomass levels in the fjord are relatively low, such as in
2018 in our study area, food available close to the breeding colony
might be insufficient to fulfill all energetic requirements of both
chick and adult kittiwakes. The bimodal foraging pattern ob-
served in such year likely resulted from the spatial heterogeneity
of the resource distribution, with optimal patches for foraging
and offspring provisioning differing in localization (eg Steen et al.
2007; Ydenberg and Davies 2010; Welcker et al. 2012). Some vari-
ability in kittiwake foraging decisions remains unexplained—for
example, why certain individuals undertook long foraging trips
in 2016 and 2017, despite relatively high food abundance within
the fjord during those years? The use of an annual proxy for food
resource availability limits our capacity to assess the potential
effects of intra-annual variations on individual foraging behavior.
Additional data at a finer temporal scale would likely improve our
ability to explain individual foraging decisions.

Bimodal foraging strategy has been reported previously in kitti-
wakes (Paredes et al. 2012; Christensen-Dalsgaard et al. 2018). For
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instance, kittiwakes breeding in Alaska performed long and short-
distance trips along with a diurnal pattern in response to chan-
ging prey availability in the seascape (Kotzerka et al. 2010; see also
Paredes et al. 2012). We did not detect such circadian pattern in
departure time from the colony by the foraging kittiwakes in our
study system (see Supplementary Information 4), suggesting that
prey availability was not diurnally restricted within their feeding
range. Based on four years of tracking, Christensen-Dalsgaard
et al. (2018) observed that kittiwakes in mainland Norway were
interspacing short- with long-distance foraging trips to feed at
the Norwegian shelf break, a distant but predictable foraging
habitat. They also found that birds with lower body condition
tended to travel longer distances, suggesting that the use of dis-
tant patches likely promoted adult self-maintenance over chick
provisioning (see also Ponchon et al. 2014). Although our results
illustrate the energetic benefits of long-distance foraging trips
for chick-rearing kittiwakes (ie an increase in adult body condi-
tion), we did not find that kittiwakes’ body condition modulated
their decision to forage outside the fjord. A potential explanation
could come from inter-individual differences in foraging behavior.
In seabirds, it is common that individuals from a given popula-
tion are characterized by different habitat or diet specialization
(Ceia and Ramos 2015). Such variations in foraging behavior, and
in how individuals respond to changes in the environment, are
often linked to individual state variables such as age, experience
or personality (Phillips et al. 2017; Harris et al. 2020). Such po-
tential inter-individual differences in foraging behavior would ob-
viously affect our ability to detect the effect of body condition
on foraging trip distance. It has been shown in the Kongsfjorden
kittiwake population that individuals respond differently to
stress (ie lack of food; Schultner et al. 2013). All individuals are
thus not expected to respond similarly to changes in their own
body condition and some may endure variable thresholds in body
condition to support their current reproductive performance.
Such variation may thus obscure any relationship between an in-
dividual condition and the decision to improve its nutrient stores
by foraging outside the fjord.

Moreover, the foraging decisions of a given individual may not
only be dependent on its own body condition but also on the one
of its offspring. In Manx shearwaters (Puffinus puffinus) for ex-
ample, there is a negative relationship between chick condition
and the duration of the parent’s foraging trips (Mas and Kolliker
2011). Such complex relationships between an individual’s
foraging behavior, its state, and the state of its offspring may
hinder the detection of any potential link between body condition
at trip departure and foraging trip characteristics. Further studies
that account for kittiwake chick condition would be needed to
clarify these relationships.

The marine ecosystem of Kongsfjorden is changing rapidly to-
wards a warmer and ice-free state, which is affecting the sea-
bird community via the distribution and abundance of their
prey (Descamps et al. 2017; Vihtakari et al. 2018; Hop et al. 2019;
Descamps and Strgm 2021). Productivity in western Svalbard
might increase if the Atlantification (ie increase influence of
warm and saline Atlantic waters in the Arctic) trend persists
(Csap6 et al. 2021). Although glacier fronts are known to increase
food availability for marine predators foraging in glacial fjords
(Lydersen et al. 2014; Urbanski et al. 2017), their profitability as
foraging habitats might change rapidly once they recede above
sea level (Hopwood et al. 2018; Halbach et al. 2019). Such changes
could negatively affect prey availability near some seabird col-
onies and may potentially result in the need for more foraging

trips outside the fjord to compensate for the loss of nearby
foraging patches (Grémillet et al. 2015). Although kittiwakes
can travel extensively while rearing their chicks (Christensen-
Dalsgaard et al. 2018; Bertrand et al. 2021b), the disappearance
of foraging areas close to the colony due to fast-changing glacial
environments might still have important fitness consequences
for breeding individuals and ultimately affect population trends
(Descamps and Ramirez 2021).

Supplementary material

Supplementary material is available at Behavioral Ecology online.
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