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Abstract

Polar ecosystems are subjected to many stressors, including climate change, that impact their overall functioning. Seabirds
are good bioindicators of these systems as they readily respond to changes in environmental conditions. To quantify how
environmental changes affect their life history, data on seabird diet, spatial distribution and body condition are needed to
reveal the underlying mechanisms. We explored possible drivers of the winter distribution of single-colony populations of
Atlantic puffins Fratercula arctica and black-legged kittiwakes Rissa tridactyla, two of the most numerous seabird species
in the North Atlantic. Based on carbon and nitrogen stable isotopic data from feathers moulted during winter migration, we
identified three groups of Atlantic puffins and two groups of black-legged kittiwakes occupying different isotopic niches.
We then used geolocator tracking data for the same birds to determine if these groups reflected parallel differences in the
location of moulting grounds rather than differences in their diet. We found that the isotopic niches of the three Atlantic
puffin groups likely resulted from their use of different habitats during winter moult. In contrast, the isotopic niches of the
two black-legged kittiwake groups were more likely a result of differences in their diet, as both groups were distributed in
the same area. These findings suggest that different winter feeding and/or migration strategies may play a role in shaping the
body condition of individuals for their following breeding season. We discuss the role of environmental conditions encoun-
tered by seabirds during winter migration to further elucidate such intracolony divergence in strategies. As polar ecosystems
experience rapid changes in environmental conditions, the approach presented here may provide valuable information for the
development of effective conservation measures (taking both intra- and intercolony variability into account), and to better
predict future impacts of climate change.
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Introduction

In Polar Regions, rapid climatic changes are triggering
pronounced shifts and reorganizations in regional ecosys-
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(Einoder 2009). However, seabirds are declining worldwide
(Paleczny et al. 2015) and are now among the most threat-
ened birds on Earth (Croxall et al. 2012; Dias et al. 2019).
Some studies suggest that this may primarily be a conse-
quence of excessive fisheries or a decrease in the availabil-
ity of prey caused by changing environmental conditions
(Grémillet and Boulinier 2009; Grémillet et al. 2018). How-
ever, for most migratory marine birds, limited knowledge of
their distribution outside of the breeding season has limited
investigations on the relationship between environmental
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conditions and population dynamics, through impacts on
over-winter survival or on reproductive success via carry-
over effects (Runge and Marra 2005; Ratikainen et al. 2008;
Smith and Gaston 2012). Yet, the non-breeding period may
well be crucial for seabird survival and fitness. It is therefore
important to uncover key relationships between important
life history traits and various environmental factors, such as
sea surface temperature, weather conditions, primary pro-
duction, fish stocks, and human activities that can affect the
condition and ecology of seabirds. The need is particularly
urgent in Polar Regions, which undergo rapid changes of
their environmental conditions. This is required to better
predict future population trends and to develop and imple-
ment appropriate conservation actions both locally and at
larger scales.

The development of tracking technologies, such as min-
iaturized light-level geolocator tracking devices (GLS log-
gers), has revolutionized our knowledge of the non-breeding
spatial range of migrant species, not the least for seabirds
(e.g., Egevang et al. 2010; Frederiksen et al. 2012; Strgm
et al. 2021). Attached to birds, these devices must be both
light and ergonomic while having sufficient storage capac-
ity to monitor the entire migration period. GLS loggers
allow the collection of data providing information on broad
migration patterns and behaviour. In addition, complemen-
tary approaches are needed to detail conditions at important
staging and moulting areas, where the populations may be
more susceptible to natural and human-induced stressors,
and define and quantify how the seabirds interact with the
environment.

Stable isotope ratios measured in bird tissues represent
a complementary approach with GLS data. For example,
analysing an inert tissue such as feathers can give indications
on the diet and environmental conditions encountered by the
birds during their regular feather moult events (Hedd et al.
2010), i.e., when groups of feathers are regrown after the
old ones are shed. Depending on the species and the type of
feathers considered, the moulting period may be spread over
a few weeks to several months. This is a crucial time for sea-
birds, because moulting feathers may limit movements due
to increased energetic cost of flight and diving, and result
in decreased ability to avoid exposure to inclement weather
conditions, including extreme events such as storms (Clair-
baux et al. 2021; Reiertsen et al. 2021). By sampling feathers
during the breeding season when the birds are onshore, we
can access data on the conditions they experienced in the
preceding non-breeding period when they were distributed
far offshore and therefore inaccessible (Hedd et al. 2010).
The 8'°N values reflect the birds’ relative trophic position
and are considered an indicator of diet composition during
feather growth, while 6'°C values mainly reflect their feed-
ing habitat characteristics (i.e., temperature, coastal/offshore
environment) (Kelly 2000). Thus, combining isotopic and
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spatial data is a complementary method to gather valuable
information on the location (feeding and moulting grounds)
and trophic interactions of seabirds during winter (Hedd
et al. 2010; Gonzalez-Solis et al. 2011; St. John Glew et al.
2019). Obtaining this type of information for many indi-
viduals sharing the same breeding site allows researchers to
determine the degree of intracolony heterogeneity in migra-
tion paths and location of moulting grounds as well as the
overall isotopic niche occupied by the colony (Jager et al.
2009; St. John Glew et al. 2019). This can in turn be linked
to carry-over effects on body condition and reproductive suc-
cess for the individuals in a given colony (Fayet et al. 2017).
Ultimately, a better understanding of the non-breeding part
of the seabird life cycle can help identify main mechanisms
behind negative demographic trends (Reiertsen et al. 2021).

Here, we investigate the over-winter movements and
isotopic feather composition of Atlantic puffins Fratercula
arctica (hereafter puffins) and black-legged kittiwakes Rissa
tridactyla (hereafter kittiwakes) breeding at Rgst in northern
Norway. Puffins are one of the most abundant North Atlan-
tic seabirds (~20 million individuals; Harris and Wanless
2011), but their population at Rgst, which was known to be
the largest colony in the world, has declined on average 3.1%
per year from 1.4 million pairs in 1979 to 226000 pairs in
2022 (Anker-Nilssen and Rgstad 1993, Anker-Nilssen and
@yan 1995, SEAPOP data portal at www.seapop.no), and
puffins are now classified globally as ‘Vulnerable’ (IUCN
2018) and as ‘Endangered’ on the Norwegian Red List
(Stokke et al. 2021). The kittiwake is also classified glob-
ally as ‘Vulnerable’ (IUCN 2019) and listed as ‘Endangered’
in mainland Norway (Stokke et al. 2021), where its breeding
population has decreased by 6-8% per year since the mid-
1990s (Barrett et al. 2006; Sandvik et al. 2014). The reasons
for these population collapses are not fully understood, but a
key factor is long-term depression of breeding success due to
climate-induced scarcity of food in the colony areas (Anker-
Nilssen 1992; Durant et al. 2003, 2006; Sandvik et al. 2014).
Kittiwakes are also affected by increased predation from
white-tailed eagles Haliaeetus albicilla (Anker-Nilssen et al.
2023). The conditions the birds encounter at other times
of year may also have played a role but both species spend
the winter offshore over large areas in the North Atlantic
(Frederiksen et al. 2012; Fayet et al. 2017), which makes it
extremely difficult to study them outside the breeding sea-
son. More information on their ecology during the winter is
needed to fill an important gap in our current understanding
of the life cycle of these species.

We looked at the inter and intraspecific variability of
diets and migration routes for puffins and kittiwakes over
a 3-year period by combining tracking data with isotopic
composition of feather samples from the same birds. We
hypothesised that within the same colony, different diet and/
or migration strategies may be adopted by the birds, leading
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to different isotopic niches for groups of individuals. We
aimed to (i) assess the potential of the approach to improve
winter monitoring of the birds’ ecology, (ii) identify groups
of individuals with different strategies in winter character-
ized by the location of their moulting grounds and/or feeding
preferences, and (iii) explore the impact of these strategies
on the birds’ body condition in relation to environmental
conditions.

Materials and methods
Study area and data collection

Fieldwork was carried out at two study sites in the Rgst
archipelago, the southwestern tip of the Lofoten Islands
in northern Norway: the puffin colony on the island of
Hernyken (67°26" N, 11°52" E), and the kittiwake colony
on the island of Kargya (67°30’ N, 12°05' E). To investi-
gate spatial distribution and activity patterns during winter,
breeding birds were captured on the nest (kittiwakes) using
a noose pole or in mist nets erected on the colony surface
(puffins) between May and August in 2015-2019 (Table 1).
All were equipped with a GLS logger (1.0 g Migratetech®
models C65 and F100, and 1.9 g Biotrack® model Mk4083,
Cambridge, UK) fixed to an acrylic leg band. The added
mass was always < 1% of the birds’ mean body mass (puf-
fins 452 +29 g, kittiwakes 389 +38 g) to minimise poten-
tial impacts (Phillips et al. 2003; Vandenabeele et al. 2012).
Body measurements including head + bill length, bill height
at gonys and body mass, were taken at both capture and
retrieval, and at one of these occasions, a small blood sample
(<50 pL) was collected from the metatarsal vein of each
bird for molecular sexing. A total of 72 and 37 GLS log-
gers containing tracking data from the preceding winter (i.e.,
when the sampled feathers were grown) were retrieved from
puffins and kittiwakes, respectively. During recapture, about
ten feathers were collected from the cheek of each puffin and
the back of each kittiwake for stable isotope analyses. These
feathers are replaced in winter, and therefore assumed to be
representative of the diet and feeding habitat of the birds
during this period (Cherel et al. 2000). All birds were sexed
by DNA from the blood samples stored in Lysis buffer at
5 °C, using the method described by Anker-Nilssen et al.
(2017). We declare that the birds captured and handled for
this study were treated according to the ethical framework

for handling animals for research as defined by Norwegian
legislation and with licence from the relevant authorities.

Analysis of tracking data

GLS provide two positions per day based on light levels
with an accuracy of about 200 km (Phillips et al. 2004; Hal-
pin et al. 2021). All GLS data were collected as part of the
SEATRACK project (https://seapop.no/en/seatrack/) and
processed following its standardised procedures (Brathen
et al. 2021). Latitude was estimated from day length and
longitude from time of solar midnight/noon, following the
method described in Lisovski et al. (2020). The positions
used for analysis were smoothed twice by averaging con-
secutive noon—midnight or midnight-noon longitudes and
latitudes. All locations from within the equinox periods (19
February—1 April, and 7 September—21 October) were fil-
tered out as latitude cannot be defined accurately for these
periods using GLS. Spatial analyses were performed using
the packages oceanmap (Bauer 2017), sp (Bivand et al.
2013) and adehabitatHR (Calenge 2006) developed for the R
statistical environment version 4.2.1 (2022-06-23) (R Devel-
opment Core Team 2021). For the individuals for which
several years of tracking data were available, only the data
corresponding to the year of feather sampling were used.
Winter spatial distribution of the birds during the estimated
moult period was examined using kernel density analysis
(Phillips et al. 2004). Kernels were calculated based on a
grid size of 200 and on an extent of 0.2 of the grids. The
25% and 70% home range correspond to the smallest area on
which the probability to relocate the animal is equal to 0.25
and 0.70, respectively. Kernel analyses were performed in a
Mercator projection.

Analyses of stable isotopes

Isotopic analyses were conducted on three feathers from
each individual (Jeger et al. 2009). When feathers were
too small, one or two additional feathers were added to
obtain a sufficient mass (~0.4 mg) for the stable isotope
analyses. Prior to the analyses, each feather was cleaned to
remove dirt and chemical external contamination using a
2:1 chloroform:methanol solution in an ultrasonic bath for
2 min, rinsed twice in a methanol solution, and dried for
48 h at 45 °C (Jager et al. 2009). Stable isotope analyses
were performed on~0.5 mg of subsamples homogenized

Table 1 Sample sizes and

o De Species Sex SI/GLS Total
sex distribution for the data
collected from Atlantic puffins Females Males 2017 2018 2019
and black-legged kittiwakes at
the Rgst colony and used in this Atlantic puffin 38 34 28 27 17 72
study Black-legged kittiwake 18 19 10 17 10 37
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with scissors, whole feathers loaded into tin cups, and using
an elemental analyser (Flash EA 1112, Thermo Fisher)
coupled in continuous flow mode to an isotope ratio mass
spectrometer (Delta V Advantage, Thermo Fisher, Bremen,
Germany). Stable isotope abundances were expressed
in § notation as the deviation from standards in parts per
thousand (%o), according to the conventional notation:
6X = [(Rgampie/ Retandara)— 11, where X is 3C or >N and R is
the corresponding ratio '*C/!C or '>N/'N. Standard values
were Vienna Pee Dee Belemnite (VPDB) for C and atmos-
pheric N, (air) for N. Replicate measurements of internal
laboratory standards (acetanilide) indicated that the meas-
urement error was < 0.2% for both 6'3C and 6'°N values.
Isotopic analyses were performed at the Littoral Environne-
ment et Sociétés laboratory (LIENSs, La Rochelle, France).

Timing of moult

To relate isotopic composition of newly grown feathers
with the environment, it is necessary to define the moulting
period to allow to pinpoint bird location along GLS tracks.
While there are some studies suggesting a time-range for
the main moulting period of both puffins (Harris et al. 2014;
Darby et al. 2022) and kittiwakes (Cramp and Simmons
1983), this period can vary between colonies as well as indi-
viduals (Anker-Nilssen et al. 2017). An attempt to define the
moulting period of kittiwake back feathers was performed
using GLS data on QGIS software version 3.4.13 (QGIS
Development Team 2009). GLS tracks of individuals with
extreme isotopic values compared to the mean value of the
colony were investigated (> 1.5 standard deviation from the
mean). We assumed that isotopic values reflect the habitat
used by the birds during their moulting period; therefore, a
bird with isotopic values different from the others had prob-
ably used a different habitat. In this way, with the support of
GLS data, we can identify the period at which the individual
has moved away from the other individuals in its colony. The
period during which the individual track separated from the
main pathway used by the other birds (23 November—7 Janu-
ary) was estimated to be the moult period of the kittiwake
back feathers. The moulting period of puffin head feathers
(22 January—19 February) was estimated following the same
procedure.

Definition of bird groups and ecoregions

Hierarchical clustering analyses were performed on bird iso-
topic values (8'°N and 6'°C) using the R packages cluster
(Maechler et al. 2022), eclust (Bhatnagar 2017), and fac-
toextra (Kassambara and Mundt 2020). For each species,
Euclidean distance was calculated based on the isotopic
data. The clustering of the data was performed following the
agglomerative method Ward.D2. Based on the NbClust() R
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function, we chose to keep three clusters for puffins and two
clusters for kittiwakes. The spatial distributions of clusters
were considered as ecoregions (three distinct ecoregions for
the puffins and one common ecoregion for the kittiwakes, see
Results). Environmental conditions within the ecoregions
were characterized by calculating the centroids of the 70%
location density kernels for each ecoregion and averaging
the environmental parameters over a 300X 300 km square
centred around each centroid. These areas were used to
describe the environmental conditions encountered by most
individuals of both species during their moulting period. For
each ecoregion, the monthly averages of sea surface tem-
perature, mixed layer depth and wind speed, all commonly
used parameters to describe environmental conditions in sea-
bird habitats offshore (e.g., Orben et al. 2014), were calcu-
lated for February. Data were retrieved from different open
access sources proposed by the Copernicus platform (http://
marine.copernicus.eu/). In addition, average chlorophyll-a
concentration data from April to September of the previous
year were obtained from the Oceancolour platform (https://
www.oceancolour.org) and used as an index for the level of
primary production during the last productive season (see
Supplementary Information).

Isotopic niche width and overlap

To investigate interindividual variability in diet and location
of moulting grounds, it was necessary to define the char-
acteristics of the isotopic niches occupied by each group.
Bayesian Layman's isotope metrics "N range and 6'°C
range, indicators of trophic diversity and niche diversifica-
tion, respectively (Layman et al. 2007), were estimated for
each group of puffins and kittiwakes using Stable Isotope
Bayesian Ellipses in R with the SIBER package (Jackson
et al. 2011). The isotopic niches of each of these groups were
estimated using calculated convex hull areas and generating
bivariate ellipses in SIBER (Jackson et al. 2011). Standard
ellipses corrected for small sample size (SEAc) were esti-
mated as a measure of the mean core group isotopic niche
for each cluster. The overlap area between paired SEAc and
convex hulls was calculated, and the respective percentage
of overlap area was estimated for each group. Additionally,
the Bayesian standard ellipse areas (SEAB) were also cal-
culated to obtain unbiased estimates of the isotopic niche
widths with credibility intervals (Jackson et al. 2011). Con-
vex hull, SEAc, and SEAB were expressed in %0? (surface
of isotopic niches).

Body condition index
Body condition of puffins was estimated using the scaled

mass index (SMI) method, based on body mass and mor-
phometric measurements from tag recovery. SMI was chosen


http://marine.copernicus.eu/
http://marine.copernicus.eu/
https://www.oceancolour.org
https://www.oceancolour.org

Marine Biology (2024) 171:79

Page50f13 79

as body condition index for puffins, because it is a better
indicator of the relative size of energy reserves and other
body components than ordinary least-squares residuals
(Peig and Green 2009). To avoid bias due to sexual dimor-
phism, SMI was calculated separately for females and males.
Among the linear body measurements, the head + bill length
(L) showed the strongest correlation with body mass (M)
on a log-log scale and was selected to calculate the SMI
for puffins (males: R?=0.15, p=0.028; females R?=0.40,
p<0.001). The calculation of the body condition index was
performed using the R package Imodel2 (Legendre 2018).
First, a bivariate plot of M versus L was produced to identify
points that may skew the relationship. The potential outliers
were identified using the function outlierTest() and influ-
encelndexPlot() and were removed. The best-fit line on the
remaining points was obtained by the standardised major
axis (SMA) regression on In-transformed data. The slope of
this regression gave the bgy;, value used in Eq. (1). Then, the
SMI was calculated for each individual (including outliers)
following Eq. (1) (Peig and Green 2009)

N LO bSMA
M-:M,-[L—] , 1)

where M; and L; are the body mass and the linear body meas-
urement of individual i, respectively; bqya 1s the scaling
exponent estimated by the SMA regression of M on L; L, is
the arithmetic mean of the L value for all individuals; and M ;
is the predicted body mass for individual i when the linear
body measure is standardised to L,. We did not find any rela-
tionship between kittiwake body mass and their head + bill
or bill depth for either males or females (males: p=0.88
and p =0.28, respectively; females: p=0.86 and p=0.95,
respectively). The body mass of kittiwakes was therefore
used as an estimator of their body condition instead of SMI.
To compare body condition between bird groups, one-factor
ANOVA tests were performed for the comparison of the
mean when the assumptions were met. Otherwise, a non-
parametric Kruskal-Wallis test was performed. All statisti-
cal analyses were performed using R software version 4.2.1
(2022-06-23) (R Development Core Team 2021).

Results

The dataset included 72 puffins (38 females and 34 males)
and 37 kittiwakes (18 females and 19 males) (Table 1). To
avoid potential biases due to annual variation or sex-related
differences in stable isotope values, mean values of §'°N and
813C were compared between years and between sexes for
both puffins and kittiwakes using one-factor ANOVA test
(Table 2). None of the means were found to be statistically
different, considering both year and sex (p values ranging

Table2 Results of comparisons of 8N and 6'°C mean values
between years and between sexes for Atlantic puffins and black-leg-
ged kittiwakes from the Rgst colony using one-factor ANOVA test

Species Test DFn DFd F P

Atlantic puffin 6PN~sex 1 70 0.001 0974
5BC~sex 1 70 0.049 0.826
6 N~year 2 70 0.021 0.886
§83C~year 2 70 0.002 0.968

Black-legged kittiwake 6°N~sex 1 35 0.211 0.649
5B3C~sex 1 35 0.627 0.424
5N~year 2 35 3.815 0.059
5B3C~year 2 35 0235 0.631

DFn is the degrees of freedom in the numerator and DFd is the
degrees of freedom in the denominator

from 0.826 to 0.974 for puffins and from 0.059 to 0.649 for
kittiwakes). Consequently, data from all years and both sexes
were pooled in subsequent analyses.

Differences in stable isotopic data

Hierarchical clustering analyses based on 6N and 6'°C iso-
topic values of puffins and kittiwakes, revealed three clusters
for puffins and two clusters for kittiwakes. These clusters
separate between groups of individuals occupying simi-
lar isotopic niches and are hereafter referred to as a group
(Fig. 1). The results characterise these groups of individuals
and reflect whether they resulted from a similarity in dietary
and/or migratory strategies. For puffins, the mean 6'°N value
for group 2 (15.2%0 + SD =0.45) was higher than for groups
1 (13.5+0.64) and 3 (13.8 +0.38), whereas the correspond-
ing value for 8'3C was higher for group 3 (—18.1% +0.25)
than for groups 1 (—18.8+0.21) and 2 (—18.8 +0.40). For
kittiwakes, group 2 had higher 6'"°N and lower §'C iso-
topic values (15.2+0.55 and —19.3 +0.38) than group 1
(14.4+0.43 and —18.7+0.37). Among the puffin groups,
the Bayesian Layman's range value for §'°C was highest
for group 2 (1.46%0), whereas that for 5'°N was highest for
group 1 (2.60%0). Among the kittiwake groups, the Bayesian
Layman's range values for both §'*C and §'°N were highest
for individuals from group 2 (1.43 and 2.01, respectively).
Puffin isotopic niche area, represented by convex hulls and
both SEA and SEAB, was larger for group 2 than for the
two other groups. Group 2 of kittiwakes showed an isotopic
niche area larger than that of group 1 (Table 3). For both
species, no overlap in SEA. and convex hulls was found
between the groups. Of the puffin groups’ trophic niche areas
represented by SEAB posterior ellipses, 91% and 97% were
higher for group 2 than for group 1 and 3, respectively, and
most of the kittiwake groups’ SEAB posterior ellipses were
higher for group 2 than for group 1 (92%) (Table 4).
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Fig.1 The 6'3C and 6N isotopic niches of groups 1 (n=31), 2
(n=23) and 3 (n=18) of Atlantic puffins (A) and of groups 1 (n=14)
and 2 (n=23) of black-legged kittiwakes (B) from the Rgst colony
(Norway) during the estimated moulting period (puffins: 22 Janu-
ary—19 February; kittiwakes: 23 November—7 January). The solid-

Table3 Convex hulls (TA), standard ellipse areas for small sample
sizes (SEA), and Bayesian standard ellipse areas mode (SEAB) and
their respective 95% credibility intervals (CI) for the winter moulting

coloured lines enclose the standard ellipse area (SEAc) and the dotted
coloured lines enclose the convex hull area for each cluster estimated
by SIBER analysis (Stable Isotope Bayesian Ellipses in R, Jackson
etal. 2011)

areas of Atlantic puffin groups 1, 2, and 3, and black-legged kittiwake
groups 1 and 2 from the Rgst colony

Species Group TA SEA: SEAB (95% CI) CR (%o0) NR (%o)
Atlantic puffin 1 1.27 0.40 0.37 (0.26-0.55) 0.81 2.60

2 1.71 0.58 0.55 (0.35-0.83) 1.46 1.71

3 0.81 0.32 0.29 (0.18-0.48) 0.94 1.36
Black-legged kittiwake 1 0.79 0.39 0.36 (0.21-0.63) 1.14 1.62

2 1.93 0.65 0.61 (0.40-0.92) 1.43 2.01

Bayesian’s Layman’s isotope metrics "°N range (NR) and §'*C range (CR) are also presented. TA, SEAc, and SEAB are in %>

Table 4 Differences in isotopic niche area sizes between the three
groups of Atlantic puffins and two groups of black-legged kittiwakes
by comparing the proportion of SEAB posterior ellipses

Species Group compari- Proportion ellipses
son
Atlantic puffin 1<2 0.9088
2<3 0.0305
1<3 0.2123
Black-legged kittiwake 1<2 0.9195

Differences in migration strategies

The 63N and 6'C isotopic values obtained from feather
samples correspond to the environmental conditions expe-
rienced by the birds, as well as their trophic interactions,
while they were growing feathers (i.e., during the moult-
ing period). For each group, the estimated location of the
individuals during the moulting period was plotted based
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on GLS data (Fig. 2). Interestingly, this revealed consistent
distribution patterns with variation in the moulting grounds
for the three groups of puffins corresponding to broad ecore-
gions. Group 1 consisted of individuals distributed in the
East Iceland (EI) ecoregion, group 2 the West Norwegian
Sea (WNS) ecoregion, and group 3 the South Iceland (ST)
ecoregion. Conversely, both kittiwake group 1 and 2 were
found to be distributed within the same area, the East Labra-
dor Sea (ELS). A higher proportion of the tracked kittiwakes
were associated with group 2 (Table 5).

Differences in physical condition

For both species, physical condition was significantly
lower for female than for male birds (ANOVA: puffins
p<0.001, kittiwakes p <0.0001). However, neither male
nor female puffins showed any significant difference in
SMI between groups (Kruskal-Wallis: males p =0.948,
females p=0.556). Despite the large overlap between SMI
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Fig.2 The 25% (dark shades) and 70% (light shades) kernel density
ranges depicting the spatial distribution of birds in the isotopic groups
(Fig. 1, Table 2) using data collected from geolocators attached to
Atlantic puffins (A) and black-legged kittiwakes (B) from each ecore-
gion East Iceland (group 1 of puffins), West Norwegian Sea (group 2

Table 5 Proportions of puffins and kittiwakes associated with each
group

of puffins), South Iceland (group 3 of puffins), and East Labrador Sea
(groups 1 and 2 of kittiwakes) during the estimated moulting period
(puffins: 22 January—19 February; kittiwakes: 23 November—7 Janu-
ary). The scale is in km

migration pathways of puffins and kittiwakes during the
non-breeding season (Hedd et al. 2010; Gonzélez-Solis

Species Group 1 Group 2 Group 3 et al. 2011; St. John Glew et al. 2019). To our knowledge,

‘ our study is the first to combine these two types of data in
Atlantic puffin 43% 32% 25% an integrated approach that models the intraspecific spatial
Black-legged kittiwake 38% 62% -

distributions for the three groups, the mean SMI for females
from group 2 (448 +25 g) was seemingly higher than those
from groups 1 and 3 (435+28 g and 435 +47 g, respec-
tively), whereas mean SMIs for males from group 2 and 3
(474 +33 g and 474 +34 g, respectively) were somewhat
higher than that for group 1 (467 +42 g). For kittiwakes,
no significant difference was found in the body mass of
females from the two groups (group 1: 375 +39 g, group 2:
372 +24 g; Kruskal-Wallis p =0.851), but male kittiwakes
from group 2 had a significantly higher body mass than those
from group 1 (group 2: 448 +19 g, group 1: 424+ 14 g;
Kruskal-Wallis p < 0.005) (Fig. 3).

Discussion

Alarming rates of changing conditions in polar areas
accompanied by drastic trends in seabirds’ demography
and population development urge the scientific commu-
nity to explore new ways of studying seabirds’ ecology
(Doyle et al. 2020). This is especially true for their poorly
documented ecology during the non-breeding season.
To date, only a few studies have used geolocation and/
or stable isotope data to investigate isotopic niches and

segregation of trophic niches. We identified contrasting
strategies adopted by individuals from the same colony
with potential carry-over effects on their body condition in
the following breeding season. Based on feather isotopic
composition, reflecting conditions at the time and location
they were grown, we identified groups of birds with dif-
ferent isotopic niches. These isotopic variations between
groups can be the result of changes in diet (with groups
feeding on prey of different trophic levels), or changes
in the isotopic baseline, with groups exploiting different
areas. Considering the latter, if the birds from the same
colony have different wintering grounds, the food webs
associated with these feeding areas might have differ-
ent isotopic baselines (Rounick and Winterbourn 1986;
Zohary et al. 1994; Cabana and Rasmussen 1996; Vander
Zanden and Rasmussen 1999; Post 2002; Kjeldgaard et al.
2021). Thus, the birds from different groups could share
a similar diet, but the differences observed between the
isotopic niches could be due to an “isoscape effect”, i.e.,
spatial variation in the isotopic baseline the prey depends
on (Barnes et al. 2009; Jennings and Warr 2003). For both
species, the isotopic niches of each group revealed signifi-
cant variations in strategies among individual during win-
ter. For puffins, the three groups identified corresponded to
different feeding grounds, leaving the possibility of varia-
tions in diet and/or isotopic baselines. For kittiwakes, GLS
data showed that all individuals shared the same feeding
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grounds, implying that the difference in isotopic niches
between the two groups was primarily explained by dif-
ferent dietary strategies.

Intracolony variability of strategies during winter
moult

Previous studies on puffins have documented considerable
intercolony differences in migration strategy (Harris et al.
2010; Guilford et al. 2011; Jessopp et al. 2013; Fayet et al.
2017). In this study, we highlighted intracolony variation
and identified three diverging groups distributed over dif-
ferent areas, albeit with some spatial overlap. As mentioned
before, the separation in isotopic niches of the three puffin
groups could be due either to a change in the isotopic base-
lines between the ecoregions or a difference in diet. Because
of the lack of isotopic data at large spatial scales with spatial
resolution allowing to contrast the three ecoregions, we can-
not assess with certainty which of the drivers is dominant.
However, looking at 6"°N and 6'3C values separately can
provide some clues on main drivers of isotopic variation
between groups. Based on 6'°N values, the birds in group
2 seemed to feed at a higher trophic level than those in the
other two groups. Such differences in feeding behaviour
might be related to seasonal fluctuations in prey abundance

@ Springer

and/or differential energetic constraints during winter (Hedd
et al. 2010). On the other hand, based on §'3C values, the
isotopic difference between group 2 and 3 seemed to be
determined by the environment they exploited.

In contrast to puffins, the GLS data revealed that the two
kittiwake groups were distributed in the same area, and thus
shared the same isotopic baseline. The distinction between
their isotopic niches thus likely reflected differences in feed-
ing strategies. Some previous studies have suggested that
kittiwake diet can be composed of zooplankton (Aebischer
et al. 1990; Draganiska-Deja et al. 2020). Given that around
85% of all North Atlantic kittiwakes winter west of the Mid-
Atlantic Ridge (Frederiksen et al. 2012), increased competi-
tion for food resources could cause a trophic shift with the
least competitive individuals relying on smaller prey. This
would suggest that kittiwakes from group 1 that fed on a
lower trophic level and therefore probably to a larger extent
relied on small prey were at higher risk to jeopardize their
physical condition. This hypothesise could explain why the
body condition in the following breeding season of males
from group 1 was lower than for those from group 2. Despite
such differences (as discussed further below), this latest sug-
gestion will easily be obscured by difference in the timing
and breeding performance of the birds at sampling that also
affects their body mass (Barrett et al. 1985).
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Impacts of strategies on body condition

Like most seabirds, puffins and kittiwakes are extremely
mobile organisms, suggesting a high metabolic rate (Ben-
nett and Harvey 1987; Ellis and Gabrielsen 2002). Ener-
getic costs associated with migration of wintering periods
play a significant role on birds’ body condition and sur-
vival (Mgller 1994; Klaassen 2003). Although higher body
mass implies higher energetic cost to move and forage, it
also reduces heat loss and, thereby, overall energy demand
(Anker-Nilssen et al. 2018). In both species, the migra-
tion and/or feeding strategies adopted by individuals could
result in carry-over effects from the physical condition or
success of individuals in the preceding breeding season, as
has been demonstrated for kittiwakes by Bogdanova et al.
(2011, 2017). By affecting body condition, the feeding
and migratory strategies of puffins and kittiwakes outside
the breeding season may also affect their later condition
for breeding.

A previous study conducted at large scale showed that
puffin feeding and migration strategies in the non-breeding
season are important determinants for the body condition
and reproductive success of breeding individuals (Fayet et al.
2017). Based on our datasets, we did not detect any signifi-
cant effect of the location of the winter moulting grounds on
the birds’ body condition in the following breeding season.
Potentially, this is again due to limitations associated with
our dataset. Particularly, the morphometric measurements
used for calculating SMI were most often made in the late
incubation or early chick-rearing period when the mass of
individuals fluctuates significantly and may be 20 to 30%
lower than during winter (Barrett et al. 1985; Anker-Nilssen
et al. 2018). To better estimate the carry-over impacts of
different winter strategies, body mass of individuals at their
arrival at the colony would be required.

For kittiwakes, the body condition of males was sig-
nificantly related to their wintering (feeding) strategy, with
those with a higher trophic status having a better body con-
dition than those feeding on lower trophic level, probably
involving smaller prey. Feeding on higher trophic levels
would thus seem to be more favourable to mass gain, and
possibly represent an advantage for reproduction following
the winter period, as also shown for kittiwakes and three
other seabird species breeding in Spitsbergen (Hovinen et al.
2019). The difference in diet could also reflect intraspecific
competition for resources in winter. As the kittiwakes from
Rgst did not segregate spatially during this period, prey den-
sity was probably an important parameter likely to also affect
the survival of adult kittiwakes during the non-breeding sea-
son, as shown for other colonies (Bogdanova et al. 2011;
Reiertsen et al. 2014). Annual variations in the Barents Sea
capelin stock and the abundance of Thecosomata sea snails
off Newfoundland and Labrador, for example, can have an

impact on the survival of Norwegian kittiwakes (Barrett
et al. 2004; Reiertsen et al. 2014).

Influence of environmental conditions

The feeding and/or migration strategies adopted by seabirds
outside the breeding season can be influenced both by biotic
factors, such as food resources, and by abiotic factors in
the physical environment they encounter during this period
(Orben et al. 2015). Fluctuations in environmental conditions
can impact the birds directly or indirectly. Direct impacts
include extreme weather events, such as storms, which can
result in seabird starvation with drastic impacts on seabird
survival (Anker-Nilssen et al. 2017; Clairbaux et al. 2021).
Higher temperatures also directly affect seabirds by increas-
ing metabolic demands (Fort et al. 2009). On the other hand,
changes in prey composition and/or quality can indirectly
impact seabirds’ body condition. Lower trophic levels are
known to be specifically sensitive to change in physical envi-
ronmental conditions (Gaston et al. 2003), and changes in
their abundance, community composition, or development
timing, can readily influence higher trophic levels such as
seabirds. The environmental conditions encountered by kit-
tiwakes and puffins during the winter and migration periods
could thus constrain the strategy adopted by an individual.
The ecoregions EI, WNS, and SI identified in this study
seem consistent with some of the ecological units proposed
by Beaugrand et al. 2019. These ecological units were char-
acterized by a specific combination of physical parameters
and plankton composition/abundance, which could promote
birds from a same population to develop divergent strategies.
The WNS ecoregion is home of large copepod species such
as Calanus hyperboreus (Choquet et al 2017), which can
potentially lead to an increase in the abundance of higher
trophic level food source for seabirds and could explain
higher 6'°N and SMI values for the puffins overwintering in
this area. However, the relatively small size of our dataset
in terms of number of birds sampled and temporal cover-
age limits our ability to identify the relationships between
environmental conditions and the distribution and physical
condition of the birds.

Potential of the isotopic approach in combination
with GLS data

Based on the result of this study, we demonstrated that iso-
topic data are a useful tool to explore intracolony variability
in winter strategies of seabirds. In combination with GLS
data, we were able to link isotopic niches with ecoregions
for three groups of puffins. A similar approach proved effec-
tive in explaining differences in contaminant concentrations
between individuals from a single colony of red-legged
kittiwakes (Fleishman et al. 2019), and this methodology
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has also potential to be extended further. Notably, it allows
retrospective analysis by running stable isotope analysis on
archived tissues (feathers) and in general to significantly
increase the number of data collected every year (currently
limited by recapturing birds equipped with GLS). Each bird
could then be assigned to an ecoregion based on their stable
isotope values. GLS data would, however, still be required to
produce an original assessment of the moulting ground loca-
tions and associated isotopic niches (as done in this study),
and to monitor any spatial/isotopic shifts in time.

Conclusion

Our study defines the location of offshore areas used by
puffins and kittiwakes during their winter moult and, to the
best of our knowledge, is the first to do so for black-legged
kittiwakes. It is also one of the few to identify distinct dif-
ferences in diet and/or migration strategies between groups
of individuals from the same breeding population based on
the complementary analysis of stable isotope and GLS data
(Fleishman et al. 2019). Kittiwakes from the same colony
showed some interindividual variation in their winter diet
strategy, while puffins showed variation in their migra-
tion strategies by dispersing to different ecoregions. Fur-
ther knowledge of isotopic baselines would be needed to
improve our understanding of local scale effects, but the
combined analysis of stable isotopic and GLS data provides
a complementary view of the behavioural ecology of sea-
birds in winter. Differentiated strategy patterns as those we
document here may prove to be more common in the future
as anthropogenic pressures are expected to further impact
the distribution of food resources and thus favouring niche
partitioning to reduce interspecific and intraspecific com-
petition. In addition, the increasing occurrences of extreme
weather events due to fast climate change are expected to
further challenge seabirds’ ability to survive. The conserva-
tion of Arctic seabirds will rely on local measures (includ-
ing regulations of fisheries affecting key seabird prey) and
global measures (to limit global warming), with a better
understanding of seabird winter ecology being required for
the former.
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