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Abstract

The earth is warming at an alarming rate, especially in the Arctic, where a marked decline in
sea ice cover may have far-ranging consequences for endemic species. Little auks,
endemic Arctic seabirds, are key bioindicators as they forage in the marginal ice zone and
feed preferentially on lipid-rich Arctic copepods and ice-associated amphipods sensitive to
the consequences of global warming. We tested how little auks cope with an ice-free forag-
ing environment during the breeding season. To this end, we took advantage of natural vari-
ation in sea ice concentration along the east coast of Greenland. We compared foraging
and diving behaviour, chick diet and growth and adult body condition between two years, in
the presence versus nearby absence of sea ice in the vicinity of their breeding site. More-
over, we sampled zooplankton at sea when sea ice was absent to evaluate prey location
and little auk dietary preferences. Little auks foraged in the same areas both years, irrespec-
tive of sea ice presence/concentration, and targeted the shelf break and the continental
shelf. We confirmed that breeding little auks showed a clear preference for larger copepod
species to feed their chick, but caught smaller copepods and nearly no ice-associated
amphipod when sea ice was absent. Nevertheless, these dietary changes had no impact on
chick growth and adult body condition. Our findings demonstrate the importance of bathym-
etry for profitable little auk foraging, whatever the sea-ice conditions. Our investigations,
along with recent studies, also confirm more flexibility than previously predicted for this key
species in a warming Arctic.

Introduction

The release of anthropogenic greenhouse gases into the atmosphere leads to climate warming
on a worldwide scale [1]. Consequences are diverse among regions, yet the Arctic is arguably
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the most impacted area due to changes in the cryosphere. In particular, minimum summer sea
ice extent decreased by 12 + 2% per decade since 1979 [1]. Changes in the cryosphere signifi-
cantly affect the Arctic biota [2]. For instance, observed and predicted declines in sea ice extent
will affect animals that use sea ice as a habitat, such as seals, walruses (Odobenus rosmarus),
polar bears (Ursus maritimus) or ice-associated amphipods [3,4]. Modifications in sea ice
extent and in the timing of sea ice melting in spring will also perturb the amplitude, location
and timing of Arctic plankton blooms [5]. These blooms are an essential feature of Arctic
marine ecological processes, and the resulting stochasticity in primary and secondary produc-
tivity (phyto- and zooplankton biomasses) is predicted to impact higher trophic levels, includ-
ing seabirds [6-8].

Little auks (Alle alle) are endemic to the Arctic and the most abundant seabird in the North
Atlantic Arctic, with an estimated population of 40-80 million individuals [9]. Recent studies
have demonstrated that they are affected by the ecological consequences of higher ocean tem-
peratures in the Arctic [10-13]. Beyond ocean temperatures, little auks might also be affected
by the presence/absence of sea ice. During the breeding season, this planktivorous species is
known to use the marginal ice zone (the transition area between pack ice and open water),
whenever accessible, to forage and to rest [14-18], a behaviour also suspected to occur outside
of the breeding season [19]. Moreover, prey availability and species composition are predicted
to differ significantly according to sea ice concentration (SIC, percentage of sea surface covered
by ice in a given area), particularly in the case of ice-associated species [17]. Such organisms
are the preferred prey of little auks, because of their high lipid concentration [20], and little
auks feeding within Atlantic ice-free water masses have been found to forage in less optimal
conditions due to smaller, leaner prey [11,12]. Yet marine productivity is also tightly linked to
bathymetry [21]. In particular, continental shelves and shelf break slopes modify water fluxes
and induce plankton concentration and aggregation of top predators [22,23]. Aggregations of
little auks have been observed along the shelf-break outside the breeding season, probably
reflecting an area of high prey density [24-26]. In the perspective of an ice-free Arctic Ocean in
summer, bathymetry is, with light intensity, the environmental parameter that will remain
unchanged. Understanding how little auks take advantage of bathymetric features is thus
needed to predict climate change impacts on this species.

In this study, we tested the hypothesis that little auk foraging behaviour during the breeding
season is affected both by the presence/absence of sea ice and bathymetry. To this end, we
looked at the effects of these two factors on (1) little auk foraging location and diving activity,
and (2) zooplankton species composition of chick diet. We also investigated their impact on
(3) chick growth and adult body condition.

To test this hypothesis, we studied little auks from the breeding colony of Ukaleqarteq (Kap
Hoegh), located in East Greenland where foraging conditions are influenced by the East Green-
land current carrying large volumes of Arctic sea ice southwards. Importantly, there is a strong
inter-annual variability in this sea ice drift, allowing us to compare little auk foraging behaviour
in the presence/nearly absence of sea ice within their foraging range (in 2012 and 2014, respec-
tively). To this end, we used a multidisciplinary approach, combining satellite remote-sensing
of sea ice concentration, land-based studies of little auk foraging behaviour and reproductive
performance, and at-sea observations of little auk distribution and sampling of their zooplank-
ton prey.

Materials and Methods

The R software version 3.0.2 was used for numerical and statistical analyses [27]. QGis [28]
was used to map GPS and sea-ice data. All bird handling procedures and at-sea samplings were
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approved by the Government of Greenland (Permits N°2012-065815 and 2014-098814) and
validated by the ethics committee of the French Polar Institute (Permit N° MP/53/06/12).

Field site and data collection

General fieldwork at the colony. Fieldwork took place in Ukaleqarteq (Kap Hoegh, 70°44°
N, 21°35" W, Fig 1A), East Greenland, between mid-July and mid-August 2012 and 2014.

Adult birds were caught either in the nest by hand or on rocks surrounding the nest using
noose traps. Each handled adult bird was weighed (to the nearest gram), measured (head-bill
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Fig 1. (A) Location of the study site, sea ice extent and GPS tracks from (B) 2012 and (C) 2014 and (D) 75% kernel contours of resting and
foraging positions in 2012 (green), and 2014 (pink), and the shelf break area (yellow). 1A: General map situating Ukalegarteq (red dot) and the
location of the studied area (red rectangle) represented in Figs 1B, 1C, 5A and S1. 1B and 1C: GPS tracks: red dots correspond to foraging or resting
(speed <10 km.h™") and black dots to travelling (speed >10 km.h™"). Sea ice extent data were downloaded from the U.S. National Ice Center (http:/
www.natice.noaa.gov/products/daily_products.html, 24 July 2012 and 23 July 2014). White: pack ice with an ice concentration >80%. Light blue:
marginal ice zone (MIZ) with an ice concentration <80%. In the marginal ice zone, sea ice concentration decreased between pack ice and open water.
Black lines: 500-m isobaths. GPS track of the bird going far North-East in 2014 was not included in the analyses because it was not complete, but we
present it on this map to show how this bird travelled along the shelf break and probably target areas of high ice concentration. 1D. Red lines represent
the 500 and 1500m isobaths used to delimit the shelf break area. Projection: GR96/ UTM zone 27N.

doi:10.1371/journal.pone.0157764.9g001
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and wing length to the nearest millimeter), fitted with a metal ring for individual identification
and equipped with a data logger (see below; 2012: n = 38; 2014: n = 32). Additional breeding
birds (2012: n = 27; 2014: n = 88) were captured and measured only following the same proce-
dure to access their body condition. All birds were released within less than 10 minutes of cap-
ture. The breeding status of adult birds was ascertained via the presence of a full gular pouch (a
sub-lingual pouch used for prey transport to the chick), of a brood patch, or through the pres-
ence of a chick at the nest. When birds had a full gular pouch, chick diet was collected following
Harding et al [20] (2012: n = 20, 2014: n = 20). Little auks only raise one chick, and chick
growth was monitored. To this end, some nests were visited every second day to determine
hatching date (2012: n = 24, 2014: n = 29). Chicks were then weighted every second day, once
they were more than 2 days-old.

Logger deployment. GPS-recorders or Temperature-Depth-Recorders (TDR) were
attached dorsally (GPS) or ventrally (TDR) to feathers with Tesa® tape (Hamburg, Germany).
Devices were either removed upon recapture after 3-10 days, or fell off during the complete
moult which immediately follows the breeding season in little auks [29]. Two GPS types were
used: EP-3.3 in 2012 and 2014 (Ecotone, Gdansk, Poland; 40 x 17 x 9 mm, 4.9 g, 3.2% of the
average little auk weight) and ALLE in 2014 (Ecotone, Gdansk, Poland; 35x 16 x 12 mm, 42 g,
2.9% of the average little auk weight). GPSs recorded positions at 15 min intervals, and were
either downloaded remotely using a base station placed in the colony, or upon recatching
birds. In 2014, 3 TDR types were used: DST micro-TD (Star Oddj, Iceland; 25.4 x 8.3 mm, 3.3
g, 2.2% of the average little auk weight); LULs (CNRS, France, 17 x 9 x 5 mm, 2.2 g, 1.4% of the
average little auk weight) and G5 (CEFAS Technology Limited, Lowestoft, UK, 8 x 31 mm, 2.6
g, 1.7% of the average little auk weight). In 2012, only DST micro-TD were used. Sampling
intervals for both pressure and temperature were 4 s (DST micro-TD), 2 s (G5) or 1 s (LUL).
Chick age was not known for equipped birds due to the difficulty to find accessible nests and
nest attendance was not monitored by direct observation to limit disturbance near the nests.

At sea survey. In order to sample little auk prey and to assess the spatial distribution of
foraging birds, an at-sea survey was conducted onboard SV Argelvor between August, 16-18
2014, towards the end of the chick-rearing period. No sea ice was encountered during the
whole survey. Two transects were performed, one at the latitude of the colony and the other
0.29° further North, from the coast to 135 km offshore. Along each transect, 10 plankton sam-
ples were collected using a WP2 net (diameter 57 cm, mesh size 100 um). Vertical net hauls
were performed from 50 m depth to the surface with a manual winch at constant speed (mean
maximum depth of birds equipped with TDRs in 2014 was 21.1 + 4.2 m, Table 1B). Fifty meters
correspond to the maximum dive depth little auks are known to forage to [30]. A Conductivity
Temperature Depth sonde (CTD model YSI 600 XLM, Yellow Spring, Ohio, USA) was initially
deployed above the net but did not work. Instead, a TDR (G5) was attached to the net to vali-
date depth profiles, but temperature data could not be used to detect water masses, due to the
slow response of the temperature sensor compared to net vertical speed. Zooplankton samples
were stored in 70% ethanol.

Bird count protocols followed Karnovsky et al [13]. All birds were counted within a 300 m
radius and at 90° angle from the bow, on the one side of the boat with the best visibility when
the boat was sailing. Counts stopped during net hauls. All bird species were counted but only
little auk sightings are analyzed in this study.

Data processing and analyses

Sea ice remote-sensing data. Daily sea ice concentrations were downloaded from the
Eumetsat OSI SAF website (Eumetsat, 2011, http://osisaf.met.no/). Data from the Global Sea
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Table 1. Statistics summary for (A) foraging trips performed by little auks equipped with GPSs (2012
and 2014); and (B) dives performed by little auks equipped with TDRs (2012 and 2014).

A. Foraging trips

GPS

2012 2014
Number of individuals 6 6
Number of trips 8 6
Maximum distance to the colony (km, means * SD) 88.7 £26.3 108.2 +25.5
Trip duration (hour, means * SD) 30.3+14.5 33.7+15.4
B. Dives

TDR

2012 2014
Maximum dive depth (m, means * SD) 17.4+3.3 21.1+4.2
Dive duration (sec, means * SD) 54.7 4.2 59.5+7.2
Number of dives/24h (means * SD) 270 £90 270 77

doi:10.1371/journal.pone.0157764.t001

Ice Concentration reprocessing dataset, with a grid resolution of 12.5km, were used for the
period 1978-2014 (Fig 2). An area of 150 x 200 km was determined around the colony, which
included all available little auk GPS tracks. For each year, the mean sea ice concentration was
calculated for this area between 15 July and 15 August. This time span contains the entire little
auk chick-rearing period. For clarity, we presented sea ice extent on the maps instead of sea ice
concentrations to avoid using a raster format. Daily sea ice extent data presented on the maps
were downloaded from the U.S. National Ice Center (http://www.natice.noaa.gov/products/
daily_products.html) and for each map, we presented the daily ice extent on the day for which
we had more tracks recorded.
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Fig 2. Mean sea ice concentration (SIC) in a 150x200 km area off Ukaleqarteq, East Greenland. The
mean value was calculated for each year between 15 July and 15 August across 1979-2014 (reprocessed
sea ice concentration dataset of the EUMETSAT OSI SAF). Red dots indicate mean SIC values for 2012 and
2014.

doi:10.1371/journal.pone.0157764.9g002
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Logger data. GPS data were analyzed following Jakubas et al. [16] to determine foraging
trip duration, foraging path length, and to identify positions associated to active foraging or
resting. Only complete trips were used for path length and trip duration calculations. Foraging/
resting areas were defined as areas were instant speed was < 10 km.h™' [16]. Since both resting
and foraging occurred at low speeds and could not be distinguished, we only used a single cate-
gory for both behavioural patterns, which are nonetheless strongly linked since previous inves-
tigations showed that foraging birds rest at sea in the vicinity of their feeding spots (e.g. Fig 4 in
[16]). For each foraging/resting position, we calculated the distance to the colony and the dis-
tance to the ice, i.e. the closest distance to the daily 80% sea-ice concentration area, obtained
from the sea-ice extent maps of the U.S. National Ice Center. For each year, a kernel density
estimation of foraging and resting positions was performed using the ‘adehabitatLT” package in
R[31] and a UTM 27N/GR96 projection. The smoothing parameter was calculated with the
ad-hoc method and a 75% contour was chosen to represent the core foraging/resting area. Sim-
ilarities of the foraging areas and the use of the shelf break were respectively quantified with
the percentage of overlap between both kernels and between each kernel and the shelf-break
area (defined as the area comprised between the 500 and 1500m isobaths).

TDR data were analysed using MultiTrace (Jensen Software Systems, Germany). Dive dura-
tion, maximum dive depth and the number of foraging dives per 24h were measured. To com-
pare depth data from different TDR types, we recalibrated them in a pressure chamber. We
found that DST micro-TD underestimated real depth and the following correction was there-
fore applied on depth data before analyses: Depth = 1.0473 * Depth(Star Oddi) + 0.4498 (1).

Zooplankton data. Zooplankton sampled at sea and in gular pouches was identified
under a stereo microscope, to the lowest-possible taxonomic level using [32-35]. Calanus spe-
cies were determined with prosome length as follows: individuals were classified by stage, pho-
tographed with the microscope-adapted camera and measured with the Image J software (U. S.
National Institutes of Health, Maryland, USA). Size thresholds were defined for each stage
using the size distribution obtained with our dataset.

To compare species composition between the different at-sea sampling locations, the Bray-
Curtis distance was calculated and a classification tree was constructed using Ward’s method
in the R package ‘Vegan’ [36,37]. We also calculated the density (individuals per m?) of the 3
Calanus species over the continental shelf, the shelf break and the open ocean.

The linear food selection index (LFSI) was calculated as LFSI = GP;—E;, which is the differ-
ence between the relative abundance of prey i in the gular pouch GP;, and in the environment
E; [38]. This index ranges between -1 and 1, with positive values indicating preference, and
negative or null values indicating avoidance or unavailability. Mean values for LFSI, and their
confidence intervals, were obtained by bootstraping 10,000 LFSI values from random GP; and
E; which were assumed to have a normal distribution of observed means and standard
deviations.

Chick growth and adult condition. We compared chick growth during the linear growth
period (age 4-14 days, S2 Fig). A linear mixed effect model was used with mass as response var-
iable, chick identity as a random effect and year and chick age as fixed effects. The R package
‘nlme’ was used and a model selection process using AIC was performed to select the most par-
simonious model among all possible combinations of factors [39,40]. When the difference of
AIC was <2, the model with the smallest degree of freedom was retained (S1 and S2 Tables).

An index of adult body condition was calculated following Harding et al [41]. Mass was cor-
rected with wing length and head-bill length to take bird size into account. The index was cal-
culated for 65 and 120 birds in 2012 and 2014, respectively. An ANCOVA was performed to
test differences in residual mass between years.
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Results
Sea ice concentration

Mean sea ice concentration in the vicinity of the little auk colony was calculated each year
between July 15 and August 15 corresponding to the little auk chick rearing period. Sea ice con-
centration between 1979 and 2014 showed high interannual variability, with a maximum of
39.4% in 1981 and a minimum of 1.9% in 2009 (Fig 2), and declined across 1979-2014 (slope:
-0.499, t(35) = -3.243, p = 0.003). In 2012, sea-ice concentration was higher than in 2014
(10.89% and 2.82%, respectively; Fig 2) and pack ice was closer to the bird colony (approx. 120
km and 300 km, respectively; Fig 1). Importantly, our at-sea surveys conducted in summer
2014 showed that the surveyed area was completely sea-ice free at the end of the chick rearing
period, thereby confirming remote-sensing data.

Foraging behaviour in relation to sea ice concentration and bathymetry

In 2012, 25 GPSs were deployed between July 19-31. Eleven tracks were recorded, with 8 com-
plete long foraging trips from 6 birds. In 2014, 14 GPSs were deployed between July 22 and
August 1. Data were recorded for 8 birds, with 6 complete foraging trips from 6 birds (Fig 1B
and 1C). In total, 17 and 4 GPS-equipped loggers were recaptured in 2012 and 2014 respec-
tively. Three more tracks were recorded in 2011 and are presented in appendix (S1 Fig).

All 15 complete GPS tracks showed a similar pattern, with unidirectional eastward commut-
ing flights towards feeding areas. Return flights to the colony were also highly directional, with
foraging/resting behaviour occurring on the way (Fig 1). Foraging/resting birds were closer to
sea ice in 2012 than in 2014 (median distances of 23 and 152 km respectively, Fig 3A). How-
ever, the maximum distance from the colony reached during a foraging trip remained similar
across years (89 + 26 km in 2012 and 108 + 26 km in 2014 (means * SD, Table 1A, Fig 3B), and
foraging/resting areas consistently overlapped with the shelf break (Fig 1). Indeed, in 2012 and
2014 the 75% kernel area of foraging/resting positions respectively overlapped by 40.4% and
42.5% with the shelf break (Fig 1D). In addition, total distance travelled, maximum distance to
the colony and trip duration were not significantly different between years (Wilcoxon test:

W =19,p=0.57; W=15,p =0.28 and W = 20, p = 0.66, respectively). Finally, foraging/resting
kernels for 2012 and 2014 showed a 45.6% mutual overlap (Fig 1D). Three birds equipped in
2011, in the presence of sea ice, performed similar trips as birds equipped in 2012 and 2014 (S1
Fig).

In 2012, 13 TDRs were deployed on August 2. Nine were retrieved and one file was cor-
rupted. In 2014, 18 TDRs were deployed between July 20 and August 8. Twelve of them were
retrieved and 7 recordings were used for the analyses. Diving behaviour (maximum dive depth,
dive duration and the number of dives per 24h) did not differ between years (Table 1B, Wil-
coxon test: W =42, p=0.12; W =43, p = 0.094; W = 29, p = 0.96 respectively).

At-sea counts of little auks performed in 2014, in the absence of sea ice, showed a first peak
of abundance on the continental shelf (Fig 4) and a second lower peak close to the 500 m iso-
bath, which corresponds to the beginning of the shelf break (Fig 4).

Chick diet

The composition of prey brought back to chicks by adults differed between years (Table 2).
Calanoid copepods (Calanus sp.) were the main prey type in both years (85% in 2012 and 90%
in 2014), but proportion of the three Calanus species present in the diet differed between years.
The largest species C. hyperboreus was more abundant in 2012 (t(38) = 2.43, p = 0.02), whereas
the smaller C. glacialis and C. finmarchicus were more abundant in 2014 (t-tests, t(38) = -5.28,
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Fig 4. At-sea little auk sightings in 2014, in the absence of sea ice. Data from the two transects (Fig 5)
were pooled and counts were grouped according to longitude. The two dashed lines represent the longitude
of the 500 m and 1500 m isobaths, which delimit the shelf break.

doi:10.1371/journal.pone.0157764.g004

p < 0.001 and t(38) = -2.75, p < 0.001 respectively). Further, ice-associated amphipods repre-
sented nearly 10% of the diet in 2012 and were virtually absent in 2014. In particular, the
amphipod Apherusa glacialis represented up to 96% of single food loads in 2012, and only a
few single specimens were found in 2014. The linear food selection index (LFSI, [38]) indicated
which prey items were preferentially collected by parent little auks in 2014 (Table 2): LFSI was
the highest for Calanus hyperboreus and C. glacialis (LFSI = 0.43 and 0.28 respectively, Table 2)
indicating that they were actively selected by birds. Other prey species had low or negative
indexes, indicating that they were avoided or opportunistically taken. In particular, Calanus
finmarchichus LFSI was not different from 0 despite its high abundance in the environment
and was therefore not selected (Table 2). Small Calanus copepodite stages (I-III) were also
avoided by parent little auks to feed their chick (negative LFSI, Table 2).

Chick growth and adult body condition

Chick mass was monitored for 24 chicks in 2012 and 29 chicks in 2014 (S2 Fig). The linear
growth period was modelled using a linear mixed effect model including chick age and year,
and chick ID was added as a random factor (S1 Table). Chick age was the only relevant factor
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Table 2. Relative abundance (RA, mean * SD, %) and occurrence frequency (OF, %) of zooplankton found in little auk gular pouches in 2012 and
2014, and in at-sea samples collected in 2014; and linear food selection index (mean * SD, %) for 2014 prey. Calanus hyperboreus, C. glacialis and C.
finmarchicus groups included the stages CIV, CV, and adult males and females. Other copepodite stages of these 3 species were included in the ‘Calanus
CI-CIII’ group. Species included in the ‘small copepods’ group are Triconia borealis, Scaphocalanus magnus, Metridia longa and Microcalanus spp for the
Continental shelf, and Triconia borealis, Metridia longa and Microcalanus spp for the shelf break and the open ocean. Main little auk prey species are in bold.
Asterisk indicates ice-associated prey. Continental shelf, shelf break and open ocean groups were defined based on isobaths (< 500 m, 500—-1500 m

and > 1500 m respectively). Linear food selection index is the difference between prey proportion found in little auk gular pouch and prey proportion in the
environment and ranges from -1 to 1 [38]. A positive value indicates preference and negative or null values avoidance or unavailability.

C. hyperboreus
C. glacialis

C. finmarchicus
Calanus CI-ClII
Small copepods
Paraeuchaeta
sSpp

Oithona spp
Apherusa
glacialis*
Gammarus spp*
Onisimus spp*
Thysanoessa spp
Themisto spp
Decapod larvae
Fish

Limacina helicina
Nauplius larvae
Tunicates

Echinodermata
larvae

Unknown

doi:10.1371/journal.pone.0157764.1002

Little auk gular pouch

2012

RA

65.3 £ 28.6
15.5+£9.2
4.2+4.0
0.0+0.0
0.0+0.0

0.01£0.05

0.0+0.0
8.7£26.4

05+1.9
0.3+0.7
42+13.8
1.1+£1.6
0.01+0.03
0.03+0.1
0.2+0.4
0.0+0.0
0.0+0.0
0.0+0.0

0.01+£0.02

2014
OF RA
90 (47.0+17.6
95 (34.1+12.8
100| 9.0+6.7
0 0.0+0.0
0 0.0+0.0
5 0.1+0.3
0 0.0+0.0
45 | 0.1+0.3
40 | 0.0+0.0
40 | 0.0+0.0
15 | 4.7+11.4
55 | 42+52
5 0.1+0.3
10 | 0.2+0.3
25 | 0.1+x04
0 0.0+0.0
0 0.0+0.0
0 0.0+0.0
5 0.1+0.3

OF

100
100
100

At sea samples 2014
Continental Shelf break Open ocean
shelf

RA OF RA OF RA OF
3.9+27 |100| 0.4%0.8 | 40 | 0.2+0.3 | 50
6.3+3.1 |[100| 1.8%+3.2 | 80 | 0.6*0.8 | 75
48+3.2 (100| 7.6+*50 [100|10.1+6.5 100
38.6+8.4(100|26.4+17.1|100|15.5+1.2 | 100
16.1+9.5| 100 | 36.6 £ 15.7 [ 100 | 42.4+4.4 | 100
0.0+0.0| O | 0.0+£00 | O | 0000 | O
8.6+3.9 |100| 11.0+5.3 |100|10.5+6.9 | 100
00+x0.0 | O | 0.0£00 | O | 0.0+x00 | O
0.0+0.0| O | 0.0£00 | O | 0.0+£00 | O
0.0+00| O | 0.0£00 | O | 00£00 | O
0.0+0.0| O | 0.0+£00 | O | 0000 | O
0.1+02 | 36 | 01+0.1 | 60 | 0.1+£0.1 | 75
0.0+0.0| O | 0.0£00 | O | 0000 | O
0.0+0.0| O | 0.0+£00 | O | 0000 | O
11+1.0 (100| 0.1+0.1 | 20 | 0.0£0.0 | O
43+30 | 91 | 6.2+48 [100| 2.8+1.0 | 100
6.2+29 [100| 41+29 |100| 7.3+23 (100
59+6.4 | 91 | 06+03 |100| 0.3+0.3 | 75
42+21 [100| 52+2.1 [100|10.2+3.9| 100

Linear food selection index

Continental
shelf

0.4310.18
0.28 £0.13
0.04 £ 0.07
-0.38 £ 0.08
-0.16£0.10
0.0+0.0

-0.09 +£0.04
0.0£0.0

0.0+0.0
0.0+0.0
0.05+0.11
0.04 +0.05
0.0+0.0
0.0+0.0
-0.01 £ 0.01
-0.04 £0.03
-0.06 +0.03
-0.06 £ 0.06

-0.04 +£0.02

2014

Shelf break | Open ocean

0.46+0.18
0.3210.13
0.02 +£0.08
-0.27+£0.17
-0.36 £0.16
0.0+0.0

-0.11+£0.05
0.0+£0.0

0.0+0.0
0.0+0.0
0.05+0.11
0.04 +0.05
0.0+0.0
0.0+0.0
0.0+0.0
-0.06 £ 0.05
-0.04 £0.03
-0.01+£0.00

-0.05+0.02

0.46£0.18
0.334+0.13
-0.01 £ 0.09
-0.16 £ 0.01
-0.42 +£0.04
0.0+0.0

-0.11 £0.07
0.0+£0.0

0.0+0.0
0.0+0.0
0.05+0.11
0.04 £ 0.05
0.0+0.0
0.0+0.0
0.0+0.0
-0.03 £0.01
-0.07 £ 0.02
0.0+0.0

-0.10 £ 0.04

in the selected model (S1 and S2 Tables). Year was rejected during model selection process,

indicating that chick growth did not differ between years (52 Fig). Adult body condition was
calculated from 65 and 120 birds in 2012 and 2014, respectively. No difference in adult body
condition was found between years (ANCOVA, F, ;53 = 0.064, p = 0.8, S3 Fig).

Bathymetry impact on zooplankton community composition

During our 2014 at-sea survey, 20 zooplankton samples were collected on two transects across
the shelf break, corresponding to little auk foraging areas (Fig 5A). Given the Bray-Curtis dis-
tance measuring dissimilarity between samples, zooplankton composition was grouped in two
communities (Fig 5B). The first included samples collected on the continental shelf, and the
second samples from the shelf break and the open ocean (Fig 5). The density of Calanus species
depended on bathymetric features (Fig 5C): C. glacialis and C. hyperboreus (main prey items
found in little auk chick diets, Table 2) were both more abundant on the continental shelf than
on the shelf break and the open ocean (Kruskal-Wallis test, p < 0.01 for both species, Fig 5C).
On the contrary, C. finmarchicus was more abundant on the shelf break and the open ocean,
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Fig 5. Zooplankton communities sampled along two transects in 2014. (A) Location of zooplankton sampling transects, little auk GPS
tracks for 2014 (white line), bathymetry (black lines: 500-m isobaths) and sea ice extent (17 August 2014, only the marginal ice zone (MIZ) is
present). (B) Cluster dendrogram of zooplankton species composition grouped according to Bray-Curtis distance. This allowed associating
samples to a ‘continental shelf’ (red) or ‘open ocean’ (yellow) community, and those groups/colours are reported on Fig 5A. (C) Number of
individuals per m® of the 3 Copepod species in the 3 marine habitats defined by bathymetry. For each species, means with different letters
are significantly different (Wilcoxon test, p<0.01).

doi:10.1371/journal.pone.0157764.9005

with densities nearly 5 times higher than for each of the 3 species on the continental shelf
(Kruskal-Wallis test, p < 0.01, Fig 5C).

Discussion

During their foraging trips, little auks visited similar areas of the continental shelf and of the
shelf break, irrespective of the presence/absence of sea-ice (Fig 1 and S1 Fig). Chick growth
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curves and adult body mass (S2 and S3 Figs) were also similar across years with/without sea
ice, suggesting unaffected reproductive output and adult body condition. We conclude that
bathymetry is potentially more important to foraging little auks than sea ice. Our results are
particularly relevant in the context of Arctic climate change, and of the environmental impacts
of vanishing sea ice cover.

Bathymetry effects

Information provided by GPSs and at-sea observations show that little auks foraged preferen-
tially on the shelf break and on the continental shelf (Figs 1, 4 and S1). Upwelling areas or
fronts are known to occur along shelf breaks and to concentrate seabird prey [23,42]. In the
studied area, the East Greenland break front could play this role [43]. Many examples show
seabird association with shelf breaks worldwide, among which Cory’s shearwaters Calonectris
diomedea in the Mediterranean Sea [44], black petrels Procellaria parkinsoni off New Zealand
[45], or black-footed albatrosses Phoebastria nigripes on the Californian shelf slope [46]. In
addition, numerous studies have mentioned the presence of Alcids at fronts, among which
Murres (Uria lomvia and U. aalge) in the East Bering Sea [47], and planktivorous auklets taking
advantage of tidal fronts at the sills between the Aleutian islands [48,49]. Concerning little
auks, one exception has been highlighted by Karnovsky and collaborators. They found that lit-
tle auks from Hornsund (South-West Spitsbergen) foraged mainly on the continental shelf
(Arctic water from the Serkapp Current) but avoided the shelf break where they encountered
waters of Atlantic origin (West Spitsbergen Current) [12]. This difference with our results was
most likely due to prey types and densities. Off Hornsund, small and less profitable prey species
were in the same densities within Atlantic water masses than the bigger and richer ones within
Arctic water masses, and were further away from the colony. Little auks therefore had no
incentives to forage at the shelf break. In contrast, in our system in the absence of ice, smaller
species were largely more abundant at the shelf break than the bigger ones upon the shelf area
(Fig 5).

In 2014, chick diets were mainly composed of C. hyperboreus and C. glacialis (Table 2) and
these species were more abundant on the continental shelf (Fig 5C). However, 42.5% of adult
foraging/resting areas were situated on the shelf break. There, C. finmarchicus densities were
about five times greater than densities found on the continental shelf for the three copepod
species. This comparison between chick diet, adult foraging/resting areas and Calanus cope-
pod densities suggests that breeding little auks may not feed on the same prey and in the same
areas when foraging for themselves, or for their chicks as described by Brown and collabora-
tors [50]. More specifically, it suggests that breeding birds fed for themselves first. Tracked
birds targeted the shelf break, probably to feed for themselves on highly abundant, yet smaller
and less calorific C. finmarchicus. Then, on their way back across the continental shelf, they
likely caught C. hyperboreus and C. glacialis for their chicks. These two copepods are less
abundant but larger and more calorific than C. finmarchicus [20]. This hypothesis is consis-
tent with the fact that most adult little auks caught at colonies have empty stomachs [51] and
that nearly all studies focusing on adult diet were performed on birds caught at sea
[14,17,18,51,52]. It is therefore particularly difficult to compare adult and chick diet [51]. Pre-
vious isotopic investigations performed at the same colony suggested that breeding adults and
their chicks feed at the same trophic level [53]. However, and because the three copepod spe-
cies are all mainly herbivorous and present similar isotopic signatures/trophic positions
[54,55], this method cannot be used to confirm our hypothesis, and further investigations are
required to confirm factors driving the combined use of continental shelf and shelf break by
foraging parent little auks.
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Sea ice effects

In the present study, little auks foraged in the same areas in the presence and nearby absence of
sea ice (Fig 1 and S1 Fig), thus questioning the importance of sea-ice habitats for foraging little
auks during the breeding season [56]. Previous studies led in West Spitsbergen found that little
auks foraged mainly in the marginal ice zone and could modulate their foraging distance to
track sea ice up to 150 km [16,57]. However, areas where little auks foraged in Spitsbergen
were also close to the shelf break where the Arctic front separates Atlantic waters from the
West Spitsbergen current and Arctic waters from the Serkapp current [58]. It is thus possible
that bathymetry also played an important role for foraging little auks in Spitsbergen, as in East
Greenland. However, the spatial match between the shelf break and the marginal ice zone in
both Spitsbergen and East Greenland precludes further quantitative evaluation of the role
played by each parameter, and further studies from other arctic areas are needed.

In our system, another open question is whether little auks could cope with longer foraging
trips to reach sea ice areas. Going as close to the ice in 2014 as in 2012 (i.e. travelling an addi-
tional 258 km, Fig 3) would have required little auks to increase their flight times by six hours
per foraging trip, with an overall 18% increase in trip duration. Compared with other published
data on foraging trip duration or maximum foraging distance, little auks from our study
already performed trips which were longer (mean duration of 15.9 h and 22.7 h [59,60]; mean
maximum distance of 67.1 km and 65.5 km [57,60]) or of the same order of magnitude (mean
maximum distance of 97.9 km and mean duration of 24.3 h, [16]) than little auks from other
areas. This suggests that birds may have already been operating to their maximum capabilities,
and probably cannot reach the ice when it is further away. Further, our two study years actually
represent moderate sea ice conditions for little auks in East Greenland. Indeed, 2012 and 2014
are within the lower range of sea ice extents over the 1979-2014 period (Fig 2), and the current
sea ice decline started well before the advent of satellite measurements [61]. We can therefore
only speculate about the foraging behaviour of little auks exposed to substantially higher sea ice
concentrations > 20 years ago. Under these conditions, understanding which other parameters
influence little auk foraging behaviour, such as bathymetry, is crucial to anticipate their
response to an ice-free environment.

Further, sea ice is also important for little auks and other Arctic seabirds as a platform to
rest during foraging trips [14], and its disappearance may increase the energetic costs of resting.
In spectacled eiders (Somateria fischeri), for instance, resting at the sea surface was estimated
to be 50% more costly, energetically, than resting on sea ice [62] and the same trend is expected
for other seabird species [2]. This could alter adult body condition, especially in little auks that
are known to have an elevated metabolism [20]. In our study, it is possible that some physical
processes aggregated small remaining ice floes at the shelf break in 2014 and that these plat-
forms were used for birds to digest food and rest in the middle of their trip as we could not dis-
tinguish resting and foraging behaviour.

Device effects

Birds equipped with GPSs showed significantly longer trip durations when compared with lit-
erature data for the same colony (mean long trip duration of 9.6 £ 0.5 h, obtained with direct
observations of marked, yet unequipped birds in 2007 [59]). Moreover, birds from these two
studies were investigated a different times of the chick-rearing phases, and hence it cannot be
excluded that birds modified their foraging behaviour as the season progressed, or that prey
availability and foraging conditions differed between years [57]. However, a similar bias
towards longer foraging trips was also observed in little auks equipped with the same type of
GPS devices in Spitsbergen [16]. Devices attached to diving seabirds increase hydrodynamic
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drag [63], and has been shown to affect trip duration in some species, including little auks
[64,65]. Overall, we recommend that future little auk GPS-tracking studies use smaller/lighter
tags, to ensure the smallest possible impact on the birds. Nevertheless, as birds equipped with
GPSs in the presence/absence of sea ice in 2012 and 2014 were similarly handicapped by tags,
we consider that our comparison of their utilization of the marginal ice zone and of bathymet-
ric features during foraging trips remains valid.

Little auks and climate change

Climate change may affect arctic seabirds through (1) changes in the behaviour of their preda-
tors. For instance, enhanced polar bear predation on seabirds has been demonstrated in recent
years [66], see also [67]. (2) The spread of new parasites and pathogens from lower latitudes
(e.g. [68,69]), and (3) changes in their breeding and foraging habitats. Notably, former work
showed that little auks perform better in cold Arctic waters containing lipid-rich copepods
[10,13,70]. In the longer term, an increase in sea surface temperature in the Arctic is therefore
expected to favour boreal copepods such as Calanus finmarchicus [71]. C. finmarchicus are
smaller and contain less lipids than the two Arctic copepods C. glacialis and C. hyperboreus.
Moreover, higher temperatures are expected to favour smaller zooplankton, both smaller spe-
cies and smaller individuals within a species [72,73]. Such a negative relationship between
organismal size and temperature was observed during geological times for phytoplankton [74].
While adult little auks might be able to cope with smaller prey like C. finmarchicus in their
environment (this study, [75]), the food selection index showed that breeding birds had a
strong preference for large copepods to feed their chick (Table 2). This finding raises the ques-
tions whether, in the longer term, adult little auks will have capabilities to gather more/enough
smaller and less profitable prey to meet their chick energetic requirements and whether chicks
will deal with smaller prey in their diet. One study indeed found that when there was a larger
influx of Atlantic water off Hornsund, Spitsbergen, chick meals were of lower mass and lower
energy content, and parents had to increase the number of foraging trips to fulfil chick dietary
needs [76].

Comparative studies conducted across the Greenland Sea do indicate that little auks have
for now the capacity to buffer the consequences of current ocean warming, through marked
foraging plasticity [10,76]. Further, recent investigations demonstrated that, in the absence of
sea-ice, little auks may efficiently switch from offshore feeding habitats to less distant, prey-
rich coastal fronts created by the melt water of retreating coastal glaciers [77], and unexpect-
edly, may efficiently feed in warm Atlantic waters containing boreal zooplankton species at
their southernmost breeding site [60]. These results confirm that little auks are so far flexible
with respect to the consequences of arctic warming, challenging current species distribution
models forecasting future distributions for little auks in a warming Arctic [13,78]. Crucially,
our study strongly suggests that bathymetric features and associated productivity may actually
be more important for efficient little auk foraging than sea-ice habitats. Nevertheless, these
ideas should now be tested using smaller tracking devices, and at further study sites, to fully
understand the importance of bathymetry for foraging little auks across the Arctic.

Supporting Information

S1 Fig. GPS tracks of 3 little auks in 2011 and sea ice extent. Red dots correspond to foraging
or resting (speed <10 km.h™') and black dots to travelling (instant speed >10 km.h™"). Sea ice
extent data were downloaded from the U.S. National Ice Center (http://www.natice.noaa.gov/
products/daily_products.html). White: pack ice with an ice concentration >80%. Light blue:
marginal ice zone (MIZ) with an ice concentration <80%. In the marginal ice zone, sea ice
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concentration decreased between pack ice and open water. Only 1 out of 4 trips were complete,
thus we did not include these tracks in our analyses. For the complete track, the maximum dis-
tance to the colony was 84.3 km and the trip duration was 22.4h. Projection: GR96/ UTM zone
27N.

(PDF)

S2 Fig. Chick Growth curves for 2012 (black, n = 24 chicks) and 2014 (red, n = 29 chicks).
Chicks were weighed every second day. Chick growth was compared between years during the
linear growth period (delimited by dotted lines) using a linear mixed effect model with mass as
an explanatory variable, chick age and year as fixed factors and chick as a random factor.
Model selection process retained model with chick age as fixed factor and chick as random
effect. Year factor was rejected meaning that there is no difference of chick growth between

years.
(PDF)

$3 Fig. Adult body condition index (mean+SE) in 2012 (black, n = 65) and 2014 (red,

n = 120) calculated following [42]. There was no difference in body condition between both
years (Fy 133 = 0.064, p = 0.8).

(PDF)

S1 Table. Model selection using Akaike’s information criterion (AIC) to test the effects of
age and year on chick body mass (51 chicks, 256 observations). Model selection of all combi-
nation of factors, a chick random effect is included. K: number of parameters. AAIC is the dif-
ference of AIC between a given model and the model with the lowest AIC. Best model is
number 1 with the smallest AIC and less parameters than model 2.

(PDF)

S2 Table. Parameter estimation of model 1 testing the effects of age on chick body mass.
(PDF)
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