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ABSTRACT: Climate-driven changes in the marine environment may affect inter- and intraspecific
resource partitioning by marine organisms. When and how resources are partitioned may depend
on access to diverse foraging habitats. Here we examined the variability in the isotopic niche of
breeding seabirds with respect to trophic level and habitat use in years with cold and warm sea
temperatures in the Bering Sea. Between 1999 and 2015 (n = 12 yr), we collected blood from black-
legged Kkittiwakes Rissa tridactyla, and common Uria aalge and thick-billed murres U. lomvia
breeding on St. George and St. Paul Islands on the southeastern Bering Sea continental shelf. We
examined isotopic niche dynamics at the group and species levels. Stable isotope values of blood
tissues corroborated published observations of seabird distributions in the region. All 3 species
increased foraging on shelf-based prey during warm oceanographic conditions, in contrast to a
higher reliance on oceanic-based prey during cold conditions. Under warm ocean conditions, the
isotopic niche of the seabird group with access to only shelf habitat (St. Paul Island) contracted,
whereas the isotopic niche of the seabird group with access to shelf, slope, and basin habitats (St.
George Island) expanded. These group-level responses were associated with increased food avail-
ability. We conclude that habitat heterogeneity in the vicinity of breeding colonies may mediate
how predators partition food resources in response to changes in climate-driven food availability.

KEY WORDS: Black-legged kittiwake - Murre - Stable Isotope Bayesian Ellipses in R - SIBER -
Layman's metrics - Stable isotope analysis - Habitat heterogeneity - Resource partitioning

INTRODUCTION (Liu et al. 2016), and the availability of large lipid-

rich crustacean zooplankton over the shelf (e.g.

The southeastern Bering Sea is characterized by
long- and short-term variability in oceanographic
conditions. On a decadal scale, the region as a
whole may be subject to either a warmer or a colder
climate regime (Stabeno et al. 2012). On shorter
temporal scales (1 to 3 yr), the region shifts between
cold years, characterized by extensive sea ice and a
late sea ice retreat, and warm years, characterized
by low sea ice coverage and an early retreat
(Stabeno et al. 2012). Fluctuations in annual sea ice
extent and the timing of its retreat have been linked
to the timing and duration of primary production

*Corresponding author: awill4@alaska.edu

Hunt et al. 2016, Sigler et al. 2016). It has been pro-
posed that these oscillating oceanographic condi-
tions affect the distribution and availability of forage
fish to marine predators, including seabirds (Hunt et
al. 2011). This well studied system provides a natu-
ral setting in which to address how sub-Arctic spe-
cies may respond to future changes in the marine
environment. We used it to examine how seabirds
use and partition resources during a period when
the southeastern Bering Sea experienced very cold
and very warm years (1999-2016, Overland et al.
2012, Stabeno et al. 2012).
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Resource partitioning is considered to be an im-
portant mechanism by which species are able to re-
duce competition for common resources and co-exist
(Schoener 1974, Finke & Snyder 2008). The partition-
ing of food resources in the ocean may be dynamic,
driven by environmental factors affecting the avail-
ability of prey (e.g. Friedlaender et al. 2011, Sabarros
et al. 2012). In seabirds, sympatrically breeding spe-
cies are known to partition resources horizontally
(Cherel et al. 2008, Rayner et al. 2016), vertically
(Navarro et al. 2015, Kokubun et al. 2016), diurnally
(Barger et al. 2016), and/or by prey type (Moreno et
al. 2016, Rayner et al. 2016) or size (Mancini &
Bugoni 2014). The degree of partitioning can depend
upon changes in food availability (Barger & Kitaysky
2012), or it can occur during energetically taxing life
stages such as offspring provisioning (Cherel et al.
2008, 2014, Barger et al. 2016, Delord et al. 2016).

Habitat heterogeneity may also affect resource
partitioning. Access to different types of habitat may
reduce interspecific competition for resources. For
example, when foraging in a complex habitat, stone
crabs Menippe mercernaria and knobbed whelks
Busycon carica maintain consumption rates and feed
upon similar prey species because these 2 predators
are able to forage in different types of habitat
(Hughes & Grabowski 2006). How access to diverse
foraging habitats may modify interspecific resource
partitioning under different environmental condi-
tions in seabirds is, however, not well known.

Seabirds in the southeastern Bering Sea have
access to different types of habitat depending on

where they breed (Fig. 1). St. Paul Island, part of the
Pribilof Islands, supports a relatively small (31000
black-legged kittiwakes Rissa tridactyla ['kitti-
wakes'], 39000 common murres Uria aalge, and
115000 thick-billed murres U. lomvia) multi-species
seabird colony located on the continental shelf. In
contrast, St. George Island supports a multi-species
colony that is an order of magnitude larger (72 000
kittiwakes, 190000 common murres, and 1500000
thick-billed murres) (Hickey & Craighead 1977). By
being closer to the shelf edge than St. Paul Island, St.
George Island affords seabirds easier access to shelf,
slope, and basin foraging habitats. These 2 islands
are located 60 km apart (Byrd et al. 2008a). Tracking
studies have revealed that murres and kittiwakes
rarely forage in the area between the 2 colonies, and
that there is little overlap in their shelf and slope for-
aging locations (Harding et al. 2013, Paredes et al.
2014, Kokubun et al. 2018 in this Theme Section).
Stable isotope analysis is a non-invasive tool that
can be used to identify shifts in diet (e.g. Karnovsky
et al. 2008, Cherel et al. 2014, Kowalczyk et al. 2015)
and to determine how sympatric species partition
prey resources (e.g. Young et al. 2010, Barger &
Kitaysky 2012, Jaeger et al. 2014). Stable isotope
ratios capitalize on the differential rate that heavy
and light non-decaying isotopes of elements are used
in biological processes. By analyzing samples for car-
bon and nitrogen isotopic ratios we can construct a
predator’s isotopic niche (Bearhop et al. 2004, New-
some et al. 2007), which describes where (reflected in
carbon, 8'°C) and at what trophic level (reflected in
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Fig. 1. Study area and fo-
cal species. St. Paul and
St. George Islands are lo-
cated on the continental
shelf, 90 and 25 km from
the shelf break, respec-
tively. Pictured clockwise
from top left are a black-
legged kittiwake Rissa tri-
dactyla with chick, a com-
mon murre Uria aalge,
and a thick-billed murre
U. lomvia (photo credit: A.
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Will, map adapted from
Hunt et al. 2008)
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nitrogen, 8'°N) it has been foraging (Hobson et al.
1994). Isotopic niches have proven useful in discern-
ing ecological segregation of marine species (e.g.
tuna, Ménard et al. 2007; dolphins, Gross et al. 2009;
myctophids, Cherel et al. 2010), mapping food webs
(e.g. Linnebjerg et al. 2016), and inferring food web
diversity (e.g. Yurkowski et al. 2016).

Using blood samples collected over the past 16 yr,
we examined the isotopic niche dynamics of 3 pis-
civorous seabird species breeding on the Pribilof
Islands to determine whether and how oceano-
graphic conditions and habitat heterogeneity af-
fected interspecific prey resource partitioning. The
foraging behavior of seabirds is known to change
throughout the course of the breeding season in
response to the demands of their offspring (Navarro
et al. 2014, Barger et al. 2016) as well as changes in
prey resources (Scioscia et al. 2014, Jakubas et al.
2016). We analyzed tissues with different turnover
rates to characterize the arrival (early) and chick-
rearing (late) periods of the breeding season to cap-
ture seasonal prey-use dynamics.

We included 3 seabird species (1 kittiwake and 2
murre species, which we refer to as a ‘group’, Fig. 1)
that use different parts of the horizontal and vertical
foraging space. Black-legged Kkittiwakes are able to
travel far from the breeding colony (up to 200 km,
Paredes et al. 2014) at relatively low costs, yet as sur-
face feeders, they have limited access to deeper
layers of the water column. Common and thick-billed
murres are, compared to kittiwakes, restricted in the
distance they can travel from the colony (no more
than 20 km during chick-provisioning day trips, but
up to 100 km during overnight trips, Paredes et al.
2015). Both murres are pursuit-diving foragers and
have access to prey throughout the water column, up
to 200 m in depth (Croll et al. 1992, Orben et al. 2015).
Common murres, compared to thick-billed murres,
are able to fly greater distances, and the 2 species
partition their use of the water column by time of day,
distance from the breeding colony, and by foraging
depth (Barger et al. 2016, Kokubun et al. 2016).

In cold years, murres and kittiwakes breeding on
the Pribilof Islands incurred relatively high levels of
nutritional stress, suggesting that food was scarce or
difficult to obtain (Paredes et al. 2012, Satterthwaite
et al. 2012, Kokubun et al. 2018). In warm years,
however, they had relatively low levels of nutritional
stress, indicating that food was abundant or more
easily obtained (Benowitz-Fredericks et al. 2008, Sat-
terthwaite et al. 2012, Harding et al. 2013, Paredes et
al. 2014). When conditions are warm, the southeast-
ern Bering Sea shelf supports large cohorts of young-

of-the-year walleye pollock Gadus chalcogramma
that remain in the upper water column (top 20 m)
until early autumn (Moss et al. 2009, Hunt et al. 2011,
Hunt et al. 2018 in this Theme Section). These small
fish can make up a large portion of murre and kitti-
wake diets at the Pribilof Islands (Renner et al. 2012,
Sinclair et al. 2008). In cold years, young-of-the-year
walleye pollock may be less plentiful in the upper
water column (Moss et al. 2009, Hunt et al. 2011,
Renner et al. 2016, Hunt et al. 2018). Thus, we pre-
dicted that the isotopic niche of seabirds would vary
between cold and warm conditions in response to
changes in prey availability.

In the southeastern Bering Sea, there is a §!*C gra-
dient in seabird prey: prey from the continental shelf
have higher §!3C values compared to alternative prey
from the continental slope or ocean basin (Zeppelin
et al. 2015), which is also reflected in the stable iso-
tope ratios of bird blood tissues (Dorresteijn et al.
2012). In cold conditions, when juvenile pollock are
relatively scarce on the shelf, we predicted that the
isotopic niche of birds with access primarily to shelf
foraging habitat (St. Paul Island) would expand as
species separate themselves by prey type and geo-
graphic location. In cold years, St. Paul Island Kkitti-
wakes have been observed to forage near the conti-
nental slope and in the ocean basin (Paredes et al.
2014), while murres continued to forage on the shelf
near the breeding colonies (Harding et al. 2013,
Paredes et al. 2015). In contrast, we predicted that
the isotopic niche used by seabirds on colonies closer
to the shelf break would contract during cold years.
On St. George Island, all species have access to more
heterogeneous foraging habitat, so during cold ocean
conditions when prey availability is low on the shelf,
we expected seabirds to concentrate their foraging
efforts on prey inhabiting the continental slope
region (Pomerleau et al. 2014, Zeppelin et al. 2015,
Suryan et al. 2016).

MATERIALS AND METHODS
Study sites and sample collection

Murres and kittiwakes were captured using noose
poles on St. Paul (57.18119°N, 170.266°W) and St.
George (56.580507°N, 169.605925° W) Islands be-
tween 1 July and 25 August (see Table 1 for years
and sample sizes). No more than 1 ml of blood was
collected from the alar vein and stored on ice (for
details see Benowitz-Fredericks et al. 2008). Within
12 h of collection, blood was separated via centri-
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Table 1. Sample sizes by year, island, and tissue. All except 2015 plasma
values are from individuals whose red blood cells were also analyzed.
BLKI = black-legged kittiwake Rissa tridactyla, COMU = common murre

Uria aalge, TBMU = thick-billed murre U. lomvia

rearing' stage). Individual's §!°N values for
red blood cell and plasma samples were not
correlated (r = 0.086) and §°C were only
moderately positively correlated (r = 0.46).

Red blood cells have a C:N ratio resem-
Year Island Red blood cells Plasma bling pure protein (about 3.5, Cherel et al.
BLKI COMU TBMU BLKI COMU TBMU !

2014); therefore, no lipid extraction prior to
1999  St. George - 10 10 _ - - analysis was needed. We freeze-dried a
St. Paul 10 - 10 - 7 20 pl sub-sample of red blood cells and
2003 St George 30 21 30 8 9 weighed 0.1 to 0.6 mg into a tin boat for
St. Paul 30 18 30 10 8 10 analysis. Plasma samples have a relatively
2004 St George 28 26 30 10 10 high lipid content, which depletes *C and
St. Paul 31 24 25 10 8 10 may lead to spurious results (Hobson &
2005 St. George 26 18 29 9 9 Clark 1992, Post et al. 2007). We delipidated
St. Paul 15 8 18 5 2 7 a 20 pl sub-sample of plasma using a 1:4
2006  St. George - - 22 - - - methanol:choloroform solution (as described
St. Paul - - - - - - by Barger et al. 2016). Post-delipidation, we
2007 St. George - - 32 - - - freeze-dried samples and weighed 0.1 to
St.Paul - - - - - - 0.6 mg into a tin boat for analysis. For delipi-
2008  St. George 31 22 27 10 10 10 dated samples where C:N ratios remained
St. Paul 30 28 30 10 10 10 relatively high (>4, Cherel et al. 2005), we
2009 St. George 26 37 28 9 10 10 used the equation for aquatic organisms de-
St.Paul 24 26 30 10 10 10 scribed by Post et al. (2007) to correct for car-
2010 St George 36 - 33 10 - 9 bon depletion (ABC = -3.32 + 0.99 x C:N,
St.Paul 35 - 39 10 - 10 where A!®C is the correction factor applied to

2013  St. George - - - - - 30 the §'*C values).
St.Paul - - - - - - Samples were analyzed at the University
2014  St. George - 14 38 - 14 18 of Alaska Fairbanks Stable Isotope Facility
St. Paul - - - - - - (UAF SIF). Tin boats were loaded into an
2015 St George - - - - 15 20 Elemental Analyzer (EA Costech ESC 4010)
St. Paul - - B B B B and processed via continuous flow isotope
Totals St. George 177 148 279 59 76 125 .ratio mass .spectrometry using a Delt.a+XP
St. Paul 175 104 182 64 38 64 isotope ratio mass spectrometer. Ratios of
IN:¥N and *C:'2C were calibrated using

fugation into plasma and red blood cells, and then
stored frozen until further analysis.

Stable isotope analysis

We used the isotopic composition of red blood cells
and plasma to characterize seabird diets for the dura-
tion of the breeding season. Red blood cells reflect
the diet of birds during the 2 mo (Hobson & Clark
1993) prior to the sampling date; thus our red blood
cell samples captured the diets of birds arriving at
the colony and initiating their clutches (hereafter re-
ferred to as the ‘arrival’ stage). Plasma turns over
more quickly (5 to 7 d, Hobson & Clark 1993) and
reflects an individual's diet during the week prior to
the sampling date (hereafter referred to as the ‘chick-

an internal standard (peptone: replicate

measures indicated measurement errors of
+0.34 %0 and £0.08 %o for 8'3C and 8N, respectively)
and then compared to the international standard
ratios of atmospheric nitrogen and Vienna Pee Dee
Belemnite using 8X = [(Rsampie/Rstandara) — 1] x 1000,
where Xis >N or 13C and R is the ratio of heavy:light
nitrogen or carbon. Results are expressed in delta
notation as parts per thousand (Peterson & Fry 1987).

Statistical analysis

We conducted all statistical analysis in R (v. 3.2.3, R
Core Development Team 2015 and v 3.4.2, R Core
Development Team 2017). To determine whether
years in our study had ‘warm’ or 'cold’ oceanographic
conditions, we used principal components analysis
(prcomp package, R Core Development Team 2015)
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to assign a continuous value to each year based on
measurements from 5 climate indices. We included
the summer Pacific Decadal Oscillation index (PDOs,
averaged for June, July, and August, www.bering
climate.noaa.gov/data/), which captures the variability
in sea surface temperature across the North Pacific;
the ice cover index (ICI, www.beringclimate.noaa.
gov/data/), the average ice concentration January to
May reported as anomalies against the long-term
mean; the ice retreat index (IRI, www.beringclimate.
noaa.gov/data/), the number of days after March 15
when >10 % of ice disappears from near mooring M2;
and the sea surface and bottom temperature (SST
and Bottom) within a 150 km radius of the Pribilof
Islands (Lauth 2016). These variables were selected
to capture large and small scale variability and have
been shown to be biologically relevant (seabirds:
Dorresteijn et al. 2012, Satterthwaite et al. 2012; zoo-
plankton and fish: Stabeno et al. 2012).

Prior to examining isotopic niche dynamics, we
modeled 8C and 8N as a function of oceano-
graphic conditions, colony, species, and season. The
purpose for this was 2-fold: (1) to verify that changes
in oceanographic conditions correspond to changes
in 8N or 8§!3C values; and (2) to determine how the
models should be built to best describe the isotopic
niche dynamics in the region. If, for example, all
species in both colonies responded to oceanographic
conditions similarly during both the arrival and
chick-rearing period, then we would model the iso-
topic niches in a single model, not differentiating be-
tween colony or time during the breeding season. On
the other hand, if interaction terms indicated that
species responded differently on different islands
and under different oceanographic conditions then
we would model the isotopic niche by species,
oceanographic condition, and island. We used a ran-
dom intercept mixed model (Ime4 package, Bates et
al. 2015) and maximum likelihood estimation to
model §'*C and 8'°N separately with respect to the 2
islands (fixed effect: Colony), species (fixed effect:
Species), time of the breeding season (fixed effect:
Season), and oceanographic conditions (fixed effect:
PC1, each year had a score). We included 2-way
interaction terms and verified that candidate models
did not include terms with high collinearity among
non-categorical variables (vif.mer function available
at https://github.com/aufrank/R-hacks/blob/master/
mer-utils.R, cut-off value = 3). Since plasma and red
blood samples were obtained from the same individ-
uals, we included individual as a random factor. We
included the 2-way interactions of these variables to
determine whether species from different colonies

behaved similarly (indicated by non-significant inter-
action terms) under different oceanographic condi-
tions and/or across a breeding season. We used the
corrected Akaike's information criterion (AIC. for
small sample sizes, Burnham & Anderson 2002) to
select the best candidate model, which we used to
determine how to structure our analysis of the iso-
topic niche dynamics (see Tables S1 & S2 in the
Supplement at www.int-res.com/articles/suppl/m592
p247_supp.pdf). We also calculated the means and
standard errors for 8'*C and §!°N values of each spe-
cies data to capture shifts in the isotopic niche at the
species level.

We used the R package SIBER (Jackson et al. 2011)
to analyze the stable isotope data at the group and
species level. We used a Bayesian approach to cal-
culate Layman's metrics, a set of summary statistics
that describe changes in the shape, size, and concen-
tration of points within the isotopic ellipse (Layman
et al. 2007) for the combined group of seabirds. We
used this same approach to calculate the 40 % stan-
dard ellipse area (SEA) for each individual species
under different oceanographic conditions during
arrival and chick rearing, which we used for graph-
ing purposes only. We categorized years as ‘warm’ or
‘cold’ according to our principal components analysis
(described above) and included them in the model as
the ‘community’ variable (i.e. all warm years were
combined and all cold years were combined). We ran
a Markov chain Monte Carlo with 3 chains drawing
from a Wishart distribution, with vague normal
priors, for 50 000 iterations, and a burn in of 10 000.
Every 20th value of the posterior was retained (Jack-
son et al. 2011, Parnell et al. 2013). Following Jack-
son et al. (2011), we report the Layman's metrics for
the group-level analysis including the mode, and
50 % and 90 % credible intervals for the total isotopic
area covered as described by the dx_range (dC) and
dy range (dN), which give the range of the group
along the x- (8'3C) and y-axes (8'°N), the distance to
the centroid (Centroid), and the average distance to
a point's nearest neighbor (NNdist). In regards to
ecological interpretations: dN provides a description
of trophic diversity and dC characterizes the breadth
of the food web's base. The SEA.B is an estimate of
the core 40 % isotopic niche used by the group or
species and is considered to be robust in the face of
small sample sizes. ‘Centroid’ is a measure of the
average diversity used in the food web. 'NNdist’
complements Centroid by reporting the distribution
of species within the total area, with a small NNdist
indicating that species are foraging in a similar
isotopic space.
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RESULTS
Principal components analysis of climate variables

The first principal component (PC1) retained
91.34 % of the variance in the component variables.
All 5 components were loaded for PC1 (PDO = 0.906,
ICI = -0.982, IRI = -0.98, Bottom = 0.951, SST =
0.957), and contributed a similar amount to determin-
ing the score (PDO = 17.968, ICI = 21.135, IRI =
21.019, Bottom = 19.803, SST = 20.075). The designa-
tion of ‘warm’ and ‘cold’ years based on PC1 corre-
sponded to characterizations of the study years in the
literature (Fig. 2, Stabeno et al. 2012).

Mixed model results

During warm conditions, all 3 species on both colo-
nies foraged on more shelf-based prey; however, the
relative change in carbon stable isotope ratios differed
among species (Table 2, see Table S3 in the Supple-
ment) being greatest in common murres (PC1 x Spe-
cies F, 53 = 28.255, p < 0.0001, Fig. 3). Birds breeding
on St. George relied more heavily on oceanic prey
species compared to St. Paul birds, a difference more
pronounced during arrival than during chick-rearing
(Season x Colony F; 50, =19, p <0.0001, Fig. 3).

Nitrogen stable isotope ratios also changed in
response to warmer conditions (Table 3, see Table S4
in the Supplement); however, the direction of the
change varied between arrival and chick-rearing
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Fig. 2. Categorization of years as ‘cold’ or ‘warm’ using PC1
(the first principal component). Negative numbers corre-
spond to cold oceanographic conditions, and positive num-
bers correspond to warm oceanographic conditions. PC1 is
plotted against PC2 (the second principal component). The
68 % ellipses indicate the cold (solid blue line) and warm
(dashed red line) groupings. The year corresponding to each
point is noted within the plot

(PC1 x Season F, 1941 = 26.14, p < 0.0001) and among
species (PC1 x Species F, 154, = 18.19, p < 0.0001). For
example, 8N increased in warm compared to cold
conditions during chick-rearing but remained the
same regardless of ocean conditions during arrival.
At the species level, without taking breeding colony
into account, 8!°N for common murres increased in
warm ocean conditions, whereas the §'°N for Kkitti-
wakes and thick-billed murres remained similar
between warm and cold ocean conditions. Similarly,
only common murres showed a decrease in §!°N from
arrival to chick-rearing, whereas kittiwakes and
thick-billed murres had similar 8'°N throughout the
breeding season (Season x Species F, 1900 = 18.04, p <
0.0001), again without taking into account the breed-
ing colony. Birds breeding on St. Paul Island fed on
prey with higher 8N than birds breeding on St.
George Island (Colony Fj 1509 = 358.26, p < 0.0001,
Fig. 3).

Group analysis

The isotopic niche of breeding seabirds on St.
George Island was larger during warm conditions
(P[SEA.B cold < SEA.B warm] = 1 for both arrival and
chick-rearing), and especially so early in the breed-
ing season (Fig. 4A). In warm conditions, trophic
level diversity increased (dN, Fig. 4A), as did the
overall diversity of the utilized food web (Centroid
mode [95% CIJ, cold = 0.26 [0.172, 0.358], warm =
0.601 [0.482, 0.716]).

The isotopic niche of seabirds breeding on St. Paul
Island had the opposite response to warmer ocean
conditions (Fig. 4C,D). Under warm ocean condi-
tions, birds tended to forage on a smaller diversity of
basal resources, likely reflecting a constricted geo-
graphic range (dC, Fig. 4C). During chick rearing,
the isotopic niche of St. Paul Island breeding seabirds
was smaller in warm compared to cold ocean condi-
tions (P[SEA.B cold > SEA.B warm = 1]), which was
characterized by a decrease in the diversity of trophic
levels utilized (dN, Fig. 4D), and a consolidation of
the foraging area (dC, Fig. 4D). Trophic diversity de-
creased during warm ocean conditions (Centroid,
cold = 0.709 [0.529, 0.909], warm = 0.277 [0.108,
0.523]) and the trophic niche of individual species
tended to converge (NNdist, cold = 0.889 [0.581,
0.909], warm = 0.355 [0.116, 0.696]). In general, birds
on St. Paul Island utilized a less diverse and smaller
isotopic niche in warm ocean conditions than birds
on St. George Island (see Table S5 in the Supplement
for full Layman's metrics).
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Table 2. Corrected Akaike's information criterion (AIC.) model selection results for §'3C. We report the top 2 models, as well

as the single variable models and additive model. All other models had an AIC. weight (w;) of 0. We tested 38 models. All

models include bird as a random effect. A summary for the top model (Table S3) as well as a full list of the candidate models
(Table S1) are reported in the Supplement (www.int-res.com/articles/suppl/m593p247_supp.pdf)

Carbon models k AIC. AAIC, w;

PC1 + Species + Season + Colony + PC1 x Species + Season x Colony 11 2776.95 0.00 1.000
PC1 + Species + Colony + Season + PC1 x Species 10 2794.11 17.16 0.000
PC1 + Species + Colony + Season 8 2847.39 70.44 0.000
PC1 4 3066.71 289.75 0.000
Colony 4 3087.00 310.05 0.000
Species 5 3166.42 389.46 0.000
Season 4 3185.67 408.72 0.000
Null model 3 3193.26 416.31 0.000
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Fig. 3. Average stable isotope values for species breeding on St. George (top panel) and St. Paul (bottom panel) Islands.

Mean (+SE) isotopic signatures of black-legged kittiwakes Rissa tridactyla and murres Uria aalge and U. lomvia shifted be-

tween cold (blue symbols) and warm (red symbols) oceanographic conditions and between the arrival (left column) and
chick-rearing (right column) periods of the breeding season

Species analysis

In support of the group level analysis, St. George Is-
land common murres had a larger niche in warm com-
pared to cold ocean conditions (P[SEA.B cold < SEA.B
warm] = 1 and 0.99 for arrival and chick-rearing,
respectively). However, the isotopic niche of thick-

billed murres and kittiwakes was smaller in warm
compared to cold conditions (P[SEA.B cold > SEA.B
warm]| = 0.96, 1, and 0.6 for kittiwakes, thick-billed
murres arrival, and thick-billed murres chick-rearing,
respectively, Fig. 5). Seasonal dynamics of niche size
differed between warm and cold ocean conditions. In
warm years, the isotopic niche for all species in-
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Table 3. Corrected Akaike's information criterion (AIC.) model selection results for §'°N. We report the top 2 models, as well

as the single variable models and additive model. All other models had an AIC. weight (w;) of 0. We tested 41 models. All

models include bird as a random effect. A summary for the top model (Table S4) as well as a full list of the candidate models
(Table S2) are reported in the Supplement

Nitrogen models k AIC. AAIC,. w;

PC1 + Season + Species + Colony + PC1 x Season + PC1 x Species + Season x Species 13 3984.43 0.00 0.992
Season + Species + Colony + Season x Species + Colony x Species + Season x Colony 12 3993.95 9.53 0.008
PC1 + Species + Colony + Season 8 4066.14 81.72  0.000
Colony 4 4110.83 126.41 0.000
Species 5 434944 365.01 0.000
Null model 3 4391.72 407.29 0.000
Season 4 4392.07 407.65 0.000
4

PC1 4393.64 409.22 0.000
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Fig. 4. Changes in the isotopic niche of black-legged kittiwakes Rissa tridactyla and murres Uria aalge and U. lomvia
between cold and warm conditions on (A) St. George Island during arrival, (B) St. George Island during chick-rearing,
(C) St. Paul Island during arrival, and (D) St. Paul Island during chick-rearing. The raw data are displayed as cold (blue
points) and warm (red points), overlaid with the 40% ellipses of the seabird group in cold (blue solid line) and warm
(red dashed line) ocean conditions. The posterior modes, and 50% (box) and 95% (whisker) credible intervals of the
Layman's metrics dN and dC of the seabird group for cold (blue) and warm (red) ocean conditions are displayed in the
inset. See ‘Materials and methods' for a description of parameters; a complete set of Layman's metrics can be found in
Table S5 in the Supplement



St. George

St. Paul

Will & Kitaysky: Seabird isotopic niche dynamics 255
18 Black-legged Kittiwake 18 Common Murre 18 Thick-billed Murre
16 16 16 — Cold
2 o . --- Warm
& o ash o Rredde
= 14 :g‘_ . 14 e i) 14
2 " ".. : (4]
% 12 R 12 . . 12
=
g 10 10
8 8 8
3 6 3
T T T T T T T I T T T T
22 20 -18 -16 22 20 18 -16 22 20 18 -16
18 18 18
8 .
18 . 16
prd o 16
o . Ry
o 14 . . 14 14
o) 4 .
£ e
512 i 12 -
) . .
T . -
3 10 . 10 . 10
ey
O 3 8 8 .
6 6 6
T T T T T T T T T T T T
22 20 18 16 22 20 -18 -16 22 20 -18 -16
O8C %o G %o OBC %o
8 Black-legged Kittiwake s Common Murre 8 Thick-billed Murre
16 : 16 16
o -.(__-. N
=z 14 s 14 14
- LI T °
C 12 . 12 12
2 .
Z 10 10
8 8 8
3 6 3
T T T T T T T T T T T T
22 -20 18 -16 22 -20 18 -16 22 -20 -18 -16
18 18 18
8 .
16 16 . "
z 16 o “l
o e ‘
=3 9
o 14 14 14 : .
o]
£ .
& 12 12 12 M
o .
-g 10 10 10
£ . .
O 3 8 . 8
6 6 6
T T T T T T T T T T T T
22 20 18 16 22 20 -18 -16 22 -20 18 -16
08C %o 01%C %o 0%C %o

Fig. 5. Stable isotope signatures of red blood cells (‘Arrival’) and plasma (‘Chick-rearing’) for black-legged kittiwakes Rissa tri-
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creased in size during chick-rearing compared to ar-
rival (P[SEA.B warm-arrival < SEA.B warm-chick-
rearing] = 0.97, 0.99, and 0.55 thick-billed murres, re-
spectively), while in cold years, the niche size was
smaller during chick-rearing compared to arrival
(P[SEA.B cold-arrival > SEA.B cold-chick-rearing] =
0.92, 0.88, 1 for kittiwakes, common murres, and
thick-billed murres, respectively, Fig. 5, see Table S6
in the Supplement for SEA.B modes and CI).

On St. Paul Island, almost all birds had smaller iso-
topic niches in warm compared to cold ocean condi-
tions (P[SEA.B cold > SEA.B warm] = 0.97 to 1) with
2 exceptions: common murres during arrival and
thick-billed murres during chick-rearing had larger
isotopic niches in warm compared to cold ocean con-
ditions (P[SEA.B cold < SEA.B warm] = 1 and 0.89 for
common murres arrival and thick-billed murres
chick-rearing, respectively). Seasonal changes in
isotopic niche size were nearly consistent across
oceanographic conditions and species. Niches dur-
ing chick-rearing were larger than during arrival
(P[SEA.B arrival < SEA.B chick-rearing] = 0.87 to 1)
with 1 exception: kittiwakes during warm years had
a smaller isotopic niche during chick-rearing com-
pared to arrival (P[SEA.B arrival > SEA.B chick-rear-
ing] = 0.99, Fig. 5).

DISCUSSION

The diets of murres and black-legged Kkittiwakes
have been documented to be diverse, including for-
age fish and invertebrate species (Iverson et al. 2007,
Sinclair et al. 2008, Renner et al. 2012). To date, how-
ever, efforts to detect broad relationships in this
region between the diet of murres and kittiwakes
nesting at the Pribilof Islands and regional climate
indices have failed to find any consistent trends (Ren-
ner et al. 2012, 2014, but see Kokubun et al. 2018 for
thick-billed murres). In contrast, shifting patterns in
habitat use have been documented from ship-based
surveys at both seasonal and inter-annual time scales
(Schneider & Hunt 1984, Hunt et al. 2014, Renner et
al. 2016, Suryan et al. 2016, Hunt et al. 2018). To
advance the understanding of how seabirds nesting
on the Pribilof Islands alter their foraging between
warm and cold years, we characterized the isotopic
niche of black-legged kittiwakes and common and
thick-billed murres breeding on St. Paul and St.
George Islands. It is expected that species engaging
in similar foraging modes will partition prey when
interspecific competition is more likely to occur (dur-
ing food shortages or chick-rearing), and consume

similar prey when it is plentiful (Hardin 1960, e.g.
Barger et al. 2016). We investigated how food re-
sources were partitioned among 3 seabird species
under different oceanographic conditions and with
access to different habitat types. We predicted that
during cold ocean conditions, when food is less avail-
able, the diet among species would differ more than
in warm ocean conditions when prey is abundant.
We further predicted that this pattern of partitioning
would be most apparent in seabirds breeding on St.
Paul Island, a colony with more limited access to
diverse foraging habitats.

Effect of oceanographic conditions on diet

Seabirds breeding on both St. Paul and St. George
Islands shifted to consuming more shelf-based prey
under warm oceanographic conditions. At-sea sur-
veys have indicated that surface-feeding black-
legged kittiwakes and moderately deep-diving shear-
waters Ardenna spp. occurred in greater abundance
over the shelf region in warm years (Renner et al.
2016). This may have been a response to an increased
abundance of juvenile pollock on the shelf in warm
years (Hunt et al. 2011, Renner et al. 2016, Suryan et
al. 2016). In years with early sea ice retreat and warm
sea temperatures, juvenile pollock have been ob-
served closer to the ocean surface and found to occur
at 51 times the densities recorded in cold years (Ren-
ner et al. 2016). Whether a greater abundance of pol-
lock is also beneficial for murres has been unclear, as
water masses and prey at depth may be somewhat in-
dependent of the dynamics shaping the food web
available to surface foragers (Byrd et al. 2008b, Ren-
ner et al. 2016). Our results, however, indicate that
common and thick-billed murres shifted towards
shelf-based prey on St. George and St. Paul Islands,
suggesting that they may also be feeding on juvenile
pollock in warm years (Sinclair et al. 2008, Kokubun
et al. 2018). Although all 3 species in both colonies
took advantage of more abundant shelf-based prey in
warm years in some way, we found that isotopic niche
dynamics in the 2 colonies were different between
warm and cold years and among species.

Isotopic niche dynamics of the seabird group

The combined isotopic niche of black-legged kitti-
wakes and murres nesting on St. Paul Island was
heavily influenced by ocean conditions. In warm
years, the group's niche area was smaller during
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arrival and chick-rearing. However, the diversity in
foraging locations during arrival in warm conditions
was comparable to that in cold conditions, as re-
flected in the dN and dC isotopic distances. This may
be a signal that the food web on the shelf develops
from a common starting point early in the breeding
season, but that the trajectory of development may
be determined by oceanographic conditions that
result in an increasingly different foraging landscape
as the season progresses (Hunt et al. 2011). Unfortu-
nately we do not have baseline 8°C or §!°N values
which could be used to determine whether changes
in isotopic distances are due to the number of sources
in a food web, to food web diversity, or simply to a
relatively small plasma sample size (Layman et al.
2012, Brind' Amour & Dubois 2013). While our ability
to infer inter-seasonal food web structure is limited,
we found no year-associated patterns within the
warm or cold isotopic values; therefore, we are able
to discount the possibility that changes in baseline
values alone explain the shifts in the use of the
isotopic space we observed.

In warm years, the isotopic space used by seabirds
on St. George Island, which is closer to the shelf
break, was more diverse and larger than the isotopic
space used by seabirds on St. Paul Island, which is
situated farther from the shelf break. In contrast, the
total isotopic spaces used at the 2 islands were simi-
lar in cold years. This may be partially attributed to
the differences in colony size between the 2 islands.
St. George Island supports an order of magnitude
more seabirds than St. Paul Island (Hickey & Craig-
head 1977). Due to the population size, breeding sea-
birds on St. George Island may continue to use slope/
oceanic foraging habitat during warm years, when
shelf food resources are abundant, to avoid intra-
specific competition on the shelf. The isotopic niche
dynamics suggest that generalist seabirds breeding
on St. George Island used oceanic-based prey, both
during warm conditions when alternative shelf-
based prey was available, and especially in cold con-
ditions when it was not. The analysis of stomach con-
tents and tracking data collected from adult birds
corroborate our finding that the slope/oceanic region
provides an important prey-base for St. George
Island seabirds irrespective of environmental condi-
tions (Sinclair et al. 2008, Renner et al. 2012, Harding
et al. 2013). Despite the continued use of slope/
oceanic prey in warm vyears, fledging success of
thick-billed murres on both islands has been posi-
tively correlated with the occurrence of coastal/
shelf-based species in chick diets (Renner et al.
2014), which may be due to the energetic savings

parents make by being able to capture prey closer to
the colony (Pennycuick 1997, Elliott et al. 2013).

Species level responses

In cold conditions on St. Paul Island, the trophic
diversity at the species level generally increased over
the course of the breeding season (i.e. the isotopic
niche was larger during chick-rearing than arrival).
A similar pattern of larger isotopic space utilization
was also observed for seabirds breeding on St.
George Island during warm ocean conditions. Intra-
specific diet diversification during chick-rearing
appears to have occurred and may have been due to
seasonal changes in prey type and/or availability
(Darimont & Reimchen 2002), or the result of an
increase in energy demands associated with chick-
rearing, which may lead to increased partitioning in
prey among breeding seabirds (Barger et al. 2016).
Alternatively, this pattern may be attributed to the
development of the food web and subsequent
changes in prey isotopic values as the productive
season progressed rather than an actual change in
types of prey consumed. If this is the case, it would
still indicate that, under these conditions, the type of
prey consumed by species was diverse, as prey iso-
topic values became more different (the niche area
expanded) as the breeding season progressed.

In contrast, the isotopic area utilized by kittiwakes
on St. Paul Island in warm conditions was smaller
during chick-rearing than arrival. This was also ob-
served for all 3 study species breeding on St. George
Island during cold ocean conditions. A decrease in
the isotopic space used over the course of the breed-
ing season may be attributed to a reliance on more
similar prey species during chick-rearing than ar-
rival. While there may be seasonal changes in the
isotopic values of prey, if murres and kittiwakes were
relying on the same species throughout the breeding
season we would expect there to be no difference in
the size of the isotopic niche between arrival and
chick-rearing.

On St. George Island, in warm ocean conditions,
access to diverse habitat and the availability of on-
shelf young-of-the-year pollock may facilitate prey
resource partitioning (Darimont et al. 2009). During
warm conditions on St. George Island, the isotopic
niche of murres and kittiwakes expanded compared
to cold conditions, indicating that while birds used
on-shelf prey, this did not replace the use of oceanic-
based prey (dC was larger in warm compared to cold
conditions, Fig. 5).
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Closing remarks

To summarize, we found that during warm years,
piscivorous seabirds consumed prey on the shelf that
was not available to them during cold years. In addi-
tion, species with access to multiple habitat types
(e.g. those breeding on St. George Island) were able
to exploit additional prey sources in the vicinity of
their breeding colony. Consuming more prey on the
shelf would potentially reduce the cost of foraging for
adults during the chick-rearing period (Kokubun et
al. 2018). While warm conditions in early summer
have been linked to abundant young-of-the-year
pollock in the upper water column of the shelf (Ren-
ner et al. 2016), warm conditions in late summer and
autumn result in low recruitment of the same young
pollock (Hunt et al. 2011, Mueter et al. 2011). Thus,
although warm conditions may currently be associ-
ated with high prey availability near the breeding
colonies, an increase in the frequency of warm years
may eventually result in a negative impact on sea-
birds through reduced pollock populations (Mueter
etal. 2011).

More generally, we demonstrated that the isotopic
niche can be used to characterize how seabirds with
different foraging strategies and diverse diets parti-
tion the foraging landscape in response to environ-
mental variability. In this study, we specifically ad-
dressed whether or not having access to diverse
foraging habitat modifies how seabirds partition prey
resources under different oceanographic conditions.
We found that knowledge of habitat type, and how
prey dynamics in different habitats may change, is
needed in order to correctly interpret the expansion
or contraction of the isotopic niche used by a group of
species as a response to changes in prey availability.
In regards to the southeastern Bering Sea specifi-
cally, we conclude that changes in oceanographic
conditions influenced the isotopic niche of piscivo-
rous seabirds and that this response was mediated by
foraging habitat heterogeneity.
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