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1.  INTRODUCTION

Arctic ecosystems are currently undergoing rapid
changes, with the Arctic Ocean projected to be free
of summer sea ice before 2050 (Stroeve et al. 2007,
Wang & Overland 2012, Stroeve & Notz 2018, SIMIP
Community 2020). As the most abundant circumpolar
Arctic odontocete, the beluga whale Delphinap terus

leucas is an indicator species for change in Arctic
marine ecosystems (Tynan & DeMaster 1997, Laidre
2008, Moore & Huntington 2008, Laidre et al. 2015).
The eastern Beaufort Sea (EBS) beluga whale popu-
lation is one of Canada’s largest, with an estimated
40 000 individuals (Allen & Angliss 2015). The EBS
population migrates between southwestern Alaskan
and Canadian waters (Richard et al. 2001), and arrives
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ABSTRACT: The eastern Beaufort Sea (EBS) beluga whale Delphinapterus leucas population has
experienced a 20 yr decline in inferred growth rates of individuals, which is hypothesized to have
resulted from changes in prey availability. We used fatty acid signatures and stable isotope ratios
to reconstruct the proportional contributions of 14 prey species to the diets of 178 beluga whales
from 2011 to 2014. Prey estimates using quantitative fatty acid signature analysis suggest that EBS
beluga whales primarily consume Arctic cod Boreogadus saida, a species highly sensitive to cli-
mate change. Prey estimates varied with year and sex and size class of the whales, with large
males consuming the highest proportions of Arctic cod, and females consuming the highest pro-
portions of capelin Mallotus villosus. Estimated proportional contributions of Arctic cod to beluga
diet decreased from 2011 to 2014, coinciding with an increase in capelin. Belugas consumed the
highest proportions of capelin and the lowest proportions of cod in 2014, the same year in which
body condition indices were lowest in the whales. We hypothesize that changing conditions in the
Beaufort Sea ecosystem may result in a decreased consumption of Arctic cod by belugas and
increased consumption of capelin, which may result in a decline in condition. This may predomi-
nately affect females and juveniles since they consume the highest proportions of capelin; how-
ever, long-term monitoring is needed for confirmation. Understanding inter-annual variation in
prey, and the longer-term nutritional implications of shifting from an Arctic cod- to a capelin-
 dominated diet should be a priority for monitoring EBS predators.
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in the Canadian Beaufort Sea in late May to early
June to spend the summer in the Canadian Beaufort
Sea and Amundsen Gulf. Calving and nursing occur
in early July in and near the Mackenzie Estuary
(Richard et al. 2001, Harwood & Smith 2002). Habitat
selection of the EBS beluga population is based on
sex, size, and reproductive status; large males select
offshore pack ice habitat, whereas smaller males
and females with young calves select coastal, open-
water habitats (Lo seto et al. 2006). Recent studies on
the EBS beluga whale population have revealed
a decline in inferred growth rates of individuals over
a 20 yr period, which is hypothesized to have re -
sulted from changing environmental conditions that
affected prey availability (Harwood et al. 2014,
2015).

The diets of marine top predators, such as beluga
whales, can provide important information on the
structure of marine ecosystems. Although most pop-
ulations of beluga are generalists that feed on a wide
variety of prey (Seaman et al. 1982, Quakenbush et
al. 2015), the EBS beluga population is hypothesized
to specialize on Arctic cod Boreogadus saida (Loseto
et al. 2009), the most abundant fish species in the
Canadian Beaufort Sea (Benoit et al. 2008, Geoffroy
et al. 2011, Majewski et al. 2017). Calanus markers
(C20:1 and C22:1) are the dominant fatty acids in EBS
beluga whales, suggesting a diet with a high propor-
tion of Arctic cod (Loseto et al. 2009). However, Arctic
cod are highly vulnerable to climate change, particu-
larly in coastal areas of the Beaufort Sea. Negative
impacts on growth and physical condition of Arctic
cod have been observed at increasing temperature
increments (Laurel et al. 2016). As Arctic cod is a
main component of energy transfer from plankton to
marine mammals and seabirds in many Arctic eco-
systems (Welch et al. 1992, 1993, Harter et al. 2013),
the northward displacement of Arctic cod could have
major impacts on the energy consumption of beluga
whales and other marine predators.

As observations of feeding behaviours are difficult
to obtain and whales harvested by Inuit subsistence
hunters typically have empty stomachs (Harwood &
Smith 2002), biomolecular approaches, such as fatty
acid signatures and carbon (δ13C) and nitrogen (δ15N)
stable isotope ratios, provide useful information on
the prey of whales and other marine mammals (Falk-
Petersen et al. 2004, Iverson et al. 2004, Budge et al.
2006, Newsome et al. 2010). Several long-chain (>14
carbons) monounsaturated fatty acids (MUFAs) and
polyunsaturated fatty acids (PUFAs) are transferred
conservatively from prey to the inner blubber of mar-
ine mammals, the most metabolically active layer of

the blubber positioned next to the muscle (Iverson et
al. 2004, Budge et al. 2006), and are thus representa-
tive of the prey consumed. Stable isotope ratios also
provide insights into the trophic structure of food
webs, since δ13C values vary with baseline primary
production (e.g. benthic vs. pelagic sources) and δ15N
is indicative of trophic position, increasing approxi-
mately 3 to 5‰ between trophic levels (Post 2002).

Quantitative fatty acid signature analysis (QFASA),
a popular method of diet determination, uses a multi-
variate model to estimate the relative proportions of
prey by minimizing distance measures between the
fatty acid signatures of predator and potential prey
(Iverson et al. 2004). QFASA has been used to suc-
cessfully reconstruct the diets of several species of
marine mammals, including seals (Budge et al. 2004,
Nordstrom et al. 2008, Goetsch et al. 2018) and polar
bears Ursus maritimus (Thiemann et al. 2008, Broma -
ghin et al. 2017). To correct for the differential meta -
bolism of fatty acids, QFASA uses calibration co effi -
cients — the ratio of the abundance of each fatty acid
in a predator to the average abundance in the diet —
which are typically derived from captive studies,
where a predator is fed a monotypic diet (Iverson et
al. 2004, Nordstrom et al. 2008, Thiemann et al.
2008). Although they have not been derived experi-
mentally for cetaceans, calibration coefficients derived
from mink Mustela vison best approximated the diets
of captive belugas fed primarily herring Clupea haren -
gus pallasi (Choy et al. 2019b) and successfully esti-
mated the diets of polar bears (Thiemann et al. 2008,
Bromaghin et al. 2017).

The overall objective of our study was to reconstruct
prey proportions in the diets of EBS beluga whales
and examine inter-annual variation in prey using fatty
acid signatures and stable isotope ratios. In collabora-
tion with the Beaufort Regional Environmental Assess-
ment Marine Fishes Project (BREA MFP) survey, we
estimated the relative contributions of 14 of the most
abundant species (9 fish, 5 invertebrates) in the Cana-
dian Beaufort Sea (e.g. Majewski et al. 2017) to the di-
ets of beluga whales. Our first objectives were to de-
termine if prey species could be differentiated based
on: (1) fatty acid signatures and (2) stable isotope ra-
tios. Using lipids as a proxy for energy density, our
next objective was to examine differences in lipid
content among potential prey species to test the hy-
pothesis that beluga whales prefer energy-dense
prey. Finally, we used QFASA to reconstruct the prey
contributions to 178 beluga whales sampled from
2011 to 2014 using fatty acid signatures transferred
ex clusively through diet. We investigated the hypo -
theses that EBS beluga whales specialized exclusively
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on Arctic cod. Using the sex- and size-based habitat
groups defined by Loseto et al. (2006, 2008a), we ex-
amined whether prey estimates of belugas reflected
established differences in habitat use and/or annual
variation in environmental conditions.

2.  MATERIALS AND METHODS

2.1.  Sample collection

Blubber and liver tissue samples were collected
from adult beluga whales (n = 178) harvested from
July to early August 2011 to 2014 at Inuvialuit beluga
hunting camps at Hendrickson Island, Brown’s Har-
bour, Kendall Island, and East Whitefish in the Inu-
vialuit Settlement Region, Northwest Territories, Can-
ada (Fig. 1). Details of sample collection are described
by Choy et al. (2017). Samples were frozen at −20°C
in portable freezers on site and then shipped to Fish-
eries and Oceans Canada in Winnipeg, Manitoba, for
laboratory analyses.

Fish and macroinvertebrate species were collected
from 6 August to 3 September 2012, as part of the
BREA MFP. Although we would have preferred to
collect species across all years and months to corre-
spond with beluga sampling and the spring−summer
diet, this was not feasible due to logistical constraints;
thus, we assumed that fatty acid signatures and sta-
ble isotope ratios in prey remained consistent across
years and seasons. As habitat range varies with body
size in beluga whales (Richard et al. 2001, Loseto et
al. 2006), prey were selected from different transects,
sampling stations, and depths to reflect the spatial
variability for beluga foraging. Trawling was con-
ducted at 26 stations at different depths (20− 1000 m)
across 4 transects in the Canadian Beaufort Sea in
2012 (Fig. 1, Table 1; Majewski et al. 2017). Collected
fish included: Arctic cod, Greenland halibut Reinhard -
tius hippoglossoides, Adolf’s eelpout Lycodes adolfi,
Arctic staghorn sculpin Gymnocanthus tricuspis, Ca -
na dian eelpout L. polaris, capelin Mallotus villosus,
stout eelblenny Anisarchus medius, kelp snailfish
Liparis tunicatus, and Arctic alligatorfish Aspido -
phoroides olrikii. Collected invertebrates included:
isopods (Saduria sabini), green shrimp Argis dentata,
circumpolar eualid Eualus gaimardii gaimardii, polar
shrimp Sclerocrangon ferox, and octopus (Cirroteuthis
muelleri). Most samples were collected on board the
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Fig. 1. Study area in the Beaufort Sea ecosystem, including
trawling stations for collection of fish species and inverte-
brate species from the Beaufort Regional Environmental
 Assessment Marine Fishes Program in 2012. Labelled tran-
sects are: transboundary transect (TBS), Garry Island (GRY),
Kug mallit Bay (KUG), Dalhousie (DAL), and Bennett Point
(BPT). Italics represent transect surveyed in 2013. Beluga
whale tissues were collected at traditional  Inuvialuit hunting
camps at Kendall Island (KI), Hendrickson Island (HI), East
Whitefish (EWF), and Brown’s Harbour (BH) in the Inuvialuit 

Settlement Region, Northwest Territories, Canada

Species                               n Depth          Transects
                                                    Min    Max

Arctic alligatorfish            19       40       75       DAL, GRY, 
                                                                            KUG, TBS
Arctic cod                          46       18       76       DAL, GRY, 
                                                                            KUG, TBS
Arctic staghorn sculpin    19       17       75       DAL, KUG
Adolf’s eelpout                  31      750    1000     DAL, GRY,
Canadian eelpout             15       17      350      DAL, GRY, 
                                                                                 KUG
Capelin                              16      125     125            BPT
Circumpolar eualid          16      350     350           KUG
Green shrimp                   15      200     200            TBS
Greenland halibut            53      350    1000     DAL, GRY, 
                                                                                 KUG
Isopod                                15       40       40            KUG
Kelp snailfish                    46      500     850       GRY, TBS
Octopus                             16      500    1000     DAL, GRY, 
                                                                            KUG, TBS
Polar shrimp                     15      350     350            TBS
Stout eelblenny                24       40       40            KUG

Table 1. Sample size (n), catch depth minimum and maxi-
mum, and capture transects of fish and invertebrate species
collected as potential prey of eastern Beaufort Sea beluga
whales in 2012 and 2013 (capelin only). Transects are: trans-
boundary transect (TBS), Garry Island (GRY), Kugmallit Bay
(KUG), Dalhousie (DAL), and Bennett Point (BPT) (see Fig. 1)
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FV ‘Frosti’ using a modified Atlantic Western IIA
benthic otter trawl (mesh sizes 90 and 130 mm) or a
3 m benthic beam trawl (mesh sizes 45, 70.5, 100, and
155 mm). Capelin samples were collected using a 3 m
beam trawl at Bennett Point (BPT) on 6 August 2013.
Fish were sorted and identified on board to species
and measured to the nearest 0.1 mm. All fish speci-
mens were adults and had standard lengths greater
than 100 mm except for Arctic alligatorfish, which
had a maximum standard length of 64 mm. After ini-
tial processing (i.e. bulk weight by taxonomic family,
length, species identification, etc.), fish were flash
frozen at −50°C, then transferred to −30°C for the re -
mainder of the cruise and transit south. They were
shipped to DFO Winnipeg frozen and stored at −30°C
in well-sealed bags until processing (Budge et al.
2006, Lind et al. 2012, Majewski et al. 2017).

2.2.  Fatty acid extraction

Fish and invertebrate samples were whole-body
(fish cut in half lengthwise, i.e. dorsum to ventrum)
homogenized in a Retsch GM200 grinder in a semi-
frozen state, freeze-dried, and then re-frozen and
stored at −80°C until fatty acid analysis (Giraldo et
al. 2016). Detailed methods for fatty acid extraction
for fish and invertebrates are outlined by Giraldo et
al. (2016) and for the inner blubber of beluga whales
by Choy et al. (2017). In brief, lipids were extracted
from 0.5 g of tissue with a 2:1 chloroform:methanol
solution containing 0.01% butylated hydroxytoluene
using a method modified from Folch et al. (1957) as
de scribed by Budge et al. (2006). Percent lipid was
de termined gravimetrically and recorded as dry
weight (g). The extracted lipid was used to prepare
the fatty acid methyl esters by transesterification
with Hilditch reagent (0.5 N H2SO4 in dry me -
thanol). Samples were heated for 1 h at 100°C. Fatty
acid methyl ester (FAME) samples were analysed
using gas chromato graphy (Agilent 7890) with a
flame ionization detector. Fatty acid standards were
obtained from Supelco (37-component FAME mix)
and Nuchek (54-component mix GLC-463) and
were used to verify the retention times of fatty acid
peaks. Fatty acids that were not present in the
Supelco standard were quantified using response
factors for fatty acids of similar chain length and
retention time. In total, 72 fatty acids were identified
by retention time based on Supelco and Nu-Chek
standards and reported as the percentage of total
fatty acids. In our analyses, we used 25 fatty acids
identified as being transferred exclusively through

diet (Iverson et al. 2004) and with mean percentages
above 0.1% (Tables 2 & 3).

2.3.  Stable isotope analysis

Liver tissue samples (approximately 0.5 g) for bel-
uga whales, whole body tissues for invertebrates,
and dorsal muscle tissues for fish were freeze-dried
for at least 48 h and analysed for C and N stable iso-
tope ratios at the University of Waterloo Environmen-
tal Isotope Laboratory. Full methods are described by
Stasko et al. (2016) and Choy et al. (2016). Machine
analytical precision was ±0.1‰ and ±0.2‰ for δ13C
and δ15N, respectively, and was determined by re -
peat analysis of duplicates (1 in 10). All measure-
ments were expressed using standard delta (δ) nota-
tion as per mil differences (‰) with respect to the
international reference standards Vienna Peedee
Belemnite for δ13C (Craig 1957) and nitrogen gas in
the atmosphere for δ15N (Mariotti 1983).

Quality control was monitored and corrections were
made using international reference materials and in-
house standards that were calibrated using certified
international reference materials (i.e. IAEA-N1 + N2,
IAEA-CH3 + CH6, USGS-41 + 41), with an analytical
error of 0.2‰ for δ13C and 0.3‰ for δ15N required for
reportable data. National Institute of Standards and
Technology standard 1577B (bovine liver) was used
as a post-correction check throughout the analysis.
Approximately 20% of the total sample number was
comprised of standards or reference materials.

Since differences among taxa in lipid and inor-
ganic carbonate content can affect the interpretation
of δ13C values, capelin and invertebrate tissues were
treated for lipids and carbonates (for species with
exoskeletons), respectively, following methods de -
scribed by Choy et al. (2016). For beluga liver tissues,
a lipid correction model (δ13Cextracted = −1.868+0.839 ×
δ13Cbulk) derived by Choy et al. (2016) was used to
correct bulk δ13C values. Bulk δ13C values in fish
were corrected using the lipid normalization model
of Choy et al. (2016) for capelin based on C:N ratios:
Δ13C = −2.82 + 0.99 × C:N, which is similar to the lipid
normalization model of Post et al. (2007) for aquatic
animals (Δ13C = −3.32 + 0.99 × C:N). Bulk untreated
samples were used for δ15N values for all species.

2.4.  Data analysis of lipids and dietary tracers

Correspondence analysis was performed on un -
trans formed data to compare fatty acid signatures
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among all species using the package ‘ade4’ (Chessel
et al. 2004) and visualized using ‘ggord’ (Beck 2017)
in R 3.4.4 (R Core Team 2018). Correspondence
is an exploratory technique that calculates a chi-
squared (inertia) distance matrix to define the rela-
tionship between individuals and fatty acids, and is
visualized in 2-dimensional space (Greenacre &
Primicerio 2013). Biplots, created using SigmaPlot
Version 12.0 (Systat Software),were used to visualize
the relationship between stable isotope values of bel-
ugas and their potential prey. To determine if we
could distinguish among prey sources using fatty
acid signatures and stable isotope ratios, we used a
1-way permutational multivariate ANOVA (PERMA -

NOVA) test followed by post hoc pairwise tests sepa-
rately for each species. Each procedure tests dif -
ferent properties of the data; the null hypothesis of
PERMANOVA is that centroids of the groups as de -
fined in the chosen distance measure are equivalent
(Anderson & Walsh 2013). Factors were fixed (not
random) in the PERMANOVA, and Type III sums of
squares were used. Significance was determined using
9999 unrestricted permutations of the raw data and
Monte Carlo p-values when the number of unique
permutations was <200. The a priori significance level
was α = 0.05 for all statistical procedures. PERMA -
NOVA is not affected by violations in normality, but
may be sensitive to dispersions of multivariate data
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FAs              Adolf’s          Arctic       Arctic cod    Canadian      Capelin     Greenland       Stout       Arctic stag-        Kelp 
                   eelpout     alligatorfish                         eelpout                              halibut       eelbenny   horn sculpin    snailfish

SFAs
14:0           1.95 ± 0.1     1.94 ± 0.1     3.77 ± 0.1    3.69 ± 0.2     6.28 ± 0.1     3.51 ± 0.1     3.86 ± 0.1    3.13 ± 0.19    2.77 ± 0.1
16:0         12.86 ± 0.3  14.51 ± 0.2  11.86 ± 0.3  13.28 ± 0.4  10.79 ± 0.3  12.01 ± 0.3  15.29 ± 0.2   14.72 ± 0.3   10.51 ± 0.2  
18:0           2.75 ± 0.2     4.16 ± 0.2     1.46 ± 0.1    2.42 ± 0.1     0.73 ± 0.0     2.33 ± 0.0     2.99 ± 0.1      2.93 ± 0.1      1.94 ± 0.1

MUFAs
16:1n-7    16.27 ± 1.6  17.76 ± 1.1  17.39 ± 0.4  27.27 ± 2.1  18.02 ± 0.6  14.40 ± 0.2  17.98 ± 0.9   21.49 ± 1.8     9.52 ± 0.3
18:1n-9    13.22 ± 0.4  11.28 ± 0.5    5.95 ± 0.2    7.99 ± 0.3     5.89 ± 0.2   16.50 ± 0.3  11.74 ± 0.2   10.98 ± 0.5   13.23 ± 0.4  
18:1n-7      7.51 ± 0.2   11.38 ± 0.3    4.04 ± 0.2    8.59 ± 0.3     2.68 ± 0.1     4.82 ± 0.1     7.08 ± 0.2      9.95 ± 0.2      6.46 ± 0.1
20:1n-11    0.83 ± 0.1     1.16 ± 0.1     0.87 ± 0.0    0.19 ± 0.0     0.79 ± 0.1     0.93 ± 0.0     0.40 ± 0.0      0.46 ± 0.1      2.02 ± 0.1
20:1n-9      3.84 ± 0.2     0.97 ± 0.1   10.27 ± 0.6    1.05 ± 0.1   13.02 ± 0.4  12.14 ± 0.3    1.25 ± 0.1      1.59 ± 0.2    10.05 ± 0.3  
20:1n-7      1.52 ± 0.1     4.93 ± 0.5     3.12 ± 0.5    1.12 ± 0.1     2.00 ± 0.2     1.39 ± 0.2     1.12 ± 0.0      1.23 ± 0.1      1.58 ± 0.1
22:1n-11    1.37 ± 0.1     0.10 ± 0.0   11.40 ± 0.6    0.30 ± 0.1   13.23 ± 0.6    6.95 ± 0.2     0.63 ± 0.1      0.43 ± 0.1      2.78 ± 0.2
22:1n-9      0.77 ± 0.0     0.31 ± 0.0     3.82 ± 0.4    0.23 ± 0.0     2.08 ± 0.1     1.92 ± 0.0     0.42 ± 0.0      0.48 ± 0.1      1.35 ± 0.1
22:1n-7      0.19 ± 0.0     0.97 ± 0.2     1.03 ± 0.1    0.12 ± 0.0     0.73 ± 0.0     0.32 ± 0.0     0.15 ± 0.0      0.11 ± 0.0      0.20 ± 0.0

PUFAs
16:2n-6      0.20 ± 0.0     0.40 ± 0.0     0.09 ± 0.0    0.17 ± 0.0     0.15 ± 0.0     0.12 ± 0.0     0.29 ± 0.0      0.21 ± 0.0      0.14 ± 0.0
16:2n-4      0.18 ± 0.0     0.24 ± 0.0     0.56 ± 0.0    0.74 ± 0.1     0.47 ± 0.0     0.31 ± 0.0     0.28 ± 0.0      0.40 ± 0.0      0.21 ± 0.0
16:3n-4      0.04 ± 0.0     0.06 ± 0.0     0.23 ± 0.0    0.47 ± 0.1     0.32 ± 0.0     0.08 ± 0.0     0.10 ± 0.0      0.11 ± 0.0      0.04 ± 0.0
18:2n-6      0.93 ± 0.0     0.59 ± 0.0     0.53 ± 0.0    0.61 ± 0.0     1.12 ± 0.1     0.67 ± 0.0     0.95 ± 0.0      0.70 ± 0.0      0.88 ± 0.0
18:2n-4      0.09 ± 0.0     0.09 ± 0.0     0.14 ± 0.0    0.16 ± 0.0     0.09 ± 0.0     0.09 ± 0.0     0.08 ± 0.0      0.15 ± 0.0      0.10 ± 0.0
18:3n-6      0.15 ± 0.0     0.07 ± 0.0     0.10 ± 0.0    0.24 ± 0.0     0.12 ± 0.0     0.10 ± 0.0     0.12 ± 0.0      0.13 ± 0.0      0.06 ± 0.0
18:3n-4      0.06 ± 0.0     0.08 ± 0.0     0.04 ± 0.0    0.09 ± 0.0     0.05 ± 0.0     0.05 ± 0.0     0.03 ± 0.0      0.11 ± 0.0      0.06 ± 0.0
18:3n-3      0.25 ± 0.0     0.16 ± 0.0     0.25 ± 0.0    0.16 ± 0.0     0.50 ± 0.0     0.22 ± 0.0     0.61 ± 0.0      0.20 ± 0.0      0.36 ± 0.0
18:4n-3      0.30 ± 0.0     0.19 ± 0.0     0.60 ± 0.0    0.93 ± 0.1     0.89 ± 0.1     0.45 ± 0.0     1.11 ± 0.1      0.39 ± 0.0      0.54 ± 0.0
18:4n-1      0.02 ± 0.0     0.04 ± 0.0     0.12 ± 0.0    0.11 ± 0.0     0.09 ± 0.0     0.06 ± 0.0     0.07 ± 0.1      0.10 ± 0.0      0.04 ± 0.0
20:2n-6      0.37 ± 0.0     0.20 ± 0.0     0.16 ± 0.0    0.17 ± 0.0     0.18 ± 0.0     0.24 ± 0.0     0.28 ± 0.0      0.22 ± 0.0      0.24 ± 0.0
20:3n-6      0.10 ± 0.0     0.13 ± 0.0     0.04 ± 0.0    0.09 ± 0.0     0.03 ± 0.0     0.06 ± 0.0     0.05 ± 0.0      0.09 ± 0.0      0.05 ± 0.0
20:3n-3      0.18 ± 0.0     0.09 ± 0.0     0.04 ± 0.0    0.05 ± 0.0     0.10 ± 0.0     0.12 ± 0.0     0.08 ± 0.0      0.10 ± 0.0      0.08 ± 0.0
20:4n-6      3.94 ± 0.3     2.22 ± 0.2     0.30 ± 0.0    2.22 ± 0.2   0.21 ± 0.01   0.58 ± 0.0     1.49 ± 0.1      2.30 ± 0.2      0.85 ± 0.1
20:4n-3      0.15 ± 0.0     0.23 ± 0.0     0.26 ± 0.0    0.26 ± 0.0     0.29 ± 0.0     0.25 ± 0.0     0.16 ± 0.0      0.29 ± 0.0      0.30 ± 0.0
20:5n-3      9.86 ± 0.2     9.23 ± 0.4     8.19 ± 0.3  14.10 ± 1.2    5.42 ± 0.3     5.18 ± 0.1   12.29 ± 0.2   10.27 ± 0.8   10.55 ± 0.4  
21:5n-3      0.09 ± 0.0     0.13 ± 0.0     0.14 ± 0.0    0.25 ± 0.0     0.14 ± 0.0     0.13 ± 0.0     0.12 ± 0.0      0.16 ± 0.0      0.14 ± 0.0
22:5n-6      0.41 ± 0.0     0.23 ± 0.0     0.06 ± 0.0    0.57 ± 0.1     0.07 ± 0.0     0.08 ± 0.0     0.30 ± 0.0      0.49 ± 0.0      0.13 ± 0.0
22:5n-3      1.12 ± 0.1     1.63 ± 0.1     0.80 ± 0.0    0.79 ± 0.1     0.65 ± 0.0     1.10 ± 0.0     1.01 ± 0.0      1.80 ± 0.1      0.78 ± 0.0
22:6n-3      9.77 ± 0.7     5.96 ± 0.6     6.03 ± 0.4    5.24 ± 0.4     6.56 ± 0.6     6.82 ± 0.2   10.48 ± 0.3     7.46 ± 0.6    12.18 ± 0.5  
∑25 FAs  35.62 ± 2.0  28.75 ± 2.2  48.39 ± 3.2  29.63 ± 2.6  48.64 ± 2.5  39.24 ± 1.2  32.87 ± 1.0   28.16 ± 2.4   44.88 ± 1.9  
∑32 FAs  91.31 ± 5.0  91.41 ± 4.9  93.65 ± 4.6  93.66 ± 6.2  93.67 ± 3.8  93.91 ± 2.2  92.81 ± 2.7   93.15 ± 5.7   90.08 ± 3.1  

Table 2. Mean percent fatty acid (FA) signatures of potential fish prey of beluga whales. Only FAs that contribute to more than
1% of the total percent FAs are shown. SFA: saturated fatty acid, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated 

fatty acids. Bold indicates the 25 FAs used to generate diet estimates. Values are given as mean ± 1 SE
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(although differences in dispersion are not substantial
enough to inflate the error rates of PERMA NOVA;
Anderson et al. 2008). A 1-way similarity percentage
(SIMPER) routine was used to identify which fatty
acids contributed most to dissimilarities among prey.
SIMPER first tabulates fatty acid contributions to the
average similarity within a species followed by the
average dissimilarity be tween species (Clarke et al.
2014, Clarke & Gorley 2015). We designated a cut-off
of fatty acids that characterized up to 80% of dissim-
ilarities. Multivariate significance tests were per-
formed using PRIMER v.7.0 and PERMANOVA+. A
1-way ANOVA followed by a Tukey honestly signifi-
cant difference (HSD) test were used to examine dif-
ferences in % lipid among fish and invertebrates.

Percentage data were square-
root transformed for analysis to
meet assumptions of normality
of residuals and homogeneity
of variances.

2.5.  Calibration coefficients

Fatty acid signatures vary in
their fractionation or turnover
rates across different tissues and
species; thus, an understanding
of the fractionation rates is im -
portant for identifying the ap -
proximate timeframe of prey con -
 sumption represented by these
tracers. Fatty acid signatures
in the inner blubber of newly
weaned harbor seals Phoca vitu -
lina are representative of prey
consumed 1.5 to 3 mo prior
(Nord strom et al. 2008), and a
recent study on diet reconstruc-
tion in captive beluga whales
estimated that fatty acid signa-
tures in the inner blubber repre-
sented prey consumed approxi-
mately 2 wk to 1 mo before
sampling (Choy et al. 2019b). As
our sampling was conducted in
July, we assumed that the fatty
acid signatures in the inner blub-
ber of beluga whales had a turn-
over rate of approximately 2 to
5 wk and were representative of
the spring−summer diet of the
whales in the Canadian Beaufort

Sea. To correct for the differential metabolism of fatty
acids, our QFASA model used calibration coefficients
derived from mink that were fed herring supple-
mented with seal oil (see Table S1 in the Supplement
at www. int-res. com/ articles/ suppl/ m647 p195 _ supp.
pdf; Thiemann et al. 2008); these are the calibration
coefficients that best estimated the diets of captive
beluga whales (Choy et al. 2019b).

2.6.  QFASA diagnostics and diet estimation

Using a script provided by Bromaghin (2017a) with
default settings, proportional contributions of prey to
178 individual beluga whales were estimated. The
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FAs               Beluga    Circumpolar     Green          Isopod         Octopus            Polar 
                      whale           eualid          shrimp                                                      shrimp

SFAs
14:0            5.57 ± 0.1     2.01 ± 0.1     1.39 ± 0.1     1.62 ± 0.2     2.09 ± 0.3       1.22 ± 0.1
16:0            7.83 ± 0.1   13.15 ± 0.5  13.71 ± 0.6  12.86 ± 0.4  13.52 ± 0.6    14.39 ± 0.5  
18:0            1.80 ± 0.0     2.14 ± 0.1     1.61 ± 0.1     2.24 ± 0.3     3.63 ± 0.2       1.88 ± 0.1

MUFAs
16:1n-7     12.97 ± 0.3  17.18 ± 1.3  14.25 ± 1.3  33.39 ± 3.4    9.33 ± 1.6     14.04 ±1.1  
18:1n-9     10.68 ± 0.2    7.89 ± 0.3     6.41 ± 0.5     8.15 ± 0.9     8.45 ± 1.5       6.85 ± 0.5
18:1n-7       3.63 ± 0.0   10.34 ± 0.2  11.70 ± 0.2    8.09 ± 0.7     9.78 ± 1.2     12.51 ±0.3  
20:1n-11     5.17 ± 0.1     0.64 ± 0.1     0.95 ± 0.1     0.76 ± 0.1     0.97 ± 0.1       0.65 ± 0.1
20:1n-9     11.82 ± 0.2    1.87 ± 0.2     0.61 ± 0.0     0.65 ± 0.1     9.66 ± 0.6       0.66 ± 0.1
20:1n-7       1.24 ± 0.0     1.31 ± 0.1     1.35 ± 0.2     2.03 ± 0.3     1.50 ± 0.2       1.02 ± 0.2
22:1n-11   11.30 ± 0.2    1.46 ± 0.2     0.16 ± 0.0     0.41 ± 0.1     2.08 ± 0.4       0.26 ± 0.1
22:1n-9       2.61 ± 0.1     0.46 ± 0.1     0.14 ± 0.0     0.16 ± 0.0     2.00 ± 0.2       0.16 ± 0.0
22:1n-7       0.61 ± 0.0     0.48 ± 0.0     0.42 ± 0.0     0.31 ± 0.0     0.39 ± 0.1       0.55 ± 0.1

PUFAs
16:2n-6       0.10 ± 0.0     0.43 ± 0.0     0.61 ± 0.0     0.22 ± 0.0     0.20 ± 0.0       0.44 ± 0.0
16:2n-4       0.52 ± 0.0     0.25 ± 0.0     0.11 ± 0.0     0.29 ± 0.0     0.03 ± 0.0       0.08 ± 0.0
16:3n-4       0.15 ± 0.0     0.05 ±0.0     0.03 ± 0.0     0.11 ± 0.0     0.12 ± 0.0       0.01 ± 0.0
18:2n-6       0.71 ± 0.0     0.73 ± 0.0     0.64 ± 0.0     0.73 ± 0.0     0.22 ± 0.0       0.52 ± 0.0
18:2n-4       0.09 ± 0.0     0.13 ± 0.0     0.12 ± 0.0     0.12 ± 0.0     0.08 ± 0.0       0.11 ± 0.0
18:3n-6       0.08 ± 0.0     0.18 ± 0.0     0.11 ± 0.0     0.20 ± 0.0     0.06 ± 0.0       0.08 ± 0.0
18:3n-4       0.11 ± 0.0     0.09 ± 0.0     0.13 ± 0.0     0.14 ± 0.0     0.08 ± 0.0       0.11 ± 0.0
18:3n-3       0.24 ± 0.0     0.33 ± 0.0     0.23 ± 0.0     0.31 ± 0.1     0.22 ± 0.0       0.18 ± 0.0
18:4n-3       0.39 ± 0.0     0.53 ± 0.1     0.12 ± 0.0     0.41 ± 0.1     0.11 ± 0.0       0.11 ± 0.0
18:4n-1       0.08 ± 0.0     0.03 ± 0.0     0.03 ± 0.0     0.03 ± 0.0     0.05 ± 0.0       0.02 ± 0.0
20:2n-6       0.20 ± 0.0     0.30 ± 0.0     0.31 ± 0.0     0.33 ± 0.0     1.05 ± 0.1       0.21 ± 0.0
20:3n-3       0.04 ± 0.0     0.14 ± 0.0     0.07 ± 0.0     0.08 ± 0.0     0.93 ± 0.3       0.05 ± 0.0
20:3n-6       0.09 ± 0.0     0.10 ± 0.0     0.15 ± 0.0     0.19 ± 0.0     0.09 ± 0.0       0.13 ± 0.0
20:4n-6       0.26 ± 0.0     1.96 ± 0.1     2.53 ± 0.1     3.54 ± 0.5     2.92 ± 0.6       2.45 ± 0.2
20:4n-3       0.31 ± 0.0     0.21 ± 0.0     0.24 ± 0.0     0.15 ± 0.0     0.15 ± 0.0       0.18 ± 0.0
20:5n-3       2.69 ± 0.1   16.68 ± 1.0  19.90 ± 0.9  10.24 ± 1.4  10.43 ± 2.0    18.81 ± 0.7  
21:5n-3       0.17 ± 0.0     0.17 ± 0.0     0.22 ± 0.0     0.12 ± 0.0     0.09 ± 0.0       0.19 ± 0.0
22:5n-6       0.12 ± 0.0     0.22 ± 0.0     0.39 ± 0.0     0.44 ± 0.2     0.21 ± 0.0       0.32 ± 0.0
22:5n-3       3.46 ± 0.1     1.73 ± 0.1     3.03 ± 0.1     0.77 ± 0.1     0.55 ± 0.1       3.01 ± 0.1
22:6n-3       6.92 ± 0.1   10.19 ± 0.8  10.14 ± 1.0    4.18 ± 0.8   11.46 ± 2.7    12.25 ± 0.9  
∑25 FAs   46.01 ± 1.0  38.92 ± 3.0  39.72 ± 2.7  26.13 ± 3.7  45.08 ± 7.7    39.56 ± 2.6  
∑32 FAs   91.95 ± 1.7  93.36 ± 5.6  91.83 ± 5.6   93.25 ±9.7   92.44 ± 13.2   93.46 ± 5.2  

Table 3. Mean percent fatty acid signatures of beluga whales and their potential inverte-
brate prey. Other details as in Table 2

https://www.int-res.com/articles/suppl/m647p195_supp.pdf
https://www.int-res.com/articles/suppl/m647p195_supp.pdf
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QFASA in R package v.1.2.0 (QFASAR; Bromaghin
2017b) implemented in R 3.4.4 (R Core Team 2018)
was applied with 12 prey groups (decapods as 1
class). To evaluate the performance of the prey
library, we conducted a leave-one-prey-out analysis.
Briefly, each prey type was temporarily removed
from the library and its signature was re-modelled
and diet estimated as if it were the predator. An aver-
age proportion of 1.0 indicates a prey that was highly
identifiable, whereas values less than 1.0 indicate
misallocation (Bromaghin et al. 2016a).

Using the ‘diet_est$est_ind’ function, the diets of
in dividual beluga whales were estimated in the pred-
ator space using Aitchison distance measures; dis-
tances between the observed and modelled predator
signatures were minimized (Iverson et al. 2004, Bro -
ma ghin et al. 2013, 2015). Bootstrap sampling (n =
100) was used to estimate the variance matrix of indi-
vidual diet composition for each whale, for which the
signatures of each prey were independently sampled
with replacement to construct a prey library. The
variance and covariance of the replicated prey esti-
mates were used to create a variance matrix for the
proportional contributions of each prey to the diets of
individual whales (Beck et al. 2007, Bromaghin et al.
2015). To provide insights into the reliability of diet
estimates, we examined the predator proportions
that fell outside the range of mean prey proportions
using the function ‘pred_beyond_prey()’, which may
indicate a violation of one or both of the primary
model assumptions (Bromaghin et al. 2015, 2016a).

To test if the diets of belugas reflect inter-annual
differences in habitat use selection, we ran a 2-factor
PERMANOVA following procedures outlined by Choy
et al. (2017). The first factor was year, and habitat
selection was defined by sex−size classes; females (n =
26) were kept as 1 group and males (n = 152) were
divided into 3 size classes sized defined by Loseto et
al. (2008a): small males (<3.8 m total body length) that
use coastal habitat, medium-sized males (3.8−4.2 m)
that use mixed sea ice, and large males (>4.2 m) that
select pack ice. Boxplots for diet estimates and lipid
content were created using Sigma Plot Version 12.0
(Systat Software).

3.  RESULTS

3.1.  Dietary tracers and lipid content of beluga prey

Correspondence analysis of the 25 dietary fatty
acids from the inner blubber layer of beluga whales,
and from fish and invertebrate prey, explained 71.5%

(Fig. 2A,B) and 81.3% (Fig. 2C,D) of the variance, re -
spectively. Fish and invertebrate species on the right
axis had a higher proportion of benthic markers (e.g.
20:4n6), while species on the left axis had a higher
proportion of pelagic markers (e.g. 20:1 and 22:1
MUFAs; Fig. 2B,D). The fatty acids of fish and inver-
tebrates differed significantly among species (PERM-
ANOVA; 25 fatty acids, pseudo-F13 = 51.7, p < 0.01).
All pairwise species comparisons were significantly
different (p < 0.04) except for the comparisons
between green and polar shrimp (t = 1.37, p = 0.17),
and between octopus and kelp snailfish (t = 1.25, p =
0.20). Six fatty acids contributed up to 80% of the dis-
similarities among species: 20:1n-7, 20:1n-9, 20:4n-6,
20:5n-3, 22:1n-11, 22:6n-3 (SIMPER; Table S2).

The mean δ15N (18.12‰) and δ13C (−19.52‰) val-
ues of beluga whales were higher than all fish and
in vertebrate species (mean range δ15N: 12.24 to
17.71‰; δ13C: −23.03 to −20.72‰; Fig. 3). Stable iso-
tope ratios of potential prey also differed significantly
among species (PERMANOVA, pseudo-F13 = 55.94,
p < 0.01). Most pairwise comparisons were signifi-
cantly different (PERMANOVA p < 0.01), except for
the comparisons between Arctic alligatorfish and
Arctic staghorn sculpin (PERMANOVA pairwise test;
t = 1.62, p = 0.09), Arctic alligatorfish and Greenland
halibut (t = 1.60, p = 0.09), Canadian eelpout and
octopus (t = 1.48, p = 0.12), green shrimp and polar
shrimp (t = 1.08, p = 0.31), and circumpolar eualid
and capelin (t = 1.39, p = 0.15).

Prey species differed significantly in lipid content
(1-way ANOVA, F13,276 = 34.76, p < 0.01), with Arctic
cod (mean ± SD: 33.4 ± 10.7% dry weight), Green-
land halibut (33.2 ± 7.8%), and capelin (31.3 ± 6.1%)
having significantly higher lipid content than all
other prey except Canadian eelpout (Tukey HSD
test; Table S3, Fig. 4). Benthic invertebrates and
specifically isopods (6.7 ± 3.9%) had the lowest lipid
content of all species.

3.2.  QFASA diagnostics and diet estimation

Based on our PERMANOVA and correspondence
analysis, we combined the 3 decapod species into 1
group in our QFASA prey library. According to our
leave-one-prey-out analysis, the fatty acid signatures
of prey separated with low misallocations, with some
misidentification of Arctic staghorn sculpin as Cana-
dian eelpout and Adolf’s eelpout, and isopods as
decapods and Arctic staghorn sculpin (Table S4).
Because there was low misclassification of Canadian
eelpout and decapods with other groups, and due to
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biological differences among these species, we kept
our analysis to 12 prey groups.

Results from QFASAR using 25 fatty acids indi-
cated that across all individual whales (n = 178;
Table S5), Arctic cod was the most dominant prey
item (59.5 ± 7.1% [SE]) followed by capelin (18.6 ±
5.5%) and Canadian eelpout (14.0 ± 2.1%). Green-
land halibut (4.0 ± 1.7%), kelp snailfish (2.2 ±
1.0%), and decapods (1.1 ± 0.4%) were estimated
to be minor components of beluga diet. Of all pred-
ator fatty acids, 35.6% were outside of the range of
mean prey proportions with apparent mismatches
for 22:1n-11, which also contributed the second

largest proportion to the minimized distance (Fig. S1,
Table S6), but only 7.6% of fatty acids of predators
were outside of the individual prey proportions.

Diet proportions of beluga whales differed among
years (2-way PERMANOVA, pseudo-F3,162 = 6.3, p <
0.01) and among sex and size classes (pseudo-F3,162 =
5.9, p < 0.01), but there was no significant interaction
(pseudo-F9,162 = 1.2, p = 0.30). According to SIMPER,
proportions of Arctic cod and capelin accounted for
approximately 80% of the differences in beluga prey
across sex and size classes and years (Table S7). The
diets of large males differed from medium (t = 2.1, p =
0.03) and small males (t = 3.7, p < 0.01), as well as
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from females (t = 3.0, p < 0.01); large males consumed
the highest percentage of Arctic cod (71.1 ± 6.5%)
and Greenland halibut (7.3 ± 1.7%) and the lowest
proportion of capelin (9.0 ± 4.0%) relative to the
other sex and size classes (Fig. 5). The diets of
medium-sized males differed from small males (t =
2.2, p = 0.02). There were no differences in diets be -

tween females and either medium-sized males (t =
1.7, p = 0.07) or small males (t = 0.3, p = 0.94), al -
though females consumed the highest proportion of
capelin (females: 34.4 ± 8.3%) and the lowest propor-
tion of Arctic cod (36.5 ± 10.2%) relative to all males.

Among years, inferred diets differed between 2014
and all other years (2011: t = 4.1, p < 0.01; 2012: t =
2.7, p < 0.01; 2013: t = 2.3, p = 0.01). Whales from
2014 consumed the lowest percentage of Arctic cod
(Fig. 6; 47.8 ± 8.4%) and the highest proportions of
capelin (29.2 ± 7.0%) relative to whales in 2012 (cod:
62.3 ± 8.4%; capelin: 18.5 ± 6.0%), 2013 (60.2 ±
5.9%; 17.0 ± 3.6%), and 2011 (73.9 ± 6.5%; 3.2 ±
3.0%). Diet estimates also differed between 2011 and
2013 (t = 2.8, p < 0.01), with whales from 2011 con-
suming a higher percentage of Canadian eelpout
(17.5 vs. 13.3%), but lower percentages of Greenland
halibut (2.7 vs. 6.2%), decapods (0.2 vs. 1.4%), and
capelin. There were no differences in prey propor-
tions between 2011 and 2012 (t = 1.6, p = 0.10) or
between 2012 and 2013 (t = 1.2, p = 0.23).

4.  DISCUSSION

EBS beluga whales consumed energy-dense prey,
and primarily Arctic cod from 2011 to 2014. Our
QFASA diet estimates are in accordance with our
correspondence analysis, and consistent with previ-
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Fig. 3. Mean carbon (δ13C) and nitrogen (δ15N) stable isotope
ratios of Beaufort Sea beluga whale liver tissues and poten-

tial prey species with ±1 SE bars

Fig. 4. Percentage lipid content
(% of dry weight) of potential
prey species of Beaufort Sea
beluga whales. Boxes with the
same letters are not statistically
different (at α = 0.05) according
to a Tukey HSD test. To high-
light significant differences be-
tween species groups, boxplots
for Arctic cod, Greenland hal-
ibut, and capelin are checkered
and benthic invertebrates are
striped. The lower boundary of
the box indicates the 25th per-
centile, the line within is the
median, and the upper bound-
ary indicates the 75th percentile.
Error bars define 10th and 90th

percentiles. Black dots represent 
the 5 and 95% percentiles
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ous fatty acid and stomach content analyses of EBS
beluga whales (Loseto et al. 2009, Quakenbush et al.
2015). Quakenbush et al. (2015) found Arctic cod to
be the predominant prey fish of the EBS beluga pop-
ulation, accounting for 82% of all fish species con-
sumed by whales based on stomach contents collected
over a 20 yr period during their spring migration at
Point Hope and Little Diomede, Alaska (USA). Arctic
cod, capelin, and Greenland halibut had the highest
levels of Calanus fatty acid markers, the predomi-
nant fatty acid signatures in the inner blubber of bel-
uga whales in the present study. Calanus copepods,
which are consumed by cod and capelin, convert
low-energy carbohydrates and proteins produced by
phytoplankton and ice algae to high-energy wax
esters such as 20:1 and 22:1 fatty alcohols and acids,
with the energy content of lipids maximized by
increasing chain length (Falk-Petersen et al. 2009).

The difference in δ15N values between beluga
whales and Arctic cod was within the expected range
based on trophic discrimination factors of liver from
captive studies of other odontocetes (killer whale
Orcinus orca liver: 2.78‰; Caut et al. 2011), suggest-
ing they are a potential prey. However, the δ13C val-
ues of cod were approximately 3‰ lower than belu-
gas, which was a greater difference than expected
based on the trophic discrimination factors of ceta -
cean livers (Caut et al. 2011, Borrell et al. 2012).
These results suggest that the carbon source of Arctic
cod differed from beluga whales and, therefore, bel-
ugas did not consume cod. Stable C and N isotope
ratios of Arctic cod in the Canadian Beaufort vary
with body size and depth, with larger cod collected
from the lower slope (750−1000 m, mean δ15N, δ13C:
14.57, −23.41‰, respectively) having higher δ15N
and δ13C values than smaller cod from the nearshore
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Fig. 5. Median estimates of diet composition for 178 adult Beaufort Sea beluga whales based on different sex and size classes
using 25 fatty acid signatures: (A) females, (B) large males (>4.2 m), (C) medium-sized males (3.8−4.2 m), (D) small males
(<3.8 m). ADEL: Adolf’s eelpout, ALLF: Arctic alligatorfish, ARCD: Arctic cod, ASSC: Arctic staghorn sculpin, CAEL: Canadian
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shelf (18−50 m; 12.57, −24.04‰, respectively; Stasko
et al. 2016). The differences in locations and depths
between the sampling programmes for whales and
fish may have caused a mismatch in δ13C values
between prey and predator. In addition, as the belu-
gas had recently migrated, it is possible that δ13C val-
ues of liver still reflected Arctic cod consumed in the
Alaskan Bering Sea (mean δ13C = −20.3‰; Hoekstra
et al. 2002), which are higher relative to cod from the
Canadian Beaufort Sea (Loseto et al. 2008a, mean =
−22.0‰; Stasko et al. 2016, mean range = −24.0 to
−23.4‰). In contrast, δ15N values of cod from the
Being Sea (mean = 13.7‰, Hoekstra et al. 2002) and
Canadian Beaufort Sea (range: 12.6 to 14.7‰, Loseto
et al. 2008b, Stasko et al. 2016) are relatively similar.

While we were unable to acquire prey for all years
of our sampled belugas, there was low variability in
stable isotope ratios between prey sampled in 2012
and 2013 from the same locations (mean difference
<1‰; Stasko et al. 2017). Greenland halibut also

demonstrated low variability in fatty acid signatures
and stable isotope ratios across years (2012 to 2014)
and different sampling depths (Giraldo et al. 2018).
Similarly, Arctic cod collected from shelf (15−220 m),
upper slope (>220−510 m), and lower slope (>510−
800 m) habitats did not vary in fatty acid signatures
(Brewster et al. 2018). However, 35.6% of all fatty
acids of beluga whales were outside of the mean
prey proportions, which may have been caused by
inaccuracies in our calibration coefficients (Bro-
maghin et al. 2015). Calibration coefficients derived
from mink feeding trials were poor matches for 20:
1n-11 and 22 PUFAs in comparison to estimated cali-
bration coefficients for polar bears, possibly due to
differences in physiology (Bromaghin et al. 2017).
Chain shortening of 22:1n-11 through metabolism
resulted in elevated levels of 18:1 in mink (Cooper et
al. 2006), and perhaps differences in the physiology
of mink and beluga may also have led to mismatches
in 22:1n-11 between beluga whales and their prey.
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Without in-depth studies on fatty acid metabolism in
whales, this assertion remains untested. Another po -
tential violation of the assumptions of the QFASA
model is that beluga whales may have consumed prey
species that were not represented in the prey library.
As our main finding, which is that Arctic cod is a
dominant prey item for EBS beluga whales, is consis-
tent with previous diet analyses (Loseto et al. 2009,
Quakenbush et al. 2015), we hypothesize that possibly
a minor prey item may not have been in cluded. Im -
provements to distance metrics have made QFASA
more robust to assumption violations, with Aitchison
distance measures being the most robust to errors in
calibration coefficients (Bromaghin et al. 2015, 2016b).
Fat content in several Arctic fish and in vertebrate spe-
cies can also vary with season (Mårtensson et al. 1996),
which can affect the digestibility and transfer of fatty
acids to predators, leading to errors in approximating
the relative proportional contributions of prey (Kirsch
et al. 2000, Trumble & Castellini 2005).

Prey estimates varied with the sex and size class,
which is in accordance with observed differences in
habitat use of the EBS beluga whale population (Los-
eto et al. 2006) and consistent with previous stomach
contents of EBS belugas, which revealed high vari-
ability among individuals (Quakenbush et al. 2015).
Large males had the highest proportion of Arctic cod
and Greenland halibut relative to other sex and size
classes. Large males select offshore habitat and are
able to access prey at depths beyond 500 m (Martin
et al. 2001, Loseto et al. 2006), where large Arctic cod
and Greenland halibut are located (Geoffroy et al.
2016, Majewski et al. 2017). Females and small males
had higher proportions of capelin and the lowest pro-
portions of cod relative to large and medium-sized
males. While Arctic cod occurred in all habitats, tran-
sects, and station depths sampled by the BREA MFP
survey (Majewski et al. 2016b), the range and habi-
tats used by capelin were more restricted. Capelin
were captured in the Amundsen Gulf and Darnley
Bay and primarily reside along coastal and shelf areas
of the Canadian Beaufort Sea (Majewski et al. 2016a,
McNicholl et al. 2016), likely differentially overlapping
with the habitat areas used by females and small
male belugas, which select coastal and open-water
habitat in the Amundsen Gulf (Loseto et al. 2006).

Prey estimates varied among years, with beluga
whale consumption of Arctic cod lowest in 2014,
which is consistent with fish biomass surveys in the
Canadian Beaufort Sea. From 2010 to 2014, hydroa-
coustic analysis and verified trawl sampling found
that the relative abundance and biomass of Arctic
cod in the Canadian Beaufort Sea was lower in 2014

in comparison to 2012 or 2013 (Geoffroy 2016, Maj -
ewski et al. 2016a), specifically for age-2+ cod from
the mesopelagic layer (Geoffroy 2016). Hydroacoustic
sampling was focussed in certain areas; therefore, it
is unclear whether the lower biomass of Arctic cod in
2014 was the result of: (1) a real decline in absolute
abundance, (2) an apparent decline in use of key
habitats because the large cod moved elsewhere, or
(3) an apparent decline because of cod population
dynamics (i.e. a 3 yr life cycle with low abundances
of large 3 yr old cod but large abundances of smaller
younger cod in other habitats). Although there is a
hunter sampling bias towards large males and the
usage of offshore ice habitat by larger Arctic cod may
be more obvious during years of low cod abundance,
we do not believe this is a factor affecting annual
variation in diet estimates due to the absence of an
interaction effect between year and size class.

According to SIMPER, most of the differences
among prey contributions in years and sex and size
class were driven by Arctic cod and capelin. Interest-
ingly, the decrease in Arctic cod in beluga diet coin-
cided with an increase in proportions of capelin from
2011 to 2014. With increasing ocean temperatures,
capelin has become a more important prey to many
marine predators from other Arctic regions. Due to
the ‘Atlantification’ of Hudson Bay, the diet of thick-
billed murres Uria lomvia has switched from >50%
Arctic cod to >50% capelin in the last few decades
(Gaston et al. 2003). Beluga whales in Cumberland
Sound (Marcoux et al. 2012, Watt et al. 2016, Yur -
kowski et al. 2018) and Hudson Bay (Kelley et al.
2010) have also increased their capelin consumption
over time, hypothesized to result in an energy deficit
due to the smaller size of capelin relative to Arctic
cod (Watt et al. 2016). Geoffroy (2016) reported that
the biomass of Arctic cod in 2014 in the areas sam-
pled in the Canadian Beaufort Sea were insufficient
to sustain the energetic requirements of ringed seals
Pusa hispida and beluga whales. Notably, EBS bel-
uga whales had the lowest body indices in 2014
(Choy et al. 2017), possibly due to the low availability
of Arctic cod and/or a greater reliance on capelin,
resulting in a lower net energy gain. Other predators
in the Beaufort Sea that primarily consume Arctic
cod, such as ringed seal and black guillemot Cep-
phus grylle chicks, have also experienced declines in
body condition in the past few decades (Harwood et
al. 2015). While both species have similar energy
densities (Mårtensson et al. 1996, Renkawitz et al.
2015, this study), prey switches from Arctic cod to
capelin were believed to be partly responsible for
lower nestling growth rates in thick-billed murres
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due to the lower body mass of capelin relative to cod
and therefore, lower net energy gain (Gaston et al.
2005). Although beluga whales could offset the lower
body mass of capelin relative to cod by consuming
greater quantities, declines in Arctic cod abundances
may not be offset by an increase in capelin as ob -
served in the Bering and Chukchi Seas (De Robertis
et al. 2017), since capelin has been reported in Darn-
ley Bay since the 1960s and there is no evidence that
the population is increasing (McNicholl et al. 2017).
Because our study was conducted over a short time
frame, it is difficult to gauge the long-term effects of
a prey switch from Arctic cod to capelin in EBS bel-
uga whales. Stock collapses of capelin in the Barents
Sea have impacted the body condition, distribution,
and reproductive success of various marine mammal,
seabird, and fish predators (Gjøsæter et al. 2009);
however, the severity of impact of capelin stock col-
lapses on predators depended on the availability of
alternative prey sources. It is notable that in 2014,
EBS beluga whales were harvested near the commu-
nities of Ulukhaktok and Sach Harbour, Northwest
Territories, for the first time on record, and sandlance
(Ammodytes sp.) was the dominant prey species
found in 92% of stomachs of these beluga whales
(Loseto et al. 2018). Therefore, alternative prey spe-
cies such as sandlance may also be im portant in
addition to capelin during low cod years.

5.  CONCLUSIONS AND FUTURE IMPLICATIONS

In the Canadian Beaufort Sea, beluga whales pri-
marily consumed Arctic cod and other pelagic lipid-
rich fish species. Beluga consumed the highest pro-
portions of capelin and the lowest proportions of cod
in 2014, the same year in which 2 body condition
indices were lowest in all beluga whales (Choy et al.
2017). While our study was conducted over a short
period and we cannot directly test for causality or
control for other factors, based on the prey switches
observed in other Arctic beluga whale populations
(Kelley et al. 2010, Yurkowski et al. 2018), future
research should examine whether a predominately
capelin-based diet may result in declines in energy
consumption and condition of beluga whales. Female,
calf, and juvenile whales, which primarily use coastal
areas, may be most affected since they consume the
highest proportions of capelin. Declines in body con-
dition have been associated with decreases in physi-
ological parameters of oxygen stores, possibly affect-
ing foraging ability in EBS beluga whales (Choy et al.
2019a). Therefore, although capelin may provide the

same energy density as Arctic cod, population cyclic-
ity and smaller body mass may make capelin a lower-
quality food source to beluga whales and other mar-
ine predators in the Beaufort Sea ecosystem.
Long-term monitoring of beluga diet will help us bet-
ter predict how whales will respond in the future to
changing Arctic conditions. In particular, the long-
term effects of beluga whales shifting from an Arctic
cod to a capelin-dominated diet should be a priority
for monitoring the health and resilience of this
 population.
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