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fatty acid signature analysis

for estimating the diet composition
of free-ranging killer whales
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Accurate diet estimates are necessary to assess trophic interactions and food web dynamics in
ecosystems, particularly for apex predators like cetaceans, which can regulate entire food webs.
Quantitative fatty acid analysis (QFASA) has been used to estimate the diets of marine predators

in the last decade but has yet to be implemented on free-ranging cetaceans, from which typically
only biopsy samples containing outer blubber are available, due to a lack of empirically determined
calibration coefficients (CCs) that account for fatty acid (FA) metabolism. Here, we develop and
validate QFASA for killer whales using full blubber from managed-care and free-ranging individuals.
First, we compute full, inner, and outer blubber CCs from the FA signatures across the blubber layers of
managed-care killer whales and their long-term diet items. We then run cross-validating simulations
on the managed-care individuals to evaluate the accuracy of diet estimates by comparing full-depth
and depth-specific estimates to true diets. Finally, we apply these approaches to subsistence-
harvested killer whales from Greenland to test the utility of the method for free-ranging killer
whales, particularly for the outer blubber. Accurate diet estimates for the managed-care killer whales
were only achieved using killer whale-specific and blubber-layer-specific CCs. Modeled diets for the
Greenlandic killer whales largely consisted of seals (75.9 + 4.7%) and/or fish (20.4 + 2.4%), mainly
mackerel, which was consistent with stomach content data and limited literature on this population.
Given the remote habitats and below surface feeding of most cetaceans, this newly developed
cetacean-specific QFASA method, which can be applied to outer-layer biopsies, offers promise to
provide a significant new understanding of diet dynamics of free-ranging odontocetes and perhaps
other cetacean species throughout the world’s oceans.

Accurate diet estimates are necessary to assess trophic interactions and food web dynamics of ecosystems, par-
ticularly in the case of apex predators, which can regulate entire food webs through trophic cascades'. Cetaceans,
especially odontocetes (toothed-whales), are at the top of the oceans’ food webs and their effects on ecosystems
have been documented for decades®. Nonetheless, their diets and related inter- and intra-population variation
are not often well known, especially in remote regions where visual observation can be challenging’. While
visual observations of cetaceans foraging in the wild can provide valuable information on feeding ecology, data
acquisition through observation of predation events is infrequent, limited to surface-events, often seasonal, and
may not accurately reflect the long-term diet of a population*. Similarly, stomach contents and fecal samples
are both challenging to obtain, only represent recent feeding patterns and, in the case of stomach contents, can
only be obtained from deceased individuals that may not represent the healthy part of the populations*. Thus,
the use of chemical tracers measured largely from biopsies collected remotely from cetaceans has increased in
recent decades due to relative ease of sampling and ability to reflect integrated diet signals over time>®. Stable
isotopes of carbon and nitrogen in the skin have revealed some inter and intra-population variation in the feeding
patterns of cetaceans, providing diet composition estimates mostly at the trophic level, although species-level
precision from stable isotopes remains challenging’~®. And while higher-resolution fatty acid (FA) signature
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analysis of blubber has also been applied to a couple of cetacean populations to infer dietary patterns, quantita-
tive estimates of prey species in their diet using FA-based approaches from biopsies of free-ranging individuals
have yet to be achieved!®-12.

FA signatures can be analyzed quantitatively to estimate the diets of predator populations, based on the
knowledge that certain FAs are integrated with minor and predictable modification from the prey to the preda-
tor’s fat storage tissues (e.g., blubber). The quantitative FA signature analysis (QFASA) model was developed to
estimate the combination of prey FA signatures that comes closest to matching that observed in the predator,
after accounting for predator FA metabolism'%. This model requires representative FA signatures of all major
potential prey species, FA signatures of the predator, selection of an appropriate subset of diet-derived FAs to
include from the total FAs monitored, species-specific calibration coefficients (CCs) to account for the predator
FA metabolism, and a statistical model that minimizes the distance between the predator and the mixture of prey
species representing the diet'*. The QFASA method has been applied to a number of marine mammals including
grey seals (Halichoerus grypus), harbour seals (Phoca vitulina), and polar bears (Ursus maritimus), providing
proportional estimates of the prey species composition of these predators’ diets**"'%. This type of analysis has
not yet been applied to cetacean biopsies because CCs have not yet been determined for any cetacean species,
due to the challenging aspects of managed-care (captive) feeding trials and the issue of FA stratification across
cetacean blubber'®".

To apply QFASA to cetaceans, cetacean-specific (or even species-specific) CCs are likely required because
CCs allow the model to account for differences in the proportion of a given FA between the prey and predator
due to predator-specific metabolism'*?°. CCs are computed for each FA as the ratio of the FA proportion in the
predator to the FA proportion in the prey and are required for accurate dietary estimates'*. Feeding trials have
been used in previous studies to successfully compute CCs for pinnipeds and mustelids'*'®. While feeding trials
are logistically and financially difficult to implement for cetaceans, CCs could be computed from managed-care
individuals fed a constant diet over an extensive period to ensure proper and complete integration of the prey
FA into the blubber.

Another challenge with applying QFASA to cetaceans, and particularly odontocetes, comes from the strati-
fication of FAs throughout blubber layers'®*!. Dietary FAs are more represented within the inner layer (closer to
capillary and muscle layers) of the blubber and thus inner blubber has been the preferred sample for studying
feeding patterns using FAs*%. CCs are likely to vary between layers and thus blubber-layer specific CCs are likely
required for cetaceans to avoid biased diet estimates. A recent study used CCs from mink (Neovison vison) to
compare the known diets of two captive beluga whales (Delphinapterus leucas)". Although results were promis-
ing for estimating the diets of wild belugas®, the potential for more accurate diet estimates using CCs developed
specifically for cetaceans remains unmet. In addition, these previous beluga studies focussed only on inner
blubber tissues (collected from subsistence-harvest), whereas most free-ranging cetaceans are remote biopsy
darted, which only collects outer blubber (and skin). Thus, effectively applying QFASA to wild cetaceans requires
investigating the predator FA signatures and determining CCs across blubber layers. Additionally, the inner and
outer layers could be ecologically relevant as they may represent different feeding windows since ingested FAs
are deposited more rapidly in the inner blubber®*. A recent study reported that the inner blubber of belugas
represents the diet two-to-five weeks prior to sampling'. If deposition follows a pattern from inner to outer
layers, FA signatures in the outer layers could represent a diet integrated over a longer period, and potentially
over multiple seasons'**!.

As the oceans’ top cetacean predator capable of highlighting strong individual feeding specializations, killer
whales (Orcinus orca) are a prime candidate for the development of a QFASA method for cetaceans. They also
have a thick layer of blubber, thus facilitating layer-specific analyses. Additionally, while feeding trials are dif-
ficult to implement, many managed-care killer whales are kept in facilities around the world, allowing access to
both archived full-depth blubber samples and diet items. In this paper, we develop and validate QFASA for killer
whales. First, we compute both full-depth and depth-specific CCs to account for FA metabolism in killer whales
using full blubber depth FA signatures from managed-care killer whales and FA signatures from four prey species
representative of their known long-term (multiple years) diets. We then run cross-validating simulations on these
managed-care animals to evaluate the accuracy of the estimates by comparing the full-depth and depth-specific
estimates to their known long-term diets. Finally, we apply full, inner, and outer depth approaches to samples
of harvested free-ranging killer whales, to further test the applicability of the method, not just for animals with
full or inner blubber available, but also from animals for which only outer blubber is collected, thus maximizing
the utility of this method for feeding ecology studies on free-ranging odontocetes and possibly other cetaceans.

Results

Calibration coefficients. CCs were generated from the FA signatures of the managed-care killer whales
and from the FA signatures of their known diet items for each layer of the killer whales’ blubber, with layers
1-4 (closer to the muscle) representing the inner blubber and layers 6-10 (closer to the skin) representing the
outer blubber (Table S2). These killer whale CCs showed differences between the inner and outer blubber of
the managed-care individuals, generally with the greatest differences from 1:1 for outer layers (Fig. 1, Fig. S2).
The CCs calculated for the full and outer blubber of the managed-care killer whales were also distinct from
those previously generated from captive feeding trials on mink and grey seal CCs, especially for 18:3n3 (Fig. 1,
Table S3). Some of the inner layer killer whale CCs, however, appeared to be more similar to the CCs from mink
and grey seals.

QFASA on the managed-care killer whales. We first selected a set of FA to use for our modeling
approach based on the QFASA models diagnostics (See Methods). The goodness-of-fit check for the model for
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Figure 1. Calibration coefficients (CCs; ratio of each FA in the predator to that in its diet) used in the QFASA
simulations for cetaceans. Killer whale CCs were calculated from four managed-care killer whales and their
known diet species in the current study, while the grey seal CCs and the marine-fed mink CCs were reported
previously (Iverson et al. 2004; Thiemann et al. 2008). CCs shown here include all dietary (with asterisk) and
extended dietary FAs that were greater than 0.1% of total FAs. Dietary FAs only arise from the diet, while
extended dietary FAs also include FAs partially biosynthesized by the predator.

the full depth blubber using the function pred_beyond_prey showed that 39.3% of the predator FA were outside
the range of prey FA without CCs. In contrast, with CCs derived from the managed-care killer whales on the
dietary FA set, only 11.9% of the predator FAs were outside the range of prey FAs, indicating an appropriate
set of CCs and prey library. The other assumption of QFASA (i.e.: quality of the prey library) was tested using
the leave_one_prey_out (LOPO) function on the dietary FA sets and resulted in between 84.4% and 91.2% of
correct species attribution on average (KL and Aitchison distance, respectively). The extended dietary FA set
(n=30) scored similarly in the LOPO analysis, between 87.2% and 91.8% on average (Kullback-Leibler (KL) and
Aitchison distance, respectively) (Table S4). The extended dietary FA set scored higher in the pred_beyond_prey
(17.0% of predator FA outside the prey FA range), which indicates a poorer fit. Thus, although relatively similar,
we selected the dietary FA set (n=21) for subsequent analyses.

Killer whale CCs were necessary to estimate the managed-care killer whales’ diet accurately. The need for
these CCs was visually supported by a PCA run on the dietary FA set for the managed-care killer whales and their
prey, using various CCs (including no CCs) applied to the full blubber FA signatures (Fig. 2). Indeed, figure 2
demonstrates that applying full depth CCs to the full depth FA signatures put the predator FA signatures into
the prey FA range, while no CCs or CCs from seals or mink left the full depth FA signatures well outside the
prey range. Moreover, QFASA simulations on the four managed-care killer whales using no CCs resulted in a
large overestimation of herring in their diets (Table S5) as herring reached a mean of 100% in the modeled diet
for each killer whale, compared to 60% in their true diet. CCs calculated for non-cetacean species were also not
successful at estimating the diets of the managed-care killer whales. The mink and grey seal-derived CCs showed,
on average, 80.7% error compared to the true diet when the full blubber FA signatures were used, and 102.8%
error using outer blubber FA signatures. Mink and grey seal CCs were only somewhat better at estimating the
diets based on the inner blubber FA signatures (55.3% error) (Table S6). The CCs from these other species over-
estimated the proportion of herring (76.1% herring on average) and underestimated the proportion of capelin
(16.6% on average) in the diet of the managed-care whales, especially when used on the full blubber and outer
blubber FA signatures. Thus, we chose to only use CCs derived from killer whales for remainder of the study.

Diet estimates showed good accuracy in the cross-validation tests. (i.e.: running the model on two of the
four managed-care killer whales, using the average CCs from the two other whales, thus running six different
simulations per layer; Table S7). The average diet estimates were accurate (18.0% error with the KL distance, and
25.1% error with the Aitchison distance), with estimates for capelin and herring being very close to the true diet:
35.2+7.33 (vs. 32%) for capelin and 59.1 +8.9 (vs. 60%) for herring (KL distance). Two-by-two comparisons
for the inner blubber yielded accurate estimates (6.3% error with the KL distance vs. 39.6% with the Aitchison
distance). Similarly, two-by-two comparisons for the outer blubber resulted in more accurate estimates with the
KL distance (23.3% error with the KL distance vs. 30.2% with the Aitchison distance; Fig. 3, Table S7).

Although both statistical distances resulted in accurate diet estimates, the KL distance was selected as it
resulted in more accurate estimates than the Aitchison distance when used with killer whale CCs. Additionally,
diet estimates computed using the KL and CC means from the four whales were closer to the true diet than
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Figure 2. Principal component analysis (PCA) of dietary FA signatures in prey species, as well as in managed-
care killer whales without CCs, with previously published mink and grey seal CCs, and with killer whale CCs
generated for this study. Applying killer whale CCs to the predator moved their FA signatures within the ranges
of the prey FA signatures (i.e.: capelin and herring mainly).

when using the Aitchison distance: 21.7% error (KL) vs. 22.1% (Aitchison) for full blubber FA signatures with
full blubber CCs; 16.8% error vs. 29.8% error for the inner blubber FA signatures with inner blubber CCs; and
25.7% error vs. 32.1% error for outer blubber FA signatures with outer layer CCs (Tables S8 and S9). Both the
Aitchison and KL distances scored a high correct attribution rate of the prey to its species (an average of 91.0%
for the Aitchison distance vs. 84.4% for the KL distance), and results were too close to determine which LOPO
analysis performed better (Table S4).

The diet of the managed-care killer whales was accurately estimated using killer whale CCs, provided that
the appropriate layer-specific CC was used (e.g., inner blubber CCs to model the diet based on inner blubber
FA signatures; Figs. 3 and S3). The accuracy was lower when we did not use the CC set corresponding to the FA
layer (Tables S8 and S9). Indeed, while using full blubber CCs on full blubber FA signatures resulted in 21.7%
error compared to the true diet, using full blubber CCs on outer blubber FA signatures resulted in 86.0% error
with a large overestimation of herring (89.6% estimated vs. the true diet of 60%). Our results with the KL dis-
tance showed that the inner layer average CCs yielded more accurate estimates (16.8% error) on inner blubber
FA signatures compared to layer 1 CCs (50.7% error). In the same way, layer 1 CCs produced the most accurate
estimates when used on layer 1 FA signatures (18.1% error vs. 48.4% error on inner blubber FA signatures), and
layer 10 CCs yielded more accurate estimates when used on layer 10 FA signatures (20.2% error) than when
used on outer blubber FA signatures (67.8% error). Finally, outer blubber CCs yielded good accuracy when used
on the outer blubber FA signatures and on layer 10 FA signatures (25.7% error for outer blubber FA, and 33.5%
error for layer 10 FA).

Diet estimations in the free-ranging killer whales and application of the model to remote biop-
sies. With the determination of the dietary FA set, the KL distance, and the layer-specific killer whale CCs
being the optimal parameters for estimating managed-care killer whale diets, we applied QFASA to estimate the
diets of free-ranging killer whales from Greenland and the Faroe Islands. Since these killer whales were har-
vested or stranded, we had access to full blubber samples and were able to estimate the diets in a layer-specific
manner. First, we verified our prey-library by running the LOPO analysis on the prey library and found that
harp seals (Pagophilus groenlandicus) and hooded seals (Cystophora cristata) overlapped. Therefore, harp seals
and hooded seals were grouped into one category for diet estimation purposes. Additional QFASA method
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Figure 3. Mean diet estimates (%) for the four managed-care killer whales obtained for the cross-validation
analyses (estimating the diet of two whales using the CCs of the two other whales) and based on the prey library
consisting of capelin (n=10), herring (n=10), mackerel (n=10) and salmon (n=4). The Kullback-Leibler

(KL) distance was used with the dietary FA set. The true diet (dash line) fed to the managed-care killer whales
consisted of 32% capelin, 60% herring, 4% mackerel and 4% salmon.

checks on the free-ranging killer whales (including the justification for using the KL distance over the Aitchison
distance) are available in the supplementary text, and Table S10.

Based on our dietary estimates, free-ranging killer whales in Greenland (n = 16) fed mainly on all species of
seals present in our prey library, as well as on mackerel (Fig. 4). We ran QFASA models separately on the full
depth, inner blubber, and outer blubber FA signatures, using the full depth CCs, inner blubber CCs and outer
blubber CCs, respectively. The proportion of total seals in the Greenlandic killer whales” diets was estimated
to be 82.6 +5.9% in the inner blubber, 67.0 +5.2% in the outer blubber and 75.9 +4.7% in the full blubber, and
consisted of bearded seal (Erignatus barbatus), harp/hooded seal, and ringed seal (Pusa hispida) (Fig. 4). The
proportion of total fish was estimated at 20.0+ 3.4% in the inner blubber, 15.5+1.6% in the outer blubber and
20.4£2.4% in the full blubber. This consisted nearly entirely of mackerel (Scomber scombrus), with almost no
herring (Clupea harengus) estimated in the diets. Diet estimates were low for baleen whales in all layers except to
some extent in the outer blubber, where bowhead whales were estimated to minimally contribute to the killer
whales’ diet (7.0 £2.5%). We reported the individual estimates for the inner layer for each free-ranging killer
whale in Table S11 with stomach content data, when available. Killer whales with harp and/or hooded seals
reported in their stomachs often had a high diet estimate for harp and hooded seals, and for seals in general
(between 51.7% and 100% for total seal percentage). Conversely, both killer whales from the Faroe Islands (n=2)
showed higher proportions of fish (herring and mackerel) in their dietary estimates (27.9% and 80.3%) than all
the Greenland whales. One of the two Faroese killer whales was estimated to have fed nearly exclusively (72.6%)
on herring, while the other whale had an estimate of mackerel (27.9%) and ringed and bearded seals (Fig. 4).

Remote biopsies from free-ranging cetaceans typically only collect the outer blubber layers, e.g., layer 10 and
likely layers 9, 8, 7 and/or 6. To test whether the newly developed QFASA model for killer whales could accurately
predict the diet of free-ranging individuals from biopsy samples, we ran QFASA on the outer blubber and layer
10 FA signatures using the outer blubber CCs or layer 10 CCs (four combinations total) and found the estimates
were similar, and close to the diet estimates using full blubber FAs signatures and full blubber CCs (Fig. 5), with
the four main prey species being harp and hooded seal, mackerel, bearded seal, and ringed seal.

Discussion

Our results show that with the appropriate CCs, the diets of killer whales can be accurately estimated using
QFASA. To use this approach, blubber-layer-specific CCs are essential; we demonstrated this for killer whales,
but it is likely also the case for other odontocetes and possibly other cetaceans. Using no CCs resulted in highly
inaccurate estimates for the managed-care whales, based on their known diet. Mustelid and pinniped CCs also
did not produce accurate estimates for the managed-care killer whales. These findings were perhaps not surpris-
ing, given differences in metabolic characteristics between the order Artiodactyla (even-toed ungulates, which
includes cetaceans) and Carnivora (which includes pinnipeds and mustelids)?, as well as the high degree of
stratification of FAs in cetacean blubber compared to pinniped blubber or mustelid adipose tissue!®!42!,
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Figure 4. Proportions of different prey species estimated in the diets of (A) Greenland (n=16) and (B) Faroe
Islands (n=2) killer whales based on the validated quantitative fatty acid signature analysis (QFASA) approach
for killer whales. For outer layer, inner layer, and full depth FA signatures, outer layer, inner layer, and full
depth calibration coefficients (CCs) were used, respectively. The estimates were lipid-corrected to account for
differences in lipid between the prey items. The crosses show the mean, the thick bar shows the median, and the
box extremities show the lower and upper quartiles.

We were able to calculate and validate CCs for full depth blubber, as well as for inner and outer blubber. Our
cross-validation simulations showed a high average accuracy using the full blubber CCs and full blubber FA
signatures. Thus, when full blubber FA signatures are available, such as for stranded or harvested cetaceans®®?’,
full blubber CCs should be used. However, for most free-ranging cetaceans, only small biopsies containing skin
and partial (outer) blubber depth profiles are typically available. Due to the FA stratification through blubber
depths, we found that the full blubber CCs do not provide reliable diet estimates for partial depth blubber FA sig-
natures. Critically, we were able to overcome this issue to accurately predict the diets of managed-care individuals
by generating and applying layer-specific CCs. Using the layer ten (the outermost layer) or the outer blubber
(layers 6-10) CCs, with either the layer 10 or outer blubber FA signatures, produced similar dietary estimates in
the free-ranging killer whales, which could be explained by a minor difference in the FA signatures within the
outer layers (6-10) in these individuals'®. Nonetheless, outer blubber CCs yielded more accurate estimates for
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Figure 5. Diet estimates for Greenlandic killer whales (n=16) for full blubber FA signatures and full blubber
CCs, and four combinations of outer blubber and layer 10 (the outermost layer) FA signatures and CCs. The
simulated diets resulted in a similar percentage of prey species, with the four main species being harp and
hooded seal, mackerel, bearded seal, and ringed seal.

the managed-care killer whales when applied to either outer blubber or layer 10 FAs, perhaps because the outer
blubber CCs account for potential small differences between the layers in the outer blubber. Therefore, we recom-
mend using outer blubber CCs to estimate the diet of cetaceans from biopsy-derived FA signatures. Although
layer 1 CCs did not perform as well as the inner blubber CCs on the inner blubber FA signatures, which can be
explained by FA signature varying slightly from layer 1 to 4 (Fig. S1, Bourque et al. 2018), the diet estimates were
accurate when using the average inner layer CCs on either layer 1 or inner blubber FA signatures. Therefore,
if researchers focus on using inner blubber FA signatures to model recent blubber deposition for example, we
recommend using the inner blubber CCs for more accurate dietary estimations.

In addition to validating QFASA for killer whales based on comparison of the managed-care killer whale diet
estimates to their true diet, further support for the approach came from the consistency in the diet estimates in
free-ranging killer whales with stomach contents and available literature on their feeding habits. The QFASA
method, using full, inner, and outer blubber, estimated harp/hooded seals as one of the top three diet items for
Greenlandic killer whales, consistent with their stomach contents. Stomach contents were reported for seven
killer whales, and all included harp and/or hooded seal remains. Killer whales in West Greenland waters have
also been reported to feed heavily on marine mammals based on visual observations®®. Nonetheless, the LOPO
analysis revealed that only 58% of harp and/or hooded seals were identified correctly, with some overlap with
ringed seals, thus the species-specific seal consumption estimates may be less robust than for the other prey items.

In addition to seals, Atlantic mackerel were also estimated to be an important part of killer whale diets in
Greenland killer whales; while almost no predation on herring was estimated. Observations in Norway have
shown an increasing association between killer whales that forage offshore and mackerel®-*! and an increase in
mackerel biomass has been reported in the Irminger Current, off Tasiilaq, where the Greenlandic killer whales
were harvested®. Increases in mackerel in Greenland may be explained by the warming temperatures in the
Arctic, particularly in East Greenland, which has changed the migrating pattern of mackerel from the Norwegian
and North Seas towards Greenland over the past decade®?. Previous studies suggested that some populations of
North Atlantic killer whales are strongly associated with mackerel stocks’. Since killer whales are opportunistic
hunters capable of switching prey®, one could easily imagine killer whales in Greenland having a mixed diet of
both mackerel and seal species.

Unlike seals and fish, almost no consumption of the three whale species in our library was estimated by
QFASA, except for some consumption of narwhal (Monodon monoceros) (9.6-19.9%) for two individuals. One
of these individuals was also the only killer whale to have whale reported in their stomach contents, although
the identified species was minke whale (Balaenoptera acutorostrata). The only other exception was for bowhead
whale (Balaena mysticetus) estimates in the outer blubber of the Greenlandic killer whales, which could indicate
that bowheads are part of an occasional feeding. However, local reports off Tasiilaq suggested that killer whales
occasionally prey on humpback whales or fin whales (Rosing-Asvid, pers. comm.). We attempted to include
humpback whales in our analysis but had to drop them because their FA signatures overlapped with the other
prey signatures (Supplementary text). The higher proportion of bowhead whales in the outer blubber could
indicate occasional feeding on some species of baleen whales in Eastern Greenland, although the estimates are
still quite low compared to the other species of fish and seal. Thus, both short-term (stomach contents) and
longer-term (QFASA) estimates were similar in suggesting a limited importance of cetacean species in the diets
of these killer whales in Greenland. This feeding appears to differ from killer whales feeding in other Arctic
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environments; specifically, the killer whales in West Greenland-eastern Canadian Arctic are known to target
narwhals and other whales including bowheads®-**.

The two killer whales from the Faroe Islands were estimated to have different diets from the Greenland killer
whales based on QFASA. One was estimated to eat mainly herring, which aligns with reports stating that herring
is the preferred prey of killer whales in the Faroe Islands®*®. The other had a high proportion of mackerel, but also
ringed and bearded seals in its diet estimates. Both Faroese whales were expected to have high proportions of fish
in their diet estimates, given the lower concentrations of biomagnifying contaminants in their blubber, compared
the Greenlandic whales®. The presence of the two Arctic seal species in this whale’s diet seems unlikely and may
reflect another type of pinniped prey of some Faroese, Icelandic, and Norwegian killer whales, like grey or har-
bor seals’****. The prey library available for this study did not include grey and/or and harbor seals, but future
work could likely better identify seal species by including more appropriate additional seal prey in the library.

Future research should investigate the use of QFASA in other odontocetes and cetacean species to shed light
on inter-and intra-species and -population differences in the application of QFASA methods and in elucidating
dietary variations. Across odontocetes, stratification indices (SI), which represent the differences in concentration
of the 16 predominant FAs in the outer vs. inner blubber, have been calculated as the summed absolute values
of the outer vs. inner blubber differences?'. From these data, it seems likely that our QFASA approach could be
applied to other odontocetes with stratification indices similar to killer whales (SI=31.4), which includes for
example pilot whales (Globicephala melas), beluga whales, and narwhals*'. To use QFASA on odontocetes or
other cetaceans with unknown stratification indices, samples obtained from stranded animals can be used to
calculate the SI for the species. If a significant difference in stratification were found, the method would likely
need to be adjusted according to the number and depth of layers in the blubber.

This study demonstrates the utility of QFASA in estimating the diets of killer whales and likely other cetaceans,
including the use of remote biopsy samples. Nonetheless, accurate diet estimates using this approach require
certain conditions be met. In particular, QFASA relies on a complete prey library*. While our prey library con-
tained prey species that are believed to be part of the Greenlandic killer whales’ diets, some potentially important
prey species could be missing from the library. For example, squid has occasionally been reported in the whales’
stomachs?®, but was not included in the current library. The stomach contents of a killer whale harvested in
September 2021 also included redfish (Sebastes marinus), Greenland halibut (Reinhardtius hippoglossoides),
and Atlantic cod (Gadus morhua) (Rosing-Asvid, pers. comm.). Our results showing Arctic seals in the diet
estimates of one Faroese whale seem unrealistic and could have represented another species of pinniped(s) with
similar signatures. Thus, a carefully conceived prey library, based on prior feeding knowledge, is an important
consideration. Additionally, while we used the FA signatures from the blubber of the marine mammal prey
(which likely represent most of the body’s lipid content), other parts or whole bodies*! may be consumed, which
may have somewhat different FA signatures or lipid content than the full body lipid percentage we used. Finally,
while previous studies have shown that FAs deposit in the inner blubber within a couple of weeks, we cannot yet
estimate how long it may take for dietary FAs to deposit within the outer blubber. Our managed-care individuals
were fed a constant diet over many years, thus not enabling us to determine an exact time frame for outer blubber
FA deposition. With these key considerations in mind, this new QFASA approach should nevertheless provide
important new insight into the feeding ecology of free-ranging killer whales and other cetaceans.

Methods

Full depth blubber samples were collected and analyzed from previously deceased managed-care (n=4) and sub-
sistence-harvested free-ranging (n=18) killer whales, and the samples were divided into ten equal length sections
as described in Bourque et al., 2018. Prey from the known constant long-term diet of the managed-care whales
(n=34) and potential prey of free-ranging whales (n=535) were also collected and analyzed. Detailed information
regarding all sample collections and FA analyses can be found in the supplementary text and Tables S1 and S2.

Development of QFASA using managed-care whales. In addition to FA signatures of the predator
and of all potential major prey, the QFASA model requires (1) designating a particular set of FAs to use from
the ~ 70 routinely monitored, (2) the development of species-specific CCs, (3) the relative fat content of prey
items, and (4) a statistical model that estimates the proportional prey composition by minimizing the statistical
distance between the CC-corrected predator FA signatures and the average prey FA signatures'®. The approach
for each of these steps is detailed below.

Fatty acid sets. To develop the model, we tested two sets of FAs, dietary FAs, which only arise from the diet, and
extended dietary FAs that also include FAs partially biosynthesized by the predator®. The first set included every
dietary FA™ that was greater than 0.1% of the total FA signature to minimize analytical variation associated with
low level FAs; this set consisted of 21 FAs (Table S2). The second set included all extended dietary FA'%, but again
only those exceeding 0.1% of total FAs; this second set contained 30 FAs.

Calibration coefficients. 'The CCs were generated from the FA signatures of the four manage-cared killer whales
and the FA signatures from the four species that comprised their constant, long-term (multiple years) diets. As
Bourque et al. (2018) found no statistically significant differences between layers 1-4 and layers 6-10 for the
killer whale samples, throughout the current study, “full blubber FA” refers to the lipid-weighted average of all 10
layers, while “inner blubber FA” refers to the lipid-weighted average of layers 1-4 and “outer blubber FA” refers to
the lipid-weighted average of layers 6-10. Three CC sets were estimated using the lipid-weighted FA signatures
averaged across layers for: full blubber CCs, inner blubber CCs, and outer blubber CCs. The CCs were calculated
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as the ratio of a given FA in each blubber layer of a killer whale to the ratio of that FA in its diet, weighted by the
proportions of each diet item, as follows

FAikw;

CCRA; . =
j (FAi,Herringj) x 0.6 + (FA,-, Capelinj) x 0.32 + (FA,-,Mackerelj) x 0.04 + (FAi,Salmonj) x 0.04

where FA; is the percent of a FA i in the whale or prey item j, and 0.60, 0.32, 0.04, and 0.04 in the denominator
are the weight fractions of the respective prey in the whales’ diets. Given that there were four killer whales, ten
capelin (Mallotus villosus), ten Pacific herring (Clupea pallasii), ten Pacific mackerel (Scomber japonicus), and four
sockeye salmon (Oncorhynchus nerka), we ran all possible combinations of killer whales and diet items, which
generated 4000 CCs per FA per killer whale for each blubber layer. From this, we calculated the 10% trimmed
mean for each killer whale. The final CC for each blubber layer was computed as the mean of the four trimmed
means. As with FAs, full blubber CCs correspond to the average of the ten layers, while the inner blubber CCs
correspond to layers 1-4 and outer blubber CCs correspond to layers 6-10, all consisting of FA signatures of the
killer whale weighed by the lipid content of each layer. In addition to using our own killer whale-derived CCs
and to determine the sensitivity of the method to different CC sets, we also ran QFASA with previously published
mink CCs (herring-fed) and grey seal CCs'*!3, as they have been the most used CCs in other QFASA studies on
marine mammals. The list of CCs used in this study can be found in Table S3.

The QFASA statistical method. The QFASA model was run in R, version 3.6.1. (R Core Development Team
2019) using the QFASAR package®. Diet estimations in QFASA rely on multiple assumptions. First, QFASA
relies on the principle that predator FA signatures can be modeled as a linear mixture of the prey FA signatures'.
Thus, we expect the predator FA signature to be within the prey FA range; and not meeting these criteria indi-
cates poor CCs or an incomplete prey library*>. We tested our data using the function pred_beyond_prey in
QFASAR to estimate the proportion of the predator’s FA values that were outside the range of their prey values.
To visually test for the improvement of the datasets when full blubber CCs were applied to the predator full blub-
ber FA signatures, we also performed a Principal Component Analysis (PCA) using the FactomineR package
with the FAs (both with and without CCs applied) and the prey signature to visualize whether use of the CCs
brought the FA signatures of the predator closer to the prey FA space. A second QFASA assumption is limited
overlap among the prey species’ FA signatures'. To test for this assumption, we used the leave_one_prey_out
(LOPO) function which removes one prey signature from the library at a time and recomputes the mean prey-
type and then estimates the diet of the removed prey signature. The analysis performs this computation on each
prey signature, one at a time. The final output indicates the proportion of samples attributed to the correct spe-
cies. We chose the best FA set to use based on their performance in the LOPO and pred_beyond_prey analyses.

After choosing the best FA set, we ran multiple simulations using different sets of CCs. Each set of simulations
was run using both the Kullback-Leibler (KL) distance!* and the Aitchison distance®, as the literature has not
yet settled on the best distance to use*. To evaluate which distance performed best, we determined how both
scored in both the QFASA diagnostics (assumptions tests) and on the accuracy of the diet estimates relative to
the true diet of the managed-care killer whales.

First, to quantitatively test the need for CCs, we ran QFASA without CCs since some studies have suggested
that QFASA might not need CCs to provide correct estimates*>*¢. Two simulations were run on full blubber FAs
with no CCs: one with KL distance and the other with Aitchison distance. Each simulation resulted in different
proportions of prey species in the diet, referred to hereafter as “diet estimates” The means and SEs for the diet
estimates were computed using bootstrap sampling (n=100), as previously described***%. The accuracy of each
diet estimate was inferred from the % error (absolute value (true diet estimate—modeled diet estimate)/ true
diet estimate *100) to assess whether accurate diet estimates could be achieved without the use of CCs. Next, we
compared the accuracies of the diet estimates using CCs developed for phocids and mustelids on different FA
layers to assess the need for a cetacean-specific CC set'*!8. Three simulations were run on the dietary FA set with
either mink or grey seal CCs using the KL distance (on full blubber, inner blubber, and outer blubber) and three
on the same CCs using the Aitchison distance. We then tested the accuracy of the diet estimates using the CCs
we developed from the managed-care whales and their diets. Here, it would have been circular to estimate the
diets of the same killer whales that were used to generate the CCs; instead, we cross-validated the CCs, by esti-
mating the diet of two of the four killer whales (either full, inner, or outer blubber FA signatures) using the mean
full, inner or outer blubber CCs of the two other killer whales. We performed this for all possible combinations
of killer whales (six) for each part of the blubber. We then determined the mean diet estimates generated from
these iterative analyses and calculated the % error relative to the true diet. This allowed us to test the robustness
of these CCs and ensure that the individual CC variation did not impact the overall diet estimates across the
layers. Next, we ran simulations with blubber layer-specific CCs (the average of the four whales for each layer)
and layer-specific FA signatures to test the need for layer-specific CCs. To do this, we ran twenty simulations in
total on the managed-care killer whales (ten with the KL distance, and ten with the Aitchison distance). Out of
the ten simulations for each distance, five matched the CC layer to the FA layer, testing the accuracy of the diets,
and five were mismatched, testing whether matching CCs to their respective FA mattered, and especially for the
outer layers representing a biopsy to see which CC set worked best on these outer blubber FA. The options were:
(1) full blubber FA and full blubber CCs, (2) layer 1 FAs and layer 1 CCs, (3) layer 1 FAs and inner blubber CCs,
(4) inner blubber FAs and layer 1 CCs, (5) inner blubber FAs and inner blubber CCs, (6) outer blubber FAs and
full blubber CCs, (7) outer blubber FAs and outer blubber CCs, (8) outer blubber FAs and layer 10 CCs, (9) layer
10 FAs and outer blubber CCs and (10) layer 10 FAs and layer 10 CCs.
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Diet estimations in the free-ranging killer whales and application of the model to remote biop-
sies.  After choosing the FA sets, CC sets and statistical distance that yielded the most accurate estimates, we
applied QFASA to the free-ranging killer whales using our prey library consisting of various fish and marine
mammal species. Due to the large difference in fat percentage between the potential prey types (marine mam-
mal vs fish), we adjusted the dietary estimates to prey lipid percentages using the adj_diet_fat function. For fish,
we used the whole-body fat % calculated during the lipid extraction (mean: 16% for herring, 22% for mackerel).
Because killer whales generally do not just eat the blubber when they consume marine mammals, we used a fat
percentage of 30%, which was the average fat percentage calculated for the whole body of harbor seals®. Given
the lack of whole-body fat percentage for other marine mammal species we also used 30% for whales as prey.

Remote biopsies from free-ranging cetaceans (usually between 10 and 40 mm depth®°) typically only collect
the outer blubber layers , e.g., some combination of layers 10 through possibly 6, as defined in our analysis. To
confirm that the newly developed QFASA model on killer whales could accurately predict diets of free-ranging
individuals, and to determine which CCs should be used on biopsies, we ran QFASA on the outer layers (6-10)
and layer 10 FA using the outer layer CCs or layer 10 CCs (four combinations total) and compared the resulting
estimates with the ones generated using full blubber FAs and full blubber CCs.

Data availability

Most of our data came from published papers as clearly stated in our sample and collection details (Table S1);
some of the prey data for Greenland (16 narwhals and five minke whales) is unpublished and will be published
within the next two years by other members of our lab. We have uploaded the fish data from SeaWorld and
Greenland to https://www.polardata.ca/. The data from the 16 narwhals and five minke whales will be uploaded
on the same public database when our lab members publish the papers using them. We included the calibration
coefficients (CCs) we generated in Table S3, and the other CCs came from https://figshare.com/articles/dataset/
Appendix_D_A_table_and_figure_presenting_calibration_coeflicients_for_polar_bears_derived_from_capti
ve_feeding_studies_on_mink_Mustela_vison_/3566526 and https://esajournals.onlinelibrary.wiley.com/cms/
asset/8b50fe0e-98e8-4089-a178-6ffde2ebc5bc/ecm2004742211-tbl-0001-m.jpg. Additional CCs calculated for
each layer are available upon request.

Received: 11 November 2021; Accepted: 20 April 2022
Published online: 13 May 2022

References

1. Springer, A. M. et al. Sequential megafaunal collapse in the North Pacific Ocean: an ongoing legacy of industrial whaling?. Proc.
Natl. Acad. Sci. 100, 12223-12228. https://doi.org/10.1073/pnas.1635156100 (2003).

2. Estes, J. A., Heithaus, M., McCauley, D. J., Rasher, D. B. & Worm, B. Megafaunal impacts on structure and function of ocean
ecosystems. Annu. Rev. Environ. Resour. 41, 83-116. https://doi.org/10.1146/annurev-environ-110615-085622 (2016).

3. Newsome, S. D., Clementz, M. T. & Koch, P. L. Using stable isotope biogeochemistry to study marine mammal ecology. Mar.
Mamm. Sci. 26, 509-572. https://doi.org/10.1111/j.1748-7692.2009.00354.x (2010).

4. Bowen, W. D. & Iverson, S. J. Methods of estimating marine mammal diets: a review of validation experiments and sources of bias
and uncertainty. Mar. Mamm. Sci. 29, 719-754. https://doi.org/10.1111/j.1748-7692.2012.00604.x (2013).

5. Krahn, M. M. et al. Use of chemical tracers in assessing the diet and foraging regions of eastern North Pacific killer whales. Mar.
Environ. Res. 63, 91-114. https://doi.org/10.1016/j.marenvres.2006.07.002 (2007).

6. Remili, A. et al. Individual prey specialization drives PCBs in Icelandic killer whales. Environ. Sci. Technol. 55, 4923-4931. https://
doi.org/10.1021/acs.est.0c08563 (2021).

7. Foote, A. D., Vester, H., Vikingsson, G. A. & Newton, J. Dietary variation within and between populations of northeast Atlantic
killer whales, Orcinus orca, inferred from d13C and d15N analyses. Mar. Mamm. Sci. 28, E472-E485. https://doi.org/10.1111/j.
1748-7692.2012.00563.x (2012).

8. Remili, A. et al. Humpback whales (Megaptera novaeangliae) breeding off Mozambique and Ecuador show geographic variation
of persistent organic pollutants and isotopic niches. Environ. Pollut. 267, 115575. https://doi.org/10.1016/j.envpol.2020.115575
(2020).

9. Pinzone, M., Damseaux, F, Michel, L. N. & Das, K. Stable isotope ratios of carbon, nitrogen and sulphur and mercury concentra-
tions as descriptors of trophic ecology and contamination sources of Mediterranean whales. Chemosphere 237, 124448. https://
doi.org/10.1016/j.chemosphere.2019.124448 (2019).

10. Bourque, J. et al. Feeding habits of a new Arctic predator: insight from full-depth blubber fatty acid signatures of Greenland, Faroe
Islands, Denmark, and managed-care killer whales Orcinus orca. Mar. Ecol. Prog. Ser. 603, 1-12. https://doi.org/10.3354/meps1
2723 (2018).

11. Krahn, M. M., Pitman, R. L., Burrows, D. G., Herman, D. P. & Pearce, R. W. Use of chemical tracers to assess diet and persistent
organic pollutants in Antarctic Type C killer whales. Mar. Mamm. Sci. 24, 643-663. https://doi.org/10.1111/j.1748-7692.2008.
00213.x (2008).

12. Grof3, J. et al. Interannual variability in the lipid and fatty acid profiles of east Australia-migrating humpback whales (Megaptera
novaeangliae) across a 10-year timeline. Sci. Rep. 10, 18274. https://doi.org/10.1038/s41598-020-75370-5 (2020).

13. Jory, C. et al. Individual and population dietary specialization decline in fin whales during a period of ecosystem shift. Sci. Rep.
11, 17181. https://doi.org/10.1038/s41598-021-96283-x (2021).

14. Iverson, S. ], Field, C., Bowen, W. D. & Blanchard, W. Quantitative fatty acid signature analysis: a new method of estimating
predator diets. Ecol. Monogr. 74, 211-235. https://doi.org/10.1890/02-4105 (2004).

15. McKinney, M. A. et al. Global change effects on the long-term feeding ecology and contaminant exposures of East Greenland polar
bears. Glob. Change Biol. 19, 2360-2372. https://doi.org/10.1111/gcb.12241 (2013).

16. Nordstrom, C. A., Wilson, L. J., Iverson, S. J. & Tollit, D. J. Evaluating quantitative fatty acid signature analysis (QFASA) using
harbour seals Phoca vitulina richardsi in captive feeding studies. Mar. Ecol. Prog. Ser. 360, 245-263. https://doi.org/10.3354/meps0
7378 (2008).

17. Bourque, J., Atwood, T. C., Divoky, G. J., Stewart, C. & McKinney, M. A. Fatty acid-based diet estimates suggest ringed seal remain
the main prey of southern Beaufort Sea polar bears despite recent use of onshore food resources. Ecol. Evol. https://doi.org/10.
1002/ece3.6043 (2020).

18. Thiemann, G. W,, Derocher, A. E. & Stirling, I. Polar bear Ursus maritimus conservation in Canada: an ecological basis for iden-
tifying designatable units. Oryx 42, 504-515. https://doi.org/10.1017/S0030605308001877 (2008).

Scientific Reports |

(2022) 12:7938 | https://doi.org/10.1038/s41598-022-11660-4 nature portfolio


https://www.polardata.ca/
https://figshare.com/articles/dataset/Appendix_D_A_table_and_figure_presenting_calibration_coefficients_for_polar_bears_derived_from_captive_feeding_studies_on_mink_Mustela_vison_/3566526
https://figshare.com/articles/dataset/Appendix_D_A_table_and_figure_presenting_calibration_coefficients_for_polar_bears_derived_from_captive_feeding_studies_on_mink_Mustela_vison_/3566526
https://figshare.com/articles/dataset/Appendix_D_A_table_and_figure_presenting_calibration_coefficients_for_polar_bears_derived_from_captive_feeding_studies_on_mink_Mustela_vison_/3566526
https://esajournals.onlinelibrary.wiley.com/cms/asset/8b50fe0e-98e8-4089-a178-6ffde2ebc5bc/ecm2004742211-tbl-0001-m.jpg
https://esajournals.onlinelibrary.wiley.com/cms/asset/8b50fe0e-98e8-4089-a178-6ffde2ebc5bc/ecm2004742211-tbl-0001-m.jpg
https://doi.org/10.1073/pnas.1635156100
https://doi.org/10.1146/annurev-environ-110615-085622
https://doi.org/10.1111/j.1748-7692.2009.00354.x
https://doi.org/10.1111/j.1748-7692.2012.00604.x
https://doi.org/10.1016/j.marenvres.2006.07.002
https://doi.org/10.1021/acs.est.0c08563
https://doi.org/10.1021/acs.est.0c08563
https://doi.org/10.1111/j.1748-7692.2012.00563.x
https://doi.org/10.1111/j.1748-7692.2012.00563.x
https://doi.org/10.1016/j.envpol.2020.115575
https://doi.org/10.1016/j.chemosphere.2019.124448
https://doi.org/10.1016/j.chemosphere.2019.124448
https://doi.org/10.3354/meps12723
https://doi.org/10.3354/meps12723
https://doi.org/10.1111/j.1748-7692.2008.00213.x
https://doi.org/10.1111/j.1748-7692.2008.00213.x
https://doi.org/10.1038/s41598-020-75370-5
https://doi.org/10.1038/s41598-021-96283-x
https://doi.org/10.1890/02-4105
https://doi.org/10.1111/gcb.12241
https://doi.org/10.3354/meps07378
https://doi.org/10.3354/meps07378
https://doi.org/10.1002/ece3.6043
https://doi.org/10.1002/ece3.6043
https://doi.org/10.1017/S0030605308001877

www.nature.com/scientificreports/

19. Choy, E. S. et al. A comparison of diet estimates of captive beluga whales using fatty acid mixing models with their true diets. J.
Exp. Mar. Biol. Ecol. 516, 132-139. https://doi.org/10.1016/j.jembe.2019.05.005 (2019).

20. Kirsch, P. E., Iverson, S. J. & Bowen, W. D. Effect of a low-fat diet on body composition and blubber fatty acids of captive Juvenile
Harp Seals (Phoca groenlandica). Physiol. Biochem. Zool. 73, 45-59. https://doi.org/10.1086/316723 (2000).

21. Koopman, H. N. Phylogenetic, ecological, and ontogenetic factors influencing the biochemical structure of the blubber of odon-
tocetes. Mar. Biol. 151, 277-291. https://doi.org/10.1007/500227-006-0489-8 (2007).

22. Strandberg, U. et al. Stratification, composition, and function of marine mammal blubber: the ecology of fatty acids in marine
mammals. Physiol. Biochem. Zool 81, 473-485. https://doi.org/10.1086/589108 (2008).

23. Choy, E. S. et al. Variation in the diet of beluga whales in response to changes in prey availability: insights on changes in the Beaufort
Sea ecosystem. Mar. Ecol. Prog. Ser. 647, 195-210 (2020).

24. Koopman, H. N., Iverson, S. J. & Gaskin, D. E. Stratification and age-related differences in blubber fatty acids of the male harbour
porpoise (Phocoena phocoena). . Comp. Physiol. B. 165, 628-639. https://doi.org/10.1007/BF00301131 (1996).

25. Budge, S. M, Iverson, S. J. & Koopman, H. N. Studying trophic ecology in marine ecosystems using fatty acids: a primer on analysis
and interpretation. Mar. Mamm. Sci. 22, 759-801. https://doi.org/10.1111/j.1748-7692.2006.00079.x (2006).

26. Krahn, M. M. et al. Stratification of lipids, fatty acids and organochlorine contaminants in blubber of white whales and killer
whales. J. Cetacean Res. Manag. 6, 175-189 (2004).

27. Loseto, L. L. et al. Summer diet of beluga whales inferred by fatty acid analysis of the eastern Beaufort Sea food web. J. Exp. Mar.
Biol. Ecol. 374, 12-18. https://doi.org/10.1016/j.jembe.2009.03.015 (2009).

28. Heide-Jorgensen, M.-P. Occurrence and hunting of killer whales in Greenland. Rit Fiskedeildar 11, 115-135 (1988).

29. Nottestad, L. et al. Prey selection of offshore killer whales Orcinus orca in the Northeast Atlantic in late summer: spatial associa-
tions with mackerel. Mar. Ecol. Prog. Ser. 499, 275-283 (2014).

30. Nikolioudakis, N. et al. Drivers of the summer-distribution of Northeast Atlantic mackerel (Scomber scombrus) in the Nordic
Seas from 2011 to 2017; a Bayesian hierarchical modelling approach. ICES J. Mar. Sci. 76, 530-548. https://doi.org/10.1093/icesj
ms/fsy085 (2019).

31. Olafsdottir, A. H. et al. Geographical expansion of Northeast Atlantic mackerel (Scomber scombrus) in the Nordic Seas from 2007
to 2016 was primarily driven by stock size and constrained by low temperatures. Deep Sea Res. Part II 159, 152-168. https://doi.
0rg/10.1016/j.dsr2.2018.05.023 (2019).

32. Jansen, T. et al. Ocean warming expands habitat of a rich natural resource and benefits a national economy. Ecol. Appl. 26,
2021-2032. https://doi.org/10.1002/eap.1384 (2016).

33. Ferguson, S. H., Higdon, J. W. & Westdal, K. H. Prey items and predation behavior of killer whales (Orcinus orca) in Nunavut,
Canada based on Inuit hunter interviews. Aquat. Biosyst. 8, 3-3. https://doi.org/10.1186/2046-9063-8-3 (2012).

34. Laidre, K. L., Heide-Jorgensen, M. P. & Orr, J. R. Reactions of narwhals, Monodon monoceros, to killer whale, Orcinus orca, attacks
in the eastern Canadian Arctic. Can. Field-Naturalist 120, 457-465 (2006).

35. Willoughby, A. L., Ferguson, M. C., Stimmelmayr, R., Clarke, J. T. & Brower, A. A. Bowhead whale (Balaena mysticetus) and killer
whale (Orcinus orca) co-occurrence in the U.S. Pacific Arctic, 2009-2018: evidence from bowhead whale carcasses. Polar Biol. 43,
1669-1679. https://doi.org/10.1007/s00300-020-02734-y (2020).

36. Bloch, D. & Lockyer, C. Killer whales (Orcinus orca) in Faroese waters. Rit Fiskideildar 11, 55-64 (1988).

37. Pedro, S. et al. Blubber-depth distribution and bioaccumulation of PCBs and organochlorine pesticides in Arctic-invading killer
whales. Sci. Total Environ. 601, 237-246. https://doi.org/10.1016/j.scitotenv.2017.05.193 (2017).

38. Samarra, E. L. P. et al. Prey of killer whales (Orcinus orca) in Iceland. PLoS ONE 13, 20. https://doi.org/10.1371/journal.pone.02072
87 (2018).

39. Jourdain, E. et al. Isotopic niche differs between seal and fish-eating killer whales (Orcinus orca) in northern Norway. Ecol. Evol.
10, 4115-4127. https://doi.org/10.1002/ece3.6182 (2020).

40. Bromaghin, J. E, Budge, S. M., Thiemann, G. W. & Rode, K. D. Assessing the robustness of quantitative fatty acid signature analysis
to assumption violations. Methods Ecol. Evol. 7, 51-59. https://doi.org/10.1111/2041-210X.12456 (2016).

41. Jefferson, T. A., Stacey, P. ]. & Baird, R. W. A review of Killer Whale interactions with other marine mammals: predation to co-
existence. Mamm. Rev. 21, 151-180. https://doi.org/10.1111/j.1365-2907.1991.tb00291.x (1991).

42. Bromaghin, J. E QFASAR: quantitative fatty acid signature analysis with R. Methods Ecol. Evol. 8, 1158-1162. https://doi.org/10.
1111/2041-210x.12740 (2017).

43. Stewart, C,, Iverson, S. & Field, C. Testing for a change in diet using fatty acid signatures. Environ. Ecol. Stat. 21, 775-792. https://
doi.org/10.1007/s10651-014-0280-9 (2014).

44. Zhang, . et al. Review of estimating trophic relationships by quantitative fatty acid signature analysis. J. Marine Sci. Eng. 8, 1030
(2020).

45. Budge, S. M., Penney, S. N,, Lall, S. P. & Trudel, M. Estimating diets of Atlantic salmon (Salmo salar) using fatty acid signature
analyses; validation with controlled feeding studies. Can. J. Fish. Aquat. Sci. 69, 1033-1046. https://doi.org/10.1139/f2012-039
(2012).

46. Happel, A. et al. Evaluating quantitative fatty acid signature analysis (QFASA) in fish using controlled feeding experiments. Can.
J. Fish. Aquat. Sci. 73, 1222-1229. https://doi.org/10.1139/cjfas-2015-0328 (2016).

47. Bromaghin, J. E Simulating realistic predator signatures in quantitative fatty acid signature analysis. Eco. Inform. 30, 68-71. https://
doi.org/10.1016/j.ecoinf.2015.09.011 (2015).

48. Bromaghin, J. F, Budge, S. M., Thiemann, G. W. & Rode, K. D. Simultaneous estimation of diet composition and calibration coef-
ficients with fatty acid signature data. Ecol. Evol. 7, 6103-6113. https://doi.org/10.1002/ece3.3179 (2017).

49. Burns, J. M., Costa, D. P, Frost, K. & Harvey, J. T. Development of body oxygen stores in harbor seals: effects of age, mass, and
body composition. Physiol. Biochem. Zool. 78, 1057-1068. https://doi.org/10.1086/432922 (2005).

50. Noren, D. P. & Mocklin, J. A. Review of cetacean biopsy techniques: Factors contributing to successful sample collection and
physiological and behavioral impacts. Mar. Mamm. Sci. 28, 154-199. https://doi.org/10.1111/].1748-7692.2011.00469.x (2012).

Acknowledgements

Thank you to Judy St Leger for sending the killer whale and fish samples from SeaWorld and for helpful initial
discussions about the study. Thank you to Erika Nilson, Alexandria Mena, and William Winhall for assistance
with the SeaWorld sample shipments and information. Thanks to Kaliana Tom, Jennifer Bourque, and Sara
Pedro for assistance with the fatty acid analysis. Thanks to the late Dorethe Bloch for providing samples from
the two killer whales from the Faroese Islands. Thanks to Anna Roos and Marlene Simon from the Greenland
Climate Research Station at Greenland Institute of Natural Resources for providing the Greenland minke whale
samples. This work was funded by the Canada Research Chairs Program (to M.A.M., 950-232183), the Natural
Sciences and Engineering Research Council of Canada (NSERC) Discovery Grants Program (to M.A.M., RGPIN-
2019-05330), and a Canada Foundation for Innovation Grant (to M.A.M., #37873). Additional earlier support
came from the SeaWorld & Busch Gardens Conservation Fund (to M.A.M.) and a University of Connecticut,

Scientific Reports|  (2022) 12:7938 | https://doi.org/10.1038/s41598-022-11660-4 nature portfolio


https://doi.org/10.1016/j.jembe.2019.05.005
https://doi.org/10.1086/316723
https://doi.org/10.1007/s00227-006-0489-8
https://doi.org/10.1086/589108
https://doi.org/10.1007/BF00301131
https://doi.org/10.1111/j.1748-7692.2006.00079.x
https://doi.org/10.1016/j.jembe.2009.03.015
https://doi.org/10.1093/icesjms/fsy085
https://doi.org/10.1093/icesjms/fsy085
https://doi.org/10.1016/j.dsr2.2018.05.023
https://doi.org/10.1016/j.dsr2.2018.05.023
https://doi.org/10.1002/eap.1384
https://doi.org/10.1186/2046-9063-8-3
https://doi.org/10.1007/s00300-020-02734-y
https://doi.org/10.1016/j.scitotenv.2017.05.193
https://doi.org/10.1371/journal.pone.0207287
https://doi.org/10.1371/journal.pone.0207287
https://doi.org/10.1002/ece3.6182
https://doi.org/10.1111/2041-210X.12456
https://doi.org/10.1111/j.1365-2907.1991.tb00291.x
https://doi.org/10.1111/2041-210x.12740
https://doi.org/10.1111/2041-210x.12740
https://doi.org/10.1007/s10651-014-0280-9
https://doi.org/10.1007/s10651-014-0280-9
https://doi.org/10.1139/f2012-039
https://doi.org/10.1139/cjfas-2015-0328
https://doi.org/10.1016/j.ecoinf.2015.09.011
https://doi.org/10.1016/j.ecoinf.2015.09.011
https://doi.org/10.1002/ece3.3179
https://doi.org/10.1086/432922
https://doi.org/10.1111/j.1748-7692.2011.00469.x

www.nature.com/scientificreports/

Institute of Biological Risk Summer Grants Program (to M.A.M.). Additional funds for sample collection in
Greenland came from The Danish Cooperation for Environment in the Arctic (DANCEA) Programme (to
R.D., C.S.). Thanks for the support in the form of a scholarship from the FRQNT EcotoQ Strategic Cluster and
a Graduate Excellence Award from the Department of Natural Resource Sciences at McGill University (to A.R.).

Author contributions

M.A.M, R.D,, and C.S. designed the study. A.R.-A., R.D. and C.S. provided the killer whale and fish samples
from Greenland. M.A.M. oversaw the fatty acids analysis for all samples. H.L.M. and A.P. analyzed fatty acids
for Greenland narwhal and minke whale. D.R. calculated the CCs, and A.R. performed the data analysis, with
input from M.A.M and S.J.I. A.R. wrote the original draft of the manuscript. All authors reviewed and edited
subsequent versions of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-11660-4.

Correspondence and requests for materials should be addressed to A.R. or M.A.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:7938 | https://doi.org/10.1038/s41598-022-11660-4 nature portfolio


https://doi.org/10.1038/s41598-022-11660-4
https://doi.org/10.1038/s41598-022-11660-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Validation of quantitative fatty acid signature analysis for estimating the diet composition of free-ranging killer whales
	Results
	Calibration coefficients. 
	QFASA on the managed-care killer whales. 
	Diet estimations in the free-ranging killer whales and application of the model to remote biopsies. 

	Discussion
	Methods
	Development of QFASA using managed-care whales. 
	Fatty acid sets. 
	Calibration coefficients. 
	The QFASA statistical method. 

	Diet estimations in the free-ranging killer whales and application of the model to remote biopsies. 

	References
	Acknowledgements


