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Preying on seals pushes
killer whales from Norway
above pollution effects thresholds

Clare Andvik?, Eve Jourdain?, Anders Ruus'?3, Jan L. Lyche*, Richard Karoliussen? &
Katrine Borgd*™

Killer whales (Orcinus orca) are at risk from high levels of biomagnifying pollutants, such as
polychlorinated biphenyls (PCBs) and mercury (Hg). Previous toxicological risk assessments for the
Norwegian killer whale population have assumed fish as the primary prey source, and assessed the
population as below established effect thresholds. However, some individuals have recently been
identified to also feed on seals. This study is the first to quantify levels of pollutants in seal-eating
killer whales from northern Norway, and to measure Hg levels in the skin of killer whales worldwide.
We found higher levels of all pollutants in seal-eating than fish-eating killer whales, including the
emerging brominated flame retardants pentabromoethylbenzene (PBEB), pentabromotoluene (PBT)
and hexabromobenzene (HBB). Sum polychlorinated biphenyls (£PCBs) in the blubber of seal-eaters
(n=7, geometric mean =46 pg/g l.w.) were four times higher than fish-eaters (n=24, geometric

mean =11 pg/g l.w.), which pushed all seal-eating individuals above multiple thresholds for health
effects. Total Hg levels in skin of seal-eaters (n=10, arithmetic mean =3.7 pg/g d.w.) were twice as high
as in fish-eaters (n=28, arithmetic mean =1.8 pg/g d.w.). Our results indicate that by feeding on higher
trophic prey, the Norwegian killer whale population is at higher risk of health effects from pollution
than previously assumed.

Pollutants, such as polychlorinated biphenyls (PCBs) and mercury (Hg), have the potential to cause harmful
effects in wildlife due to their persistent, bioaccumulative and toxic properties?. PCBs are a type of organohalo-
gen contaminant (OHC): anthropogenically produced pollutants that include a range of pesticides and industrial
products. Hg is a naturally occurring element, however the concentrations measured in wildlife have increased
by 3-4 orders of magnitude over the last 150 years due to anthropogenic activities®.

The killer whale (Orcinus orca) is a species particularly vulnerable to biomagnifying pollutants due to its
position as an apex predator, long life span, and thick blubber layer in which lipophilic OHCs can accumulate®.
High recorded tissue levels of PCBs and Hg led to the killer whale being named the most exposed species by the
Arctic Monitoring and Assessment Programme (AMAP)>, and over 50% of killer whale populations worldwide
have been predicted to collapse within the next 100 years due to PCB exposure®. The levels of pollutants in a
killer whale population, and thus its risk of health effects, are higher in populations feeding at high trophic
levels due to increased exposure from biomagnification in prey®’. For example, in the northeast Pacific, marine-
mammal eating killer whale populations have higher levels of PCBs than fish-eating populations from the same
geographic area®’. Variations in Hg levels according to dietary preference have not yet been recorded in killer
whales, although higher Hg levels would be expected in groups feeding on marine mammal prey, as Hg also
biomagnifies in food webs!*!%.

Killer whales frequenting the coast of Norway have long been assumed to feed primarily on Atlantic herring
(Clupea harengus)'>'*. However, field observations and stable isotope dietary descriptors have recently confirmed
that some individuals switch from fish to marine mammal prey, such as seals, on a long term and multi-seasonal
basis'*!°. Toxicological risk assessments of the Norwegian killer whale population have been based on the PCB
levels of nine, fish-eating killer whales sampled from one area of northern Norway in 2002>%!¢. Hg levels have
not been measured to date. With recent knowledge of the varied dietary preferences in the Norwegian killer
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Figure 1. XPCB levels (ug/g lipid weight) in blubber of seal-eating (n=7) and fish-eating (n=24) killer whales
from Norway. (a) Levels in dietary groups. Horizontal lines represent the median, whiskers represent the lower
(first) and upper (fourth) quartiles, dots represent individual whales, points outside the whiskers and box are
outliers. (b) Levels in each individual whale, ordered on the x-axis in decreasing levels of XPCBs within dietary
groups. The red horizontal lines (10 pg/g L w. and 100 pg/g 1.w) are, respectively, the thresholds for a risk, and
high risk, of health effects’.

whale population, along with changing environmental exposure, a quantification of the PCB and Hg levels of
both fish and seal-eating killer whales is necessary for more accurate risk assessments.

The aim of this study was to quantify and compare the PCB levels in blubber, and total Hg levels in skin, of
seal-eating and fish-eating killer whales in northern Norway. The assignment of whales to dietary groups was
based on stable isotope analysis and observational data presented in a previous study'. Our results are relevant in
conducting a more accurate risk assessment of contaminant-mediated health effects in this population, account-
ing for heterogeneity in foraging habits.

Results and discussion

PCB levels. We found higher sum of PCBs (ZPCBs) levels in seal-eating killer whales than fish-eaters
(Welch’s t-test, t=4.47, p=0.0006; Fig. 1a, Table 1). The geometric mean XPCBs for adult male seal-eaters (n=4;
46 pg/g 1.w) was almost double the levels previously recorded in adult male fish-eating killer whales from Nor-
way in 2002 (n=8; 27 pg/g L.w)'¢. These lower levels from 2002 have been used to conclude that killer whales
from Norway are at less risk from PCB-mediated health effects than other Arctic killer whale populations’. We
found higher median ZPCBs in adult male seal-eating killer whales from our study (51 pg/g 1.w), which were
comparable to levels in an adult male killer whale harvested from Greenland with seal remains in the stomach
(65 pg/g L.w), suggesting equitable risk'’.

PCBs are associated with immune suppression in marine mammals'®'?, and all the seal-eating killer whales
from our study had XPCBs in blubber exceeding the 10 ug/g l.w threshold for a risk of immune and hormone
system health effects, determined from laboratory rat studies’, in contrast to only 46% of the fish-eating whales
(Fig. 1b). Two of the seal-eating killer whales were even above the higher threshold for an elevated risk of health
effects (100 pg/g L.w.). All seal-eating killer whales in our study (compared to 54% of fish-eaters) exceeded an
additional threshold established using immune system endpoints in feeding experiments on harbour seals (Phoca
vitulina), of 9 pg/g L.w.*>?!. The higher levels of PCBs in seal-eaters thus indicate potential weaknesses in the
ability to fight diseases, which can have implications for survival and population growth*>%.

PCBs also affect reproduction and offspring mortality in wildlife?**. In a recent study, the effects of PCBs on
population growth was assessed via influences on calf survival and immune suppression by placing killer whale
populations into exposure groups based on the ZPCB levels in adult female killer whales®. The Norwegian killer
whale population was placed in the lowest exposure group, 1, based on an estimated XPCB value in adult females
of 10 pg/g l.w., extrapolated down from measured levels in adult males®'°. Populations in exposure group 1 were
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Seal-eaters Fish-eaters
OHC group Allf (n=7) Adult male (n=4) Adult female (n=2) Allf (n=24) Adult male (n=17) Adult female (n=2)
2ZPCBs*
u+SD 56.0+37.8 58.9+35.9 64.6 16.7+18.3 20.7+20.4 4.07
Geometric mean 45.7 50.7 48.4 10.9 14.2 3.66

Median (range)

48.2 (21.8-108)

53.0 (22.0-108)

64.6 (21.8-107)

9.52 (2.3-77.1)

12.0 (4.03-77.1)

4.07 (2.3-5.85)

=DDTs"
u+SD 28.3+21.1 30.9+16.7 329 153+21.4 19.3+20.4 2.49
Geometric mean 21.4 27.7 19.9 8.59 114 2.20

Median (range)

26.8 (6.67-59.2)

27.5 (14.4-54.2)

32.9 (6.67-59.2)

7.79 (1.33-100)

8.96 (3.04-100)

2.49 (1.33-3.65)

XCHLs®
u+SD 9.78+5.59 10.3+3.75 11.6 4.35+5.01 5.31+5.65 1.17
Geometric mean 8.41 9.69 9.13 2.98 3.80 0.952

Median (range)

9.46 (4.06-18.9)

10.6 (5.54-14.4)

11.7 (4.41-18.9)

2.67 (0.489-23.4)

3.06 (1.52-23.4)

1.17 (0.489-1.85)

HCB

u+SD

0.523+0.467

0.389+0.309

0.893

0.205+0.0903

0.229+0.0934

0.105

Geometric mean

0.401

0.324

0.650

0.18

0.216

0.0973

Median (range)

0.290 (0.220-0.146)

0.242 (0.220-0.852)

0.873 (0.290-1.45)

0.178 (0.0649-0.519)

0.194 (0.126-0.519)

0.105 (0.0649-0.146)

B-HCH

u£SD

0.116+0.090

0.0974£0.0692

0.179

0.0470+0.0369

0.0546+0.0935

0.0186

Geometric mean

0.0929

0.0827

0.145

0.0378

0.0456

0.0146

Median (range)

0.0739 (0.0426-0.284)

0.074 (0.0426-0.199)

0.179 (0.0739-0.284)

0.0311 (<LOD-0.193)

0.0513 (<LOD-0.193)

0.0186 (<LOD-0.030)

Mirex
u+SD 0.295+0.148 0.256+£0.179 0.400 0.0700+0.0777 0.0842+0.0879 0.0384
Geometric mean 0.224 0.166 0.398 0.0425 0.0522 0.383

Median (range)

0.347 (<LOD-0.446)

0.283 (<LOD-0.437)

0.400 (0.354-0.446)

0.0449 (<LOD-0.350)

0.0478 (<LOD-0.304)

0.0384 (<LOD-0.0417)

PBDEs!
u+SD 1.57+0.73 1.61+0.39 1.67 0.554+0.415 0.491+0.444 0.218
Geometric mean 1.41 1.58 1.22 0.447 0.553 0.180

Median (range)

1.38 (0.529-2.81)

1.51 (1.27-2.13)

1.67 (0.529-2.81)

0.466 (0.0960—1.79)

0.491 (0.258-1.79)

0.218 (0.0960-0.339)

HBB

u+SD

0.009 +0.003

0.009 + 0.004

0.010

0.003 +0.003

0.003 + 0.004

0.002

Geometric mean

0.009

0.009

0.010

0.002

0.00

0.001

Median (range)

0.009 (0.006-0.014)

0.009 (0.006-0.014)

0.010 (0.010-0.010)

(0.0006-0.014)

0.002 (0.0006-0.014)

0.002 (0.001-0.002)

4'-OH-BDE49
u+SD 0.008 + 0.006 0.007 + 0.004 0.010 0.003 +0.003 0.004 + 0.004 0.0006
Geometric mean 0.006 0.006 0.007 0.001 0.002 0.0005

Median (range)

0.006 (0.002-0.018)

0.007 (0.002-0.011)

0.010 (0.003-0.018)

0.002 (< LOD-0.014)

0.003 (< LOD-0.014)

0.0006 (< LOD-0.0009)

XOHCs®
uxSD 96.6+65.0 103+£56.2 112 37.3+44.6 46.3+50.2 8.11
Geometric mean 78.6 91.0 80.6 23.5 30.7 7.17

Median (range)

90.1 (34.1-191)

93.9 (43.6-178)

112 (34.1-191)

20.5 (4.31-202)

24.5 (9.10-202)

8.11 (4.31-11.9)

Table 1. Summary of lipid-normalised concentrations (ug/g) of organohalogen contaminants in sampled
killer whales (n=31). LOD Limit of detection. *Sum of PCB-28, -66, -74, -87, -99, -101, -105, -110, -114, -118,
-128,-137, -138, -141, -149, -151, -153, -156-, 157, 170, -180, -183, -187, -189, 194, -196, -206, -209. *Sum of
p.p’-DDT, p,p’-DDD and p,p’-DDE. <Sum of oxychlordane, trans-chlordane, cis-chlordane, trans-nonachlor
and cis-nonachlor. 4Sum of BDE-28, -47, -99, -100, -153, -154. ¢Sum of all organohalogen contaminants
detected in more than 65% of whale samples. fIncluding whales of unknown sex, subadults, and of unknown
age: summary statistics for these whales can be found in Supplementary Table S3.

modelled to double in size within the next 100 years, if model assumptions are accepted. In our study, however,
the two adult seal-eating female killer whales had XPCB values of 22 ug/g l.w. and 107 pg/g l.w., which would
place them in exposure groups 2 and 5, respectively. Populations in exposure group 2 are estimated to have mod-
est population growth, albeit at a reduced rate, whereas populations in group 5 are estimated to be at high risk of
population collapse within the next 100 years®. The geometric mean ZPCB levels of all the seal-eating killer whales
(46 pg/g L.w.), furthermore, exceeded the ZPCB threshold of 41 pg/g l.w., at which reproductive impairment with
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Figure 2. Total mercury levels in fish-eating (1 =28) and seal-eating (n = 10) killer whales from Norway. (a)
Levels in skin (ug/g d.w.). Horizontal lines represent the median, whiskers represent the lower (first) and upper
(fourth) quartiles, dots represent individual whales, points outside the whiskers and box are outliers. (b) Levels
in liver (ug/g w.w.), estimated from skin using equation In (Hgjier) = 1.6124 x In (Hgkin) + 2.0346 based on
bottlenose dolphins (Tursiops truncatus)®®, and ordered on the x-axis in decreasing levels of total mercury within
dietary groups. The red horizontal line (16 ug/g w.w.) is the threshold for a low risk of health effects in marine
mammals, and ranges to 64 pg/g w.w. Levels below the threshold of 16 ug/g w.w. are classified as no risk of
mercury-mediated health effects in marine mammals”.

occlusions in the uterus and increased glucocorticoid production in the adrenals was observed in ringed seals
(Pusa hispida)®**. Killer whales from Norway are observed with viable offspring, and have an estimated calv-
ing rate of 0.197%°. However, this is based on killer whales studied on herring overwintering grounds, which are
thus likely fish-eaters. Although we have a small sample size for adult female killer whales (just two individuals
in each dietary group, with a large range), the higher levels in seal-eating killer whales may result in increased
calf mortality. The difference in the geometric mean ZPCB levels in female seal-eaters (48 pg/g L.w.) and female
fish-eaters (3.6 pg/g l.w.) is translatable to approximately 45% and 80% of calves surviving, respectively®’. Median
YPCB levels in female seal-eaters (67 ug/g l.w.) are furthermore comparable to the median XPCB levels in female,
tuna-eating, killer whales from the Strait of Gibraltar (51 ug/g L.w.), which has one of the lowest reproductive
rates for killer whales globally*'. Lower reproductive rates in the seal-eating killer whales are relevant for the
wider ecosystem, as seal-eating killer whales occupy a differentiated ecological niche than the fish-eaters, that
could be lost with localised extinctions'.

Mercury. Seal-eating killer whales from our study had higher total Hg levels in skin than fish-eaters (arith-
metic mean seal-eaters=3.7 pg/g d.w. and fish-eaters=1.8 ug/g d.w.; Welch’s t-test, t=4.89, p=0.0008; Fig. 2a,
Table 2). The estimated hepatic total Hg levels for both seal-eaters (arithmetic mean: 13 ug/g w.w.) and fish-
eaters (arithmetic mean: 3.6 pg/g w.w.) were below the threshold for liver abnormalities in bottlenose dolphins
(Tursiops truncatus) (61 ug/g w.w.)*, and below the threshold for a low risk of health effects in marine mammals
(16 pg/g w.w.)’, based on toxic hepatitis, uremia and renal failure observed in harp seals (Pagophilus groen-
landicus)”. However, four of the seal-eaters (40%) were above the 16 pg/g w.w. threshold, compared to none of
the fish-eaters, still indicating a higher risk of health effects for the seal-eating group (Fig. 2b). This is the first
indication of mercury levels in killer whales from Norway to date. It is also the first study worldwide to measure
Hg levels in the skin of killer whales, thus allowing for repeatable and minimally invasive biomonitoring. Whilst
levels appear low, the extrapolation from liver to skin in our study has uncertainties, and the skin levels are com-
parable to at-risk populations of bottlenose dolphins from the English Channel?® and Mediterranean®. There
was a positive correlation between the total Hg levels measured in the skin and the total OHC levels measured in
the blubber of the whales (Spearman’s rank correlation, $=2,572, p=0.006, rho=0.48).
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Seal-eaters Fish-eaters
Total mercury Adult female Adult male Adult female
levels All* (n=10) Adult male (n=5) | (n=4) All* (n=28) (n=20) (n=3)
Measured in skin (pg/g d.w.)
u+SD 3.73+£1.26 3.52+1.66 3.97+0.95 1.76 £0.32 1.78+0.27 3.19+£1.49
Geometric mean 347 3.11 3.87 1.73 1.76 2.98

Median (range) 3.95(1.19-5.44) | 3.71(1.19-5.44) 4.18 (2.62-4.88) 1.79 (1.01-2.40) | 1.83 (1.29-2.25) 2.62 (2.08-4.88)

Estimated in liver (ug/g w.w.)°
p£SD 12.5+5.62 11.6+7.1 12.5+4.47 3.57+1.05 3.68+0.987 3.70+0.531
Geometric mean 10.5 8.77 11.8 341 3.54 3.68

Median (range) 14.2 (1.78-18.5) | 14.3 (1.78-18.5) 13.2 (6.48-17.1) 3.47 (1.49-5.65) |3.61 (1.57-5.65) | 3.411(3.38-4.31)

Table 2. Summary of total mercury levels in sampled killer whales (n =38). *Including whales of unknown
sex, subadults, and of unknown age: summary statistics for these whales found in Supplementary Table S4.
Estimated using equation In (Hgl,-m) =1.6124 x In (Hgskm) + 2.0346 based on bottlenose dolphins
(Tursiops truncatus)®.
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Figure 3. Principal component analysis (PCA) biplot based on organohalogen contaminant levels in blubber of
killer whales from Norway. Response loadings are represented as black arrows, and passive explanatory variables
are added as orange symbols representing the centroids of the variable (age, sex, dietary group). “S” refers to the
centroid for seal-eaters (n="7) and “F” for fish-eaters (n=24). The centroid for males (n=22), females (n = 4)
and unknown sex (n=5) are represented as 4, Qand U, respectively. “A” refers to the centroid for the adult
whales (n=25), “SA” for subadults (n=3), and “?” if the age is unknown (n=3). The percentage of the total
variation explained by PC1 and PC2 are given in brackets on each axis.

Other organohalogen contaminants. Levels of other organohalogen contaminants (OHCs), includ-
ing the pesticide dichlorodiphenyltrichloroethane (DDT) and the industrial chemicals polybrominated diphe-
nyl ethers (PBDEs) were also all higher in the seal-eating killer whales than the fish-eaters (RDA, F, ,3=10.53,
p=0.001; Fig. 3). Threshold levels for possible toxic effects in marine mammals have not been established
for these pollutants. However, many have been linked to oestrogenic, reproductive and endocrine effects in
wildlife’>*!. The Stockholm Convention on Persistent Organic Pollutants has banned many of these pollutants®,
and whilst downward trends have been observed in the environment™, levels are still high and the geometric
mean XPCB (14 pg/g Lw.), ZDDT (11 pg/g Lw.) and XPBDE (0.55 ug/g 1.w.) levels in adult male fish-eating killer
whales sampled for this study were comparable to geometric mean levels in blubber of male killer whales sam-
pled in Norway in 2002 (2PCB: 27 pg/g l.w., p,p’-DDE: 11 pg/g L.w., ¥PBDE: 0.48 pg/g 1.w.)'S. We also screened
for four emerging brominated contaminants in the tissues of both seal and fish-eating sampled killer whales.
Whilst levels of 3-dibromopropyl-2,4,6-tribromophenyl ether (DPTE) were below the limit of detection in all
whales, pentabromoethylbenzene (PBEB) was found in one whale (a seal-eater), pentabromotoluene (PBT) was
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found in 58% of the sampled whales (86% of the seal-eaters and 50% of the fish-eaters) and hexabromobenzene
(HBB) was found in all individuals. HBB, included in the PCA, was correlated to the other organohalogen con-
taminants (Fig. 3). The presence of these emerging contaminants in top predators is a concern, as production is
unregulated and the effects on marine mammals unknown.

2PCBs and ZDDTs dominated the total OHC load for both killer whale dietary clusters, together contribut-
ing 87% and 86% of the total OHC burden for seal-eaters and fish-eaters, respectively (Table 1). PCB congeners
—99, — 138, — 153 and — 180 accounted for 67% (for seal-eaters) and 58% (for fish-eaters) of the total XPCB load,
with PCB-153 contributing the most. The XDDTs were dominated by p,p’-DDE, contributing 90% of the total
XDDTs for the seal-eaters and 92% for fish-eaters. The least contributing were the BFRs (1.5% for seal-eaters and
1.3% for fish-eaters of total OHC load) and OH-metabolites (0.01% for seal-eaters and 0.007% for fish-eaters
of total OHC load).

Influence of sex/age class on pollutant levels. Previous studies have shown age-dependent increases
for both OHC and total Hg in killer whales due to age accumulation®***, and lower OHC levels in reproductive
females due to maternal offload'”**. These factors were not possible to be tested in the present study due to a
small sample size for adult female individuals in each dietary group (Tables 1, 2), the undetermined sex of five
whales, and no possibility to obtain the precise age of the whales. The influence of these factors on the pollut-
ant levels will be a focus for further research as our knowledge of the sampled whales, and their population,
increases.

Implications for dietary ecology. The higher OHC and total Hg levels in seal-eaters indicate a long-term
preference for higher trophic prey, in accordance with field observations and stable isotope analysis'* °. The
PCB patterns further support long-term preferences for marine mammals, with the seal-eating killer whales
having a higher proportion of hexaCBs, heptaCBs, and higher CBs than the fish-eating killer whales (Welch’s
t-test, t,3=>5.38, p=0.001; Supplementary Fig. S1). Higher-chlorinated PCBs are often found in marine mammals
relative to fish®**°, and higher proportions of hexaCBs and heptaCBs have been found in marine mammal-eating
killer whales compared to fish-eating whales in the Northeast Pacific®’, and in seal-eating whales in Greenland
compared to fish-eating whales in the Faroe Islands’.

There is a 20-fold difference in median XPCB levels between two killer whale populations inhabiting the
same area of the northeast Pacific, one of which solely eats marine mammals and the other fish®*!. This is a
larger difference than the five-fold difference between median ZPCB levels in fish and seal-eating killer whales
in our study, and thus may indicate support for previous studies proposing a mixed diet for the seal-eating
whales, in which fish prey is an equal or secondary food source to seal prey'*. It is theorised that some killer
whales in Norway diversified to eating seals as a response to the collapse of the herring fisheries in the 1970s">.
Future changes in prey availability could mean that more killer whales switch to eating seal and/or incorporate
a higher proportion of seals in the diet, with subsequent health and population effects. Our results illustrate that
differentiations in dietary preferences need to be accounted for in effective risk assessment, management and
conservation of the environment.

Methods

Sampling. Killer whale biopsy samples of skin and blubber from 38 individuals were collected year-round
from August 2017 to July 2018 in northern Norway. All whales were sampled according to relevant guidelines
and regulations, and conducted under the permit FOTS-ID 10176 issued by Mattilsynet (the Norwegian Food
Safety Authority, report nr. 2016/179856). Details of seasonal sampling locations, stable isotope dietary descrip-
tors and classification of sampled individuals are described in a previous study'®. In the current study, total Hg
was analysed in skin from all individuals (n=38), whereas organohalogen contaminants (OHC) was analysed in
blubber of 31 individuals due to insufficient blubber for the remaining 7 individuals.

OHC analysis. OHC analysis was conducted at the Laboratory of Environmental Toxicology at the Nor-
wegian University of Life Sciences, Oslo, Norway. We analysed a total of 83 OHCs: 49 organochlorines (OCs),
including 34 PCBs and 15 organochlorine pesticides (OCPs), 18 brominated flame retardants (BFRs), including
newer and unregulated compounds, and 16 hydroxylated metabolites (OH-metabolites) of PCBs and polybro-
minated diphenylethers (PBDEs). A full list of analysed compounds can be found in Supplementary Table S1.
We analysed OCs and BFRs using a multicomponent method, first described in 1978*, and since modified for
a range of compounds and biological matrices**~*. The analysis of the OH-metabolites was conducted according
to previously published methods*”*®. An outline of the method is described in the Supplementary Information.
Reported concentrations were blank corrected based on the average concentration detected within blank samples.
The limit of detection (LOD) was defined as three times the average noise in chromatograms, and ranged from
0.40 to 11.10 ng/g w.w. for OCs, 0.012 to 0.362 ng/g w.w. for BFRs and 0.013 to 0.040 ng/g w.w. for OH-metab-
olites (see Supplementary Table S2). Internal reference materials for OCs and BFRs (contaminated seal blubber,
MTref01) and OH-metabolites (contaminated seal blood, MTref03) were also extracted in conjunction with
sample material to assess method performance. Internal standard recoveries are listed in Supplementary Table S2.

Hg analysis. We analysed total Hg by atomic absorption spectrometry at the University of Oslo, using a
Direct Mercury Analyser (DMA-80, Milestone Srl, Soirsole, Italy). Killer whale skin samples were freeze dried
in a Leybold-Heraeus GT2 freeze dryer with a Leybold Vakuum GmbH vacuum pump (Leybold, Cologne, Ger-
many) and then homogenised to a fine powder using an agate pestle and mortar. Approximately 0.002 g of killer
whale skin were analysed in parallel with sample blanks and certified reference material (DORM-4, fish protein;
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DOLT-5, dogfish liver, National Research Council, Ottawa, Canada). If enough material, samples were analysed
in duplicates to ensure precision of measurements and the arithmetic mean value used. Average recoveries of
the certified reference materials were within 10% of the reported values. The detection limit of the instrument
was 0.05 ng mercury.

Data treatment. We included OHC compounds found in levels above the instrument’s LOD in a minimum
of 65% of the individual whale samples for statistical analysis (see Supplementary Table S1, Supporting Informa-
tion for pollutants excluded). For individual concentrations below the LOD, we imputed left-censored data by
replacing missing values with a random number between 0 and the LOD assuming a beta distribution (a =5,
B =1) to retain the pattern of the dataset. In total, 95 values below the LOD were replaced, representing 6.52% of
the OHC dataset. All total Hg samples were above the LOD.

We defined the ZPCBs as the sum of all 28 PCB congeners detected in more than 65% of the whale samples
(PCB-28, -66, -74, -87, -99, -101, 105, -110, -114, -118, -128, -137, -138, -141, -149, -151, -153, -156-, 157, 170,
-180, -183, -187, -189, 194, -196, -206, -209). The definition for XPCBs varies within killer whale literature, with
some studies analysing only a few core PCB congeners®, some all 209 of the possible congeners®, and others not
providing a definition (e.g. for thresholds for possible health effects”). There will therefore inevitably be some
errors in comparisons. However, since the ZPCBs in killer whales is dominated by a few commonly reported
congeners, typically PCB-153 and -138'%, it is unlikely that the inclusion of other minor constituents will have
a major influence on the total load. PCBs were further grouped according to the number of chlorine substitutions
per molecule, i.e. homologue group to compare the pattern of PCBs. ZDDTs was defined as the sum of p,p’-DDT,
p-p’-DDD and p,p’-DDE, the ZPBDE:s as the sum of BDE-28, -47, -99, -100, -153 and -154 and the sum of chlor-
danes (XCHLs) as the sum of oxychlordane, trans-chlordane, cis-chlordane, trans-nonachlor and cis-nonachlor.

Statistical analyses. Statistical analyses were performed using R v. 3.4.1%°. The significance level was to set
to a=0.05, except in cases where the value was adjusted due to multiple testing, and was two-tailed. In addition
to visual inspection, normality was tested using the Shapiro-Wilk’s test™ and homogeneity of variance by Lev-
ene’s test®! using the R package car*>.

Whale dietary groups. The dietary groups used in this study are based on a previous study, which used
stable isotope values inputted into a Gaussian mixture model to assign sampled individuals to two fish-eat-
ing groups: Herring-eaters and Lumpfish-eaters and one mammal-eating group Seal-eaters'. The three dietary
groups were characterised by disparate, non-overlapping isotopic niches that were consistent with predatory
field observations. The seal-eating group was defined by higher §'°N values than the two fish-eating groups.

We found that the herring and lumpfish-eating killer whales did not differ in either their OHC levels (Tukey’s
HSD: p=0.49) or total Hg levels (pairwise Welch’s t-test: p=0.67). In this study, we thus combined the dietary
groups Herring-eaters and Lumpfish-eaters into the group Fish-eaters, to enable easier comparison to the seal-
eating killer whales.

We then used Welch’s t-test to compare the XPCB levels in the seal-eating and fish-eating dietary groups
(using a log10 transformation), and to compare the total Hg levels in the skin between the two dietary groups.

OHC dataset. We used multivariate analysis to compare and visualise the differences in all the OHCs between
the dietary groups, age and sex classes using the vegan package in R*. Principle Component Analysis (PCA) was
used to visualise the main structure of the data: reducing the dimensions to two new, uncorrelated, latent vari-
ables termed principle components 1 and 2 (PC1 and PC2). We log-10 transformed contaminant levels to ensure
normality and homogeneity of variance, and the presence of any influential outliers were checked by the Cook’s
distance test. Redundancy Analysis (RDA) was used to extract and summarise the variation in the OHC levels
constrained, and thereby explained, by a set of explanatory variables*. Significant associations between response
variables and the explanatory variables were identified by an RDA based forward model selection, followed by a
Monte Carlo forward permutation test (1,000 unrestricted permutations). The samples’ scores along PC1 were
subject to one-way Analysis of Variance (ANOVA) followed by Tukey’s honestly significant difference post hoc
test (Tukey’s HSD) to analyse differences between the three dietary groups. PC1 scores were also used to evaluate
correlation to total Hg levels in the skin using a Spearman’s rank correlation test. Absolute concentrations were
subject to PCA with lipid % as a covariate, after checking its significance using RDA, as lipid normalising data in
inferential statistics can often lead to misleading conclusions™.

We lipid-normalised OHC values when comparing levels to threshold values for toxicity or other killer
whale populations, and used the geometric mean as the average for each dietary group to reflect the log normal
distribution of the data. In accordance with convention, efforts were made to only compare adult males with
other worldwide populations, as reproductive female whales are known to transfer a substantial portion of
their OHC burden to their calves***¢33. In any case of comparison, similar metrics were compared (i.e. arith-
metic mean, geometric mean, median) and all variables kept similar (i.e. sex, age, biopsy/stranded animals).
We make the assumption in this study that the killer whales sampled in 2002 in Norway were fish-eaters for the
following reasons: firstly, the whales were sampled on herring overwintering grounds, feeding on herring, and
photographs were taken of five of the eight adults sampled and were identified as herring-eaters from previous
field observations'®. Secondly, the PCB pattern in the sampled whales showed 76% of ZPCBs higher chlorinated
congeners (hexaCBs or higher), which is more similar to the fish-eaters from our study (80% higher chlorinated
congeners) than the seal-eaters (87% higher chlorinated congeners). Thirdly, the upper 95% confidence range
of all pollutants reported in the 2002 killer whales falls below both the geometric and arithmetic mean values
for seal-eaters from this study.
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Total Hg dataset. 'The normal distribution of the data within each dietary group meant we used the arithmetic
mean as an average. The three dietary groups (Herring-eaters, Lumpfish-eaters and Seal-eaters) were compared
using a pairwise Welch’s t-test with a Benjamini-Hochberg False Discovery Rate correction to adjust for multiple
testing. Because we found no difference between the Herring-eaters and Lumpfish-eaters (p=0.67), we combined
these two groups to a group called “Fish-eaters” for easier comparison with the seal-eaters. The total Hg levels in
the skin of the two groups, Fish-eaters and Seal-eaters were compared using Welch’s t-test.

There is a strong positive correlation between Hg levels in the skin and liver in toothed whales, and this can
be used to compare Hg levels measured in skin with hepatic toxicity threshold values®*-*%. To extrapolate to liver
from skin in our samples, we chose an equation based on a model using concentrations in the liver (Hgj;,., ug/g
w.w) and skin (Hgg, 1g/g w.w) of bottlenose dolphins (Tursiops truncatus) (Eq. 1)*%. We converted dry weight
to wet weight using the water content for each individual whale measured during freeze drying.

In (Hgjiver) = 1.6124 x In (Hggkin) + 2.0346 (1)

When comparing Hg concentrations to other worldwide populations, both male and female whales were
included. This was due to a lack of information of sex in one of the populations for comparisons and because
killer whales are unlikely to pass on Hg burdens to calves™™.

Data availability

All data is available in the main text or the Supplementary information.
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