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Abstract: Little is known of the movement or presence of unregulated, emerging contaminants in top predators. The aim of
the present study was to conduct the first screening of legacy and emerging contaminants in multiple tissues of killer whales
(Orcinus orca) from Norway and investigate tissue partitioning and maternal transfer. Blubber was collected from 8 killer
whales in 2015 to 2017, in addition to muscle from 5 of the individuals, and kidney, liver, heart, and spleen from a neonate.
We screened for 4 unregulated brominated flame retardants and found pentabromotoluene (PBT) and hexabromobenzene
(HBB) at low levels in the blubber of all individuals (median PBT 0.091 ng/g lipid wt, median HBB 1.4 ng/g lipid wt). Levels of
PBT and HBB (wet wt) were twice as high in the blubber than the muscle for each individual, confirming preferential
accumulation in lipid-rich tissues. Perfluoroalkyl substances and total mercury levels were lower in the neonate than adults,
suggesting less efficient maternal transfer of these substances. Polychlorinated biphenyl levels in blubber exceeded the
threshold for onset of physiological effects (9 ug/g lipid wt) in 7 of the 8 whales, including the neonate. The presence of PBT
and HBB in the neonate is the first evidence of maternal transfer of these unregulated contaminants in marine mammals. Our
results are relevant for the continued environmental monitoring of contaminants in the Arctic. Environ Toxicol Chem
2021;40:1848-1858. © 2021 The Authors. Environmental Toxicology and Chemistry published by Wiley Periodicals LLC on
behalf of SETAC.
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In response to regional and global bans of legacy POPs
like polychlorinated biphenyls (PCBs), pesticides like
dichlorodiphenyltrichloroethane (DDT), and flame retardants
like polybrominated diphenyl ethers (PBDEs), other chemicals
have been produced to serve as replacements. These re-
placement chemicals, which are not yet regulated or included
in routine monitoring programs, are termed “contaminants of
emerging concern” or “emerging contaminants” (Lapworth
et al. 2012). They can include either newly introduced com-
pounds and their metabolites or compounds with previously
unrecognized adverse effects on wildlife. Examples include
new types of brominated flame retardants (BFRs), such as
pentabromotoluene (PBT) and hexabromobenzene (HBB), and
perfluoroalkyl substances (PFAS), which have been widely used
as surface-active agents in cosmetic products, ski wax, textiles/

INTRODUCTION

The Stockholm Convention on Persistent Organic Pollutants
and the Minamata Convention on Mercury were global re-
sponses to reduce anthropogenic pollution that can harm
humans and wildlife (United Nations Environment Programme
2009, 2017). Persistent organic pollutants (POPs) are a group of
halogenated organic compounds that are chemically stable,
degrade slowly, can biomagnify in food chains, and cause
harmful effects (Letcher et al. 2010). The compounds regulated
by the Stockholm Convention are commonly known as legacy
POPs because their present-day contamination is a “legacy” of
previous releases (Rigét et al. 2010).
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leather/paper impregnation, and foam-based fire extinguishing
agents (Swedish Chemical Agency 2015). Little is known about
the maternal transfer or tissue partitioning of these emerging
contaminants, although there is evidence that the new BFRs
have similar lipophilic properties to other POPs and that PFAS
tend to bind to proteins and are maternally transferred through
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the placenta (Jones et al. 2003; Arp et al. 2011; Grgnnestad
et al. 2017). The presence of these emerging contaminants in
top predators in environments without clear local sources, such
as the Arctic, is evidence that the chemicals can travel long
distances and have persistent and biomagnifying properties
(Arctic  Monitoring and Assessment Programme 2016).
Screening is thus important to establish the environmental risk
of these contaminants for policy guidance.

Top predators such as the killer whale (Orcinus orca) are
considered sentinel species for marine ecosystem health
(Bossart 2011), and many killer whale populations have been
evaluated as being at risk from the harmful effects of legacy
POPs, such as PCBs (Jepson et al. 2016; Desforges et al. 2018).
Levels of legacy POPs, emerging BFRs, and mercury (Hg) in
biopsy samples from free-ranging killer whales in northern
Norway revealed that because of a part of the population
eating higher—trophic level prey such as seals, in addition to
fish, the population as a whole was at higher risk from health
effects than expected from previous risk assessments (Andvik
etal. 2020). There are presently only 2 reports on PFAS levels in
killer whales worldwide, from Greenland (Gebbink et al. 2016)
and the north Pacific Ocean (Fujii et al. 2018). There are, fur-
thermore, very few data on the tissue partitioning and maternal
transfer of emerging contaminants in killer whales, because of
difficulty in obtaining suitable tissues.

Opportunistic sampling from stranded whales is the only
way to obtain a range of tissue types from nonharvestable
species or those that are not routinely caught as by-catch in
fisheries. However, interpretation and comparison of stranded
animals are challenging if the cause of death is unknown. Pol-
lutant levels are often higher in stranded animals than free-
ranging animals from the same population because stranded
animals are often ill or emaciated when stranded (Noren and
Mocklin 2012). For example, a study of 597 harbor porpoises
(Phocoena phocoena) in the United Kingdom found that those
that had died from starvation or infectious disease had be-
tween 1.5 and 3 times higher mean 3PCB levels than animals
that had died accidentally from physical trauma (Jepson et al.
2016). Because PCBs are associated with immune suppression
(Desforges et al. 2016), an individual with higher PCBs is more
likely to die from infectious diseases, and thus to be found
stranded. Similarly, because PCBs are lipophilic, they become
more concentrated in the blubber, until being remobilized into
the bloodstream, when a marine mammal starves and utilizes
the blubber as energy (Debier et al. 2006). The decomposition
process of the carcass can also lead to altered contaminant
patterns and ratios and the loss of some organochlorine com-
pounds from degradation (Borrell and Aguilar 1990). However,
a study of 238 harbor porpoises in the United Kingdom found
no effect of the state of carcass decomposition on PCB levels
(Jepson et al. 2005). This suggests that, in conjunction with
other explanatory variables such as sex and age, cause of death
is of greater importance than decomposition state in explaining
contaminant levels.

The aims of the present study were 1) to conduct the first
thorough screening of legacy and emerging contaminants in
stranded killer whales from Norway, taking into account

decomposition status and cause of death; 2) to investigate the
maternal transfer of contaminants; and 3) to investigate the
tissue partitioning of legacy and emerging contaminants by
analyzing different tissue compartments. The results are rele-
vant for an understanding of the prevalence and persistence of
these contaminants in the Arctic.

MATERIALS AND METHODS
Sampling

Tissue samples were collected from 7 individual killer whales
washed ashore and 1 individual by-caught in a purse-seine in
the period 2015 to 2017 in northern Norway (Figure 1).
Biometric information and tissue types collected from each
individual were dependent on available resources and ex-
pertise and are therefore not complete (Table 1). The sex and
age class of each specimen were determined based on mor-
phological differences, per Ford et al. (2000). The decom-
position state of each individual was coded from 1 to 4 based
on established protocols (Kuiken and Garcia Hartmann 1991).
Code 1 represents live animals (which become code 2 at
death), code 2 represents recently deceased animals that are
extremely fresh (no bloating), code 3 represents deceased
animals with moderate decomposition (bloating, skin peeling,
but organs still intact), and code 4 represents deceased animals
with advanced decomposition (major bloating, organs beyond
recognition).

Causes of death could be determined for only 2 individuals:
a neonate (ID 006) and an adult male (ID 008). Bruising was
found on the body of the neonate, and it was reported as
having stranded alive. The cause of death was determined to
be blunt trauma as a result of the individual becoming stranded
on rocks in a shallow area where its group was feeding
(E. Jourdain, unpublished data). This was the only animal for
which it was possible to complete a full necropsy and sampling
of multiple organs. Milk was found in the stomach, and all teeth
were still inside the gum, supporting the conclusion that ID 006
was a neonate with a sole diet of milk. The age was estimated
at 10 d. An adult male (ID 008) died from drowning after be-
coming entangled in a herring purse seine.

The final notable finding during sample collection was seal
hair in the throat of the adult male ID 004.

Laboratory analyses

Organic contaminant analysis was conducted at the Labo-
ratory of Environmental Toxicology at the Norwegian University
of Life Sciences (Oslo, Norway), and Hg and stable isotopes
were determined at the University of Oslo (Oslo, Norway).
We analyzed a total of 81 organohalogen contaminants:
49 organochlorines, including 34 PCBs and 15 organochlorine
pesticides, 18 BFRs, including newer and unregulated com-
pounds, and 14 PFAS, in addition to total Hg. A full list of
analyzed compounds can be found in Supplemental Data,
Table S1. The organochlorines and BFRs were analyzed using
the multicomponent method and total Hg, by absorption
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FIGURE 1: Locations of the 8 stranded or by-caught killer whales (Orcinus orca) sampled 2015 to 2017 in northern Norway and included in the

present study.

spectrometry, with methods published in Andvik et al. (2020)
and further described in the Supplemental Data, Methods
section.

The PFAS were extracted by precipitation of proteins using
methanol, cleaned up using graphitized nonporous carbon
(ENVI-Carb™), and detected by liquid chromatography cou-
pled with tandem mass spectrometry, as described for marine
mammals in Grgnnestad et al. (2017).

Stable isotope analysis of bulk nitrogen (8'°N) and carbon
(8"3C) was conducted on skin and muscle samples, to be used
as a dietary marker. Higher 8'°N values indicate a higher rela-
tive trophic position (DeNiro and Epstein 1981; Hobson and
Clark 1992) and higher 8'3C values, a coastal/benthic as op-
posed to pelagic/offshore feeding area (Hobson et al. 1994;
Cherel and Hobson 2007). The full method and quality assur-
ances of the laboratory are described in Jourdain et al. (2020)
and briefly described in the Supplemental Data, Methods
section.

Data treatment

Data treatment and statistical analyses were performed
using R, Ver 3.4.1 (R Development Core Team 2019). The
organochlorines and BFRs detected in a minimum of 80% of
the individual whale samples were included for statistical
analysis, which excluded PCB-56; trans-chlordane; BDEs 183,
196, 202, 206, 207, 208, and 209; pentabromoethylbenzene

(PBEB); and 3-dibromopropyl-2,4,6-trioromophenyl  ether
(DPTE). Values below the instrument's limit of detection (LOD)
were treated using multiple imputation and replaced with a
random number between 0 and the LOD, assuming a beta
distribution (@ =5, B=1) to retain the pattern of the data set
(Helsel 2010). In total, 7 values below the LOD were replaced,
representing 0.7% of the organochlorine + BFR data set. All
total Hg samples were above the LOD. The PFAS results were
reported without any data treatment because there were only 3
samples available for analysis, thus precluding statistical
analysis.

Paired 2-sample t tests were used to assess differences in
contaminant patterns between different compartments.
Because of the low sample size, the effects of sex, age, and
decomposition state were not tested statistically in the present
study.

RESULTS AND DISCUSSION
Emerging contaminants

BFRs. We screened for 4 emerging BFRs in all available in-
dividuals and tissue types in the present study. Both PBEB and
DPTE were below the LOD in all samples. Both HBB and PBT
were found in the blubber of all individuals, with the HBB levels
(median 1.4 ng/g lipid wt) over an order of magnitude higher
than the PBT levels (median 0.091 ng/g lipid wt). In addition,
HBB was found in all tissue types analyzed and PBT, in the

© 2021 The Authors

wileyonlinelibrary.com/ETC



Legacy and emerging contaminants in killer whales—Environmental Toxicology and Chemistry, 2021;40:1848-1858 1851

muscle of a male and female adult whale (ID 008 and ID 002;
=S 2 Table 2).
- B <
5 § g‘g ‘;:Lé i Mainly used in Asia as an additive to paper, plastic, and
£ £ 3 4}6 5 ¢ electronic goods, HBB is manufactured and/or imported into
+ o + . . . .
& s £ g)-_g Europe in confidential amounts (European Chemicals Agency
& ° 5%- £33 2020). Currently, PBT is used as a flame retardant in textiles
€ S 582 E2¢ y
o o 33 @93 and paint emulsions. Both substances have previously been
K2 £ 23 <3 p P y
@ 5 % 8x £¢ ° reported in marine mammals (see Mckinney et al. 2010; Montie
2 < = = 2 . . .
o — ©oga€& £ = et al. 2010; Andvik et al. 2020). Median HBB blubber levels in
z § &ov I =
w 20¢c @ N the 8 killer whales of the present study (1.4 ng/g lipid wt) were
g O ® ? S p y a/g hp
=2 ) P generally higher than in the blubber of other marine mammals
K] studied in other northern oceans (Figure 2). To our knowledge,
£ec £ : the highest level of HBB documented in a marine mammal,
Y VY VA —
o oo 9 @ 2 43.4ng/g lipid weight, was in a female franciscana dolphin
L)L s oaSE o) g . . . )
DI ZC T OB D »H o © (Pontoporia blainvillei) from an industrialized and urban area of
n 0 0 0 £ p
222 = ° Brazil (Alonso et al. 2012). This is nearly 30 times higher than
ccc c 4 the median HBB blubber levels for the killer whales from the
~ ¥E¥ S % z resent study and 4 times higher than our highest blubber level
~ | o e ¥ c” - P y g 9
IS E g - SSE s =z 2 of 10 ng/g lipid weight in the adult male sampled with seal hair
Lf_" é é é 3 é § in the throat (ID 004; Tables 1 and 2). Killer whales feeding on
& g marine mammals are known to have higher pollutant burdens
> 2«3 5 3 g ik et al. 202
gl L|<s3Lgg @ <9 3 (Andvik et al. 2020).
g | & 222235 z2 o The toxicity of emerging BFRs has been little studied;
o = = 2 Yy ging
z 2 however, associations have been found in cetaceans between
5 55 " d th f thyroid- and d-related
Qo 20 HBB and the transcription of thyroid- and/or steroid-relate
< Lo00 20 o < . ;
5 &n 223 5@ 2 . genes (Simond et al. 2019). Levels of emerging BFRs in the
c L35 5 S w - .
< % SEEES £ &E 5 present study are, however, several orders of magnitude lower
o &3 éég\'_g Ee 3 g g than those of the legacy PBDEs, contributing just 0.4% of the
ol & o005 o ® total 3BFR levels in the blubber and only 0.01% of the total
210 23232 Q0 3 5 y
3 mm@ g5 «@ n sorganochlorine + $BFR levels in the blubber (Figure 3).
= om ¥ o
O T
é e v PFAS. Nine out of 14 PFAS compounds were found above the
2 2 = § LOD in the 2 muscle samples (ID 002 and 008) and 1 liver sample
S 5 ‘2‘ ‘2 gg (ID 006) available for analysis in the present study (Table 1) and
g glymosa 2 ™ 2 E_a are presented in Figure 4 and Supplemental Data, Table S2.
© g - - é % Perfluorooctanoic acid was under the LOD in all samples. It was
2 § % s banned in Norway in 2013 and restricted worldwide through the
—_ 3 . . e
% o o Stockholm Convention in 2019. In addition, the PFAS com-
o | E c 5§ ounds perfluorobutanoic acid, perfluorohexanoic acid (PFHxA),
2 g g S p p P
= | =z OO0 O N0 o5 ) erfluoroheptanoic acid, and perfluorobutanesulfonic acid
e | slmomo o< o c o P P P
2| oeyreeo £ o (PFBS) were below the limit of detection in all samples. Both
) @ . L .
2| 3 ; = PFHxA and PFBS are on the Norwegian priority list for chemicals
8| a| = o) S g that should soon be phased out but are not yet regulated in
S == 3EE3w E=r 2% £
< 0| 3383338 ¢ S S £ = urope.
c < 0T o] T T 5 ©
| HI<EL<L5 2 << € E Consistent with other studies of PFAS in cetaceans (Fuijii
5 < n nZ © O )
c = et al. 2018), perfluorooctane sulfonic acid (PFOS) was the
5 c 53 P
2| x| 3 2o 0w 20 g dominant congener in the muscle of the adult female (ID 002;
§ & —E qE, % SS3 % S o 3 36% of sPFAS). The dominant PFAS congener in the liver of the
[N [V © =
3 > »g,ﬁ neonate (ID 006) and muscle of the by-caught adult male (ID
° o ~ TE & 008), however, was perfluorooctane sulfonamide (PFOSA; 42%
© So o . ) .

8 2 g g 0o 2 g N £ ﬁ and 57% of sPFAS, respectively; Figure 4). Although PFOSAis a
% % 2 N & _g) > ‘:‘) 3 g 2 precursor of PFOS, cetaceans lack the enzyme to metabolize
= P £ .

5 g S g—g% £2 5 E o2 PFOSA to PFOS; and thus, levels are representative of ex-
o s < S -uo g f o 2 g0 posure to each compound (Galatius et al. 2013; Gebbink et al.

.. 3 0 <

o w N N g 2 2016). The differences between these individuals can thus be
@ J ~ o g& representative of individual exposure through diet and/or
| Algooocoo [ofe) g . . .

Fl 2lcccsas 55 20 geographic range or proximity to primary sources. In 2009,

wileyonlinelibrary.com/ETC © 2021 The Authors



Environmental Toxicology and Chemistry, 2021;40:1848-1858—C. Andvik et al.

1852

"UOID818P JO JWI| SY) JSPUN S|9AS| = "P U ‘Juepielal SWej} Paleulwold = Y4g ‘sulojyooueBio = DO ‘suszusgowoigexay = ggH ‘susnjojowolgeluad = | g4 ‘suedspopojrhoowoigexay
= gadDgH ‘steyie |Ausydip pajeuiwoighiod = sgggd ‘seuexayophooiojyoexey = SHDH ‘euszusgotojyoexay = gdH ‘sojukdiojyo = HD ‘eueyreciojyouykusydipoiojyip = 1dq ‘sjkusydiq pereuuojyohiod = sgDd
'SPOLIa PUE S[elLd]ey Ul paulep sWNs Jueulweluo)) ‘welb sad sweiBoueu se siay1o pue welb Jad swelBoidiw se papiodal aie SJUBUILIEILOD SWOS,

66 (S1 690 (€0 (o000 (92 (00SZ OLL  (0oLL (se oLL 69 099 (€8 (lz (080 (72 (€s (0oL Ly
(0sL-12) -8€0)  -1'2 -9g00) —pPu —pu (09  —£80) -0l2) -§9) 6 -9°1) -92) 0800 092 69 97 -7S00 ¥9 -0 -l 610 (€l (ebuey)
S L€ S'S 0£°0 820  0£00 —0S)S8  SY 098 1S 092 4} 0S 34 00t L €9 0] €l L €€ L'z Le apPsni uelpay
(o1 (¢ (o~ (Lzo8 (961 (9L (©ozL (098  (0ozL  (Ozv (08L 029 (029 (lz e (28 (65 (0oL
(0sL-€l) (0LL-0L) -95°0) -8E€0) 9€000) -200) —PW  —Pu  -0/l) -0El) 02 ) -vp)  (68-62) -0S2) -0/ 8L vl —6€) 62  -§9  (rS)  (€6-5¢) (ebuey)
9z 6l vl zl 1600 0900 €L SS 0s€e o€z 0SlL ol 59 34 09¢ oLz €€ 34 0L 0's Sl i €L leqanjg  ueipaiy
orlL 66 8's ) vZ0  LL00 €9 SY ooLL 08 00L 0L 44 o€ 0Lz 6l L 050 SL €S LS 0¥ L 3PSy
091 oLl (o4 vl 120 0z0 0ol SL oozl 098 0oL vL 18 85 00€ o0zz 08 8's z8 65 59 Ly zL Jaqqnig 800
L€ € [ €C 1900  9¥00  Pu Py 062 o0z oLe 0€g 99 134 0sZ 061 6€ 6 L8 59 8L €l SL Jeqanig £00
L1 zz0 97 z900  pu U 9 6v°0 oLy 79 59 880 9L o'l oLe [ €C 1£0°0 8Y §90°0 S8 z10 vl uas|dg
sz z9 0z 8v°0 pu pru ozl 8z 0§ orlL S 9'8 v 8l ozy 0oL [oR7 160 68 44 L 8¢ sz ueay
vl 6€0 8l 600  Pu pu o L oLy L 95 Sl 29 L1 oLe L8 6l 2500 [z Lo €L 020 8¢ Kaupry
zL [440) Tl Zr00 P U 9y L1°0 00€ L S 0¢ o/l z9 ozy 9L vl 0500 €€ zL0 6'S 220 L€ 1o
zz 80 L'z 900 pu pru 0s 180 0.9 zL 6 9L 0S 180 oot 69 o€ 2500 v'9 1o L 610 Ll apsniy
8l L 790 8€0 S00  0£00 Ly 8z oLy ore 0z 4} 9 8¢ (0747 05¢ 9T 9l 'S 43 06 €S 65 1eqgn|g 900
€l oL €l 960 900 8200 LL 65 o/l o€l 0S 6 14 Le 0€s oLy gL vl 6€ 0€ 59 0's 1L J1aqqnig 500
08l Le Sl €0 pu ‘pru 09 €L 00SZ 1S 00.L se oLl €2 095 L 1z 440 S L'l 0oL 1z 0¢ apsniy
08l 9 oL S 0Z0  S/00 002 89 00/L (A 00zl oz 08l €9 065 002 4 v'L 65 (04 0oL se s€ Jaqanig %00
vz vL0 €Y €10 Pu pru S8 9z oLz 0L 06 4! 9z 80 092 78 9T 180°0 99 0z0 vl 440 1'e apsniy
0z Sl 090 Zr0 1900  9%0°0 89 1S oLl ol oge ore 44 33 08z oLz 7z L 9 v'e zL €6 SL 1aqqn|g €00
S 69 S'§ 690 €0  0r00 002 9z 098 oLl 092 33 SS 69 099 €8 €9 080 €l Ll €€ Ly €l 2SN
1S Iy 9L Sl 0£0 120 oLl 09l oL9 048 061 o8l S6 68 0.9 0z9 €9 6'S €l zL 0 8z €6 Jaqqnig 200
8l L €l 610 ZL10  SL00 59 or 092 o9l €9 8¢ 134 6z 082 0LL 4 I Ly 6C 86 6'S 19 1aqqnig 100
M M m M M mm mm m m M m m m m M m m m m m m m % _U_Q: anssi] qal
pidn M pidn M pdn 1M pidn BM pidn M pidn BM pidn e pdn 1BM pidn 1BM pidn 1M pidn BM
(B/61) sy48 + DO (6/6u) ggH (6/6u) 184 (6/6u) gadgH (6/6u) s3Q8gd2 (B/6u) xauN (6/6u) SHOHZ (6/6u) goH (6/61) s1HDZ (6/6M) 1aqz (6/61) sgDdz
sjueplelal awej} pajeulwolg saulio|yoouebiQ
sjueulweluod Buibiswg sjueulweluod Aoeba
e/102-S10¢

‘AemiopN uisyuou Ul 1yBned-Ag 4o papuells (210 SNUIDIO) SSjeym J3||13 g JO SUeBIO JUaJaYIP Ul SJUBUIWEIUOD PalRUIWOI] Pue aullo|ydouebio Jo s|jaas| 1yBlam pidi| pue yBiem 19pA 2 379V.L

wileyonlinelibrary.com/ETC

© 2021 The Authors



Legacy and emerging contaminants in killer whales—Environmental Toxicology and Chemistry, 2021;40:1848-1858

1853

10.0-

8.0-

> o
=} S)

Median HBB in blubber (ng/g lipid wt)
N
=}

b |

Beluga whales
2015-2017

Minke whales
2015-2017
St Lawrence Estuary

RN E— ——
Polar bears Right whales Killer whales
2003 1997-2006 2015-2017
NW Atlantic Norway (present study)

St Lawrence Estuary Hudson Bay

FIGURE 2: Hexabromobenzene levels in blubber in the 8 killer whales (Orcinus orca) from the present study (2015-2017) compared to minke
whales (2015-2017, n=11) and beluga whales (2015-2017, n=45) from the St Lawrence estuary, Canada (Simond et al. 2019); polar bears from
West Hudson Bay, Canada (2003, n=12; Mckinney et al. 2010); and right whales from the northwest Atlantic Ocean (1997-2006, n=5; Montie et al.
2010). The dot represents the median value, except for the beluga and minke whales, where the dot is the mean. The upper tail is the maximum
value recorded and the lower tail, the minimum. The lower value for the minke whales, polar bears, and right whales is the limit of detection; and the

minimum value was under this level. HBB = hexabromobenzene.

PFOS was added to the Stockholm Convention, so its future
presence in biota will be important to monitor.

The PFAS levels in the muscle of the 2 adult whales (ID 002
and 008; Table 1) from the present study were comparable with
the muscle levels measured in adult pilot whales from the Faroe
Islands between 2010 and 2013 (Figure 4A; Dassuncao et al.
2017). Levels of PFAS from the liver of the neonate (ID 006;
Table 1) were lower than in the liver of killer whales from
Greenland, the north Pacific Ocean, and the coast of Japan
(Figure 4B).

Thresholds for health effects of PFAS in marine mammals
are not established, but PFAS levels have been linked to es-
trogenic, reproductive, and endocrine effects in wildlife (Reiner
and Place 2015).

Legacy contaminants

The sum of PCBs (:PCBs) made up between 40 and 62% of
the total contaminant levels in each individual and tissue type
(Figure 3, excluding PFAS and Hg). In blubber, sPCB levels for
7 of the 8 killer whales exceeded the most widely used pro-
posed threshold for toxicological effects in marine mammals
(9 ug/g lipid wt), for which adverse physiological effects such as
variation in thyroid hormone concentrations can be expected
(Kannan et al. 2000; adapted by Jepson et al. 2016). This in-
cluded the neonate (ID 006; Tables 1 and 2). Levels near to or
exceeding health effect thresholds in such a young animal are
worrying, considering that the endocrine and immune systems
are still developing, thereby increasing the risk of devel-
opmental deficiencies and calf mortality (Hall et al. 2018).

Furthermore, 2 adult males had $PCB blubber levels exceeding
41 ug/g lipid weight, the threshold for which profound re-
productive impairment was observed in ringed seals (Phoca
hispida) in the Baltic Sea (Helle et al. 1976; adapted by Kannan
et al. 2000).

Hepatic Hg levels of the neonate (ID 006, 0.73 pg/g wet wt;
Figure 5 and Supplemental Data, Table S3) were well below the
liver threshold level for a risk of health effects in marine mammals
(16 ug/g wet wt; Dietz et al. 2019), based on toxic hepatitis,
uremia, and renal failure observed in harp seals (Pagophilus
groenlandicus; Ronald et al. 1977).

Maternal transfer

We found both legacy and emerging contaminants in the
nursing neonate (ID 006; Tables 1 and 2 and Figure 3), which,
given its young age (approximately 10d) and the finding of
milk in the stomach, is indicative of the maternal transfer of
contaminants. Legacy organochlorines and BFRs have been
well documented to be transferred from mother to calf in killer
whales, through both the placenta and the lipid-rich milk
(Ylitalo et al. 2001; Haraguchi et al. 2009; Krahn et al. 2009;
Pedro et al. 2017).

The present study is the first to document the presence of
emerging BFRs in the offspring of marine mammals, indicating
their maternal transfer. There have previously been indications
that emerging BFRs can be transferred maternally in humans,
birds, and sharks, with PBT and HBB found in human milk in
Europe, including Norway (Cechova et al. 2017), and in
glaucous gull eggs in the Norwegian Arctic (Verreault et al.

wileyonlinelibrary.com/ETC

© 2021 The Authors



1854

Environmental Toxicology and Chemistry, 2021,40:1848-1858—C. Andvik et al.

Gl 000 0 0 000000 00 B
02{ =
Blubbe
coo{*> 1 I 1
v R §
cos{=
w1
we | [ [
| . '
008 Kidne: .
v |
e | I
wor | u
007{
wee 1 [ |
oos sweert | |
0% 25% 50% 75% 100%
Legacy __ Emerging

W ZPCBs [ xDDTs

ZCHLs [ ZHCHs W Mirex

M HCB [ gpRg BFRs

FIGURE 3: Contaminant patterns of the lipophilic pollutants in different tissues of 8 stranded or by-caught killer whales (Orcinus orca) from northern
Norway, with individual whale identifiers (from Table 1) and tissue type (not all tissue types were available from each whale). Perfluoroalkyl
substances were not included because they were only analyzed in 3 samples. PCB = polychlorinated biphenyl; DDT = dichlorodiphenyltrichloro-
ethane; CHL = chlorpyrifos; HCH = hexachlorocyclohexane; HCB = hexachlorobenzene; BFR =brominated flame retardant.

2007). Hexabromobenzene has also shown to be transferred
maternally in sharks (Marler et al. 2018). Given that the neonate
killer whale in the present study had similar levels of PBT and
HBB to the subadult and adult individuals (Table 2), it is likely
that a substantial amount of contaminants is transferred ma-
ternally. Further studies of mother—fetus/calf pairs would be
needed to assess the relative contribution from placental or
lactational transfer.

Previously, PFAS has been found in the liver of killer whale
fetuses in Greenland, with transfer rates from mother to fetus
estimated to be 2.2 to 11% (Gebbink et al. 2016). Maternal
transfer of PFAS has also been reported in melon-headed
whales (Peponocephala electra; Hart et al. 2008) and hooded
seal (Cystophora cristata; Grennestad et al. 2018). Maternal
transfer of PFAS in hooded seal mother—pup pairs was de-
termined to be predominantly placental but also partly from
lactation, with higher PFAS levels found in plasma than milk
(Grennestad et al. 2018). The presence of PFAS in the liver of
the neonate in the present study is further indication that this
emerging contaminant can be transferred to offspring.

Levels of sPCBs in the neonate from the present study were
similar to levels in fetuses from Greenland; however, pesticide
levels (¢DDTs, chlorpyrifos, and Mirex) were approximately
4 times higher in the Greenland fetuses, which could be a
reflection of a higher proportion of marine mammal
prey, proximity to point sources, and/or transportation routes
of contaminants (Pedro et al. 2017).

Mercury was found at much lower levels in the neonate than
the older individuals (Figure 5), indicating relatively low transfer
of Hg from mother to offspring compared to POPs. Analysis of
a blue whale earplug concluded that Hg is not maternally
transferred to the same degree as POPs in cetaceans and that
lifetime levels are rather correlated to regional environmental
and/or anthropogenic increases in Hg (Trumble et al. 2013).

Similarly, in pinnipeds, maternal transfer of Hg is less efficient
than for lipophilic PCBs (Hitchcock et al. 2017).

In 2016, a neonate killer whale of the same sex and ap-
proximate age as our neonate stranded in northern Germany,
with mitochondrial DNA suggesting it belonged to the
north Atlantic population (Schnitzler et al. 2019). In blubber,
the ZPCB levels were 25 times higher (225 pg/g lipidwt),
p,p'-dichlorodiphenyldichloroethylene over 50 times higher
(226 ng/g lipid wt), and sPBDEs 12 times higher (5 ug/g lipid wt)
than those in the neonate in the present study. The level of
total Hg in the liver was also 6 times higher in the individual
from northern Germany than our neonate (1.1pg/gdry wt).
The neonate's cause of death in the present study was
determined to be accidental, and thus contaminant levels were
not influenced by starvation. In contrast, the neonate from
Germany was in poor body condition and found in an area
where killer whale encounters are not common. Because
starvation has been associated with higher PCB levels in
marine mammals (Jepson et al. 2016), the poor body condition
of the neonate from Germany could be the primary reason
for its higher contaminant levels, so it would not be a fair
representative of the population.

Tissue partitioning

Organochlorine  contaminants and legacy BFRs are
lipophilic, and thus known to preferentially partition in the
lipid-rich tissues such as blubber in marine mammals (Metcalfe
et al. 1999; Wafo et al. 2005). In the present study, the lipid
content was higher in the blubber (35-93% lipid) than muscle
(1.7-13%), and for all chlorinated and brominated con-
taminants tested, levels were higher on a wet-weight basis
in the blubber than in muscle. When lipid-normalized,
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however, levels in muscle were similar to or higher than
those in the blubber (Table 2), because of the low muscle lipid
content.

Little is known about the tissue partitioning of emerging
BFRs in marine mammals. We found HBB in all tissues sampled,
including blubber, muscle, kidney, heart, and spleen from the
neonate (Table 2). The tissue distribution from our results
suggests that they behave in a similar way to the lipophilic
recalcitrant legacy organochlorines and BFRs. We found higher
amounts of the newer BFRs in the blubber on a wet-weight
basis as opposed to other tissues and in the fatty heart of the

neonate, indicating that they have lipophilic properties and
supporting lipid partitioning as an indicator of body dis-
tribution. Like with the legacy contaminants, lipid adjusting led
to similar amounts of these compounds across tissue types
(Table 2).

We found no difference in the proportion of $PCBs and
:DDTs between the muscle and blubber of individuals (paired
t test blubber vs muscle: %:PCBs, t=-0.137498, p=0.897 and
%:DDTs, t=-0.191565, p=0.857). This indicates a similar
distribution of the pollutants between the organs, albeit in
different total levels (Figure 3 and Table 2).

wileyonlinelibrary.com/ETC

© 2021 The Authors



1856

Environmental Toxicology and Chemistry, 2021,40:1848-1858—C. Andvik et al.

IS

Total Hg (u/g dry wt)

N

o

Tissue
. Skin
B vusce
B e

Skin

002

Skin Skin Muscle

004

Muscle

003

Muscle

ID

Skin

005

Skin

006

Skin

007

Skin

008

Liver Muscle

FIGURE 5: Total Hg levels in 7 killer whales (Orcinus orca) stranded or by-caught in northern Norway, 2015 to 2017.

Effect of diet

Some individuals/groups of killer whales in Norway eat ani-
mals from higher trophic levels, such as marine mammals, in
addition to fish, as supported by field observations and higher
measured 8'°N values in skin (Jourdain et al. 2017, 2020).
Owing to feeding at higher trophic levels, individuals that also
ate seals were shown to have 4 times higher PCB levels and
twice the Hg levels as fish-eating killer whales that frequent the
same waters (Andvik et al. 2020). The highest sPCB levels in the
present study, as measured in 2 adult males (IDs 004 and 008;
Table 2) and an adult female (ID 002; Table 2), fell within the
range of levels found in the blubber of live biopsied seal-eating
killer whales (Supplemental Data, Figure S1A; Andvik et al.
2020). The same adult female (ID 002; Figure 5) and one of the
adult males (ID 004; Figure 5) also had the highest Hg levels in
the skin, comparable to those measured in live seal-eating killer
whales (Supplemental Data, Figure S1B; Andvik et al. 2020).
One of the adult males (ID 004) had seal hair in the throat,
indicating that he had recently been feeding on a seal. His skin
8"°N values, higher than those of any other specimen in the
present study (excluding the neonate) and 0.7%. higher than
the mean value of live seal-eating killer whales previously bi-
opsy-sampled (Jourdain et al. 2020), indicated that feeding on

pinniped prey was a recurrent behavior/feeding habit
(Table 3) and the likely explanation for the high contaminant
levels. The other adult male (by-caught) and the adult female
had lower 8'°N values within the range previously measured in
fish-eating killer whales (Jourdain et al. 2020; Table 3). Their
high contaminant levels could thus be due to other explanatory
variables, such as age, sex, birth order, or that while they eat
marine mammal prey at other times of the year, their 8"°N
reflected a recent diet of fish.

CONCLUSIONS

Polychlorinated biphenyls, which have long been banned,
pose a potential risk to population growth for the majority of
known killer whale populations around the world (Desforges
et al. 2018). The presence of unregulated emerging con-
taminants in their tissues, in addition to the legacy compounds,
gives cause for concern. Levels of pollutants in top predators
give an indication not only of ecosystem health but also of the
persistence of chemicals, passive mobility in the environment,
and active biotransport with migrating animals. The present
study is the first to document the maternal transfer of emerging
BFRs in marine mammals and to quantify levels of PFAS in

TABLE 3: Stable isotope values (%) of 8"°N (bulk) and §'3C (lipid-extracted) in 8 killer whales (Orcinus orca) sampled in northern Norway,

2015-20172
Seal-eaters Fish-eaters
002 003 004 005 006 007 008 p+ SpP (n=10) p+ SD€ (n = 28)
5°N Skin 11.8 12.1 13.3 11.3 14.4 11.8 12.8 12.6 + 0.3 11.7 £ 0.2
Muscle 11.9 11.9 11.7 NA NA NA 11.8 NA NA
s'3C Skin -19.8 -19.7 -16.4 -20.5 -19.7 -19.7 -18.8 -19.0 £ 0.6 -18.9 + 0.6
Muscle -19.6 -19.3 -19.1 NA NA NA -18.8 NA NA

#Individual 001 is excluded because of no available tissue for analysis.
PFrom killer whale biopsy samples, n = 10 (Jourdain et al. 2020).
“From killer whale biopsy samples, n = 28 (Jourdain et al. 2020).

SD = standard deviation; NA = no tissue available for analysis.
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Norwegian killer whales. Our results are relevant for continued
biomonitoring of the Arctic marine ecosystem and provide
further evidence of the persistent and bioaccumulative prop-
erties of emerging contaminants.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at https://doi.org/10.1002/etc.5064.
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