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Abstract 
 

The killer whale (Orcinus orca) is an apex predator, often with population-specific dietary 

preferences. Killer whale populations specialising on high-trophic prey, such as other marine 

mammals, have higher levels of organohalogen contaminants (OHCs) than populations 

specialising on fish prey, due to biomagnification. High levels of OHCs in killer whales have 

raised concerns about individual health and population viability. Mercury (Hg) can also 

biomagnify in food webs, and cause harmful effects for marine mammals, but there are few 

studies reporting levels in killer whales. Norwegian killer whales have long been assumed to 

specialise on Atlantic herring (Clupea harengus), and toxicological risk assessments for the 

population have relied on the OHC levels recorded for nine herring-eating killer whales 

sampled in 2002. However, recent field observations suggest that some Norwegian killer 

whales also feed on seals. The extent of intra-population dietary preferences, and its effect on 

the OHC and Hg levels for this population from Norway is poorly understood.  

 

This study quantified and compared the stable isotope ratios of carbon and nitrogen (δ13C and 

δ15N, respectively) in skin, the OHC levels in blubber, and the total Hg levels in skin of seal-

eating and fish-eating Norwegian killer whales. The aim was to identify intra-population 

dietary preferences in Norwegian killer whales, and the effect on the OHC and Hg levels. 

Biopsy samples of 38 killer whales, individually identified using photo identification, were 

collected throughout the year July 2017–July 2018 in northern Norway. 

 

The δ13C and δ15N values supported intra-population dietary preferences in Norwegian killer 

whales. Higher δ15N values in a subsection of whales, irrespective of sampling season, 

provided evidence of year-round predation on seals. Levels of OHCs and total Hg were 

higher in seal-eating killer whales as opposed to fish-eating whales. The sum of 

polychlorinated biphenyls (ΣPCBs) in the blubber exceeded threshold values for possible 

toxic effects in 100% of the seal-eating whales (n = 7) and 58% of the fish-eating whales 

(n = 26). Total Hg levels in the liver, extrapolated from levels in skin, exceeded threshold 

values for toxicity in 40% of seal-eating (n = 10) and in none of the fish-eating whales 

(n = 28). This study is the first to quantify the levels of OHCs and total Hg in Norwegian 

seal-eating killer whales, and illustrates the importance of acknowledging intra-population 

dietary preferences of a species when assessing its risk to contaminants. 
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1      Introduction 
 

1.1  Pollution in wildlife 
 

Wildlife, and especially top predators, are under threat from the bioaccumulation of high 

levels of organohalogen contaminants and mercury (AMAP, 2004, 2011, 2018; Letcher et al., 

2010). Bioaccumulation, and the related biomagnification, is the process in which levels of a 

chemical in an organism are higher compared to either its ambient environment 

(bioaccumulation) or its prey (biomagnification), due to the rate of uptake exceeding the rate 

of elimination (Borgå et al., 2004; Gobas & Morrison, 2000). Organohalogen contaminants 

and mercury can cause toxic effects when they reach levels that are higher than thresholds for 

effects, which occurs most often in top predators (AMAP, 2018; Dietz et al., 2013b; Jepson et 

al., 2016; Letcher et al., 2010).   

 

Organohalogen contaminants (OHCs) comprise chlorinated, brominated and/or fluorinated 

compounds. Compounds of particular concern are industrial by-products such as 

polychlorinated biphenyls (PCBs), synthetic organochlorine pesticides (OCPs) such as 

dichlorodiphenyltrichloroethane (DDT), and synthetic brominated flame retardants (BFRs) 

such as the polybrominated diphenyl ethers (PBDEs; AMAP, 2004). Many OHCs are 

classified as PBTs: persistent, bioaccumulative and toxic chemicals (ECHA, 2019). Being 

persistent, OHCs have long half-lives, are resistant to elimination from the organism, and can 

persist for years or decades in soil and sediment, and for several days in the atmosphere 

(AMAP, 2004; Jones & De Voogt, 1999). The organic nature of OHCs makes them able to 

accumulate in biota, as they are able to dissolve in organic phases such as lipids and thus 

partition strongly to fat (Borgå et al., 2004). The toxic effects of OHCs involve endocrine, 

reproductive or immune disruption, either directly or indirectly through metabolites (Letcher 

et al., 2010). Many OHCs have been banned or regulated by the international Stockholm 

convention on persistent organic pollutants, which entered into force in 2004 (UNEP, 2009). 

Although many countries, including Norway, banned compounds such as PCBs several 

decades ago (Schulze, 2004), they are still found in high levels in top predators (Dietz et al., 

2013a; Jepson et al., 2016).  
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Mercury (Hg) is a non-essential metal of which the organic form, methylmercury, can also 

biomagnify in food webs (AMAP, 2005, 2011; Ruus et al., 2015). Levels in marine top 

predators can be up to four orders of magnitude higher than in the surrounding water (Tokar 

et al., 2015). Therefore, the majority of the Hg found in e.g. fish and marine mammals is in 

the form of methylmercury (Ruus et al., 2015). Hg can pass through the blood-brain barrier 

(Aschner & Aschner, 1990), and neurological, hormonal and reproductive effects have been 

observed in wildlife exposed to environmentally relevant levels of Hg, primarily due to the 

toxic effects of methylmercury (Scheuhammer et al., 2015, 2007). Despite being a naturally 

occurring element, levels of Hg measured in Arctic animals has increased by 3-4 orders of 

magnitude over the last 150 years, with about 90% of the total Hg body burden in Arctic top 

predators estimated to be of anthropogenic origin (Dietz et al., 2009). The Minamata 

convention entered into force worldwide in 2017 to restrict further anthropogenic emissions 

of Hg (UNEP, 2017).  

 

Toothed whales are especially vulnerable to OHC and Hg toxicity due to their trophic 

position, and longer exposure owing to long life spans (AMAP, 2018; Tanabe et al., 1983). A 

thick blubber layer and low capacity for metabolism of OHCs (Duinker et al., 1989; 

McKinney et al., 2011) make them additionally vulnerable to the lipophilic OHCs. Their lack 

of hair (an efficient Hg	elimination pathway) can explain the higher levels of total Hg in 

toothed whales compared to polar bears (Ursus maritimus; Braune et al., 2015; Dietz et al., 

2013b; Sonne et al., 2018). The killer whale (Orcinus orca) is a toothed whale, and was 

named the most exposed species in the latest Arctic Monitoring and Assessment Programme 

(AMAP) report, due to high levels of OHCs and total Hg found in all assessed populations 

(AMAP, 2018).  

 

1.2 The killer whale (Orcinus orca) 
 

The killer whale is found throughout the world’s oceans, with most populations concentrated 

in coastal, temperate waters with high marine productivity (Ford, 2009; Forney & Wade, 

2006). It is regarded as a keystone species due to its role in lower trophic level regulation, 

and several long-term studies have recognised its importance to the biodiversity of marine 

ecosystems (Bigg et al., 1990; Estes et al., 1989). Killer whales have been documented to 

prey on a range of marine species (Jefferson et al., 1991). Although generalist as a species, 
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there is a tendency for specialisation on a narrow range of prey at the group and/or population 

level (Ford et al., 1998; Saulitis et al., 2000). For example, in the coastal waters of British 

Columbia/Washington State in the Northeast Pacific, two sympatric forms (i.e. populations 

inhabiting the same geographic area) are distinguished by one feeding solely on fish prey, 

and the other solely on marine mammal prey (Bigg et al., 1990; Ford et al., 1998). Similarly, 

sympatric forms distinguished by fish or marine mammal predation have been identified for 

populations in Alaska (Saulitis et al., 2000), the Russian Far East (Filatova et al., 2015) and 

Antarctica (Pitman & Ensor, 2003). Segregation in foraging strategies, and subsequent 

adaptive behaviours have been shown to result in distinct population structuring through 

cultural and social isolation, with prey-specialists seemingly avoiding each other despite 

overlaps in geographic range (Riesch et al., 2012). Such divergent behaviour, driven by 

dietary preference, have resulted in different conservation statuses and management strategies 

for sympatric forms within a population (COSEWIC, 2008). Thus, assessing intra-population 

dietary preferences is particularly important in the management of this species.  

 

In Norway, observations of killer whales occur along the Norwegian coast year-round, with 

the majority of observations in Møre, Lofoten/Vesterålen and Finnmark regions (Christensen, 

1982, 1988). Population estimates suggest at least 700 killer whales could be using 

Norwegian coastal waters (Kuningas et al., 2014). This estimate has already been exceeded 

by a photo-identification catalogue which has a minimum (and temporary) total number of 

975 individual killer whales recorded in coastal waters in northern Norway (Jourdain & 

Karoliussen, 2018). Norwegian killer whales have long been thought to specialise on the 

Norwegian spring-spawning stock of Atlantic herring (Clupea harengus), where the whales 

gather in large numbers to feed (Bisther & Vongraven, 1995; Similä et al., 1996). This 

assumption has been corroborated by herring contributing almost the entire stomach content 

of killer whales harvested prior to 1980 (Christensen, 1982), the identification of specialist 

strategies for feeding on herring (Similä, 1997; Similä & Ugarte, 2008), and observational 

and satellite tracking data supporting killer whales following the seasonal migration of the 

Norwegian spring-spawning herring (Similä et al., 1996, 2002). However, because killer 

whale research has, until recently, only been conducted at herring grounds, it was unlikely 

that other prey types would be observed or recorded. 

 

Recent research efforts extended to other seasons and regions in Norwegian waters suggests a 

multi-prey feeding type. Killer whales have been recorded preying on Atlantic salmon (Salmo 
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salar; Vester & Hammerschmidt, 2013), Atlantic mackerel (Scomber scombrus; Nøttestad et 

al., 2014), lumpfish (Cyclopterus lumpus; Jourdain et al., in press), seals, porpoise, and 

seabirds (Bisther & Vongraven, 2001; Cosentino, 2015; Jourdain et al., 2017; Similä et al., 

1996; Vongraven & Bisther, 2014). The majority of these observations have been sporadic 

and on unidentified whales, with little information of long-term specialisation at the killer 

whale group level. However, by combining individuals’ predation records and behavioural 

observations over time, two family groups of killer whales have been identified to be 

repeatedly feeding on seals, in addition to fish, over a 29-year period (Jourdain et al., 2017). 

In addition, some herring-eating individuals have been identified to seasonally switch to 

lumpfish prey in the spring (Jourdain et al., in press). The extent of intra-population dietary 

specialisation in killer whales in Norway, however, remains unknown. 

 

1.3 Determination of dietary preferences in killer whales 
 

Traditional methods of determining dietary preferences in killer whales are based on either 

stomach content analysis or observation of feeding events (e.g. Ford et al. 1998, 2011; 

Saulitis et al. 2000; Pitman and Ensor 2003). Both methods have biases, give a snapshot of 

only the most recent feeding event, and provide no information on diet over time (Bigg & 

Fawcett, 1985; Wijnsma et al., 1999).  

 

The isotopic composition of a predator’s tissue reflects that of its prey in a predictable and 

quantifiable manner (DeNiro & Epstein, 1978, 1981). Using the ratio of stable isotopes in 

skin samples is a common tool to determine dietary preferences in killer whales (Durban et 

al., 2017; Herman et al., 2005; Krahn et al., 2009, 2007; Samarra et al., 2017), and values are 

assumed to reflect information of the diet from the last month or two (Krahn et al., 2007). 

The ratio between the heavier and lighter stable isotopes of nitrogen, 15N/14N (δ15N), is 

indicative of relative trophic position (DeNiro & Epstein, 1981). 15N is retained in the body to 

a larger extent than 14N due the fractionation of nitrogen isotopes in the production of 

nitrogenous waste (Minagawa & Wada, 1984). There is therefore a higher ratio of δ15N 

further up the food chain (DeNiro & Epstein, 1981), with on average 3–4‰ enrichment in 

δ15N values accompanying each trophic step (Peterson & Fry, 1987; Post, 2002). The carbon 

ratio of 13C to 12C (δ13C) can indicate offshore vs. inshore feeding (Herman et al., 2005; 

Krahn et al., 2009), and benthic vs. pelagic food sources (Cherel & Hobson, 2007; Hobson et 
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al., 1994). This is due to offshore (pelagic) phytoplankton typically having lower δ13C values 

than many inshore (benthic) plants (Kelly, 2000). The isotopic variance of a population, 

delineated by the δ13C and δ15N values of its individuals, can be seen as a measure of dietary 

variation and is referred to as niche width (Bearhop et al., 2004). Typically, consumers that 

feed on a wide range of food sources, or prey from multiple feeding locations, will display 

larger variations in isotopic signatures, and thus a wider niche, than those feeding on a 

narrow range of prey in the same location (Bearhop et al., 2004). 

 

Fatty acid analysis from blubber is another common method of determining diet in whales 

(e.g. Dahl et al. 2000; Herman et al. 2005; Hooker et al. 2001). Blubber biopsy samples from 

killer whales are not recommended, however, for fatty acid analysis. Stratification in the 

blubber means the fatty acid profiles from the outer blubber layer (taken using biopsies) is 

less likely to be useful in determining prey species consumed compared to the metabolically 

active inner layer (Krahn et al., 2004). Killer whale studies that have reported fatty acid 

signatures use the full blubber layer from harvested or stranded whales (e.g. Bourque et al., 

2018).  

 

Stable isotope analysis of skin samples taken from biopsies, in combination with long term 

observational studies, is thus considered the most accurate method of determining the diet of 

killer whales. This can help answer questions of dietary specialisation and foraging 

preferences in Norwegian killer whales, which in turn can explain variations in the levels of 

OHCs and Hg in the population.  

 

1.4 Variables affecting organohalogen contaminant and 

mercury levels in killer whales 
 

OHC levels in killer whales are known to vary with dietary preference, age and sex (Krahn et 

al., 2009; Ross et al., 2000; Ylitalo et al., 2001). Higher OHC levels have been found in 

marine-mammal feeding populations than in sympatric fish-feeding killer whale populations, 

due to an increase in exposure from biomagnification of OHCs in prey (Buckman et al., 

2011; Herman et al., 2005; Ylitalo et al., 2001). Because reproductive female mammals can 

transfer a large amount of their OHC burden to their calves (Borgå et al., 2004), levels in 

female killer whales are generally lower than males of a similar age and dependent on the 
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number of times she has given birth (Haraguchi et al., 2009; Pedro et al., 2017; Ross et al., 

2000; Ylitalo et al., 2001). The high contaminant burden from the lipid-rich milk of the 

mother means juveniles (calves) often have high OHC levels for the first year of life when 

nursing, with a decrease in levels as the calf grows and stops receiving milk from the mother 

(Krahn et al., 2009; Ylitalo et al., 2001). Older males, who have accumulated contaminants 

throughout their lives, often exhibit the highest levels within a population due to age 

accumulation (Krahn et al., 2009; Ross et al., 2000; Ylitalo et al., 2001). Killer whales are 

one of only three species where the female undergoes reproductive menopause and lives 

much longer than her ability to reproduce (Marsh & Kasuya, 1986; Olesiuk et al., 1990). This 

results in a large variation in OHC levels in females due to age, with high levels as a calf, 

reduced levels during the fertile age (15–50 years), and increasing levels after reproductive 

menopause (Krahn et al., 2009).  

 

Hg has a strong affinity to proteins, and in contrast to the lipophilic OHCs is unlikely to be 

transferred by lactation in killer whales due to the low protein content in whale milk 

(Peddemors et al., 1989; Sundberg et al., 1999). This is supported by similar Hg levels 

reported between lactating and non-lactating female killer whales stranded in Japan (Endo et 

al., 2006b). Hg can pass the placental barrier in humans (Yang et al., 1997), California sea 

lions (Zalophus californianus; Martin et al., 1976) and pilot whales (Globicephala spp; 

Hoydal & Dam, 2009). However, with low Hg levels found in killer whale calves and 

foetuses compared to adults, it is unlikely that Hg is efficiently offloaded via either milk or 

the placenta (AMAP, 2018; Endo et al., 2006b). Whilst there are no studies on the differences 

of Hg levels between males and females in killer whales, results from other toothed whales 

have found higher total Hg levels in females as opposed to males (André et al., 1990; Beck et 

al., 1997) as well as no difference in females as opposed to males (Aubail et al., 2013; 

Monaci et al., 1998; Stavros et al., 2011). This variation may suggest species-specific 

differences. Total Hg levels increase with age in a range of marine mammal species (e.g. 

André et al., 1990; Beck et al., 1997; Stavros et al., 2011) including killer whales (Endo et al., 

2006b), with higher levels in adult killer whales than calves or foetuses (AMAP, 2018). 

Whilst there is no data on the influence of dietary preferences on the differences in Hg levels 

in killer whales, higher Hg levels would be expected in killer whale groups specialising on 

marine mammal prey compared to fish because Hg biomagnifies up in food webs in a similar 

manner to OHCs (Ruus et al., 2015; Tokar et al., 2015).  
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1.5 Threshold values for possible toxic effects 
 

High levels of OHCs have been found in killer whale populations around the world (Krahn et 

al., 2009; Pedro et al., 2017; Ylitalo et al., 2001) and PCB pollution is one hypothesis for 

decreased reproductive success of killer whale populations in industrial areas such as 

Gibraltar and the United Kingdom, and their disappearance from the Netherlands coast 

(Jepson et al., 2016). The scale used by AMAP (2018) for determining risk of a marine 

mammal suffering PCB-mediated effects is based on a critical body residue, with levels over 

the threshold leading to effects on the immune and endocrine system. The value 10 μg/g lipid 

weight (l.w). is conservatively estimated for marine mammals from critical daily doses 

determined by laboratory rat studies using physiologically-based pharmacokinetic (PBPK) 

modelling (Nielsen et al., 2006). All five of the killer whale populations assessed in the 

AMAP report had levels over this threshold, constituting a risk of PCB-mediated health 

effects. In individuals of three of the five populations, the sum of PCB levels were detected 

above 100 μg/g l.w. which constitutes a high risk of PCB-mediated health effects (AMAP, 

2018). According to some models, half of the world’s killer whale populations could 

disappear within 50 years due to PCB-mediated health effects, with marine-mammal eating 

populations most at risk (Desforges et al., 2018).  

 

The Norwegian killer whale population is one of few populations projected to slowly increase 

in size within the next 50 years (Desforges et al., 2018). Additionally, no individuals have 

been found in the highest risk category of PCB-mediated health effects (AMAP, 2018). Both 

of these assessments have, however, used OHC data from a study conducted in 2002, in 

which only nine whales on herring overwintering grounds in northern Norway were sampled 

(Wolkers et al., 2007). These whales were assumed herring-specialists, despite no 

observational studies or stable isotope analysis conducted to infer feeding habits (Wolkers et 

al., 2007). With the recent knowledge on the varied dietary preferences in Norwegian killer 

whales, it may be inaccurate to assess the risk of the entire Norwegian population based on 

these nine whales. The quantification of OHCs on a larger number of Norwegian killer 

whales, including whales known to eat prey other than herring, is necessary to assess if intra-

population dietary preferences can affect OHC levels.  
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Hg levels in killer whales are poorly studied, with only two reports worldwide: one on nine 

stranded killer whales in Japan (Endo et al., 2006b) and one personal communication of 

levels in killer whales from Greenland, Iceland and the Faroe Islands cited by AMAP (2018). 

The total Hg levels in the liver was measured in each of the studies. Two thirds of the adult 

killer whales from Greenland, Iceland, and the Faroe Islands had a high or severe risk of total 

Hg-mediated health effects (AMAP, 2018). This threshold for possible effects is based on 

hepatic threshold levels identified for harp seals (Pagophilus groenlandicus) with exceedance 

of the threshold leading to toxic hepatitis, uremia and renal failure (Ronald et al., 1977). With 

little data on Hg levels in killer whales around the world, and none on the levels in killer 

whales from Norway, a large knowledge gap exists. 

 

1.6 Aims and hypotheses 
 

The aim of the study is to investigate the effect of intra-population dietary preferences on the 

levels of OHCs and Hg in Norwegian killer whales, and the implications this can have on the 

proportion of whales exceeding threshold values for toxicity. The aim can be formulated into 

the following three overarching objectives, each with hypotheses that were tested:  

 

Objective 1: To identify intra-population dietary preferences in Norwegian killer whales 

using a priori observational data and stable isotope ratios. 

 

H1: δ15N values are higher in seal-eating killer whales than fish-eating killer whales, due to 

δ15N enrichment in food webs. 

 

H2: δ13C values are lower in killer whales feeding on offshore/pelagic fish than in killer 

whales feeding on coastal/benthic fish, due to lower recorded δ13C values in offshore/pelagic 

than coastal/benthic aquatic food webs. 

 

H3: The ecological niche is wider in seal-eating killer whales than fish-eating killer whales 

specialising on seasonal prey, due to knowledge that seal-eating killer whales prey on both 

fish and seals, and a wide ecological niche represents a varied diet. 
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Objective 2: To identify the effect of dietary preference on individual variations in levels of 

OHCs and Hg in Norwegian killer whales, compared to the effects of age and sex. 

 

H4: Dietary preferences explain the individual variations in both OHC and Hg levels, with 

higher levels in seal-eating killer whales than fish-eating killer whales due to 

biomagnification in prey. 

 

H5: OHC and Hg levels are higher in adult killer whales than juveniles due to age 

accumulation. 

 

H6: OHC levels in female killer whales are lower than in males, with levels decreasing in 

females according to number of calves, due to maternal transfer. Hg levels do not differ 

between female and male killer whales, or number of calves, due to no/low maternal transfer.  

 

Objective 3:  To compare the contaminant levels in Norwegian killer whales, with different 

dietary preferences, to threshold values for possible toxic effects. 

 

H7: A higher proportion of seal-eating killer whales are over the threshold values for possible 

OHC and Hg-mediated health effects than fish-eating killer whales, due to higher OHC and 

Hg levels in seal-eating compared to fish-eating killer whales.  
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2    Materials and Methods 
 

2.1 Fieldwork 
 
Fieldwork was organised and conducted by Norwegian Orca Survey. The author joined 

fieldwork excursions on two occasions: August 2017 (1 week) and January 2018 (1 week). In 

addition, the author helped develop the protocols for whale sampling and sample 

storage/transportation, as well as process photos for the photo identification catalogue. To 

minimise stress and avoid injury to the animals, sampling was conducted within regulations 

set out by the Norwegian Animal Welfare Act, and to established protocols (Barrett-Lennard 

et al., 1996; Noren & Mocklin, 2012). Permission for sampling was granted by the 

Norwegian Food Safety Authority (Mattilsynet, 2016). 

 

2.1.1 Study area 
 

Killer whale biopsy samples were collected year-round July 2017–July 2018 in northern 

Norway. In November, samples were collected in Skjervøy (Area A, Figure 1), a fjord system 

that is a part of the herring overwintering grounds (ICES, 2018), and sampled killer whales 

were assigned to the sampling group “Winter”. Killer whales were observed in large numbers 

feeding on herring, and sampling took place intensively every day that conditions allowed. 

Fieldwork excursions April–August were conducted on an opportunistic basis in Andfjord 

(Area B, Figure 1). Killer whales are regularly encountered in this area, throughout the year, 

feeding on herring (Jourdain & Vongraven, 2017), seals (Jourdain et al., 2017) and lumpfish 

(Jourdain et al., in press). Field efforts began after killer whale sightings were reported from 

a network of local people including fishermen, all-seasons whale-watching companies and 

local inhabitants. Whales sampled April–May were assigned to sampling group “Spring”, and 

were encountered on the lumpfish spring spawning grounds. Whales sampled June–August 

were assigned to sampling group “Summer”, which is when the majority of seal predation 

events were observed (Table 1). 

 

Prey samples were collected opportunistically. Herring muscle was collected from whole fish 

obtained from local fisheries in Skjervøy (Area A, Figure 1) during November 2017. 

Lumpfish muscle was collected from fish partially consumed by whales from predation sites 



	12	

in Andfjord during April 2018 (Area B, Figure 1). Harbour seal blubber and muscle were 

collected from an individual that stranded dead on a beach in Andenes in November 2017 

(Area B, Figure 1). A full overview of prey samples is presented in Appendix A  

 

Norwegian killer whales have been observed to move within a large area of coastal areas in 

northern Norway on a seasonal basis, and the same individuals have been observed in both 

Skjervøy and Andfjord during different seasons. Killer whales were, however, only sampled 

in Skjervøy during the winter months due to the absence of whales in the area during other 

seasons. Distinctions were thus made only on sampling season and not sampling location, in 

order to distinguish between the whales sampled across two seasons in Andfjord.  

 

 
Figure 1.  Locations of the killer whale (Orcinus orca) biopsy samples collected throughout the year in northern Norway 
July 2017–July 2018 (n = 38). Area A corresponds to Skjervøy, the Atlantic herring (Clupea harengus) overwintering 
ground where killer whales were sampled in November 2017. Area B corresponds to Andfjord, where whales were sampled 
on the lumpfish (Cyclopterus lumpus) spring spawning grounds and throughout the summer months. Blue dots (n = 22) 
correspond to individual whales sampled during November and assigned to sampling season “Winter”. Grey dots (n = 10) 
correspond to whales sampled April–May and assigned to sampling season “Spring”. Red dots (n = 6) correspond to whales 
sampled June–August and assigned to sampling season “Summer”. Herring muscle (n = 4) was obtained in area A. Lumpfish 
muscle (n = 5) and harbour seal (Phoca vitulina) blubber and muscle (n = 1) was obtained from area B. Map provided by 
Dag Vongraven for Norwegian Orca Survey.  
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2.1.2 Sampling procedure 
 

Biopsy sampling is minimally invasive, and the recommended tool for obtaining high-quality 

killer whale skin and blubber samples in an ethical manner (Barrett-Lennard et al., 1996; 

Noren & Mocklin, 2012). Sampling was conducted from a 7 m aluminium Yamarin boat 

powered by a single outboard four stroke 150 hp engine. When a killer whale group was 

located, the group was slowly approached from the side. Information including date, time, 

location, group size estimate and behaviour was recorded. The following factors were 

assessed before deciding a target individual: body condition (healthy enough to withstand 

sampling); behaviour (non-stressed, with predictable movements); sea and weather 

conditions (calm to allow for accuracy when shooting). Nursing calves (under 1 year) were 

never targeted due to increased risk of stress and/or injury. Sampling attempts would only 

begin if all the conditions were appropriate. 

 

All samples in 2017 used a pneumatic darting system powered by an air bottle (LKARTS, 

Horten, Norway). Biopsy tips were 9 mm in diameter and from 25 to 40 mm in length. In 

2018, the darting system was replaced by an injection gun (Pneu-Dart Inc, Williamsport, PA) 

operating with lighter-weighted darts, with biopsy tips measuring 7 mm in diameter and 

25 mm in length. Whilst slightly smaller samples were obtained with the 2018 equipment, the 

impact on the whales was noticeably reduced. All tips were punch tips that excised a small 

plug of skin and blubber from the whale, and retained them with internal barbs. The dart 

floated in the water for recovery.  

 

Biopsy attempts were video recorded using a GoPro action camera fixed on the shooter’s 

head, as well as photographed using a digital single-lens reflex camera equipped with a 

telephoto lens to ensure 100% certainty of whale identity. Darts were fired from a distance of 

5 to 15 m, and the targeted biopsy site was the region immediately posterior to, and below, 

the dorsal fin. The recovered dart with the sample was stored in a cooling box in the field. 

Onshore, the sample was extracted from the biopsy tip. Using a sterilised scalpel, the skin 

and the blubber were cut from each other and stored separately in sterile, labelled tubes.  

 

Each day’s activity was logged and recorded in a database. Darts and biopsy tips, along with 

tweezers and scalpels, were sterilised by boiling for 10 min, before rinsing in 95% ethanol. 
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Samples were stored at -20 °C in Andenes, until transportation to Oslo in August 2018. 

During transport, samples were packed into a Styrofoam box with newspaper and cooling 

elements and were outside the freezer for 4.5 hours. Upon arrival in Oslo, they were stored at 

-20 °C until analysis. A full list of materials used for sampling is presented in Appendix B.  

 

2.1.3 Grouping of whales 
 

A total of 38 killer whales were sampled, and were a priori grouped into age, sex, diet and 

seasonal categories based on dorsal fin morphology, behaviour and observations of feeding 

both at the time of sampling and from observation histories 2013–2018 (Table 1). Killer 

whales were individually identified following protocols introduced by Bigg (1982), using 

naturally occurring and permanent scars on the saddle patch, and nicks and tears on the dorsal 

fin (Figure 2). Sampled whales were matched to an existing catalogue, with unique 

identification (ID) numbers and observation histories, of 975 killer whales identified  

2007–2018 from coastal areas of northern Norway (Jourdain & Karoliussen, 2018). 

 

 

 
Figure 2. The photo identification method used to identify individual killer whales (Orcinus orca) by the unique pattern of 
nicks on the dorsal fin, and scars on the saddle patch area. Illustration by Frédérique Lucas, for Norwegian Orca Survey.  

The sex and age of each whale were determined through observation of morphological 

differences (Figure 3). Adult males were identified based on the sexually dimorphic height of 

the dorsal fin, which is taller than in mature females and immature males (Bigg, 1982). A 
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smaller dorsal fin can resemble either a female or an immature male, and thus it was not 

sufficient criteria to sex females. Instead, adult females were determined if no changes were 

observed in the size and shape of the dorsal fin over a three-year period, or if accompanied by 

a calf surfacing in tight succession on at least two non-consecutive encounter days (Ford, 

2009). The date and approximate age of the calf throughout an individuals’ sighting history 

2013–2018 was also noted. This provided a minimum number of calves per sampled adult 

female which was further used as grouping variable. Whether a female was lactating or not 

was also noted or inferred from observation histories of the female and calf. Smaller whales 

that exhibited a darker saddle patch area, were assumed to be less than 5 years of age (Ford, 

2009; Olesiuk et al., 1990). Because nursing calves under 1 year of age were not sampled, 

whales coded as juveniles were assumed to be between 1 and 5 years of age, and the sex 

coded “Unknown”. In cases where the sex could not be determined, but morphological 

features and size indicated the whale was not a juvenile, the age class “Adult” was assigned 

and the sex coded “Unknown”.  

 

 
Figure 3. Morphological differences in adult male killer whales (Orcinus orca), termed bulls (top), adult female killer 
whales, termed cows (middle) and juveniles, termed calves (bottom). Illustration by Frédérique Lucas, for Norwegian Orca 
Survey.  

The diet at sampling was recorded by means of visual observation, photo and/or drone 

footage. When diet at sampling could not be determined, this was coded “Unknown”. 

Observation histories between 2013–2018 determined the categories “a priori dietary group”: 
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based on whether a whale had been observed feeding on a marine mammal on at least one 

occasion (“Seal”) or not (“Fish”), and “Occurrence group”: either “WI” for whales observed 

only in the winter months (November–February) or “WS” for whales that had been spotted in 

the winter and/or months of spring and summer April–September. Full observation histories 

are presented in Appendix C.  

 

There was insufficient blubber for seven whales for organohalogen contaminant (OHC) 

analysis. This was due to the angle of the dart obtaining a small amount of material, or the 

dart hitting the dorsal fin where there is no blubber layer. All whales had sufficient skin 

collected to allow for stable isotope analysis and total Hg analysis. 

 
Table 1. Groupings of killer whales (Orcinus orca) biopsy sampled throughout the year in northern Norway July 2017–July 
2018 (n = 38). 

IDa 

(n = 38) 
Sexb 

(F: 
n = 7, 
M: 
n = 26 
U: 
n = 5) 

Ageb 

(Adult: 
n = 36, 
Juvenile
: n = 2) 

Occurrence 
Groupb 

(WS: n = 22 
WI: n = 16) 

Number 
of 
calvesb 

(0: n = 3, 
1: n = 3, 
2: n = 1) 
 

a priori 
dietary 
groupb 

(Seal: 
n = 10 
Fish: 
n = 28) 

Sampling 
Groupc 
(Summer: 
n = 6, 
Spring: 
n = 10 
Winter: 
n = 22) 

Diet at 
samplingd 

(Seal: n = 5, 
Herring: 
n = 19, 
Lumpfish: 
n = 10, 
U: n = 4) 

Organo-
halogen 
Analysise 

(Yes: 
n = 31, 
No: n = 7) 

         
KI06 F Adult WS 0 Seal Summer Seal No 
NKW-096 F Adult WS 1* Seal Summer Seal Yes 

NKW-921 M Adult WS NA Seal Summer Seal Yes 

NKW-823 U Adult WS NA Seal Summer Seal Yes 

KI01 M Adult WS NA Seal Winter U No 

KI03 F Adult WS 0 Seal Winter U No 

KI05 M Adult WS NA Seal Winter U Yes 

NKW-183 M Adult WI NA Fish Winter Herring Yes 

NKW-180 M Adult WI NA Fish Winter Herring No 

NKW-153 M Adult WS NA Fish Winter Herring Yes 

NKW-165 M Adult WI NA Fish Winter Herring Yes 

NKW-867 M Adult WI NA Fish Winter Herring Yes 

NKW-918 M Adult WI NA Fish Winter Herring Yes 

NKW-862 M Adult WI NA Fish Winter Herring Yes 

NKW-919 M Adult WS NA Fish Winter Herring Yes 

NKW-920 M Adult WI NA Fish Winter Herring Yes 

NKW-511 F Adult WI 1* Fish Winter Herring Yes 

NKW-937 M Adult WI NA Fish Winter Herring Yes 

NKW-922 M Adult WI NA Fish Winter Herring Yes 

NKW-063 M Adult WI NA Fish Winter Herring Yes 

J1 U Juvenile WI NA Fish Winter Herring Yes 
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Table 1 continued. Groupings of the 38 sampled killer whales analysed 
 
IDa 

(n = 38) 
Sexb 

(F: 
n = 7, 
M: 
n = 26 
U: 
n = 5) 

Ageb 

(Adult: 
n = 36, 
Juvenile
: n = 2) 

Occurrence 
Groupb 

(WS: n = 22 
WI: n = 16) 

Number 
of 
calvesb 

(0: n = 3, 
1: n = 3, 
2: n = 1) 
 

a priori 
dietary 
groupb 

(Seal: 
n = 10 
Fish: 
n = 28) 

Sampling 
Groupc 

(Summer: 
n = 6, 
Spring: 
n = 10 
Winter: 
n = 22) 

Diet at 
samplingd 

(Seal: 
n = 5, 
Herring: 
n = 19, 
Lumpfish: 
n = 10, 
U: n = 4) 

Organo-
halogen 
Analysise 

(Yes: 
n = 31, 
No: n = 7) 

NKW-785 F Adult WS 1 Seal Winter Herring Yes 

NKW-506 M Adult WI NA Fish Winter Herring No 

NKW-924 M Adult WI NA Fish Winter Herring Yes 

NKW-923 M Adult WI NA Fish Winter Herring Yes 

NKW-421 M Adult WI NA Fish Winter Herring Yes 

NKW-348 M Adult WS NA Fish Spring Lumpfish Yes 

NKW-908 U Adult WS NA Fish Spring Lumpfish Yes 

NKW-004 M Adult WS NA Fish Spring Lumpfish Yes 

Y137 U Juvenile WS NA Fish Spring Lumpfish Yes 

NKW-079 M Adult WS NA Fish Spring Lumpfish Yes 

NKW-572 M Adult WS NA Fish Spring Lumpfish Yes 

NKW-537 F Adult WS 0 Fish Spring Lumpfish Yes 

NKW-978 U Adult WS NA Fish Spring Lumpfish Yes 

NKW-714 M Adult WS NA Fish Spring Lumpfish Yes 

K1 F Adult WS 2* Seal Spring Lumpfish Yes 

KI07 M Adult WS NA Seal Summer Seal Yes 

NKW-598 M Adult WS NA Fish Summer U Yes 

 
a The unique identification number from the identification catalogue of Norwegian killer whales (Jourdain & Karoliussen, 2018). 
b Assigned based on established classification methods (Bigg, 1982; Ford, 2009; Olesiuk et al., 1990) and observation histories 2013–2018. 

F = Female, M = Male, U = Unknown, NA = Not applicable, “WI” = whales only observed in the winter months (November–February); 

“WS” = whales observed in both the winter and/or spring/summer months of April–September. * indicates lactating during time of 

sampling. 
c Based on sampling season: “Winter” = whales sampled in November, “Spring” = whales sampled April–May and “Summer” = whales 

sampled June–August. 
d Determined by observation, photo and drone footage and/or sampling of the prey remains. 
e Dependent on enough blubber available.   

 

2.2 Stable isotope analysis 
 

Preparation of samples, including choice, development and completion of a lipid extraction 

method, were conducted by the author at the Toxicology Laboratory at the University of 

Oslo. The analysis and quantification of stable isotopes of nitrogen (δ15N) and carbon (δ13C) 

were conducted at the Isotope Laboratory at the University of Oslo.  
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2.2.1 Preparation of samples and analytical method 
 

Samples were cut into small parts using sterile laboratory scissors to increase the surface area 

for drying, and to assist in homogenisation. Care was taken to include just one matrix (i.e. 

parts of blubber were cut away from the whale skin samples, and skin cut away from fish 

muscle samples). Samples were placed in tubes and freeze-dried in a Leybold-Heraeus GT2 

Freezer dryer with a Leybold Vakuum GmbH vacuum pump (Leybold, Cologne, Germany). 

Cross-contamination between samples was avoided by placing a layer of aluminium foil on 

top of the tube, punctured by small holes to allow airflow. The samples were in the freeze 

dryer for approximately 36 hours. To check if the samples were dry, the pressure valve was 

turned off for several minutes. If the pressure indicator did not move, this meant equilibrium 

had been reached and the drying process complete.  

 

The water content of the samples was calculated by Equation 1: 

 

!"#$%	'()#$)# = 	
Wet	weight	 − 3%4	5$67ℎ#

!$#	5$67ℎ#	 		X	100% 

Equation 1 

Water content = percentage of water in the sample (%) 

Wet weight = difference between the Eppendorf tube plus the sample prior to drying, and the weight of the empty tube (g) 

Dry weight = difference between the Eppendorf tube and the sample after drying, and the weight of the empty tube (g) 

 
The samples were homogenised to a fine powder using an agate pestle and mortar and a 

scalpel. 1 mg (± 5%) of powder was weighed into a tin capsule using a microbalance (MX5, 

Mettler Toledo, Bekasi, Indonesia). The capsule was sealed and rolled into a tight ball. 

Possible leaks in the capsule were checked by gently ‘bouncing’ the capsule. The weight of 

the capsule was recorded before and after packaging to control for any accidental loss of 

sample or contamination. 

 

Lipid extraction  

 

Samples were lipid extracted prior to δ13C analysis to control for the low δ13C values found in 

the lipid fraction of an organism due to lipid synthesis (DeNiro & Epstein, 1977), which can 

lead to bias when interpreting results (DeNiro & Epstein, 1978; Tarroux et al., 2010; 

Yurkowski et al., 2015). The process of lipid extraction can, however, lead to unpredictable 
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changes in δ15N values in fish muscle and marine mammal skin (Lesage et al., 2010; Logan 

& Lutcavage, 2008; Newsome et al., 2018; Ryan et al., 2012). This study thus conducted a 

duplicate analysis, and determined δ15N values from raw samples and δ13C values from lipid-

extracted samples, in accordance with recommendations from the literature (Lesage et al., 

2010; Ryan et al., 2012).  

 

Reasons for the choice of lipid extraction technique, full method, and results proving its 

success, are outlined in Appendix D. In short, the method was developed by Folch (1956) and 

modified by Elliott et al. (2017). Lipids were extracted three times using a 2:1 

chloroform:methanol solution. The remaining pellet was rinsed in distilled water and dried in 

the fume hood followed by the freeze dryer (36 hours). The pellet was re-homogenised and 

1 mg weighed into tin capsules and packaged for analysis, as described above. 

 

Analytical method 

 

The δ13C and δ15N ratios were measured simultaneously using an Elemental Analyser (EA) 

IsoLink Isotope Ratio Mass Spectrometer (IRMS) System, which consists of a Flash EA and 

a Delta V IRMS (Thermo Scientific, Bremen, Germany). Samples were automatically loaded 

into a Zero-Blank Autosampler (Costech Analytical Technical, Valencia, CA). Within a 

continuous flow of helium, the samples were dropped into an oxidation reactor held at 

1000 °C. A pulse of oxygen, timed to the drop of the sample, led to an exothermic reaction 

and an elevated combustion temperature of 1800 °C. An oxidising environment was achieved 

by chromium oxide, whilst any halogens and sulphur generated from the combustion were 

removed by silvered cobaltous/ic oxide. The combustion products were flowed through a 

reduction column packed with elemental copper wires held at 650 °C, where any excess 

oxygen not used in the combustion was removed and NOx was reduced to nitrogen gas (N2). 

A chemical trap containing magnesium perchlorate removed any water generated via 

combustion. The carbon dioxide (CO2) and N2 were separated via an Isolink Ramped Gas 

Chromatography Oven (Thermo Scientific) operated in an isothermal state at 70 °C. The 

gases were channelled to the stable isotope mass spectrometer for analysis. Carbon and 

nitrogen elemental composition were determined from mass spectrometry peak areas. Carbon 

and nitrogen isotope ratios were expressed in parts per thousand (‰) relative to international 

standards. 
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2.2.2 Quality assurance 
 

The quality of the analysis was assured by running between 3 and 9 replicates (depending on 

the size of the run) of two internal reference materials: JGLUT (L-glutamic acid, δ13C =  

−13.4‰, δ15N = −4.3‰) and POPPGLY (glycine, δ13C = −36.6‰, δ15N = 11.3‰), both 

obtained from Fisher Scientific, Hampton, NH. Additionally, between 3 and 9 replicates of 

quality assurance material JALA (alanine, Fisher Scientific) were incorporated into every 

batch run and analysed as an unknown to assess precision and accuracy of the measurement 

(δ13C = −20.6‰, δ15N = −3.2‰). 

 

All three materials (JGLUT, POPPGLY, JALA) were calibrated within the laboratory to 

international scales. δ13C was calibrated to the Vienna Pee Dee Belemnite (VPDB) scale 

using LSVEC (lithium carbonate, δ13C = −46.6‰) and NBS-19 (calcium carbonate, 

δ13C = 1.95‰; both obtained from the International Atomic Energy Agency, Vienna, 

Austria). δ15N was calibrated to the AIR scale using USGS40 (L-glutamic acid, 

δ15N = −4.5‰) and USGS41 (L-glutamic acid, δ15N = 47.6‰; both obtained from the United 

States Geological Survey, Reston, VA). The quality assurance indicated measurement errors 

of 0.09 ± 0.01‰ for δ15N and 0.06 ± 0.02‰ for δ13C.  

 

In addition, every tenth sample analysed was run as a duplicate to account for any variability 

in the sample and/or equipment. Low variability was confirmed by plotting all samples, and 

observing the duplicated samples plotting next to each other indicating more similarity to 

each other than the other data points. The mean value of each duplicate was used for analysis. 

Raw results are presented in Appendix E.  

 

2.3 Organohalogen contaminant analysis 
 

OHC analysis was conducted at the Laboratory of Environmental Toxicology (MT-Lab) at 

the Norwegian University of Life Sciences (NMBU), Campus Adamstuen, Oslo, Norway. A 

range of organochlorines (OCs), brominated flame-retardants (BFRs), and hydroxylated 

metabolites (OH-metabolites) of polychlorinated biphenyls (PCBs) and polybrominated 

diphenylethers (PBDEs) were analysed in a total of 39 whale and prey samples. A full list of 

analysed compounds is presented in Appendix F, an overview of whale samples analysed in 
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Table 1, and an overview of prey samples in Appendix A. The author conducted all 

preparatory work on the samples, whilst staff at NMBU conducted instrumental analyses and 

quantification. 

 

2.3.1 Preparation of samples and analytical method 
 

The clean-up and preparation of the samples for analysis used the multicomponent method, 

first described by Brevik (1978). The method, originally for the determination of 

organochlorine pesticides in human milk with gas chromatography (GC), has been modified 

to include analysis of a number of pollutants in a range of biological matrices (Andersen et 

al., 2001; Bernhoft & Skaare, 1994; Polder et al., 2008, 2014). The analysis of the OH-

metabolites of PCBs and PBDEs was conducted according to the method of Løken et al. 

(2006), which is described in Gabrielsen et al. (2011).   

 

Extraction 

 

Approximately 0.5 g of sample was weighed into 80 mL centrifuge tubes. To assist with 

homogenisation, sterile laboratory scissors cut the samples into small pieces. The samples 

were spiked with internal standards: PCB-29, -112 and -207 (Ultra Scientific, North 

Kingstown, RI), BDE-77, -119, -181 and -[13C12]-209 (Cambridge Isotope Laboratories, 

Tewksbury, MA) and 4'-OH-[13C12]-CB-159 and 4-OH-[13C12]-CB-187 (Wellington 

Laboratories Inc., Guelph, Canada). The amount of internal standard was determined 

according to a theoretical final volume corresponding to the levels expected in the samples.  

 

Solvents were added to the sample tubes in the following order: 2 mL 6% sodium chloride 

(NaCl), 10 mL 1M sulphuric acid (H2SO4), 15 mL acetone and 20 mL cyclohexane. The 

samples were then homogenised using an Ultra Turrax® (IKA T25, Labortechnik, 

Wasserburg, Germany). The homogenised samples were sonicated for 2 min with an 

ultrasonic homogeniser (4710 Series; Cole Parmer Instrument Company Ltd., Chicago, IL) 

followed by centrifugation at 3000 rotations per minute (rpm) for 10 min (Allegra® X-12R 

Centrifuge, Beckman Coulter, Brea, CA). The supernatants were extracted and transferred 

with a 10 mL volumetric pipette to a Zymark TurboVap® glasses. The sample extracts were 

then evaporated at 40 °C down to 1 mL aliquots with a continuous flow of N2 (purity 99.6%, 
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quality 2.6, pressure 9 psi/0.6 bar; AGA AS, Oslo, Norway), using a Zymark TurboVap® II 

Concentration Workstation (Zymark Corporation, Hopkinton, MA). The extraction was 

repeated with acetone (5 mL) and cyclohexane (10 mL), sonication (1 min) and 

centrifugation (3000 rpm, 10 min). The supernatants were transferred to their respective 

Zymark® tubes, and evaporation repeated to reach approximately 1 mL aliquots. Through 

this process, the solvent was vaporised and the lipids (with its lipophilic compounds) 

retrained. The aliquots were quantitatively transferred (i.e. 3 times rinsing with cyclohexane) 

to volumetric flasks until a final volume of 5 mL was reached.  

 

Lipid determination 

 

Literature supported the assumption of a lipid content higher than 2% in marine mammal 

blubber (Herman et al., 2005), lumpfish muscle (Davenport & Kjørsvik, 1986) and herring 

muscle (Lambertsen & Brækkan, 1965). As a result, the lipid content was determined 

gravimetrically by taking an aliquot that was discarded after lipid determination. 1 mL was 

taken from the volumetric flask and transferred to a pre-weighed 8-dram glass vial. This was 

evaporated to dryness on a sand bath (40°C) with a gentle stream of N2, tempered to room 

temperature, and then weighed. The evaporation and weighing was repeated until a constant 

weight was achieved (variation less than ± 0.0020 g). The lipid content (%) was then 

calculated using Equation 2:  

=6>6?	'()#$)#	 = 	
(=6>6?	5$67ℎ#	 × 	100)	× 	C"D>E$	F(EGD$

C"D>E$	5$67ℎ# × 	HE6IG(#	F(EGD$  

          Equation 2 

Lipid content = lipid content of the sample (%) 

Lipid weight = lipid weight of the sample: calculated as the difference between the weight of the empty glass and the weight 

of the glass with concentrated sample extract (g) 

Sample volume = volume of the extract in the volumetric flask prior to lipid determination: 5 mL for all samples in this 

study (mL) 

Sample weight = the wet weight of the sample prior to extraction (g) 

Aliquot volume = the amount taken from the volumetric flask for lipid determination: 1 mL for all samples in this study 

(mL) 

 

Lipid clean-up 

 

Sample extracts were cleaned with concentrated H2SO4 (97.5%) in order to remove fat and 

protein residues. The amount of acid used was determined from the fat determination results, 
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with 2 mL of H2SO4 sufficient to clean up 50 mg of fat. Sample extracts were mixed using a 

Whirlmixer, and the tube briefly upended. Sample extracts were incubated in the dark at 

room temperature for at least 1 hour, before being centrifuged for 10 min at 3000 rpm. The 

supernatant was extracted using a Pasteur pipette and transferred to a new glass tube (10 mL). 

The sample extract containing acid was washed with 1.5 mL of cyclohexane, briefly 

upended, centrifuged at 3000 rpm for 10 min and the supernatant added to the same glass 

tube.  

 

Organochlorine extraction 

 

The whale and seal samples had a theoretical final volume of 5 mL, and a practical final 

volume of 4 mL, and so the OCs were extracted directly after lipid clean up. A small amount 

of the sample extract was transferred to clear GC-glasses with inlets, corked and put in the 

refrigerator until analysis. Due to expected lower contaminant levels in the fish muscle 

samples, these were concentrated to a theoretical final volume of 0.5 mL and a practical final 

volume of 0.2 mL, and thus analysed simultaneously with the BFRs.  

 

Hydroxy- metabolite extraction 

 

Sample extracts were evaporated on a sand bath to approximately 1 mL. Potassium hydroxide 

(1 M KOH in 50% ethanol, 5 mL) was added, shaken with the Whirlmixer, and centrifuged 

for 5 min at 3000 rpm. The heaviest phase was extracted into a large test tube, and the 

extraction repeated immediately. This extraction was conducted to apportion the OH-

metabolites into their own phase, to avoid interference from other, similar lipophilic 

substances that can influence the analysis.  

 

Concentrated H2SO4 was added carefully to the basic, heavy phase, until a pH of 1–2 was 

obtained (approximately 30 drops). The sample extracts were carefully shaken prior to pH 

measurement. The OH-metabolites were extracted by adding cyclohexane (5 mL) and 

shaking carefully. The sample extracts stood until the phases had separated, and the 

supernatant was transferred to Zymark® glasses using first a volumetric pipette, and then a 

Pasteur pipette. The extraction was repeated once. Before transferal to new test tubes, the 

sample extracts were evaporated to 1 mL on the Zymark® evaporator. After transferring to 
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test tubes, each Zymark® glass was washed three times with cyclohexane. The sample 

extracts were evaporated on a sand bath to 1 mL. 

 

Many of the OH-metabolites contain one or more hydroxyl groups, which due to their polar 

nature can lead to peak tailing on a GC (asymmetrical peaks due to early elution of an 

analyte). These should therefore be substituted for an acetyl group (CH3CO-), which are less 

polar, by a derivatisation process. A 1:1 solution of pyridine (C5H5N) and acetic anhydride 

(C4H6O3) was prepared, and 50 μL added to each of the test tubes. These were shaken on a 

Whirlmixer, wrapped in foil and placed in a warming cabinet at 60 °C for 30 min. After 

acclimatisation (5 min in fume hood), 2 mL of distilled water (dH2O, grade 1) was added to 

the test tubes. They were shaken, centrifuged (3000 rpm, 5 min) and supernatants extracted to 

glass tubes (10 mL). The extraction was repeated once with a cyclohexane rinse. The organic 

phase was transferred to a conical glass calibrated with 200 μL of keeper (2% decane in 

cyclohexane), and evaporated on a sand bath to the calibration mark. They were washed once 

with 0.5 mL cyclohexane, followed by evaporation to the calibration mark. The remaining 

sample extract was transferred to a brown GC-glass with inlets, corked, and put in the 

refrigerator until analysis. Through concentration, the theoretical final volume for all samples 

was 0.5 mL and the practical final volume 0.2 mL.  

 

Brominated flame retardant extraction 

 

After the OH-metabolites were extracted in the heavy phase after the potassium hydroxide 

extraction, the lighter phase left in the tube was processed for BFR analysis. 2 mL of distilled 

water was added and centrifuged for 5 min at 3000 rpm. The supernatant was transferred to a 

conical glass calibrated with 200 μL of keeper. 2 mL of cyclohexane was added to the tubes, 

and the extraction repeated once, with the supernatant transferred to the same conical glass. 

The sample extracts were evaporated on a sand bath to the calibration mark, washed once 

with approximately 0.5 mL cyclohexane, followed by another evaporation to the calibration 

mark. The remaining sample extract was transferred to a brown GC-glass with inlets, corked, 

and put in the refrigerator until analysis. Through concentration, the theoretical final volume 

for all samples was 0.5 mL and the practical final volume 0.2 mL.  
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Instrumental analysis and quantification 

 

Instrumental analysis of all analytes was performed using high resolution GC (Agilent 6890 

Series GC system, Agilent Technologies, Santa Clara, CA) equipped with an auto sampler 

(Agilent 7683 Series, Agilent Technologies) to inject the aliquots. For the quantification of 

OCs and OH-metabolites, the system was coupled to two detectors, one electron capture 

detector and one single quadruple mass spectrometer (MS) detector (Agilent 5975C, Agilent 

Technologies). BFRs were quantified using a MS detector (Agilent 5973, Agilent 

Technologies). Details of the methods and equipment setup are described in Polder et al. 

(2008) and Gabrielsen et al. (2011) with the following modifications: in quantifying OCs the 

constant flow of the hydrogen carrier gas was increased to 1.3 mL/min. and the final holding 

time at 275 °C was increased to 12 min, making the total run time 71.6 min.  

 

The quantification of analytes was performed using the internal standard method, and the 

software MSD Chemstation (version: E.02.01, Agilent Technologies). The method associates 

the response of a target analyte with the internal standard of highest similarity in 

physiochemical properties, determined by the retention time. Calibration curves were then 

used to identify the analyte and calculate the amount (ng/mL) of the analyte in all the 

samples. The wet weight concentration (ng/g w.w.) and the lipid weight concentration (ng/g 

l.w.) can then be derived using Equation 3 and Equation 4, respectively:  

 

5.5. '()'. = 	
HD(G)#	 × 	Kℎ$(%$#6'"E	L6)"E	F(EGD$

C"D>E$	5$67ℎ#  

          Equation 3 

w.w. conc = wet weight concentration of each analyte in the analysed sample (ng/g) 

Amount = calculated amount of each analyte in the analysed sample (ng/mL) 

Theoretical final volume  = theoretical final sample volume of the internal standards (mL) 

Sample weight = wet weight of the original sample prior to extraction (g) 

 

E. 5. '()'.	 = 	
100	 × 	5.5. '()'.

=6>6?	%  

          Equation 4 

l.w. conc.  = lipid weight concentration of each analyte in the analysed sample (ng/g) 

w.w. conc.  = wet weight concentration of each analyte in the analysed sample (ng/g) 

Lipid % = lipid content in analysed sample (%) 
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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-metabolites. Specific LODs for each compound is listed in 

Appendix G. The limit of quantification (LOQ) was defined as 10 times the average noise in 

chromatograms. No compounds were detected above the LOD but below the LOQ.  

 

2.3.2 Quality assurance 
 

The MT-laboratory is accredited by the Norwegian Accreditation for the determination of 

OCs and BFRs in biological matrices of animal origin according to the requirements of NS-

EN ISO/IEC 17025:2005 (Test 137). The laboratory is accredited for all analytes in the 

present study with the following exceptions: BDE-196, -202, -206, -207, -208, -209, PBT, 

PBEB, DPTE, HBB and OH-metabolites of PCBs and PBDEs (chemical abbreviations in 

Appendix F). The method for determining non-accredited analytes was performed and 

validated following the same principles as the accredited standard (NS- EN ISO/IEC 17025).  

 

Controls were used to support the quality of the analysis. For each series of 16 samples, three 

blank samples, one blind, two recovery samples and two in-house reference materials were 

included in the analysis. Blank samples contained internal standards and solvents, and were 

used to control for contamination from air, solvents and glass equipment during sample 

preparation. If any analyte was detected in the blanks, the average was subtracted from the 

calculated sample concentrations. Relative recoveries for each sample were calculated from 

the two recovery samples: a low contaminated material resembling the test material (in this 

case, corn oil) spiked with known amounts of all analytes of interest. Any analytes naturally 

found in the corn oil were accounted for by the blind sample, consisting of just corn oil and 

the internal standards. The in-house references consisted of one sample of seal whole blood, 

with a known concentration of OH-metabolite analytes, and one sample of seal fat, with a 

known concentration of OC and BFR analytes. These controls check that the samples have 

been correctly prepared and that the instruments are working as required. The in-house 

reference material is regularly analysed, and must be within two standard deviations of the 

established value (Polder et al., 2008). In addition, the laboratory routinely analyses relevant 

Certified Reference Materials (CRM) to ensure analytical quality. In this study, the following 

CRMs were analysed with satisfactory reproducibility: CRM350, CRM598 and CRM2525.  
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Calculation of the relative recovery % (Rec-%) is set by the laboratory`s quality control 

system, is calculated from the recovery samples, and must be within acceptable limits after 

sample preparation. The Rec-% of oxychlordane was too low (65%), due to break down 

during acid clean-up, and the Rec-% of BDE-196 and -202 were too high (180% and 216% 

respectively). Samples were not corrected for recoveries, and thus results related to these 

analytes should be treated with caution, although only oxychlordane was used for further 

statistical analysis in this study, and only as a comparison between samples and not to other 

studies. Rec-% for all other analytes were within an acceptable range, with a range of 97-

107% for the PCBs, 98-109% for the OCPs, 84-126% for the BFRs, 63-115% for the OH-

PCBs and 47-107% for the OH-BDEs.  

 

2.4 Total mercury analysis 
 

Samples were analysed for total mercury (Hg) by atomic absorption spectrometry at the 

University of Oslo using a Direct Mercury Analyser (DMA-80, Milestone Srl, Soirsole, 

Italy). All sample preparation and analysis were conducted by the author. 

 

2.4.1 Preparation of samples and analytical method 
 

A pilot study was carried out to determine the optimum amount of sample required for 

analysis. Triplicates, each weighing 0.030 g, of the three different matrixes (freeze-dried 

whale skin, herring muscle and lumpfish muscle) were analysed to provide an overview of 

sample variance. Systematically smaller amounts of whale skin were analysed to determine if 

the same concentrations could be measured at a lower sample amount. 0.010 g of fish muscle 

and 0.002 g of whale skin were chosen as optimum sample amounts from the expected Hg 

concentrations and limited sample material. Samples were analysed in duplicates, if enough 

material, to account for any variability in the sample and equipment. If less than 0.002 g of 

sample was available, the sample was analysed without replicates to avoid weighing errors. 

 

Dry plastic tweezers and a dry stainless-steel spatula (pre-rinsed in 1% hydrochloric acid) 

were used to transfer freeze-dried sample into quartz vessels, and weighed using an analytical 

balance. Prior to use, quartz vessels were rinsed in distilled water and oven-dried at 600 ºC 

overnight. The vessels with the sample were placed onto a carousel in the DMA-80 



	28	

instrument, and an autosampler injected the vessels into a drying and decomposition furnace. 

The decomposition products were then carried with oxygen to a catalytic furnace where 

impurities were removed, and all species of Hg were reduced to elemental Hg. Hg was then 

trapped onto a gold amalgamator, that heat flashes to ~850°C, and releases the metal onto the 

atomic absorption spectrophotometer for measurement. The concentrations (ng/g) dry weight 

(d.w.) of Hg in each sample were then delivered to the user in an Excel spreadsheet. Raw 

results are presented in Appendix E. 

 

2.4.2 Quality assurance  
 

Two empty spaces in the carousel (i.e. no quartz vessel) were run first to clear any residual 

Hg in the analyser. Two empty quartz vessels (blanks) were then run, followed by two 

samples of two different CRMs (DORM-4 fish protein; DOLT-5 dogfish liver, National 

Research Council of Canada, Ottawa, Canada) and two samples of internal reference material 

(TORSK, cod liver). An empty space (no quartz vessel) was also run at the end of each 

sample run. The mean value of the blanks for each series were subtracted from the sample 

values.  

 

When samples were analysed in duplicates, the mean Hg concentration was calculated from 

each sample. Measurements from samples were at least one magnitude higher than 

measurements from the blanks, and the concentrations of the CRMs were within 10% of the 

reported values. The detection limit of the instrument was 0.050 ng Hg. An inter-laboratory 

comparison between UiO and NMBU returned comparable Hg values (within 15%). 

 

2.5 Statistical analysis and data handling 
 

Data was processed using Microsoft Excel for Mac 2019, version 16.24. Statistical analyses 

were performed using RStudio (version 1.1.463 - 2009-2018). The a level was set to 

p = 0.05, except in cases where the p-value was adjusted due to multiple testing, and was 

two-tailed unless otherwise specified. Significance and effect size were also assessed through 

plots and other measures of fit and variation, dependent on the statistical test. Values were 

log-10 transformed (+1), if necessary, to meet homoscedacity and normal distribution 

assumptions.. The author led and conducted all statistical analyses.   
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2.5.1 Dietary preferences inferred from stable isotope analysis 
 

Multiple linear regression was used to assess the effects of explanatory variables age, sex, 

sampling group, occurrence group and a priori dietary group on the stable isotopes of 

nitrogen (δ15N) and carbon (δ13C) in whale skin samples. Independence was assumed, and 

further model assumptions (linearity in residuals, normal distribution of residuals, 

homogeneity of variance in residuals and absence of influential outliers in residuals) were 

checked visually through diagnostic plots. Shapiro Wilk’s normality test was used as an 

additional check of normality (Shapiro & Wilk, 1965), and homogeneity of variance by 

Levene’s test (Levene, 1960) using the R package car (Fox & Weisberg, 2011). In linear 

regression, the adjusted R2 lies between 0 and 1, and indicates how much of the variability of 

the data points around the mean that is explained by the model, with a penalty for the number 

of variables in the model. In general, a higher value indicates a better fit for the data. 

 

In fitting a linear regression, and including all possible variables and co-variables in a model, 

confounding effects can be adjusted for (Pourhoseingholi et al., 2012). In addition, it is 

advantageous to test multiple variables simultaneously rather than to engage in multiple 

testing, which can lead to an increase in erroneously rejecting the null hypothesis in a false 

discovery (“Type 1 error”; Moore & McCabe, 2014). Corrections for this increase in Type 1 

error occurrence can often result in a loss of statistical power of a single test. Significant 

associations between response variables and the explanatory variables were identified with 

forward model selection, from the null model to the full global model including all 

explanatory variables. In forward model selection (R package stats, command step), 

explanatory variables were added one by one to the model based on results from the Monte 

Carlo permutation test and AIC- value (Akaike Information Criterion). Monte Carlo 

permutation test checks whether the variation in concentration or patterns are significantly 

explained by the explanatory variables, and also whether the variation explained by the 

explanatory variables is higher than the variation explained by the same number of randomly 

generated explanatory variables. Models with the lowest AIC value are selected ahead of 

models with a higher AIC value.  
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Model-based cluster analysis 

 

The identification of groups (i.e. clusters) in the data was based on the δ15N and δ13C values 

only and carried out by model-based clustering and the Mclust function in R (Scrucca et al., 

2016). Model-based clustering views data as coming from a distribution that is a mixture of 

two or more clusters, and assigns each data point a probability of belonging to each cluster 

(Fraley & Raftery, 1998). Unlike traditional clustering methods, such as k-means clustering, 

the user is not required to estimate the number of clusters beforehand.  

 

Each cluster is modelled by the normal distribution, and potential model parameters 

estimated using the Expectation-Maximisation (EM) algorithm, which is initialised by 

hierarchical model-based clustering (Fraley & Raftery, 1998). Maximum likelihood is used to 

fit all of the possible models using different covariance parameterisations for a range of 

different cluster numbers. The best model is then selected using the Bayesian Information 

Criterion (BIC), which is the value of the maximised loglikelihood with a penalty for the 

number of parameters in the model (Fraley & Raftery, 1998; Schwarz, 1978). The geometric 

features of each cluster are determined by the covariance matrix for the given model. The 

individual assignment of whales to a cluster was validated by comparisons to field 

observations of predation.  

 

Ecological niche analysis 

 

δ15N and δ13C values delineate the isotopic niche. The niche width was calculated using 

multivariate ellipses-based metrics in the Stable Isotope Bayesian Ellipses R package 

(SIBER; Jackson et al., 2011). Niche width is estimated for each cluster by calculating the 

total convex hull area (‰2) and the Standard Ellipse Area corrected for sample size (SEAC, 

‰2). The total convex hull area is the area within a polygon drawn around the outermost 

points of data. The SEAC can be considered the bivariate equivalent of standard deviation in 

univariate data, and uses the variance and covariance of the isotope data to contain 40% of 

the data regardless of the sample size (Jackson et al., 2011).  

 

To assess the differences between each group’s niche width, the uncertainty was calculated 

by Bayesian Inference. The Markov chain Monte Carlo (MCMC) algorithm generated a 

distribution of covariance matrices that, using maximum likelihood, described the observed 
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data (Jackson et al., 2011). The prior probability was then combined with the likelihood of 

the data for a given covariance matrix in order to calculate 10,000 ellipse estimates for each 

group. Thus, to test whether one group’s ellipse is smaller than another, the probability that 

its posterior distribution (i.e. ellipse size) is smaller than another group can be calculated. The 

proportion of draws that are smaller can then be found out, and this is a direct proxy for the 

probability that one group's ellipse size is smaller than the other. From this, the Bayesian 

estimate of the standard ellipse area (SEAB) is calculated by measuring each one of the 

ellipses’ area, and then presenting summary statistics of this derived measurement (in 

essence, an ellipse generated from the 10,000 posterior ellipses; Jackson et al., 2011). 

 

Comparing groups 

 

In comparing two groups that followed a normal distribution (e.g. δ15N and δ13C values 

within dietary clusters and between lumpfish and herring), the Welch’s t test was chosen. 

This test is more robust against type-1 error than the Student’s t-test when sample sizes are 

unequal, small and/or the variance unequal (Moser & Stevens, 1992; Ruxton, 2006).  

 
2.5.2 Organohalogen contaminant analysis 
 

Data below the limit of detection 

 

Compounds found in levels above the instrument’s limit of detection (LOD) in a minimum of 

65% of the individual whale samples were included for statistical analysis. A frequency 

detection of 65% was chosen as it gave enough of an interval to infer the distribution of the 

data for later imputation of values below the LOD, whilst also allowing the inclusion of as 

many compounds as possible in subsequent statistical analyses. This also allowed for the 

inclusion of PCB-28 and PCB-110, which were compounds of especial interest due to their 

presence in the three prey species. To avoid substituting too high a proportion of the dataset, 

the threshold was not lowered further. Based on this, 6 PCBs were excluded of a total of 34 

congeners, 4 OCPs were eliminated of a total 15 compounds, 11 polybrominated of total 18 

congeners, and 15 of 16 OH-metabolites. The compounds that were eliminated from 

statistical analyses are indicated in Appendix F. 
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Common methods of dealing with missing values in the remaining compounds are to 

substitute values < LOD with 0 or half the LOD value. However, this may create an artificial 

pattern in the dataset if there are many substituted values, and can invalidate statistical tests 

and generate significant biases in the final dataset (Helsel, 2006, 2010). This study used the 

method of distribution-based multiple imputation, which fits a parametric distribution to the 

data and uses this distribution to randomly assign a value for each sample under the LOD 

until a complete dataset is created. To account for the uncertainty in replacing a value, the 

method replaces each value with several values, creating multiple datasets containing 

parameter estimates and co-variances. These are then combined and a total variance is 

computed (Baccarelli et al., 2005). The beta distribution, with α = 5 and β = 1 was 

determined as the most appropriate distribution for the dataset based on the shape of the 

pollution dataset from histograms. After running the imputation 1000 times, and thus drawing 

1000 possible values from the chosen distribution, the value causing the least variation was 

the value chosen. In total, 95 values below the LOD were replaced, representing 6.52% of the 

OHC dataset, and are indicated with a * in Table G2 (Appendix G).  

 

Distribution-based multiple imputation was not conducted on the prey samples due to the low 

detection frequency of OHCs in these groups, and no inferential statistics being conducted on 

individual prey samples. Instead, the mean was calculated for a selection of OHCs based on 

how many samples the compound was detected in. This was used as an indication of OHC 

dietary exposure in each prey group.  

 

Contaminant groups, patterns and comparisons 

 

The sum of PCBs (ΣPCBs) for each individual whale was calculated as the sum of the 28 

PCB congers detected in over 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, and -209. The sum of DDT constituents (ΣDDTs) was defined as 

the sum of p,p`-DDT, p,p`-DDD and p,p`-DDE, the sum of PBDE congeners (ΣPBDEs) as 

the sum of BDE-28, -47, -99, -100, -153 and -154 and the sum of chlordanes (ΣCHLs) as the 

sum of oxychlordane, trans-chlordane, cis-chlordane, trans-nonachlor and cis-nonachlor 

(chemical abbreviations in Appendix F). In comparing to other populations, care was taken to 

only include the same congeners in each study contributing to the total sum. The exception 

was for the ΣPCBs, where a large range of definitions exist and information of levels on 
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individual congeners is often missing. Some researchers analyse only a few core congeners of 

PCB (e.g. Krahn et al., 2009) and others all 209 of the possible congeners (e.g. Ross et al., 

2000). However, since the ΣPCBs in killer whales is dominated by a few commonly reported 

congeners, typically PCB-153 and -138 (Wolkers et al., 2007; Ylitalo et al., 2001), and the 

inclusion of other minor constituents is unlikely to have a major influence on the total load, it 

is considered acceptable to compare ΣPCB loads between killer whale populations despite 

differing calculation methods (Desforges et al., 2018).  

 

The 28 PCB compounds included in the statistical analysis were grouped based on the 

number of chlorine substitutions per molecule, i.e. homologue group. PCB congeners with 

lower chlorination tend to be more efficiently metabolised and eliminated from organisms, 

and the most bioaccumulating PCB congeners are penta-, hexa-, and hepta-, chlorobiphenyls 

(CBs), which each contain five, six and seven chlorine atoms per molecule, respectively 

(McFarland & Clarke, 1989). The three highest chlorinated PCBs (eight–ten chlorine 

substitutions) were combined to one group (higherCB) in this study. Thus, the 28 PCB 

congeners were grouped into six groups: triCB (3): PCB-28; tetraCB (4): PCB-66, -74; 

pentaCB (5): PCB-87, -99, -101, -105, -110, -114, -118; hexaCB (6): PCB-128, -137, -138, -

141, -149, -151, -153, -156-, 157; heptaCB (7): PCB-170, -180, -183, -187, -189; higherCB: 

PCB-194, -196, -206, -209. The differences in proportions of PCB groups between the killer 

whales dietary clusters was analysed using a one-way Analysis of Variance (ANOVA), 

followed by Tukey’s honest significant different post hoc test (Tukey’s HSD; Tukey, 1949). 

Model assumptions of normality and equal variance were checked.  
 

Inferential statistics  

 

Multivariate analysis, including Principle Component Analysis (PCA) and Redundancy 

Analysis (RDA), was conducted on OHC levels on all analysed whale samples to identify 

groups of highly correlated compounds and to visualise interrelationships between OHCs and 

explanatory variables (sex, age, lipid %, and dietary cluster). Contaminant levels were log-10 

transformed prior to data analysis to ensure normality and homogeneity of variance. The 

presence of any influential outliers were checked by the Cook’s distance test. The 

multivariate analyses were performed using the R-package vegan (Oksanen et al., 2019). 
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PCA was used to investigate correlations between OHCs, and interrelationships to possible 

explanatory variables. PCA is an unconstrained ordination technique which reduces the 

dimensions in a data set to new, uncorrelated, latent variables presenting the main structure or 

variation in the data by a few components. These variables are called principle components 

(PCs), where the first component (PC1) accounts for the maximum amount of variation 

possible in one variable, and the subsequent component (PC2) accounts for successively less 

of the total variation in the original data set (Bro & Smilde, 2014). PCA results are presented 

as biplots, by extracting the first two components with the highest eigenvalues (fraction of the 

total variation accounted for by an axis), that explain most of the variation (PC1 and PC2), 

and then plotting them against each other. The biplot is so called as it is a representation of 

the dataset of individual whales samples (presented as points) and the variables (represented 

as arrows/vectors; Sparks et al., 1999). ‘Scores’ refer to the values the samples have on the 

biplot, whilst ‘loading’ refers to the length and direction of the arrows. The length of the 

arrows indicates the contribution to the variability explained by the principal components, i.e. 

a longer arrow indicates a higher contribution to the variability explained and a shorter arrow 

a smaller contribution. The directions of the arrows reflect the degree of correlation, arrows 

pointing in the same direction are positive correlated, arrows in opposite directions are 

negative correlated, and arrows orthogonal to each other are uncorrelated (Bro & Smilde, 

2014; Sparks et al., 1999). The arrows point in the direction of increasing importance of the 

compound in samples. Explanatory variables (age, sex and dietary cluster) were passively 

projected as centroids on the PCA plot to visualize relationships between response and 

explanatory variables, without affecting the directions of response variables. Rather than lipid 

normalising the data, which can often lead to misleading conclusions in inferential statistics 

(Hebert & Keenleyside, 1995) lipid content (%) was used as a covariate in the PCA, after 

checking its significance using RDA.  

 

RDA is a direct (constrained) ordination technique, and can be considered as an analogue to 

linear regression in multivariate statistics. RDA is used to extract and summarize the 

variation in a set of response variables constrained and thereby explained by a set of 

explanatory variables (Palmer et al., 2008). This is done by performing multiple linear 

regression with multiple response variables on multiple explanatory variables. The 

combination of explanatory variables that best explains the variation in the response variable 

are summarized on redundancy axes that are linear combinations of all explanatory variables 

and thereby explain the variation in the response variable (Sparks et al., 1999). Variation 
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explained by these explanatory variables are termed constrained variation, and variation that 

is not explained is the unconstrained variation. Significant associations between response 

variables and the explanatory variables were identified with forward model selection, 

followed by a Monte Carlo forward permutation test (1000 unrestricted permutations), as 

described for linear regression (above). As RDA only says if a group is significant or not, but 

not which factors within the group differ, significant results were confirmed by a one-way 

ANOVA on PC1, followed by Tukey’s HSD (Tukey, 1949). 

 

Due to low sample size in females analysed for OHCs (n = 4), PCB-153 was used as a proxy 

for OHC levels when analysing changes in OHC levels as a function of number of calves a 

female had been observed with 2013–2018. A Spearman’s rank correlation test was used. The 

correlation coefficient in Spearman’s rank correlation, ρ (rho), lies between -1 and 1, with a 

rho closer to -1 or 1 indicating a stronger negative or positive correlation, respectively. A rho 

of 0 is interpreted as no correlation between the ranks of one variable with the ranks of a 

compared variable. 

 

2.5.3 Total mercury analysis  
 

The assumptions of linear regression were not met for the Hg data even after log-10 

transformation, and diagnostic plots indicated the presence of several influential outliers in 

the dataset. Non-parametric tests were used instead, which make no assumptions of normality 

or homoscedacity. Additionally, the use of ranks to calculate differences are robust against 

outliers. A Wilcoxon-ranked sum test was chosen to compare two levels within a group (e.g. 

for age) and a Kruskal-Wallis test (Kruskal & Wallis, 1952) to compare more than two levels 

within a group (e.g. for sex and cluster). A significant result was followed by a pairwise 

Wilcoxon Rank Sum test, using a Benjamini-Hochberg False Discovery Rate (Benjamini & 

Hochberg, 1995) correction to adjust for multiple testing. The Benjamini-Hochberg method 

was chosen instead of the simpler Bonferroni correction as it is less conservative, and 

increases the overall power of the test whilst still adjusting for false discoveries.  

 

2.5.4 Prey samples 
Data followed a normal distribution within the stable isotope values, Hg and BDE-47 levels 

in lumpfish and herring. A Welch’s t test was therefore chosen to compare the two.  
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2.5.5 Threshold values for possible toxic effects 
 

Organohalogen contaminants 

 

OHC values were lipid-normalised when comparing levels to threshold values for toxicity. In 

comparing to other populations, values were also lipid normalised but, in accordance with 

convention, only adult males were compared across populations as reproductive female 

whales are known to transfer a substantial portion of their contaminant burden to their calves 

(Krahn et al., 2009; Ross et al., 2000). Including reproductive females would thus introduce a 

further level of variability, including potentially very low levels of contaminants, 

confounding the comparison.  

 

Mercury 

 

The majority of threshold values of Hg toxicity in marine mammals are based on levels in the 

liver (e.g. AMAP, 2018; Rawson et al., 1993), which is usually the organ Hg levels are 

reported in. There is, however, a strong positive correlation between levels in the skin and 

liver in a range of toothed whales (e.g. Aubail et al., 2013; Cáceres-Saez et al., 2015; Stavros 

et al., 2011) suggesting that skin samples from biopsy samples could be used as surrogates 

for measuring Hg levels in the liver of deceased animals. Levels of Hg measured in the skin 

in this study were extrapolated to predicted levels in the liver using a model by Stavros et al. 

(2011) based on bottlenose dolphins (Tursiops truncatus; Equation 5). The chosen model had 

a higher adjusted R-squared (adj-R2 = 0.89) than models suggested in other studies (adj-R2 = 

0.53, Cáceres-Saez et al. 2015; adj-R2 = 0.644, Aubail et al., 2013).  

 

ln(O7PQRST) = 	1.6124 × ln(O7XYQZ) + 	2.0346 
Equation 5 

Hgliver = concentration of mercury in the liver (μg/g w.w.) 

Hgskin = concentration of mercury in the skin (μg/g w.w.) 

 

Both male and female whales were compared to other populations. This was due to a lack of 

information of sex in one of the populations for comparisons (AMAP, 2018) and because 

killer whales are unlikely to pass on contaminant burdens to calves (AMAP, 2018; Endo et 

al., 2006b).  
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3    Results 
 

3.1 Dietary preferences inferred from stable isotope 

analysis 
 

Dietary preferences of the 38 sampled whales were inferred by analysing the stable isotopes 

of nitrogen (δ15N) and carbon (δ13C) in killer whale skin samples, and estimating the isotopic 

niche. Values were then also compared to stable isotopes measured in the muscle of prey 

species. The δ15N values in killer whales ranged between 11.3‰ and 13.2‰ with the mean 

(μ) 11.9‰ and the standard deviation (SD) 0.5‰. The δ13C values ranged between −20.0‰ 

and −17.7‰ (μ ± SD: −19.0‰ ± 0.6‰). This resulted in δ15N and δ13C values spanning 1.9‰ 

and 2.3‰, respectively in killer whales (full results in Appendix E).  

 

A multiple linear regression, fitted with δ15N as the response variable, and sex, age, sampling 

group, occurrence group and a priori dietary group as explanatory variables, found the best 

model to be with a priori dietary group as the only explanatory variable (adjusted R2 = 0.72, 

F(1,36) = 53.4, p < 0.001). Whales previously recorded feeding on seals had higher δ15N 

values than whales previously recorded feeding on fish (Seal vs. Fish: coefficient 

estimate = 0.85, t = 7.30, p < 0.001, Figure 4a). A regression fitted to δ13C values, with the 

same explanatory variables, found sampling group to be the only variable in the best model 

(adjusted R2 = 0.56, F(2, 35) = 24.5, p < 0.001). Whales sampled on the lumpfish spawning 

grounds in the spring months of April and May had the highest δ13C values 

(intercept = −18.31, t = 147, p < 0.001), followed by whales sampled in the summer (Spring 

vs. Summer: coefficient estimate = −0.46, t =  −2.36, p = 0.30), and whales sampled on the 

herring overwintering grounds in November the lowest values (Spring vs. Winter: coefficient 

estimate = −1.02, t = −6.86, p < 0.001, Figure 4b).  
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Figure 4. Boxplots of killer whale (Orcinus orca) skin samples collected throughout the year July 2017–July 2018 in 
northern Norway (n = 38) a) δ15N values and a priori dietary group. “Fish” (n = 28) if no recorded observation of predation 
on seals and “Seal” (n = 10) if recorded predation on seals from field observations 2013–2018; b) δ15C values and sampling 
group. “Winter” (n = 22) if whales were sampled on herring overwintering grounds in November, “Summer” (n = 6) if 
sampled during months of June–August and “Spring” (n = 10) if sampled April–May on lumpfish spring spawning grounds. 
For both plots, the box represents the second and third quartiles. Horizontal lines represent the median. Whiskers represent 
the lower (first) and upper (fourth) quartiles. Points outside the whiskers and box are outliers. 

 
Based solely on the δ15N and δ13C values, the model-based cluster analysis found the most 

likely number of clusters of whales to be three (Table 2, Figure 5). Cluster 1 was 

distinguished by higher mean δ15N values than the other clusters and a large variation in δ13C 

values. The assignment of whales included all whales previously recorded feeding on seals 

except one (NKW-785), and included one whale (NKW-924) that had not been observed 

feeding on seals previously (Table 1, Table 2). The cluster included whales sampled 

throughout all seasons. δ13C values did not differ between whales sampled in November in 

Skjervøy and whales sampled in the spring/summer in Andøya (Welch’s t-test, t = 1.11, 

p = 0.32). Whales sampled in August (Appendix C) had slightly higher δ15N values than 

whales sampled during the rest of the year (August: 12.8‰ ± 0.3‰ vs. rest of year: 12.5‰ ± 

0.2‰), although the difference was not statistically significant (Welch’s t-test, t = 1.58, 

p = 0.18). Cluster 2 was distinguished by lower δ15N values and lower δ13C values with a low 

variation. Whales in cluster 2 were all sampled eating herring on the herring overwintering 

grounds, with the exception of NKW-348. Cluster 3 was distinguished by low δ15N values 

and higher δ13C values with a low variation. Whales in cluster 3 were all sampled whilst 

eating lumpfish in the lumpfish spring spawning grounds, with the exception of NKW-598.  
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Clusters 1, 2 and 3 are hereafter referred to as seal-eaters, herring-eaters and lumpfish-eaters, 

respectively, and form the variable ‘Dietary cluster’, used as an explanatory variable for the 

analysis of contaminants in the rest of this study.   

 
Table 2. The three clusters found from the model-based cluster analysis, based solely on the δ15N and δ13C values measured 
in skin samples of killer whales (Orcinus orca) from northern Norway collected throughout the year July 2017–July 2018 
(n = 38). Arithmetic mean ± standard deviation (SD), and the range (in parentheses) are given for the δ15N and δ13C values in 
each cluster. Percentages of whales from the different categories of each group is given. Grouping of whales is defined in 
section 2.5.1, and an individual whale’s assignment in Table 1.  

Dietary 

cluster 

n δ15N (‰) 

Mean ± SD 

(range) 

δ13C (‰) 

Mean ± SD 

(range) 

ID a priori 

diet 

group 

Diet at 

sampling 

Sampling 

group 

Occurrence 

group 

 

1:  

Seal-

eaters 

 

10  

 

12.6 ± 0.3 

(12.3–13.2) 

 

−19.0 ± 0.6 

(−20.0 – −18.0) 

 

NKW-096, 

NKW-823,  

NKW-921, 

NKW-924,  

K1, KI01,  

KI03, KI05, 

KI06, KI07 

 

Seal (90%) 

Fish (10%,  

NKW-924) 

 

Seal (50%) 

Unknown 

(30%) 

Lumpfish 

(10%, K1) 

Herring 

(10%,  

NKW-924) 

 

Winter 

(40%) 

Summer 

(50%) 

Spring 

(10%) 

 

Winter and/or 

summer/spring 

(“WS”, 90%) 

Winter only 

(“WI”, 10%) 

 

2: 

Herring-

eaters 

 

19 

 

11.7 ± 0.2 

(11.4–12.0) 

 

 

−19.4 ± 0.3 

(−19.8 – −18.9) 

NKW-063, 

NKW-153,  

NKW-183, 

NKW-165,  

NKW-180, 

NKW-348,  

NKW-421, 

NKW-506,  

NKW-511, 

NKW-785,  

NKW-862, 

NKW-867,  

NKW-918, 

NKW-919,  

NKW-920, 

NKW-922,  

NKW-923, 

NKW-937, J1 
 

 

Seal (5%,  

NKW-785) 

Fish (95%) 

 

Herring 

(95%) 

Lumpfish 

(5%,  

NKW-348) 

 

Winter 

(95%) 

Spring (5%,   

NKW-348) 

 

Winter and/or 

summer/spring 

(“WS”, 21%) 

Winter only 

(“WI”, 79%) 

 

 

 

 

 

 

3: 

Lumpfish

-eaters 

 

9 

 

11.6 ±  0.2 

(11.3–11.9) 

 

−18.2 ± 0.2 

(−18.6 – −17.7) 

NKW-004, 

NKW-079,  

NKW-537, 

NKW- 572,  

NKW-598, 

NKW-714 

NKW-908, 

NKW-978,  

Y137 

 

Fish 

(100%) 

 

Lumpfish 

(88%) 

Unknown  

(12%, 

NKW-598) 

 

Spring 

(88%) 

Summer 

(12%) 

 

Winter and/or 

summer/spring 

(“WS”, 100%) 
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The seal-eaters had the broadest ecological niche (SEAC = 0.61), compared to both the 

herring-eaters and lumpfish-eaters (SEAB, Seal-eater vs. Herring-eater, p < 0.001 and Seal-

eater vs. Lumpfish-eater, p < 0.05, Figure 5). The lumpfish-eaters had a slightly broader 

ecological niche than the herring-eaters (SEAC lumpfish-eater: 0.17, SEAC herring-eater: 

0.14), however the difference was not significant (SEAB, lumpfish-eater vs. herring-eater, 

p = 0.60). There was no overlap between any of the niches, indicated by no SEAC overlap. 

 

The lowest δ15N values recorded was from herring muscle (μ ± SD 10.0‰ ± 0.4‰), which 

was lower than for the herring-eating killer whales (Welch’s t-test, Herring vs. Herring-

eaters, t = −9.34, p < 0.05) with a mean difference of 1.7‰. The μ ± SD of the δ15N values 

for the lumpfish muscle was 11.5‰ ± 0.5‰, which was higher than the herring muscle 

(Welch’s t-test, Lumpfish vs. Herring, t = −4.99, p < 0.001) but statistically the same as for 

the lumpfish-eating killer whales (Welch’s t-test, Lumpfish vs. Lumpfish-eaters, t = 0.40, 

p < 0.70) with a mean difference of 0.1‰. The one harbour seal sample had a δ15N value of 

13.9‰, which was 1.3‰ higher than the mean value for the seal-eating killer whales. The 

δ13C values followed a similar trend: herring with the lowest values (μ ± SD: 

−21.0‰ ± 0.5‰), followed by lumpfish (μ ± SD: −20.4‰ ± 0.1‰) and then seal (−19.9‰), 

although the herring and lumpfish samples were not statistically different (Welch’s t-test, 

Lumpfish vs. Herring, t = -2.34, p = 0.10).  
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Figure 5. The δ15N and δ13C values, and ecological niche estimations, from skin samples of killer whales (Orcinus orca; 

n = 38) and muscle samples from prey (n = 10) collected throughout the year from northern Norway July 2017–July 2018. 
Individual killer whales are indicated by unfilled circles, and coloured according to dietary cluster. Seal-eaters (n = 10) are 
represented as black circles, herring-eaters (n = 19) as red, and lumpfish-eaters (n = 9) as green. Filled circles indicate the 
prey species. Blue circles are herring muscle (Clupea harengus; n = 4), pink are lumpfish muscle (Cyclopterus lumpus; 
n = 5) and yellow is seal muscle (Phoca vitulina; n = 1). The ecological niche of the three killer whale clusters are 
represented by solid lines for the standard ellipses corrected for sample size (SEAc), and dashed lines for the total convex 
hull area.  

 
3.2 Organohalogen contaminants in killer whales 
 

The sum of polychlorinated biphenyls (ΣPCBs) and the sum of 

dichlorodiphenyltrichloroethane (ΣDDTs) dominated the total OHC load for all killer whale 

dietary clusters, contributing 87%, 86% and 86% of the total OHC burden in the seal-eaters, 

herring-eaters and lumpfish-eaters, respectively (Table 3). PCB congeners -99, -138, -153 

and -180 accounted for between 55% (for herring-eaters) and 67% (for seal-eaters) of the 

total ΣPCB load, with PCB-153 the single congener contributing most. The ΣDDTs were 

dominated by p,p'- DDE, contributing 90% of the total ΣDDTs in the seal-eaters and 92% in 

both the herring-eaters and the lumpfish-eaters. The least contributing were the brominated 

flame retardants (1.0–1.6% of total OHC load) and hydroxy metabolites (0.003–0.01% of 

total OHC load). 
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Table 3. Lipid-normalised concentrations (µg/g) of organohalogen contaminants expressed as the mean (μ) ± 1 standard deviation (SD), the median and the range (in parentheses) in blubber biopsy 
samples from killer whales (Orcinus orca) collected in northern Norway July 2017–July 2018 (n = 31). Levels of individual chemical congeners in individuals is presented in Appendix G. 

  Seal-eaters Herring-eaters Lumpfish-eaters 
OHC 
group 

 All 
(n = 7) 

Adult male 
(n = 4) 

Adult female 
(n = 2) 

Adult 
UNKf  
(n = 1) 

All 
(n = 15) 

Adult male 
(n = 13) 

Adult 
female 
(n = 1) 

Juvg 

(n = 
1) 

All 
(n = 9) 

Adult male 
(n = 9) 

Adult 
female 
(n = 1) 

Adult UNKf 

(n = 2) 
Juvg 

(n = 1) 

 
ΣPCBsa 

μ ± SD 56.0 ± 37.8 58.9 ± 35.9 64.6 ± 60.6  
26.9 

17.7 ± 15.1 19.6 ± 15.3  
2.29 

 
9.08 

15.0 ± 23.6 20.8 ± 31.5  
5.84 

10.6 ± 9.34  
4.09 Median 

(range) 
48.2 

(21.8–108) 
53.0 

(22.0–108) 
64.6 

(21.8–107) 
12.1 

(2.29–57.4) 
15.9 

(4.03–57.4) 
5.84 

(3.96–77.1) 
6.86 

(4.61–77.1) 
10.6 

(3.96–17.2) 
 
ΣDDTsb 

μ ± SD 28.3 ± 21.1 30.9 ± 16.7 32.9 ± 37.2  
8.70 

14.8 ± 13.5 16.3 ± 13.8  
1.33 

 
8.39 

16.3 ± 31.8 24.2 ± 42.6  
3.64 

9.39 ± 9.03  
3.05 Median 

(range) 
26.8 

(6.67–59.2) 
27.5 

(14.4–54.2) 
32.9 

(6.67–59.2) 
8.74 

(1.33–43.1) 
11.3 

(3.04–43.1) 
3.69 

(3.00–100) 
4.59 

(3.64–100) 
9.39 

(3.00–15.8) 
 
ΣCHLsc 

μ ± SD 9.78 ± 5.59 10.3 ± 3.75 11.6 ± 10.2  
4.06 

4.21 ± 3.43 4.64 ± 3.48  
0.489 

 
2.26 

4.60 ± 7.16 6.38 ± 9.56  
1.85 

3.31 ± 2.40  
1.03 Median 

(range) 
9.46 

(4.06–18.9) 
10.6 

(5.54–14.4) 
11.7 

(4.41–18.9) 
2.84 

(0.489–14.3) 
3.06 

(1.52–14.3) 
1.85 

(1.03–23.4) 
1.99 

(1.59–23.4) 
3.31 

(1.61–5.01) 
 
HCB 

μ ± SD 0.523 ± 0.467 0.389 ± 0.309 0.893 ± 0.824  
0.357 

0.217 ± 0.105 0.233 ± 0.102  
0.0649 

 
0.16

7 

0.184 ± 0.059 0.206 ± 0.066  
0.145 

0.186 ± 0.006  
0.105 

Median 
(range) 

0.290 
(0.220–0.146) 

0.242 
(0.220–0.852) 

0.873 
(0.290–1.45) 

0.184 
(0.0649–0.519) 

0.194 
(0.126–0.519) 

0.174 
(0.105–0.326) 

1.17 
(0.159–0.326) 

0.186 
(0.190–0.182) 

 

 
β-HCH 

μ ± SD 0.116 ± 0.090 0.0974 ± 0.0692 0.179 ± 0.149  
0.0605 

0.0438 ± 0.0224 0.0475 ± 0.357  
<LOD 

 
0.03
27 

0.0524 ± 0.0546 0.0654 ± 0.0726  
0.0302 

0.0476 ± 0.0167  
0.0192 Median 

(range) 
0.0739 

(0.0426–0.284) 
0.074 

(0.0426–0.199) 
0.179 

0.0739–0.284 
0.0480 

(<LOD–0.0881) 
0.319 

(<LOD–1.55) 
0.0358 

(<LOD–0.193) 
0.0363 

(0.0163–0.193) 
0.0476 

(<LOD–0.0593) 
 
Mirex 

μ ± SD 0.295 ± 0.148 0.256 ± 0.179 0.400 ± 0.065  
0.237 

0.0724 ± 0.0713 0.0780 ± 0.0750  
0.0350 

 
0.02
94 

0.0661 ± 0.0981 0.0886 ± 0.121  
0.0418 

0.0292 ± 0.0386  
0.0518 Median 

(range) 
0.347 

(<LOD–0.446) 
0.283 

(<LOD–0.437) 
0.400 

(0.354–0.446) 
0.0478 

(<LOD–0.350) 
0.0563 

(<LOD–0.300) 
0.0417 

(<LOD–0.304) 
0.0400 

(0.0201–0.304) 
0.0292 

(<LOD–0.0565) 
 
ΣPBDEsd 

μ ± SD 1.57 ± 0.73 1.61 ± 0.39 1.67 ± 1.61  
1.21 

0.648 ± 0.480 0.709 ± 0.484  
0.0960 

 
0.41

2 

0.397 ± 0.220 0.423 ± 0.209  
0.339 

0.482 ± 0.364  
0.155 Median 

(range) 
1.38 

(0.529–2.81) 
1.51 

(1.27–2.13) 
1.67 

(0.529–2.81) 
0.491 

(0.0960–1.79) 
0.585 

(0.258–1.79) 
0.314 

(0.155–0.769) 
0.314 

0.275–0.769 
0.482 

(0.224–0.739) 
 
HBB 

μ ± SD (9.04 ± 2.81)×10-3 (9.15 ± 3.61)×10-3 (10.1 ± 0.02)×10-3  
6.57 
×10-3 

 

(3.58 ± 3.77)×10-3 3.91 ± 3.95)×10-3 1.99 ×10-3 
 

 
0.821 
×10-3 

 

(1.56 ± 0.987)×10-3 (1.86 ± 1.20)×10-3  
1.10 
×10-3 

 

(1.40 ± 1.08)×10-3  
1.08 
×10-3 

 

Median 
(range) 

9.49 ×10-3 
(5.51–14.0)×10-3 

8.55 ×10-3 
(5.51–14.0)×10-3 

10.1 ×10-3 
(10.1–10.1)×10-3 

1.9 ×10-3 
(0.639–14.3)×10-3 

3.28 ×10-3 
(0.639–14.3)×10-3 

1.10 ×10-3 
(0.611–3.56)×10-3 

1.94 ×10-3 
(0.611–0.356)×10-3 

1.40 ×10-3 
(0.634–0.217)×10-3 

4'-OH-
BDE49 

μ ± SD (7.79 ± 5.54)×10-3 (6.96 ± 4.28)×10-3 (10.3 ± 10.6)×10-3  
6.06 
×10-3 

(4.15 ± 3.82)×10-3 (4.68 ± 3.83)×10-3  
<LOD 

 
1.14 
×10-3 

(0.878 ± 0.536)×10-3 (0.957 ± 0.578)×10-3  
0.892 
×10-3 

 

10.8 ± 0.410)×10-3  
<LOD Median 

(range) 
6.06 ×10-3 

 (2.31–17.8)×10-3 
7.27 ×10-3 

(2.31–11.0)×10-3 
10.3 ×10-3 

(2.80–17.8)×10-3 
3.34 ×10-3 

(<LOD–14.3)×10-3 
3.97 ×10-3 

(<LOD–14.3) ×10-3 
0.822×10-3 

(<LOD
–1.64×10-3) 

1.94×10-3 
(<LOD–

3.56×10-3) 
 

1.08×10-3 
(0.795–

1.38×10-3) 

ΣOHCse μ ± SD 96.6 ± 65.0 103 ± 56.2 112 ± 111  
41.6 

 

37.6 ± 31.8 41.6 ± 32.3  
4.31 

 
20.4 

36.6 ± 62.9 52.2 ± 84.1  
11.9 

24.0 ± 21.2  
8.51 Median 

(range) 
90.1 

(34.1–191) 
93.9 

(43.6–178) 
112 

34.1–191 
24.5 

(4.31–114) 
32.6 

9.10–114 
11.9 

(8.56–202) 
13.9 

10.4–202 
24.0 

9.02–38.9 

 
a 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. b Sum of p,p`-DDT, p,p`-DDD and p,p`-DDE. c Sum of oxychlordane, 

trans-chlordane, cis-chlordane, trans-nonachlor and cis-nonachlor. d Sum of BDE-28, -47, -99, -100, -153, -154 e Sum of all organohalogented contaminants detected in more than 65% of whale samples. Chemical abbreviations in Appendix 

F. f UNK = Unknown sex. gJuv = Juvenile. LOD = Limit of detection
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The ΣPCBs in all the whale dietary clusters was dominated by the more highly chlorinated 

PCB groups (hexaCBs and heptaCBs), contributing 87% in seal-eaters and 80% in the 

herring and lumpfish-eating whales (Figure 6). The seal-eating killer whales had a higher 

proportion of hexaCBs and heptaCBs than both the herring and lumpfish-eating whales (One-

way ANOVA, F(2,28) = 5.96, p < 0.05 followed by Tukey’s HSD, Seal-eaters vs. Herring 

eaters: p < 0.05 and Seal-eaters vs. Lumpfish-eaters: p < 0.05). The herring and lumpfish-

eating whales had the same proportion of hexaCBs and heptaCBs (Tukey’s HSD, Herring-

eaters vs. Lumpfish eaters: p = 0.66). 

 

 
Figure 6. Relative contribution (%) of each homologue group of polychlorinated biphenyls (PCBs), defined according to 
number of chlorines, to the total PCB load (ΣPCBs) in the blubber of three dietary clusters of killer whale (Orcinus orca) 
collected July 2017–July 2018 in northern Norway. Seal-eaters: n = 7; herring-eaters: n = 15; and lumpfish-eaters: n = 9. 
ΣPCBs is defined as the sum of PCB congeners detected in over 65% of 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.  

 

Redundancy analysis (RDA) accounted for 59% of the total variation in the levels of all 

OHCs in all the whale samples, which is termed the “constrained variation”. Of this 

constrained variation, dietary cluster explained 18% (RDA, F = 5.76, p = 0.001) and lipid 

fraction explained 34% (RDA, F = 22.4, p = 0.001). Lipid % was thus added as a co-variable 

in the principle component analysis (PCA) in order to exclude variation due to differences in 

lipid content in the blubber of individual whales. 
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The first two principal components (PC1 and PC2) extracted from the PCA of all OHC 

contaminants, cumulatively explained 82% of the total variation in the OHC levels 

(ng/g w.w.) among all whale samples (Figure 7). The greatest variation was on PC1 (72.9%), 

with increasing contaminant levels from right to left for all of the response variables. The 

most highly chlorinated PCB groups, considered more persistent, were strongly correlated, 

along with other known persistent compounds such as Mirex, HBB, PBDEs and the sum of 

chlordanes. Contaminant groups known to be less persistent, and easier to eliminate, were 

separated into the lower left of the biplot, such as tetraCBs and triCBs.  

 

There is a clear separation on the PCA biplot between the different dietary clusters. The seal-

eaters were gathered together on the left side of the graph with the highest levels of OHCs. 

Exceptions are whale NKW-924 which, whilst assigned as a seal-eater from the stable 

isotope ratios, had levels of OHCs more in line with the two fish eating clusters and whale 

NKW-598, which whilst assigned as a lumpfish-eater, had similarly high levels of OHCs as 

seal-eating whales. An additional five whales, assigned as adult male herring-eaters, could be 

distinguished by being positioned on the left side of the PCA biplot indicating high OHC 

levels: NKW-183, NKW-421, NKW-063, NKW-153 and NKW-918. The best model 

included dietary cluster as a significant explanatory variable for variations in OHC levels 

(RDA, F = 12.9, p = 0.001), and the use of PC1 as the response variable supported this (One-

way ANOVA, F(2,28) = 8.56, p < 0.05). Seal-eaters had higher levels of OHCs than both 

herring and lumpfish-eaters (Tukey’s HSD, Seal-eaters vs. Herring-eaters: p < 0.05 and Seal-

eaters vs. Lumpfish-eaters: p < 0.05). Herring and lumpfish-eaters had the same levels of 

OHCs (Tukey’s HSD, Herring-eater vs. Lumpfish-eater: difference, p = 0.49), despite the 

centroid for the lumpfish-eaters being positioned slightly to the right of the PCA biplot, 

suggesting slightly lower OHC levels than the other dietary clusters.   

 

Although the placement of centroids of the sample scores indicated that males and adults 

were each associated to a higher contaminant load compared to females or juveniles, neither 

age nor sex were significant explanatory variables for the variation in the OHC levels (Age: 

RDA, F = 1.39, p = 0.25 / Sex: RDA, F = 1.84, p = 0.14).  
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Figure 7. Principal component analysis (PCA) biplot based on log-10 transformed OHC concentrations (ng/g w.w.) detected 
in the blubber of 31 killer whales (Orcinus orca) biopsy sampled in northern Norway July 2017–July 2018. Lipid was 
included as a covariable. 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 cluster). Whales are coloured blue if seal-eaters 
(n = 7), green if herring-eaters (n = 15) and pink if lumpfish-eaters (n = 9) and the centroid for each cluster is represented by 
“S”, “H” and “L”, respectively. Whales are represented by circles if female (n = 4), squares if male (n = 22) and triangles if 
the sex is unknown (n = 5) and the centroid for each sex class is represented as ♂,  ♀ and ?, respectively. “A” refers to the 
centroid for the adult whales (n = 29), and “J” the juveniles (n = 2). The relative position of the whales is extracted from the 
PCA as individual sample scores and contaminant loadings, and projected onto the first two components (PC1 and PC2). 
The direction of the arrows indicates increasing values, and the arrow length increasing variation. The cosine of the angle 
between two arrows and between the arrows and axes reflects the degree of correlation. Arrows grouped close to each other 
represent variables that are highly positive correlated, arrows opposite variables that are negatively correlated, and arrows 
perpendicular (orthogonal) to each other variables that are not correlated. The percentage of the total variation explained by 
PC1 and PC2 are given in brackets on each axis. Contaminant abbreviations in Appendix F. 

 

The PCB-153 levels did not vary between the females as a function of number of calves she 

had been observed with 2013–2018 (Spearman’s rank correlation, S = 6.84, rho = 0.316, 

p = 0.68; Figure 8). 
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Figure 8. Scatter plot of the log PCB-153 values (µg/g l.w) measured in the blubber of female killer whales (Orcinus orca) 
biopsy sampled July 2017– July 2018 in northern Norway against the number of calves she had been observed with 2013– 
2018. Seal-eating whales are coloured red, herring-eating killer whales are coloured green and lumpfish-eating killer whales 
are coloured blue.  
 

3.3 Total mercury in killer whales 
 

The total mercury (Hg) levels in the seal-eating whales ranged between 1.2 to 5.4 µg/g d.w 

(μ ± SD: 3.7 ± 1.3 µg/g d.w), and were higher than both the herring and lumpfish-eating 

whales (Kruskal-Wallis Test, χ2= 14.4, df = 2, p < 0.001 followed by pairwise Wilcoxon 

Rank sum test: Seal-eater vs. Herring-eater: p < 0.001, Seal-eater vs. Lumpfish-eater: 

adjusted p < 0.05; Figure 9). The herring-eating whales had total Hg levels ranging between 

1.3 and 2.2 µg/g d.w (μ ± SD: 1.8 ± 0.3 µg/g d.w) and the lumpfish-eaters ranged between 1.0 

and 2.4 µg/g d.w (μ ± SD: 1.7 ± 0.4 µg/g d.w). The herring and lumpfish-eating whales did 

not differ in total Hg levels (pairwise Wilcoxon Rank sum test: Herring-eater vs. Lumpfish-

eater: p = 0.44). Neither age nor sex explained the variation in total Hg levels in the skin 

(Age: Wilcoxon Rank Sum Test, W = 59, p = 0.15 / Sex: Kruskal-Wallis Test, χ2 = 3.79, df = 

2, p = 0.15).  

NKW−096

NKW−785

NKW−537

K1

1.0

1.5

2.0

2.5

0 1 2
Number of calves

lo
g 

PC
B-

15
3 

(  
 g

/g
 l.

w
.)

Dietary cluster

Seal-
eaters

Herring-
eaters
Lumpfish-
eaters

µ 
   



	 47	

 

 
Figure 9. Boxplot of the total mercury (T-Hg) concentration (µg/g d.w) in the skin of killer whales (Orcinus orca) collected 
by biopsy July 2017– July 2018 in northern Norway (n = 38) grouped according to dietary cluster (Seal-eaters: n = 10; 
Herring-eaters: n = 19; Lumpfish-eaters: n = 9). Boxes represent the second and third quartiles. Horizontal lines represent 
the median. Whiskers represent the lower (first) and upper (fourth) quartiles. Points outside the whiskers and box are 
outliers. 
 

The log of the total Hg levels in the skin did not vary between the female whales as a 

function of the number of calves she had been observed with 2013–2018 (Spearman’s rank 

correlation, S = 30.1, rho = 0.47, p = 0.29; Figure 10). However, there appeared to be positive 

correlation within the four female seal-eating whales and number of calves (Spearman’s rank 

correlation, S = 0.513, rho = 0.95, p = 0.051). 
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Figure 10. Scatter plot of the log total mercury (T-Hg) concentrations (µg/g d.w) measured in the skin of female killer 
whales biopsy sampled July 2017–July 2018 in northern Norway against the number of calves she had been observed with 
2013– 2018. Seal-eating whales are coloured red, herring-eating killer whales are coloured green and lumpfish-eating killer 
whales are coloured blue. 

 

3.4 Prey samples 
 

In the prey samples, only some compounds were detected in the herring, lumpfish and seal 

species, e.g. BDE-47 was quantified one order of magnitude higher in the seal sample 

compared to the lumpfish and herring samples, and the lumpfish had higher levels than the 

herring (Welch’s t-test, t = -3.18, p < 0.05 Figure 11a). Levels of total Hg were a magnitude 

higher in the seal muscle than both the lumpfish and herring muscle, and there was no 

difference between the total Hg levels in the herring and lumpfish muscle (Welch’s t-test, t = 

0.09, p = 0.92, Figure 11b). 
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Figure 11. Boxplots of a) log BDE-47 concentrations (ng/g l.w.) and b) log total mercury (T-Hg) concentrations (µg/g d.w.) 
in the three prey samples collected July 2017–July 2018 in northern Norway. Concentrations in herring (Clupea harengus; 
n = 4) and lumpfish (Cyclopterus lumpus; n = 5) was measured in muscle for both contaminant groups. BDE-47 was 
measured in blubber and T-Hg in muscle for seal (Phoca vitulina; n = 1). Boxes represent the second and third quartiles. 
Horizontal lines represent the median. Whiskers represent the lower (first) and upper (fourth) quartiles. Points outside the 
whiskers and box are outliers. 

 

3.5 Threshold values for possible toxic effects 
 

The majority of killer whales, 20 of the 31 individuals (65%), had ΣPCBs in blubber 

exceeding the estimated critical body residue level (10 µg/g l.w) established for Arctic 

wildlife (AMAP, 2018; Figure 12). All of the seven recorded seal-eating whales and 58% of 

the fish-eating whales had levels exceeding this threshold, indicating a risk of PCB-mediated 

health effects. Two seal-eating whales (NKW-096 and KI-05) had ΣPCBs levels greater than 

100 µg/g l.w., which indicates an even higher risk of PCB-mediated health effects.  
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Figure 12. Sum of polychlorinated biphenyls (ΣPCBs) in the blubber of killer whales (Orcinus orca) biopsy sampled July 
2017–July 2018 in northern Norway (n = 31). The ΣPCBs is calculated as the sum of the 28 PCB congeners detected in over 
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. Whales are ordered on the x-axis in decreasing levels of 
ΣPCBs within dietary clusters: seal-eaters (n = 7), herring-eaters (n = 15) and lumpfish-eaters (n = 9), separated by vertical 
dashed lines. Coloured bars represent sex: black is females (n = 4), white is males (n = 22) and grey is unknown sex (n = 5). 
The bottom black horizontal line (10 μg/g l.w.) is the critical body residue in marine mammals, and the threshold for a risk 
of health effects, estimated from critical daily doses determined by laboratory rat studies (Nielsen et al., 2006) by AMAP 
(2018). The upper black horizontal line (100 μg/g l.w.) is the threshold for an even higher risk of health effects, determined 
by AMAP (2018) based on Nielsen et al. (2006).   

 

The predicted total Hg in killer whale liver, extrapolated from skin (Equation 5), ranged from 

1.49 µg/g w.w to 18.45 µg/g w.w (μ ± SD: 5.91 ± 4.92 µg/g w.w). Levels were over the 

threshold for a low risk of health effects in marine mammals (16 µg/g w.w.) for four of the 38 

whales (10.5%), as determined by AMAP (2018) and based on the hepatic threshold levels 

identified for harp seals (Ronald et al., 1977;  Figure 13). Whales above the threshold were 

all seal-eaters, and represented 40% of the total sampled seal-eaters.  
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Figure 13. Total mercury (T-Hg) levels in killer whale (Orcinus orca) liver, predicted from measured amounts in killer 
whale skin biopsy sampled July 2017–July 2018 in northern Norway (n = 38). Extrapolated levels were calculated using the 
equation of Stavros (2011): ln($%&'()*) = 1.6124	 ×	 ln	($%45'6) + 2.0346 based on bottlenose dolphins (Tursiops 
truncatus). Whales are ordered on the x-axis in decreasing levels of T-Hg within dietary clusters: seal-eaters (n = 10), 
herring-eaters (n = 19) and lumpfish-eaters (n = 9) separated by vertical dashed lines. Coloured bars represent sex: black is 
females (n = 7), white is males (n = 26) and grey is unknown sex (n = 5). The black horizontal line (16 μg/g w.w.) is the 
threshold for a low risk of health effects in marine mammals, and ranges to 64 μg/g w.w. Levels below the threshold of 
16 μg/g w.w. are classified as no risk of mercury-mediated health effects in marine mammals (AMAP, 2018), based upon 
studies in harp seal (Pagophilus groenlandicus; Ronald et al., 1977).  
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4    Discussion 
  

This study explored the effect of intra-population dietary preferences on the levels of 

organohalogen contaminant (OHC) and total mercury (Hg) in Norwegian killer whales. The 

first objective was to determine intra-population dietary preferences, which was done using a 

priori observational data and model-based clustering on the stable isotopes of nitrogen (δ15N) 

and carbon (δ13C) in whale skin samples. The second objective was to identify the effect of 

dietary preference on the levels of OHCs and total Hg in killer whales in relation the effects 

of age and sex, and was achieved through univariate and multivariate statistics. The third 

objective and was to compare the levels of OHCs and total Hg in Norwegian killer whales, 

with different dietary preferences, to threshold values for possible toxic effects, and was 

achieved through descriptive statistics.  

 

4.1 Dietary preferences inferred from stable isotopes 
  

The stable isotope analysis provides evidence of intra-population dietary preferences in 

Norwegian killer whales. The results support observational studies that Norwegian killer 

whales feed on a range of fish and mammal species (Cosentino, 2015; Jourdain et al., 2017; 

Nøttestad et al., 2014; Vester & Hammerschmidt, 2013; Vongraven & Bisther, 2014), in 

contrast to earlier assumptions that they are herring-specialists (Christensen, 1988; Similä et 

al., 1996). Dietary preferences appear to be driven by season and food availability, as well as 

individual preferences, with some whales feeding on higher trophic prey throughout the year.  

 

In accordance with expectations (H1), higher δ15N values were found in seal-eating killer 

whales than fish-eating killer whales, indicative of feeding on higher trophic level prey. The 

mean difference in δ15N values between seal-eating and fish-eating killer whales was 1.0‰, 

and ranged up to 1.9‰, which is consistent with approximately one trophic level, assuming 

an enrichment factor in killer whale skin of ~1.58‰ (García-Tiscar, 2009). This also falls 

within the range of enrichment values discriminative of fish vs. marine mammal-eating killer 

whales in Iceland (δ15N = 1.3‰; Samarra et al., 2017), British Columbia/Washington State 

(δ15N = 0.7‰; Herman et al., 2005), the Eastern Aleutian Islands in Alaska (δ15N = 1.2‰; 

Herman et al., 2005), and Antarctica (δ15N = 0.9‰; Durban et al., 2017). The δ15N values 
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were consistently high, regardless of season, indicating that seal predation occurs throughout 

the year. A slight, albeit insignificant, increase in δ15N values was noted following the 

harbour seal pupping season, occurring June–July in the study area (Bjørge, 1991). This 

could be indicative of seals making up a larger portion of the whales’ diet during this time of 

year, when seal pups are easier to catch. However, the small sample size prevents firm 

conclusions.    

 

The herring and lumpfish-eating killer whales had similar δ15N values, indicative of feeding 

at comparable trophic levels, but had different δ13C values, suggesting offshore/pelagic vs. 

coastal/benthic feeding (Cherel & Hobson, 2007; Herman et al., 2005; Hobson et al., 1994; 

Krahn et al., 2009). Herring is a pelagic fish spending the majority of its life in offshore areas 

(Dragesund, 1980), whereas the lumpfish is a semi-pelagic fish, and spawns in coastal and 

benthic areas with a primarily benthic prey (Cox & Anderson, 1922). Thus, the lower δ13C 

values in the herring-eating whales than the lumpfish-eating whales was expected (H2). 

Sampling season was found to explain the variation in δ13C values in killer whales, and was 

used as an indicator of the prey of fish-eating killer whales when sampled: whales sampled in 

the winter were assumed to feed on overwintering herring and whales sampled in the spring 

assumed to feed on spawning lumpfish. However, the different δ13C values between the two 

fish-eating killer whale clusters could also indicate differences in location, as all herring-

eating whales were sampled in the winter in Skjervøy, and all lumpfish-eating whales in the 

spring in Andøya. As killer whales are absent from Skjervøy outside of the herring 

overwintering season, and no whales could be sampled in Andøya in the winter, the effect of 

location on the δ13C values for fish-eating whales could not be separated from season in this 

study. δ13C values did not, however, differ between seal-eaters sampled in Skjervøy and seal-

eaters sampled in Andøya. Moreover, with the objective being to determine dietary 

preferences in killer whales, and field observations also confirming the type of prey being 

eaten, any influence of location on the δ13C values should not influence conclusions.  

 

As expected (H3), the seal-eaters had a wider ecological niche than herring and lumpfish- 

eating whales, indicative of a varied diet. Seal-eating killer whales were sampled throughout 

all seasons and locations, and a mixed diet of both fish and marine mammal prey has been 

supported by field observations. For example, whales NKW-924 and KI01 were 

photographed whilst scavenging around herring-purse seiners in November 2017 and 2018, 

respectively (Appendix C), confirming inclusion of herring in their diet. Whales KI03, KI05 
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and KI06 were observed feeding on herring in 1991 (Vongraven & Bisther, 2014) and the 

whale K1 was observed feeding on lumpfish at the time of sampling in May 2018 (Appendix 

C), before resuming behaviour typical of seal hunting (behaviour described in Jourdain et al., 

2017). Varied diet is further supported by the mean δ15N value for the seal-eaters being lower 

than the harbour seal sample, suggesting that whilst seal is a portion of the diet for whales in 

this cluster, fish is also a component. Caution should, however, be taken in drawing 

conclusions from just one seal sample, especially given that the sample was from a stranded 

individual, which can occasionally lead to elevated δ15N values due to decomposition 

(Yurkowski et al., 2017). There are also indications of finer-scale variations within the seal-

eating cluster, with seal contributing in different degrees to the total prey consumed 

depending on group specialisations. This is most apparent in whale NKW-785: observed 

feeding on marine mammals in the summer of 2017 (Appendix C) but with δ15N, Hg, and 

OHC levels similar to the fish-eating whales. It is possible that the observed marine mammal 

feeding was a one-off occurrence, and that some individuals are opportunistically including 

seals in their diet, whilst others are including larger proportions over a longer time-frame. 

 

The narrow ecological niche of both the herring and lumpfish-eaters indicates prey-

specialisation dependent on season and prey availability, with herring in high abundance 

during the winter months, and lumpfish during the spring (Dragesund, 1980; Eriksen et al., 

2014). The slightly wider isotopic niche in the lumpfish-eating killer whales could indicate a 

gradual seasonal switch in diet from herring to lumpfish. Each of the whales identified as 

lumpfish-eaters in this study have been confirmed to also feed on herring in the winter 

months (Appendix C). In addition, as the overwintering herring initiates its progressive 

migration southwards to spawning grounds at the end of January in the study area (Røttingen, 

1990), the lumpfish migration from offshore feeding areas to inland spawning grounds starts 

in February (Eriksen et al., 2014). This is supported by whale NKW-348: sampled eating 

lumpfish, but assigned a herring-eater based on δ15N and δ13C values, suggesting a dietary 

shift from herring to lumpfish. The isotopic turnover rate in killer whale skin is expected to 

be representative of the diet in the last month or two (Krahn et al., 2007), and dietary changes 

are measurable after 30 days (García-Tiscar, 2009). As such, any results need to be 

interpreted as representative of only the last month or so, and no conclusions can be made on 

an individual’s diet throughout the rest of the year. For example, a whale assigned to the 

herring-eating cluster means only that they eat herring during the winter months, but does 

exclude eating lumpfish in the spring or opportunistically take seals at other times of the year.  



	56	

Reasons for prey-switching, and differing dietary preferences, can be the collapse of the 

Norwegian spring-spawning stock of Atlantic herring in 1970 (Dragesund et al., 1997), which 

could have led to groups developing new foraging strategies. In addition, whilst herring is 

concentrated and relatively nutritious in the winter months, during the spawning migration it 

loses most of its fat content, and in the summer disperses in the Norwegian Sea (Dragesund, 

1980). It could be possible that feeding on herring is less profitable during this time of year, 

and killer whale groups have subsequently adopted feeding strategies that involve seasonal 

prey-switching either between fish species or to include marine mammals.  

 

These results support clear ecological structuring in the sampled killer whale population, with 

a distinction between killer whales that include seals in their diet and those that do not. 

Ecological niches are non-overlapping, and defined by higher δ15N values for seal-eating 

killer whales, indicating prey specialisation on a higher trophic level throughout the year, and 

differences in δ13C values for fish-eating killer whales, indicating seasonal prey specialisation 

on herring/lumpfish. With individual whales identified according to dietary preferences, the 

OHC and total Hg burdens in individual whales can now be assessed to see if dietary 

preferences has an effect on the levels.  

 

4.2 Effect of dietary preference on organohalogen 

contaminant and mercury levels 
 

Dietary cluster had an effect on both the levels of OHCs and Hg in Norwegian killer whales. 

Seal-eating killer whales had higher levels of all contaminants than the two fish-eating 

clusters, whereas herring and lumpfish-eaters did not differ in their contaminant levels. This 

was expected (H4) due to the potential of many OHCs, as well as Hg, to biomagnify, 

resulting in high levels in top predators (Borgå et al., 2004; Letcher et al., 2010; Ruus et al., 

2015; Tokar et al., 2015).  

 

The higher OHC and total Hg levels in seal-eaters indicate a long-term preference for higher 

trophic prey, and this is supported by the high δ15N values in seal-eaters regardless of season, 

as well as observations of some whales consistently eating seals over a 29-year period 

(Jourdain et al., 2017). The higher proportion of hexaCBs and heptaCBs in the seal-eating 

whales compared to the herring and lumpfish-eating whales also indicates a long-term dietary 
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preference for marine mammals in the seal-eating whales. Higher-chlorinated PCBs are often 

found in marine mammals relative to fish (Hoekstra et al., 2003; Sobek et al., 2010) 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 (Buckman et al., 2011; 

Herman et al., 2005), and in seal-eating whales in Greenland compared to fish-eating whales 

in the Faroe Islands (Pedro et al., 2017).  

 

The median ΣPCB levels of male Norwegian seal-eaters was five times higher than in male 

fish-eaters. This is a smaller difference than the 20-fold difference in ΣPCB levels between 

sympatric marine mammal-eating and fish-eating whales in the Northeast Pacific (Buckman 

et al., 2011; Appendix H). A similar trend can be found in the ΣPBDEs, with median levels in 

Norwegian seal-eaters three times higher than fish-eaters, but a seven-fold difference 

between marine mammal-eaters and fish-eaters in the Northeast Pacific (Rayne et al., 2004). 

This difference is likely an indication of prey specialisation. The mammal-eating population 

in the Northeast Pacific is highly specialised on marine mammals of various species, with no 

evidence of fish in the diet (Ford et al., 1999, 1998; Herman et al., 2005; Ross et al., 2000). In 

contrast, observations, and the stable isotope analysis from this study, has shown that despite 

a long-term preference for seals, Norwegian seal-eating killer whales also feed on fish. 

 

The mean ΣPCB, ΣDDT and ΣPBDE levels in male fish-eating killer whales sampled in this 

study were approximately the same as mean values in male whales sampled in Norway in 

2002, with reported ΣPCB values of 26.9 µg/g l.w., p,p'- DDE of 11.4 µg/g l.w. and ΣPBDE 

of 0.475 l.w (Wolkers et al., 2007). It is likely that the whales sampled in 2002 were fish-

eaters, and that levels have not decreased over time. This is because the whales sampled in 

2002 were sampled on herring overwintering grounds, they had a similar PCB pattern to the 

fish-eating killer whales from this study (76% of ΣPCBs hexaCBs or heptaCB congeners) 

and the upper 95% confidence range for all contaminant groups falls below the mean values 

for the seal-eating killer whales in this study (Wolkers et al., 2007). 

 

The levels of OHCs and Hg in the prey species further confirms the hypothesis that dietary 

preference affects the levels of contaminants in killer whales. Higher BDE-47 and total Hg 

levels in the seal, compared to the herring and lumpfish, indicate that seal-eating killer 

whales are exposed to higher levels of contaminants through their diet. Whilst the 

contaminant data from the seal is not robust (from just one stranded individual), it indicates a 
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higher contaminant burden in seals than fish, which is supported by other studies on fish and 

seals from Norway (Ruus et al., 1999, 2002). Higher BDE-47 levels and a wider range of 

OHCs were detected in the lumpfish compared to herring, which along with higher δ15N 

values indicate that lumpfish occupy a higher trophic position than herring. Nevertheless, 

levels were not higher in the lumpfish-eating killer whales as opposed to the herring-eaters. 

This is likely because the lumpfish spawning season is relatively short in comparison to the 

herring overwintering period (Dragesund et al., 1997; Eriksen et al., 2014) and killer whales 

are known to switch prey. Thus, despite higher levels in the lumpfish, the short dietary 

exposure has led to a weak contaminant signal in the lumpfish-eating whales. This is further 

supported by the δ15N values for the lumpfish-eaters not differing from the lumpfish, 

indicating that lumpfish constitutes a small part of the diet for the lumpfish-eating whales. 

 

Exceptions 

 

Whale NKW-924 was assigned to the seal-eating dietary cluster based on its enriched δ15N 

value, but had lower levels of OHCs and total Hg compared to other whales in the cluster. In 

addition to no observed marine mammal predation, it is unlikely that this whale feeds on 

marine mammals regularly. Its enriched δ15N value could be from an opportunistic predation 

on seals, or an indication that the animal was nutritionally stressed. Whales can enrich their 

urine during stress situations (Raidal & Raidal, 2006), leading to differences in the measured 

isotopic signal in other body parts (Minagawa & Wada, 1984). Enrichment in δ15N values has 

been observed in fasting or nutritionally stressed birds (Hobson et al., 1993), and used as a 

possible explanation for higher δ15N values in one individual killer whale in a controlled 

feeding experiment (García-Tiscar, 2009).  

 

Whale NKW-598 was assigned a lumpfish-eater but had higher OHC and total Hg levels than 

other fish-eating whales. Despite no previous observations of marine mammal-eating, and a 

low δ15N value, the high levels of contaminants indicate that this whale does or has fed on 

marine mammals. An explanation for the lower δ15N value could be that despite marine 

mammal predation during other times of the year, the whale had been feeding on lumpfish 

during the spawning season in April/May and had retained this dietary signature when 

sampled in early July.  
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4.3 Effect of age on organohalogen contaminant and 

mercury levels 
 

Neither the OHC nor total Hg levels changed as a function of age. This was contrary to 

expectations (H5), as age-dependent increases for both OHC and total Hg have previously 

been observed in killer whales (Endo et al., 2006b; Krahn et al., 2009). The reason is most 

likely due to the age classification in this study having too poor a resolution. Only two whales 

could definitively be classed as non-nursing juveniles (1–5 years old), and all other whales 

were classed as adults. Traditional methods of age classing killer whales, through either the 

teeth (e.g. Endo et al., 2006a) or from long-term photo-identification studies of whales from 

birth (e.g. Krahn et al., 2009) were not possible in this study. Whilst some of the sampled 

whales were matched to photos taken as sexually mature adults in 1991 (KI-03, KI-05 and 

KI-06, Vongraven & Bisther, 2014), confirming an age of at least 40 years old, other whales 

have infrequent observation records. Whale NKW-714 was identified as between 11–18 

years of age based on a sprouting dorsal fin, but such morphological indicators are not 

possible for younger females or to differentiate between older age classes of adults (Olesiuk 

et al., 1990). Thus, despite somewhat concrete knowledge for some individuals, it was 

considered inaccurate to class some whales carefully and others broadly and the overarching 

age class of “Adult” was adopted.  

 

4.4 Effect of sex and calf number on organohalogen 

contaminant and mercury levels 
 

Decreasing contaminant levels with increasing numbers of calves has been found in female 

killer whales (Pedro et al., 2017; Ross et al., 2000; Ylitalo et al., 2001), whilst no differences 

were found in total Hg between sexes and/or adults and calves (AMAP, 2018; Endo et al., 

2006b). It was thus contrary to expectations (H6) that the OHC levels did not change as a 

function of either sex, or the number of calves for a female, but in accordance with 

expectations (H6) that the total Hg levels would not change as a function of these variables. 

These results should, however, be treated with great caution. A very small number of female 

whales were sampled (OHCs: n = 4; total Hg: n = 7), making it difficult to assess sex 

differences unconfounded by the larger differences in dietary cluster. Sex could also not be 
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determined for five additional whales, leading to an artificial and likely aberrant pattern in the 

dataset as these whales were grouped together despite being either young whales without 

developed secondary sex characteristics, or females which had not been observed with a calf 

(Olesiuk et al., 1990). In addition, the number of calves for a female was determined from 

observation histories 2013–2018. This is a narrow window of time, considering that the 

average calving interval for killer whales is approximately 5 years (Kuningas et al., 2014; 

Olesiuk et al., 1990). Some of the females spotted without a calf were likely post-

reproductive (e.g. KI06 and KI03 being older than 40 years) due to reproductive menopause 

occurring in killer whales at approximately 50 years of age (Marsh & Kasuya, 1986; Olesiuk 

et al., 1990), further confounding this analysis. Three females were lactating at time of 

sampling, however due to the small sample size, the effect of lactation on OHC and Hg levels 

could not be explored further in this study.  

 

Despite neither age nor sex statistically explaining the variation in OHC or Hg levels, the 

fish-eating whales with the highest OHC and total Hg levels were all adult males. Although 

unable to be tested, it is likely that these individuals are older than the other males in the 

“Adult” age class, based on reports of older males having the highest OHC levels in a killer 

whale population (Krahn et al., 2009; Ross et al., 2000; Ylitalo et al., 2001). 

 

4.5 Threshold values for possible toxic effects 
 

The impact of diet on the OHC and total Hg levels may have implications for the health of 

individuals in this population of killer whales in Norway. As expected (H7), seal-eating killer 

whales were at a higher risk than fish-eating whales of both OHC and total Hg-mediated 

health effects, indicated by a higher proportion of whales above the threshold values for 

possible toxic effects used by AMAP (10 µg/g l.w. for ΣPCB levels in blubber and 16 µg/g 

l.w for hepatic total Hg levels; 2018). It should be noted, however, that fewer seal-eating 

killer whales were analysed in this study than fish-eating killer whales. Thus, the proportion 

of whales in each group over the levels for possible toxic effects can be used as an indicator, 

but not robustly compared. 

 

Mean ΣPCB levels for all three dietary clusters also exceeded the effects threshold of 

9 µg/g l.w., at which physiological effects such as variation in thyroid hormones 
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concentrations were observed in harbour seals during a captive-feeding study (Kannan et al., 

2000). ΣPCB levels in the seal-eaters also exceeded the higher PCB threshold of 41 µg/g l.w 

at which reproductive impairment was observed in ringed seals (Pusa hispida) from the 

Baltic Sea (Helle et al., 1976). This further supports hypothesis 7 that Norwegian killer 

whales, and especially seal-eaters, are at risk of PCB-mediated health effects.  

 

In comparison to other populations within the Northeast Atlantic, male Norwegian seal-

eating killer whales had a similar median ΣPCB level to an adult male killer whale harvested 

in southeast Greenland in 2013 with seal remains in the stomach (65.1 µg/g l.w), although 

ΣDDT levels were almost twice as high in the Greenland whale (55.1 µg/g l.w; Pedro et al., 

2017; Appendix H). Given similar dietary preferences and geographic range, the comparable 

ΣPCB levels are expected. The higher ΣDDT levels are, however, surprising and could be 

due to local point sources or differences in levels in prey. Unfortunately, marine mammal 

health effect thresholds for ΣDDTs have not been reported in the literature. 

 

Median ΣPCB levels in Norwegian male fish-eating killer whales were also similar to male 

fish-eating killer whales in the Northeast pacific biopsy sampled 2003–2007 (10.5 µg/g l.w; 

Buckman et al., 2011). In contrast, ΣPCB levels in both fish and seal-eating Norwegian killer 

whales were lower than populations in Southern Europe, where high levels have been 

associated with proximity to industrialised areas, and are postulated to have contributed to 

reproductive failure and potential population collapse (Desforges et al., 2018; Jepson et al., 

2016). Median ΣPCB levels in male fish-eating killer whales biopsy sampled from Gibraltar 

2006–2007 were five times higher than the median ΣPCB levels of male seal-eaters in this 

study, and 20 times higher than the median ΣPCB levels in male fish-eaters (Jepson et al., 

2016). In addition, a male fish-eating killer whale biopsied from the Canary Islands in 2009 

had median ΣPCB levels 3 times higher than male Norwegian seal-eaters, and 16 times 

higher than male Norwegian fish-eaters (Jepson et al., 2016). Despite the clear effect of 

dietary preference on contaminant levels in sympatric killer whale populations, the 

geographical location of a population also seems to have an effect due to spatial variation in 

environmental concentrations of contaminants. Whilst OHCs and Hg are transported over 

long-ranges to Arctic regions (Macdonald et al., 2000), there could be lower levels in the 

ambient environment in northern Norway than industrialised areas in Southern European due 

to low population density and lack of industry along the coast of northern Norway 

(Norwegian Ministry of Local Goverment and Regional Development, 2013).  
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There are no suggestions of prospective total Hg-mediated health effects in either seal or fish-

eating Norwegian killer whales, despite seal-eating killer whales having five times the total 

median Hg levels than fish-eating whales from this study. Four of the seal-eaters had levels 

over the threshold value for a low risk of total Hg-mediated health effects, but all whales 

were far below the threshold value for moderate risk (64 μg/g w.w), determined by AMAP 

(2018), based on harp seals (Ronald et al., 1977). In addition, all whales had levels below 

61 μg/g w.w., the threshold for liver abnormalities based on bottlenose dolphins (Rawson et 

al., 1993). This is in contrast to other killer whale populations. Seal-eating killer whales 

stranded in Japan in 2005 had four times higher median total Hg levels than seal-eating killer 

whales from this study (Endo et al., 2006b), and levels equivalent to a moderate risk of total 

Hg-mediated health effects based on the scale determined by AMAP (2018). Within the 

Northeast Atlantic, killer whales sampled from Greenland, Iceland and the Faroe Islands 

1998–2013 (diet unknown) had median total Hg levels eight times higher than seal-eating 

killer whales and 32 times higher than fish-eating killer whales from this study, with 66% of 

adults a high or severe risk of Hg-mediated health effects (AMAP, 2018). Total Hg levels in 

pilot whales hunted in the Faroe Islands 2001–2020 were six and 22 times higher than the 

median estimated liver levels in seal and fish-eating killer whales, respectively (Hoydal & 

Dam, 2009). The lower levels in Norwegian killer whales compared to other populations are 

surprising. This can be due to the differences in measuring Hg from skin (this study) and 

from liver (other studies). Whilst skin is an accurate indication of the total Hg burden in 

whales (Wagemann et al., 1998), levels in the liver of killer whales in this study have been 

extrapolated from the skin using an equation for bottlenose dolphins (Stavros et al., 2011). 

Uncertainty and potential species- specific differences are to be expected, and could explain 

the lower levels of total Hg expected in the liver of Norwegian killer whales, compared to 

measured hepatic levels in other killer whale populations.  

 

Previous risk assessments of the Norwegian population have rested on the OHC values 

measured in fish-eating killer whales sampled in Norway in 2002 (AMAP, 2018; Desforges 

et al., 2018; Wolkers et al., 2007). There have been no risk assessments conducted based on 

Hg levels in Norwegian killer whales. The identification of seal-eating killer whales in the 

population, and their increased risk of OHC and Hg-mediated toxicity, should be accounted 

for in future risk assessments and projections of changes in population size. As a keystone 

species, population decline, or loss of ecologically distinct groups, could lead to large and 

irreversible effects on the marine ecosystem.   
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5  Conclusion 
 

Accurate knowledge of diet is necessary to effectively manage and conserve killer whale 

populations, as well as their prey populations. Through stable isotope analysis, this study 

investigated intra-population dietary preferences in Norwegian killer whales and identified 

three distinct dietary clusters. Seal-eaters were defined by year-round predation on higher 

trophic prey, in addition to fish prey. The two fish-eating clusters were defined by seasonal 

specialisations on herring and lumpfish stocks, which are in high abundance in certain areas 

during specific seasons. The results concur with field observations that killer whales in 

Norway are not herring-specialists, but rather generalist feeders that switch their prey type 

according to availability and/or individual preferences. 

 

Organohalogen contaminants (OHCs) and mercury (Hg) both biomagnify in food webs, and 

thus it was in accordance with expectations that the dietary preferences of individual whales 

would have an effect on the levels of these contaminants. Seal-eating killer whales had higher 

levels of both OHCs and total Hg than herring or lumpfish-eating killer whales, with the two 

fish-eating clusters not differing in their contaminant levels. The high levels of OHCs and 

total Hg, in addition to the pattern of PCBs, indicated long-term predation on marine 

mammals for the seal-eaters. The age and sex of individual whales, and the number of calves 

a female had been observed with 2013–2018, did not have an effect on the levels of OHCs 

and total Hg. This was contrary to both other studies and expectations, and likely due to low 

sample size and/or lack of data to make group assignment of whales more specific.  

 

The effect of dietary preference in Norwegian killer whales is important for risk assessments 

of the population. Individuals from both fish and seal-eating dietary clusters had ΣPCB levels 

over the threshold for possible toxic effects, with all of the analysed seal-eaters at risk. Total 

Hg levels were low in comparison to threshold values for possible toxic effects and other 

populations, but the levels in seal-eaters were closer to the threshold where effects can be 

expected. This study is the first to investigate intra-population dietary preferences in 

Norwegian killer whales, and to quantify differences in OHC and total Hg levels between 

fish-eaters and seal-eaters. Results, and an acknowledgment of intra-population dietary 

preferences, should be used in future risk assessments of the population to enable effective 

management and conservation of both killer whales, and the Norwegian marine ecosystem.  
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6  Further Perspectives 
 

The stable isotope results and ecological niche modelling supported seasonal specialisation 

and intra-population niche variation, but did not provide any information on variations at the 

individual level during other seasons. A repeat stable isotope analysis of the same whales, 

sampled in different seasons, is necessary to support the hypothesis of year-round seal 

specialisation for seal-eaters, and season-specific specialisation for fish-eaters. The 

proportion of prey consumed by individuals and/or groups can be resolved by Bayesian stable 

isotope mixing models, which can estimate the relative contribution of prey. This can also 

determine if some individuals or groups specialise to a greater extent on seal prey than others.  

 

There is still a large number of identification photos taken during killer whale research during 

the 1980s, and it is an ongoing project to continue to match whales already in the 

identification catalogue with whales previously photographed. This would not only enable a 

more precise estimation of age of individual whales, helping to resolve the broad “Adult” age 

category, but potentially provide information on the number of calves a female has had 

throughout her lifetime rather than over a five-year period. The sex of whales could be 

determined from genetic analysis, and a project to determine sex from skin samples is already 

being planned to resolve the sex of whales that were coded “Unknown”. A repeated study 

with a larger sample size, including more female whales and seal-eaters, would be beneficial 

in more accurately assessing the levels of organohalogen contaminants (OHCs) and total 

mercury (Hg) in the population, and how levels vary. Additional prey samples should also be 

collected to allow for more robust comparisons between prey and killer whales.  

 

Comparisons of total Hg levels to threshold values for possible toxic effects were reliant on 

estimating hepatic levels from skin, using a relationship developed from bottlenose dolphins. 

With biopsy sampling representing a much more powerful tool for collecting samples than 

from stranded whales, a more accurate model of liver to skin estimations in killer whales 

should be developed. Levels of Hg could be recorded in the liver and skin of stranded killer 

whales, and a regression made to more accurately estimate the levels in the liver from the 

levels in the skin. Considering the vital ecological role killer whales play in the marine 

ecosystem, further methods of biomonitoring free-ranging killer whales using non-lethal 

biopsy sampling would be a valuable contribution to future research. 
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8  Appendices 
 
Appendix A – Prey species 

 
Table A1. Prey species included for organohalogen (OHC), mercury (Hg) and stable isotope analysis. ID refers 

to identifier used for analysis, and location is sampling area in northern Norway (map in Figure 1). For the 

Atlantic herring (Clupea harengus) and lumpfish (Cyclopterus lumpus), muscle was used for all analyses. For 

the harbour seal (Phoca vitulina), blubber was used for OHC analysis and muscle for stable isotope and Hg 

analysis. 

  

Species ID Date collected Location Collection 
method 

Herring HB November 2017 Skjervøy Fisheries 
Herring HC November 2017 Skjervøy Fisheries 
Herring HD November 2017 Skjervøy Fisheries 
Herring HE November 2017 Skjervøy Fisheries 
Lumpfish LF April 2018 Andfjord Prey remains  
Lumpfish LG April 2018 Andfjord Prey remains 
Lumpfish LH April 2018 Andfjord Prey remains 
Lumpfish LI April 2018 Andfjord Prey remains 
Lumpfish LJ April 2018 Andfjord Prey remains 
Harbour seal HS November 2017 Andfjord Stranded 
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Appendix B – Materials used 
 

Table B1. Material used for fieldwork 

Material 

 
Biopsy gun + air bottle 

Scoop net 

Clean biopsy darts + sterile biopsy tips placed in a single clean plastic bag 

Labelling marker 

GoPro camera and head strap 

DSLR camera 

Sampling sheet 

Cool box with cooling elements 

Vials (empty and sterile) 

Scalpel 

Tweezers 

96% ethanol 

Boiling pan 

 
Table B2. Chemicals and capsules used for stable isotope analysis 

Chemical/ Capsule Producer Batch Number  

Chloroform1 Sigma Aldrich STBG3555V  

Methanol Sigma Aldrich SZBB3190V  

Tin capsules 8 x 5mm Elemental Microanalysis 315044  
 

 
 

Table B3 – Chemicals used for organohalogen contaminant analysis 

Chemical Producer Batch Number  

Cyclohexane VWR chemicals 1820271  

Acetone VWR chemicals 16K234011  

Sulphuric Acid Sigma Aldrich NA  

Keeper Sigma Aldrich NA  

Pyridine Sigma Aldrich NA  

Sodium Chloride Sigma Aldrich NA  

Acetic Anhydride  Sigma Aldrich NA  

Potassium Hydroxide Sigma Aldrich NA  

 

                                                
1 Anhydrous > 99%, contains 0.5-1% ethanol as a stabiliser 
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Appendix C – Killer whale identification photos and 

sighting history 
Table C1. Sampling photographs of all individual killer whales (Orcinus orca) biopsy sampled in northern Norway 
July 2017–July 2018. Whale ID refers to the whale’s unique identification number in the identification catalogue of 
Norwegian killer whales (Jourdain & Karoliussen, 2018). Photo is the identification photo taken at time of sampling, and 
sampling date is the date of sampling. Sighting history includes all confirmed observations of the whales from 2013-2018, in 
addition to earlier confirmed observations of the whale. Spring/summer observations are from Andfjord where prey species 
include lumpfish and seal. Winter observations are from both Andfjord and Skjervøy where prey species is assumed to be 
herring. Additional notes include notable predation history and known calves of females. 
 

Whale 
ID 

Photo Sampling 
date 
 

Sighting history Additional 
notes 

 

KI06 

 

01/08/2017 Spring/summer 2013 
Spring/summer 2015 
Spring/summer 2017 
Winter 2017–2018  
 
First identified 1988, 
and observed feeding 
on herring in March 
1991 (Vongraven & 
Bisther, 2014) 

Repeated seal 
predation 
observed 
(Jourdain et al., 
2017). 
 

 

NKW-096 

 

02/08/2017 Winter 2015–2016 
Spring/summer 2016 
Spring/summer 2017 

Sampled eating 
seals 
 
Calf born early 
2017 

 

NKW-921 

 

02/08/2017 Winter 2015–2016 
Spring/summer 2017 
Winter 2017–2018 
 

Sampled eating 
seals 

 

NKW-823 

 

03/08/2017 Spring/summer 2014 
Spring/summer 2016 
Spring/summer 2017 
Winter 2017–2018 

Sampled eating 
seals 
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Table C1 continued. Sampling photographs and sighting history of killer whales in this study   
   
Whale 

ID 

Photo Sampling 
date 

Sighting history Additional 
notes 

 

KI01 

 

16/11/2017 Spring/summer 2013 
Winter 2014–2015 
Spring/summer 2015 
Spring/summer 2016 
Spring/summer 2017 
Winter 2017–2018 
Spring/summer 2018 
Winter 2018 

Repeated seal 
predation 
observed 
(Jourdain et al., 
2017). 
 
Feeding around 
herring boats 
winter 2017–2018 
and winter 2018 

 

KI03 

 

16/11/2017 Spring/summer 2013 
Winter 2014–2015 
Spring/summer 2015 
Spring/summer 2016 
Spring/summer 2017 
Winter 2017–2018 
Spring/summer 2018  
 
First identified 1988 
(Vongraven & Bisther, 
2014). 

Repeated seal 
predation 
observed 
(Jourdain et al., 
2017) 
 
Observed feeding 
on herring in 
March 1991 
(Vongraven & 
Bisther, 2014) 

 

KI05 

 

16/11/2017 Spring/summer 2013 
Spring/summer 2014 
Spring/summer 2015 
Spring/summer 2017 
Winter 2017–2018 
Spring/summer 2018 
Winter 2018 
 
First identified 1988 
(Vongraven & Bisther, 
2014) 

Repeated seal 
predation 
observed 
(Jourdain et al., 
2017) 
 
Observed feeding 
on herring in 
March 1991 
(Vongraven & 
Bisther, 2014) 

 

NKW-

183 

 

25/11/2017 Winter 2015–2016 
Winter 2016–2017 
Winter 2017- 2018 
 
 
 
 

Herring feeding 

 

NKW-

180 

 

25/11/2017 Winter 2015–2016 
Winter 2016–2017 
Winter 2017- 2018 
Winter 2018 

Herring feeding 
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Table C1 continued. Sampling photographs and sighting history of killer whales in this study   
   
Whale ID Photo Sampling 

date 
Sighting history Additional 

notes 
 

NKW-153 

 

25/11/2017 Winter 2014–2015 
Winter 2015–2016 
Winter 2016–2017 
Spring/summer 2017 
Winter 2017- 2018 
 
First identified 1996 
 

Herring feeding 
 

 

NKW-165 

 

26/11/2017 Winter 2014–2015 
Winter 2015–2016 
Winter 2016–2017 
Winter 2017–2018 
 
 
 

Herring feeding 

 

NKW-867 

 

26/11/2017 Winter 2015–2016 
Winter 2017–2018 
 

Herring feeding 

 

NKW-918 

 

27/11/2017 Winter 2017–2018 
 

Herring feeding 

 

 

NKW-862 

 

27/11/2017 Winter 2014–2015 
Winter 2015–2016 
Winter 2017–2018 
Winter 2018 
 
 

Herring feeding 
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Table C1 continued. Sampling photographs and sighting history of killer whales in this study   

Whale 

ID 

Photo Sampling 
date 

Sighting 
history 

Additional 
notes 

 

NKW-919 

 

27/11/2017 Winter 2016–2017 
Winter 2017–2018 
Winter 2018 
 
 

Herring feeding 

 

NKW-920 

 

27/11/2017 Winter 2014–2015 
Winter 2016–2017 
Winter 2017–2018 
Winter 2018 
 
 
 

Herring feeding 

 

NKW-511 

 

27/11/2017 
 
 
 
 

Winter 2017–2018 
 

Herring feeding 
 
Lactating when 
sampled 
 

 

NKW-937 

 

27/11/2017 Winter 2015–2016 
Winter 2016–2017 
Winter 2017–2018 
Winter 2018 
 

Herring feeding 

 

NKW-922 

 

30/11/2017 Winter 2017–2018 
 

Herring feeding 
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Table C1 continued. Sampling photographs and sighting history of killer whales in this study   
 
Whale 

ID 

Photo Sampling 
date 
 

Sighting 
history 

Additional 
notes 

 

NKW-063 

 

30/11/2017 Winter 2014–
2015 
Winter 2015–
2016 
Winter 2017–
2018 
Winter 2018 
 

Herring feeding 

 

J1 

 

30/11/2017 Winter 2017–
2018 
 

Herring feeding 

 

NKW-785 

 

30/11/2017 Spring/summer 
2013 
Spring/summer 
2017 
Winter 2017–
2018 
Winter 2018 
 

Sighted with 2 
year old calf in 
June 2013 
 
Feeding on 
seals and 
porpoise spring 
2017 
 
Herring feeding 
in winter 

 

NKW-506 

 

30/11/2017 Winter 2015–
2016 
Winter 2016–
2017 
Winter 2017–
2018 
Winter 2018 
 

Herring feeding 

 

NKW-924 

 

30/11/2017 Winter 2017–
2018 
Winter 2018 
 

Feeding around 
herring boats 
winter 2017–
2018 and winter 
2018 
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Table C1 continued. Sampling photographs and sighting history of killer whales in this study   
   
Whale ID Photo Sampling 

date 
Sighting history Additional 

notes 
 

NKW-923 

 

30/11/2017 Winter 2017–2018 
 

Herring 
feeding 

 

NKW-421 

 

30/11/2017 Winter 2015–2016 
Winter 2017–2018 
 

Herring 
feeding 

 

NKW-348 

 

03/04/2018 Spring/summer 
2018 

Lumpfish 
feeding 

 

NKW-908 

 

03/04/2018 Spring/summer 
2015 
Spring/summer 
2017 
Winter 2017–2018 
Spring/summer 
2018 
 

Lumpfish 
feeding in 
spring/summer 
and herring 
feeding in 
winter 

 

NKW-004 

 

03/04/2018 Spring/summer 
2015 
Winter 2016–2017 
Spring/summer 
2017 
Winter 2017–2018 
Spring/summer 
2018 
 
 

Lumpfish 
feeding in 
spring/summer 
and herring 
feeding in 
winter 
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Table C1 continued. Sampling photographs and sighting history of killer whales in this study   
   
Whale ID Photo Sampling 

date 
Sighting history Additional 

notes 
 

Y137 

 

10/04/2018 Winter 2017–2018 
Spring/summer 
2018 
 

Lumpfish 
feeding in 
spring/summer 
and herring 
feeding in 
winter 

 

NKW-079 

 

11/04/2018 Winter 2015–2016 
Spring/summer 
2016 
Winter 2016–2017 
Spring/summer 
2017 
Winter 2017–2018 
Spring/summer 
2018 
 

Lumpfish 
feeding in 
spring/summer 
and herring 
feeding in 
winter 

 

NKW-572 

 

12/04/2018 Spring/summer 
2015 
Spring/summer 
2016 
Winter 2016–2017 
Spring/summer 
2017 
Spring/summer 
2018 
 

Lumpfish 
feeding in 
spring/summer 
and herring 
feeding in 
winter 

 

NKW-537 

 

12/04/2018 Spring/summer 
2016 
Spring/summer 
2017 
Winter 2017–2018 
Spring/summer 
2018 
 

Lumpfish 
feeding in 
spring/summer 
and herring 
feeding in 
winter 

 

NKW-978 

 

12/04/2018 Spring/summer 
2015 
Spring/summer 
2017 
Winter 2017–2018 
Spring/summer 
2018 
 

Lumpfish 
feeding in 
spring/summer 
and herring 
feeding in 
winter 
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Table C1 continued. Sampling photographs and sighting history of killer whales in this study     
 
Whale ID Photo Sampling 

date 
Sighting history Additional 

notes 
 

NKW-714 

 

18/04/2018 Winter 2015–2016 
Spring/summer 
2016 
Winter 2017–2018 
Spring/summer 
2018 
 
 

Lumpfish 
feeding in 
spring/summer 
and herring 
feeding in 
winter 
 
Sprouting 
dorsal fin 

 

K1 

 

10/05/2018 Spring/summer 
2013 
Spring/summer 
2014 
Spring/summer 
2015 
Spring/summer 
2016 
Spring/summer 
2017 
Spring/summer 
2018 
Winter 2018 
 
First identified 2010 
 

Calf born 
winter 2012-
13, and calf 
born winter 
2016-17 
 
Repeated seal 
predation 
observed 
(Jourdain et al., 
2017) 
 
Sampled eating 
lumpfish 

 

KI07 

 

25/06/2018 Spring/summer 
2013 
Spring/summer 
2015 
Spring/summer 
2016 
Spring/summer 
2017 
Winter 2017–2018 
Spring/summer 
2018 
Winter 2018 
 
First identified 2011 
 

Repeated seal 
predation 
observed 
(Jourdain et al., 
2017) 

 

NKW-598 

 

04/07/2018 Winter 2015–2016 
Spring/summer 
2018 
 

Feeding on 
herring in 
winter 
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Appendix D – Lipid extraction prior to stable isotope 

analysis 
 

Abstract 

 
Lipids have more negative stable isotope values of carbon (δ13C values) than other major 

biochemical compounds, and the carbon: nitrogen elemental ratio (C:N ratio) of a sample is a 

common proxy for the lipid content of a sample. To avoid bias in interpreting the δ13C values 

in lipid-rich samples, lipid normalisation is necessary in samples with a C:N ratio higher than 

3.5. Chemical extraction is recommended over models for normalisation in marine mammal 

skin, and whilst effective it can influence the stable isotope values of nitrogen (δ15N) in an 

unpredictable way. In this study, a dual analysis of δ13C and δ15N was run on both non-lipid 

and lipid-extracted samples in four species: herring (Clupea harengus) muscle, lumpfish 

(Cyclopterus lumpus) muscle, killer whale (Orcinus orca) skin and seal (Phoca vitulina) 

muscle. Lipids were extracted using a 2:1 chloroform: methanol mixture. An increase was 

observed in δ13C values and a decrease in C:N ratio values for all species, indicating that the 

lipid extraction procedure was successful. An increase in δ15N values was also seen for all 

species. These results support the choice of running a dual analysis on non-lipid and lipid 

extracted samples, and using δ15N values from non-lipid extracted samples and δ13C values of 

lipid extracted samples. 

 

Introduction 
 

The lipid fraction of an organism has more negative stable isotope values of carbon (δ13C) 

than other major biochemical compounds, due to isotopic fractionation in lipid synthesis 

(DeNiro & Epstein, 1977). If uncorrected, variations in lipid content, both between organisms 

and tissue types, can confound the interpretation of δ13C values and lead to bias (DeNiro & 

Epstein, 1978; Post et al., 2007; Tarroux et al., 2010). The lipid content of an organism is 

often approximated using the carbon: nitrogen elemental ratio (C:N ratio), with a C:N ratio 

higher than 3.5, the level for which lipid correction is recommended (Post et al., 2007). A 

range of mathematical normalisation models have been developed (Kiljunen et al., 2006; 

McConnaughey & McRoy, 1979; Post et al., 2007), however these appear to have a poor 
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predictive power when applied to marine mammal skin (Ryan et al., 2012). The majority of 

marine mammal researchers thus choose some form of chemical lipid extraction to adjust for 

bias (e.g. Das et al., 2003; Herman et al., 2005; Todd et al., 1997). A commonly used solvent 

is a 2:1 chloroform: methanol mixture, using methods developed by either Folch (1956) or 

Bligh & Dyer (1959). The solvent dichloromethane is also sometimes used (e.g. Herman et 

al., 2005).  

 

Stable isotope values of nitrogen (δ15N) may also change after lipid extraction, with some 

studies seeing δ15N enrichment after lipid extraction in fish muscle (Pinnegar & Polunin, 

1999) and some species of toothed whale skin (Lesage et al., 2010; Ryan et al., 2012). In 

contrast, other studies have found no difference before and after lipid extraction in the muscle 

of a range of marine fish species (Logan et al., 2008), dolphin skin (Newsome et al., 2018) 

and whale skin (Ryan et al., 2012). Other research supports a decrease in δ15N values in fish 

muscle (Logan & Lutcavage, 2008) and baleen whale skin (Lesage et al., 2010) following 

lipid extraction. Such unpredictable changes suggest that the variations are highly species, 

matrix and method-specific. A duplicate analysis of samples is the recommended course of 

action for the greatest accuracy in δ15N and δ13C values (Lesage et al., 2010; Ryan et al., 

2012), and is the course of action taken in this study.  

 

By analysing carbon and nitrogen isotopic values on both non-lipid extracted and lipid 

extracted samples, certainty could not only be gained that the lipid extraction had worked (an 

increase in δ13C values and a decrease in C:N ratio), but non-lipid extracted samples could be 

used for δ15N values and lipid-extracted samples for δ13C values. Changes in δ15N values 

could also be measured, and thus provide recommendations for whether a dual analysis is 

necessary in future studies of a similar nature. 

 

Materials and methods 
 

The lipid extraction method chosen is based on the method developed by Folch (1956) and 

modified by Elliott et al. (2017). The Bligh and Dyer method was considered, but dismissed 

as it can often produce significantly lower estimates of lipid content in cases where the 

samples contain > 2% lipid (Iverson et al., 2001). The assumed lipid content in all the species 

for analysis was higher than 2%, the Folch method was preferable. Furthermore, the method 
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developed by Elliott et al. (2017) was attractive due to its resemblance to methods used by 

other killer whale researchers (e.g. Foote et al., 2012; Samarra et al., 2017), the openness of 

the first author in answering questions about the method, and the possibility to perform the 

lipid extraction manually without the need for complex equipment. The only modification to 

the method was the replacement of a rotary evaporator with overnight drying in the fume 

hood followed by freeze-drying. The first author of the adopted method approved this 

modification. 

 

Four species were analysed: herring (Clupea harengus) muscle, lumpfish (Cyclopterus 

lumpus) muscle, killer whale (Orcinus orca) skin and seal (Phoca vitulina) muscle. A small 

amount of powdered sample was added to a pre-weighed mini-centrifuge tube, and weighed 

again to determine the sample weight. A 2:1 chloroform:methanol solution was added to the 

sample, to a final volume of 20 times the sample weight (e.g. 100 μL of solvent to 5 mg of 

sample). The sample was agitated for 20 min on a mechanical shaker (Vortex mixer SA8, 

Stuart Equipment, Stone, United Kingdom), and then centrifuged (Centrifuge 5235, 

Eppendorf AG, Hamburg, Germany) at 10,000 rpm for 10 min to produce a hard pellet. The 

solvent, with associated fats, was poured away and the procedure repeated twice. The pellet 

was then rinsed in distilled water, and the remaining solvent left to evaporate in the fume 

hood for 24 hours. The pellet, with residual distilled water, was then freeze-dried for a further 

36 hours. Lipid extracted samples were then re-homogenised and 1 mg was weighed into tin 

capsules and packaged, as described previously (Section 2.2.1). 

 

The δ13C and C:N ratio values were compared before and after lipid extraction in each of the 

different matrixes separately (whale skin, lumpfish muscle and herring muscle). One sample 

of seal muscle was also analysed before and after lipid extraction, but due to there being just 

one sample the differences in values were recorded but not statistically tested. The difference 

in values both before and after extraction were calculated, and this difference tested for 

normality using the Shapiro-Wilk normality test (Shapiro & Wilk, 1965). All matrixes, when 

considered separately, were normal, justifying the use of the paired samples t-test to compare 

the groups before and after lipid extraction. To increase the power of the test, the paired 

samples t-test was one-tailed when testing for an increase in δ13C values and a reduction in 

the C:N ratio. The test was two-tailed when applied to the δ15N values as both potential 

increases and decreases in δ15N values were of interest. 
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Results 
 

In all species, the mean δ13C increased with lipid extraction, the mean C:N ratio decreased 

and the mean δ15N values increased. All had p-values < 0.001 (Table D1). 

 
Table D1. The difference (±standard error) of the means of the δ13C, δ15N and C:N ratio values before and after lipid 

extraction in herring (Clupea harengus) muscle, lumpfish (Cyclopterus lumpus) muscle and killer whale (Orcinus orca) 

skin. The harbour seal (Phoca vitulina) muscle  (n = 1) is the recorded value for that sample and no significance tests were 

run.  

Species n δ13C 

difference 

Significanc

e 

C:N ratio 

difference 

Significance δ15N 

difference 

Significance 

Herring 4 3.1 ± 0.3 

 

t = –14.6 

df = 3  

p < 0.001 

–2.9 ± 0.4 

 

t = 8.28  

df = 3  

p < 0.001 

-0.7 ± 0.2 

 

t = –33.2  

df = 3  

p < 0.001 

Lumpfish 5 6.2 ± 0.1  

 

t = –49.5  

df = 4 

p  < 0.001 

–13.6 ± 

1.2 

 

t = 12.5  

df = 4,  

p < 0.001 

1.0 ± 0.3 

 

t = –17.3  

df = 4  

p < 0.001 

Whale 

skin 

37 1.2 ± 0.1 

 

t = –14.7  

df = 36  

p < 0.001 

–0.520 ± 

0.03 

 

t = 18.2  

df = 36  

p  < 0.001 

0.30 ± 0.1 

 

t = –9.40  

df = 36  

p < 0.001 

Seal 

muscle 

1 2.2 NA -1.5 NA 0.5 NA 

 

The δ13C values showed an increasing trend for all species (Figure D1). The killer whale skin 

showed a wide variation in δ13C values both before and after lipid extraction. 

 

 
Figure D1. Line chart showing differences in δ13C values before and after lipid extraction in killer whale (Orcinus orca) skin (left, 

n = 38), lumpfish (Cyclopterus lumpus) muscle (middle, n = 5) and herring (Clupea harengus) muscle (right, n = 4).  
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The C:N ratio showed a decreasing trend in all samples, with the highest being in the 

lumpfish which had values over 15 before lipid extraction (Figure D2). After lipid extraction, 

the samples appeared to converge in the same range of C:N ratios.  

 

 
Figure D2. Line chart showing differences in the C:N ratio values before lipid extraction and after in killer whale (Orcinus orca) 

skin (left, n = 38), lumpfish (Cyclopterus lumpus) muscle (middle, n = 5) and herring (Clupea harengus) muscle (right, n = 4).  

 

There is an increasing trend in δ15N values for lumpfish and herring muscle, with all samples 

increasing after lipid extraction (Figure D3). The trend is less clear for the whale skin 

samples. Whilst the majority appear to increase after lipid extraction, some samples seem to 

stay about the same whilst others appear to increase. Table D1, however, supports a positive 

difference in mean δ15N values before and after extraction. 

 

 
Figure D3. Line chart showing differences in the δ15N values before lipid extraction and after in killer whale (Orcinus orca) skin 

(left, n = 38), lumpfish (Cyclopterus lumpus) muscle (middle, n = 5) and herring (Clupea harengus) muscle (right, n = 4).  



	92	

Discussion 
 

The increase in δ13C values and decrease in C:N ratio values indicates that the lipid extraction 

was successful, as the carbon-containing lipids have been eliminated from the samples. All of 

the samples for all of the species converged on a C:N ratio < 3.5 after lipid extraction, which 

indicates little lipids left that can bias the interpretation of the δ13C values.  

 

The increase in δ15N values for all samples supports the recommendations to run a dual 

analysis on all samples before and after lipid extraction. The increase indicates that it is the 

δ15N values obtained before lipid extraction that should be used for further statistical analysis, 

especially in the cases of whale skin where the changes before and after lipid extraction do 

not result in any clear trend that can easily be corrected for by mathematical models.  
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Appendix E – Mercury and stable isotope values: raw data 
 

Table E1. Raw data for mercury and stable isotope results of skin samples of killer whales (Orcinus orca; n = 38) and muscle samples from 

prey (n = 10) collected throughout the year from northern Norway July 2017–July 2018. The mercury in the liver is extrapolated from skin 

using the equation of Stavros (2011)1: ln($%&'()*) = 1.6124	 × 	 ln	($%45'6) + 2.0346 based on bottlenose dolphins (Tursiops truncatus). 

The stable isotope ratios and carbon:nitrogen (C:N) ratio is given before and after lipid extraction (LE).  

Sample ID Water 
content  

Mercury in 
skin  

(ng/g d.w.) 

Mercury in 
liver  
(µg/g 
w.w.) 

δ15N 
before LE 

(‰) 

δ13C before 
LE 
(‰) 

C:N ratio 
before LE 

δ15N after LE 
(‰) 

δ13C after 
LE 
(‰) 

C:N ratio 
after LE 

KILLER WHALE (n = 38)        

          

KI06 60.0 4111.77 12.33 13.2 -20.0 3.61 13.3 -18.9 3.11 
NKW-096 68.4 4254.43 16.63 12.5 -21.0 4.22 12.7 -19.1 3.14 
NKW-921 64.9 4607.52 16.86 12.6 -20.1 3.79 13.0 -18.5 3.06 
NKW-823 56.9 3793.00 18.45 13.0 -20.0 3.64 13.3 -19.4 3.14 

KI01 60.3 3711.36 2.72 12.4 -20.0 3.44 12.9 -19.4 3.10 
KI03 65.6 2617.08 4.10 12.3 -20.5 3.61 12.7 -20.0 3.23 
KI05 68.2 5436.81 3.59 12.8 -20.2 3.73 13.2 -19.2 3.14 

NKW-183 69.3 1716.37 4.61 11.9 -20.6 3.79 12.2 -19.4 3.11 
NKW-180 64.4 1862.21 5.18 11.8 -20.1 3.47 12.0 -19.6 3.17 
NKW-153 67.9 2110.76 5.67 11.7 -20.1 3.50 11.9 -19.6 3.19 
NKW-165 59.2 1532.26 2.44 11.7 -20.2 3.51 12.1 -19.4 3.11 
NKW-867 60.3 1839.19 4.05 11.5 -20.0 3.49 12.0 -19.2 3.11 
NKW-918 61.4 2032.79 2.73 11.5 -20.5 3.69 11.9 -19.4 3.16 
NKW-862 56.6 1913.92 3.02 12.0 -20.5 3.90 12.4 -18.9 3.07 
NKW-919 61.9 1292.41 2.31 11.8 -20.1 3.49 12.0 -19.8 3.18 
NKW-920 63.3 2150.07 3.39 11.7 -20.5 3.59 12.0 -19.6 3.15 
NKW-511 66.3 2080.81 1.77 11.4 -20.6 3.68 11.8 -19.8 3.13 
NKW-937 66.0 1981.59 1.58 11.9 -20.3 3.61 12.4 -19.5 3.10 
NKW-922 68.3 1667.77 3.65 11.7 -20.0 3.54 12.4 -19.1 3.09 
NKW-063 69.9 1865.09 3.14 11.7 -20.9 3.90 12.3 -19.5 3.09 

J1 65.6 1384.25 5.43 11.4 -20.8 3.90 11.9 -19.2 3.06 
NKW-785 67.4 1853.91 3.88 11.5 -20.2 3.65 12.0 -19.2 3.09 
NKW-506 68.8 1948.36 2.68 11.7 -20.2 3.45 12.1 -19.6 3.11 
NKW-924 66.0 1186.18 3.86 12.6 -19.9 3.78 13.1 -18.3 3.03 
NKW-923 71.1 1301.60 3.29 11.6 -20.1 3.53 12.0 -18.9 3.04 
NKW-421 65.4 1824.87 3.41 11.7 -20.3 3.60 12.2 -19.0 3.04 
NKW-348 62.1 1519.47 3.35 11.5 -20.5 3.74 11.9 -19.2 3.10 
NKW-908 66.3 2396.82 1.49 11.8 -20.2 3.58 11.8 -18.2 3.13 
NKW-004 60.5 1664.48 14.14 11.8 -20.0 3.57 11.9 -18.1 3.13 

Y137 68.7 1665.91 2.68 11.5 -20.1 3.56 11.6 -18.2 3.08 
NKW-079 70.9 2245.19 3.86 11.6 -19.9 3.57 11.6 -17.7 3.02 
NKW-572 65.5 1715.35 3.29 11.5 -19.8 3.47 11.4 -18.4 3.15 
NKW-537 61.9 1589.25 3.41 11.5 -20.1 3.64 11.6 -18.4 3.18 
NKW-978 66.0 1760.31 3.35 11.3 -20.0 3.61 11.4 -18.3 3.16 
NKW-714 64.1 1009.32 1.49 11.9 -20.1 3.54 11.9 -18.3 3.08 

K1 70.0 4877.55 14.14 12.6 -20.2 3.68 12.6 -18.5 3.17 
KI07 65.7 2674.36 6.65 12.3 -19.9 3.6 12.6 -18.0 3.11 

NKW-598 55.7 1393.98 3.52 11.3 -20.1 3.54 11.5 -18.6 3.16 
          

HARBOUR SEAL (n = 1)      
          

HS 57.58 
 

731.71 
 

NA 13.9 
 

-22.1 
 

4.8 
 

14.4 
 

-19.9 
 

3.4 
 

          
HERRING (n = 4)        
          

HB 65.16 56.10 NA 9.6 -23.9 6.5 10.4 -21.1 3.2 
HC 72.63 64.15 NA 10.1 -23.5 5.4 10.8 -20.6 3.4 
HD 62.00 70.58 NA 9.9 -24.7 7.2 10.7 -21.6 3.1 
HE 67.81 66.89 NA 10.4 -24.4 7.1 11.1 -20.7 3.2 

          
LUMPFISH (n = 5)      
          

LF 69.18 49.99 NA 11.7 -26.4 14.1 12.5 -20.6 3.2 
LG 66.60 84.10 NA 11.0 -26.8 18.6 12.3 -20.3 3.2 
LH 74.14 87.78 NA 11.1 -26.7 18.8 12.3 -20.3 3.2 
LI 67.40 92.00 NA 11.2 -26.4 14.2 12.3 -20.3 3.3 
LJ 56.61 19.31 NA 12.3 -27.0 18.3 13.3 -20.6 3.4 

 
1 Stavros, H.-C. W., Stolen, M., Durden, W. N., Mcfee, W., Bossart, G. D., & Fair, P. A. (2011). Correlation and toxicological inference of trace elements in 
tissues from stranded and free-ranging bottlenose dolphins (Tursiops truncatus). Chemosphere, 82(11), 1649–1661. 
https://doi.org/10.1016/j.chemosphere.2010.11.019 
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Appendix F – Organohalogen contaminants analysed 
 

Table F1. Group names, acronyms and International Union of Pure and Applied Chemistry (IUPAC) names of the 80 
organohalogen contaminants analysed in this study in killer whale (Orcinus orca) blubber, harbour seal (Phoca vitulina) , 
blubber, lumpfish (Cyclopterus lumpus) muscle and herring (Clupea harengus) muscle samples. Group names indicate the 
type of analytes, and PCB groups are defined by number of chlorines. 
 

Group               IUPAC name Acronym 
Polychlorinated biphenyl ethers (PCBs)  
 
TriCBs 

 

 2,4-dichloro-1-(4-chlorophenyl)benzene PCB-28 * 
 1,4-dichloro-2-(4-chlorophenyl)benzene PCB-31  
TetraCBs    
 2,4-dichloro-1-(2,4-dichlorophenyl)benzene PCB-47  
 1,4-dichloro-2-(2,5-dichlorophenyl)benzene PCB-52  
 1,2-dichloro-3-(3,4-dichlorophenyl)benzene PCB-56  
 1,2-dichloro-4-(2,4-dichlorophenyl)benzene PCB-66 * 
 1,2,4-trichloro-5-(4-chlorophenyl)benzene PCB-74 * 
PentaCBs    
 1,2,3-trichloro-4-(2,5-dichlorophenyl)benzene PCB-87 * 
 1,2,4-trichloro-5-(2,4-dichlorophenyl)benzene PCB-99 * 
 1,2,4-trichloro-5-(2,5-dichlorophenyl)benzene PCB-101 * 
 1,2,3-trichloro-4-(3,4-dichlorophenyl)benzene PCB-105 * 
 1,2,4-trichloro-3-(3,4-dichlorophenyl)benzene PCB-110 * 
 1,2,3,4-tetrachloro-5-(4-chlorophenyl)benzene PCB-114 * 
 1,2,4-trichloro-5-(3,4-dichlorophenyl)benzene PCB-118 * 
HexaCBs    
 1,2,3-trichloro-4-(2,3,4-trichlorophenyl)benzene PCB-128 * 
 1,2,4-trichloro-3-(2,3,6-trichlorophenyl)benzene PCB-136  
 1,2,3,4-tetrachloro-5-(2,4-dichlorophenyl)benzene PCB-137 * 
 1,2,3-trichloro-4-(2,4,5-trichlorophenyl)benzene PCB-138 * 
 1,2,3,4-tetrachloro-5-(2,5-dichlorophenyl)benzene PCB-141 * 
 1,2,4-trichloro-3-(2,4,5-trichlorophenyl)benzene PCB-149 * 
 1,2,4,5-tetrachloro-3-(2,5-dichlorophenyl)benzene PCB-151 * 
 1,2,4-trichloro-5-(2,4,5-trichlorophenyl)benzene PCB-153 * 
 1,2,3,4-tetrachloro-5-(3,4-dichlorophenyl)benzene PCB-156 * 
 1,2,3-trichloro-4-(3,4,5-trichlorophenyl)benzene PCB-157 * 
HeptaCBs    
 1,2,3,4-tetrachloro-5-(2,3,4-trichlorophenyl)benzene PCB-170 * 
 1,2,3,4-tetrachloro-5-(2,4,5-trichlorophenyl)benzene PCB-180 * 
 1,2,3,5-tetrachloro-4-(2,4,5-trichlorophenyl)benzene PCB-183 * 
 1,2,4,5-tetrachloro-3-(2,4,5-trichlorophenyl)benzene PCB-187 * 
 1,2,3,4-tetrachloro-5-(3,4,5-trichlorophenyl)benzene PCB-189 * 
HigherCBs    
 1,2,3,4-tetrachloro-5-(2,3,4,5-tetrachlorophenyl)benzene PCB-194 * 
 1,2,3,4-tetrachloro-5-(2,3,4,6-tetrachlorophenyl)benzene PCB-196 * 
 1,2,3,4-tetrachloro-5-(2,3,5,6-tetrachlorophenyl)benzene PCB-199  
 1,2,3,4,5-pentachloro-6-(2,3,4,5-tetrachlorophenyl)benzene PCB-206 * 
 1,2,3,4,5-pentachloro-6-(2,3,4,5,6-pentachlorophenyl)benzene PCB-209 * 
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Table F1 continued. Group names, acronyms and International Union of Pure and Applied Chemistry (IUPAC) names of the 80 
organohalogen contaminants analysed in this study 
 
Organochlorinated pesticides (OCPs) 
 
 1-chloro-4-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene p,p'-DDT * 

 1-chloro-2-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene o,p'-DDT  

 1-chloro-2-[2,2-dichloro-1-(4-chlorophenyl)ethyl]benzene o,p'-DDD  

 1-chloro-4-[2,2-dichloro-1-(4-chlorophenyl)ethyl]benzene p,p'-DDD * 

 1-chloro-4-[2,2-dichloro-1-(4-chlorophenyl)ethenyl]benzene 
 

p,p'-DDE * 

    

 1,2,3,4,5,6-hexachlorobenzene HCB * 

    

 α-1,2,3,4,5,6-hexachlorocyclohexane α-HCH  

 β-1,2,3,4,5,6-hexachlorocyclohexane β-HCH * 

 γ-1,2,3,4,5,6-hexachlorocyclohexane γ-HCH  

    

 1,5,6,8,9,10,11,11-octachloro-4-oxatetracyclo[6.2.1.02,7.03,5]undec-9-ene oxychlordane * 

 (1S,2S,3R,4R,6S,7R)-1,3,4,7,8,9,10,10-octachlorotricyclo[5.2.1.02,6]dec-8-ene trans-chlordane * 

 (1R,2R,3R,4S,6S,7S)-1,3,4,7,8,9,10,10-octachlortricyclo[5.2.1.02,6]dec-8-ene cis-chlordane * 

 (1S,2R,3S,5R,6S,7R)-1,3,4,5,7,8,9,10,10-nonachlortricyclo[5.2.1.02,6]dec-8-ene trans-nonachlor * 

 (1S,2R,3R,5S,6R,7R)-1,3,4,5,7,8,9,10,10-nonachlortricyclo[5.2.1.02,6]dec-8-ene cis-nonachlor * 

    

 1,2,3,4,5,5,6,7,8,9,10,10-dodecachloropentacyclo[5.3.0.02,6.03,9.04,8]decane Mirex * 

 
Brominated flame retardants 
 
 2,4-dibromo-1-(4-bromophenoxy)benzene BDE-28 * 

 2,4-dibromo-1-(2,4-dibromophenoxy)benzene BDE-47 * 

 1,2,4-tribromo-5-(2,4-dibromophenoxy)benzene BDE-99 * 

 1,3,5-tribromo-2-(2,4-dibromophenoxy)benzene BDE-100 * 

 1,2,4-tribromo-5-(2,4,5-tribromophenoxy)benzene BDE-153 * 

 1,2,4-tribromo-5-(2,4,6-tribromophenoxy)benzene BDE-154 * 

 1,2,3,5-tetrabromo-4-(2,4,5-tribromophenoxy)benzene BDE-183  

 1,2,3,4-tetrabromo-5-(2,3,4,6-tetrabromophenoxy)benzene BDE-196  

 1,2,4,5-tetrabromo-3-(2,3,5,6-tetrabromophenoxy)benzene BDE-202  

 1,2,3,4,5-pentabromo-6-(2,3,4,5-tetrabromophenoxy)benzene BDE-206  

 1,2,3,4,5-pentabromo-6-(2,3,4,6-tetrabromophenoxy)benzene BDE-207  

 1,2,3,4,5-pentabromo-6-(2,3,5,6-tetrabromophenoxy)benzene BDE-208  

 1,2,3,4,5-pentabromo-6-(2,3,4,5,6-pentabromophenoxy)benzene BDE-209  

    

 1,2,5,6,9,10-hexabromocyclododecane HBCDD  

 1,2,3,4,5-pentabromo-6-methylbenzene PBT  

 1,2,3,4,5-pentabromo-6-ethylbenzene PBEB  

 (1,3,5-tribrom-2-(2,3 dibrompropoxy)benzene DPTE  

 1,2,3,4,5,6-hexabromobenzene HBB * 
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*present in more than 65% of whale samples 
  

 
Table F1 continued. Group names, acronyms and International Union of Pure and Applied Chemistry (IUPAC) names 
of the 80 organohalogen contaminants analysed in this study 
 
Hydroxylated metabolites of polychlorinated biphenyl ethers 
  
 4'-OH-2',3,3',4',5'-pentachlorobiphenyl 4'-OH-PCB106  
 4-OH-2,3,3',4',5- pentachlorobiphenyl 4-OH-PCB107  
 4'-OH-2',3,3',4',5- pentachlorobiphenyl 4'-OH-PCB108  
 3-OH-2,3',4,4',5- pentachlorobiphenyl 3-OH-PCB118  
 4'-OH-2,2',3,3',4',5-hexachlorobiphenyl 4'-OH-PCB130  
 3'-OH-2,2',3',4,4',5- hexachlorobiphenyl 3'-OH-PCB138  
 4-OH-2,2',3,4',5,5'- hexachlorobiphenyl 4-OH-PCB146  
 4'-OH-2',3,3',4',5,5'- hexachlorobiphenyl 4'-OH-PCB159  
 4'-OH-2,2',3,3',4',5,5'- heptachlorobiphenyl 4'-OH-PCB172  
 3'-OH-2,2',3',4,4',5,5'- heptachlorobiphenyl 3'-OH-PCB180  
 4-OH-2,2',3,4',5,5',6- heptachlorobiphenyl 4-OH-PCB187  
    
Hydroxylated metabolites of polybrominated diphenyl ethers 
 
 4-OH-2,2',3,4'-tetrabromodiphenyl ether 4-OH-BDE42  
 3-OH-2,2',4,4'-tetrabromodiphenyl ether 3-OH-BDE47  
 6-OH-2,2',4,4'-tetrabromodiphenyl ether 6-OH-BDE47  
 4'-OH-2,2',4,5'-tetrabromodiphenyl ether 4'-OH-BDE49 * 
 2'-OH-2,3',4,5'-tetrabromodiphenyl ether 2'-OH-BDE68  
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Appendix G – Organohalogen contaminant levels: raw 

data 
Table G1. Raw data: Organohalogen contaminant (OHC) levels (ng/g w.w.), limit of detection (LOD) and detection 

frequencies of all OHCs in killer whale (Orcinus orca) blubber, harbour seal (Phoca vitulina), blubber, lumpfish 

(Cyclopterus lumpus) muscle and herring (Clupea harengus) muscle samples.  

Analyte: 
PCB-
28 

PCB-
31 

PCB-
47 

PCB-
52 

PCB-
56 

PCB-
66 

PCB-
74 

PCB-
87 

PCB-
99 

PCB-
101 

PCB-
105 

PCB-
110 

PCB-
114 

PCB-
118 

PCB-
128 

PCB-
136 

PCB-
137 

LOD: 0.44 0.44 11.10 8.83 1.33 0.80 1.68 1.42 2.83 2.30 0.45 1.60 0.45 0.45 0.45 6.90 0.45 
Recovery: 102 97 106 107 101 99 98 102 102 100 102 102 103 102 102 102 104 

                  

KILLER WHALE (n = 31)             

 
Sample ID: 
 

           
 

NKW-096 23.0 <LOD 437 1557 <LOD 29.3 114 211 3119 796 163 56.3 5.11 882 710 389 257 
NKW-921 7.99 <LOD 88.3 358 <LOD 16.9 40.5 57.6 545 202 48.3 23.1 2.32 231 125 59.3 44.3 
NKW-823 3.34 <LOD <LOD 75.7 <LOD 3.92 7.14 19.1 138 52.3 13.4 12.6 0.691 60.4 42.3 <LOD 18.2 

KI05 6.67 <LOD 180 339 <LOD 8.16 57.6 63.3 1852 286 48.7 16.0 2.99 228 482 47.0 172 
NKW-183 2.23 <LOD 107 356 <LOD 44.3 97.8 163 442 597 126 97.6 9.84 437 115 38.9 36.6 
NKW-153 <LOD <LOD <LOD <LOD <LOD <LOD 7.45 2.64 144 32.0 8.65 <LOD <LOD 37.7 34.4 <LOD 15.4 
NKW-165 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.6 <LOD 2.56 <LOD <LOD 9.44 5.67 <LOD 2.00 
NKW-867 2.67 <LOD <LOD <LOD <LOD 5.14 8.85 9.05 51.4 38.9 10.9 2.26 0.617 36.0 13.4 <LOD 4.53 
NKW-918 8.12 <LOD 105 513 <LOD 17.7 45.7 55.9 697 259 54.8 20.2 2.48 218 168 106 79.2 
NKW-862 <LOD <LOD 49.7 156 <LOD 41.3 50.6 94.1 192 266 65.3 130 4.33 191 47.0 26.2 16.7 
NKW-919 <LOD <LOD <LOD <LOD <LOD <LOD 2.64 <LOD 20.7 11.3 3.13 <LOD <LOD 10.6 5.77 <LOD 1.92 
NKW-937 <LOD <LOD <LOD <LOD <LOD <LOD 2.94 <LOD 15.6 13.8 3.24 <LOD <LOD 11.8 5.29 <LOD 1.76 
NKW-922 <LOD <LOD <LOD <LOD <LOD 4.23 6.69 7.04 62.0 44.4 14.1 8.80 1.06 44.7 19.0 <LOD 5.63 
NKW-063 2.49 <LOD 85.4 369 <LOD 17.1 <LOD 88.1 560 298 62.4 38.2 3.74 253 142 71.3 58.8 

J1 7.26 <LOD <LOD 151 <LOD 11.1 19.2 24.4 188 101 26.1 5.98 1.71 99.1 52.1 12.0 17.9 
NKW-785 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12.4 7.73 1.03 <LOD <LOD <LOD 3.61 <LOD 0.515 
NKW-924 <LOD <LOD <LOD <LOD <LOD 1.50 <LOD <LOD 42.0 16.0 5.00 <LOD 0.500 16.0 11.0 <LOD 4.00 
NKW-923 <LOD <LOD <LOD <LOD <LOD 1.35 4.73 <LOD 31.4 20.6 6.76 <LOD <LOD 20.3 8.45 <LOD 3.72 
NKW-421 1.36 <LOD 57.6 210 <LOD 10.9 25.5 50.3 259 183 39.8 27.5 2.49 144 61.5 32.9 26.0 
NKW-348 8.67 <LOD 19.6 105 <LOD 14.4 25.3 24.5 92.4 97.0 29.3 19.4 1.85 89.1 26.4 <LOD 9.04 
NKW-908 10.9 <LOD <LOD <LOD <LOD 11.9 20.5 26.8 106 92.9 26.5 13.9 1.26 83.1 29.0 14.6 10.1 
NKW-004 <LOD <LOD <LOD 42.7 <LOD 16.4 26.9 35.3 114 127 34.7 28.0 2.43 112 31.7 17.0 11.2 

Y137 7.95 <LOD <LOD 87.6 <LOD 9.11 12.0 16.7 108 54.7 15.5 13.2 0.775 52.7 26.9 <LOD 11.0 
NKW-079 2.12 <LOD 24.7 149 <LOD 22.6 35.5 56.4 202 181 50.2 28.2 3.09 162 58.7 18.0 22.4 
NKW-572 1.84 <LOD <LOD <LOD <LOD 2.15 4.75 5.06 35.1 21.5 6.29 3.83 <LOD 23.2 9.36 <LOD 3.53 
NKW-537 7.40 <LOD <LOD 39.8 <LOD 18.9 18.6 45.9 143 126 36.7 34.9 2.30 118 38.5 7.14 14.8 
NKW-978 4.57 <LOD 81.0 332 <LOD 27.4 51.8 72.6 494 267 65.7 33.5 4.06 256 130 18.0 49.0 
NKW-714 2.56 <LOD <LOD <LOD <LOD 4.27 12.1 11.4 99.8 50.7 14.0 3.92 0.683 51.4 28.3 <LOD 10.4 

K1 3.33 <LOD 25.7 113 <LOD 9.63 20.6 36.9 316 106 30.0 18.5 1.30 122 78.3 10.4 38.9 
KI07 8.92 <LOD 164 373 <LOD 20.9 68.0 59.4 1401 269 63.4 24.0 3.66 237 356 41.1 142 

NKW-598 6.92 <LOD 229 759 <LOD 13.2 62.3 111 1716 354 86.8 21.4 5.69 409 388 138 169 
% > LOD 67.7 0 45.1 61.2 0 83.8 87 80.6 100 96.8 100 77.4 77.4 96.8 100 54.8 100 

                  

SEAL (n = 1)            

Sample ID:                 
 

HS 0.907 <LOD <LOD <LOD <LOD <LOD 4.23 4.54 41.0 19.9 4.13 4.23 <LOD 12.8 11.8 <LOD 4.44 

% > LOD 100 0 0 0 0 0 100 100 100 100 100 100 0 100 100 0 100 

                  

HERRING (n = 4)              

Sample ID:                 
 

HB <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HC <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HE <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

% > LOD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

                  

LUMPFISH (n = 5)                

 
Sample ID: 
 

              
 

LF 0.483 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.70 <LOD 0.928 <LOD <LOD <LOD 
LG 0.515 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.512 2.60 <LOD 1.46 <LOD <LOD <LOD 
LH <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.74 <LOD 0.924 <LOD <LOD <LOD 
LI 0.558 0.475 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.40 <LOD 1.24 <LOD <LOD <LOD 
LJ 0.497 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.84 <LOD 0.940 <LOD <LOD <LOD 

% > LOD 80 20 0 0 0 0 0 0 0 0 20 100 0 100 0 0 0 
 



	 99	

 
 
Table G1 continued. Raw data: Contaminant levels, limit of detection (LOD) and detection frequencies  
 
 

Analyte: 
PCB-
138 

PCB-
141 

PCB-
149 

PCB-
151 

PCB-
153 

PCB-
156 

PCB-
157 

PCB-
170 

PCB-
180 

PCB-
183 

PCB-
187 

PCB-
189 

PCB-
194 

PCB-
196 

PCB-
199 

PCB-
206 

PCB-
209 

LOD: 0.71 0.45 0.89 0.45 0.71 0.53 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.40 
Recovery: 101 104 100 102 101 103 103 101 101 104 103 101 103 100 101 101 97 

                  

WHALE (n = 31)             

 
Sample ID: 
 

           
 

NKW-096 7985 15.1 3010 1655 13017 35.1 35.8 1320 3393 830 2232 19.0 260 233 8.74 21.1 15.7 
NKW-921 1415 5.67 522 288 1990 12.0 7.60 233 535 133 369 3.61 52.3 41.9 1.29 4.90 3.69 
NKW-823 521 3.69 165 89.0 918 8.18 3.23 160 396 96.3 240 3.00 50.8 38.2 1.04 5.53 4.11 

KI05 5122 3.10 652 304 9037 46.0 30.0 1044 2569 542 973 12.8 198 149 2.76 12.4 6.51 
NKW-183 830 19.1 474 256 1259 36.3 17.5 129 335 78.9 199 3.25 27.6 22.0 0.507 2.54 2.30 
NKW-153 369 0.721 139 73.7 593 2.40 1.92 76.3 193 48.1 105 1.44 23.1 15.1 100 1.68 3.04 
NKW-165 50.4 <LOD 23.0 13.3 77.7 0.778 0.556 11.1 29.5 7.00 15.8 <LOD 3.44 2.22 <LOD <LOD <LOD 
NKW-867 101.0 0.823 54.9 30.3 148 2.06 1.65 17.6 43.9 10.5 26.6 <LOD 4.94 3.09 <LOD <LOD <LOD 
NKW-918 1717 4.26 826 463 2412 12.4 12.3 383 1010 220 468 6.34 112 80.4 1.68 8.81 7.00 
NKW-862 340 15.6 180 102 499 18.1 7.67 53.0 137 33.6 79.7 1.33 14.1 10.2 <LOD 1.33 1.41 
NKW-919 56.5 0.481 18.5 9.25 83.4 0.962 0.481 8.97 25.1 5.77 12.1 <LOD 2.64 1.44 <LOD <LOD 1.60 
NKW-937 40.6 <LOD 19.1 12.5 70.9 0.882 <LOD 12.7 33.0 7.65 17.2 <LOD 5.59 2.65 <LOD <LOD 1.08 
NKW-922 133 1.41 62.0 35.7 192 4.58 2.46 27.2 65.6 15.1 34.3 1.06 7.04 4.58 <LOD 1.41 5.52 
NKW-063 1388 8.16 603 352 2092 19.0 11.3 307 791 179 391 4.99 73.7 54.9 0.794 4.76 4.16 

J1 420 2.56 193 116 647 6.84 4.70 74.07 179 43.2 105 1.28 11.1 8.97 <LOD <LOD 1.14 
NKW-785 38.1 <LOD <LOD <LOD 62.9 <LOD 0.515 16.7 39.9 7.73 20.3 0.515 10.3 4.64 <LOD 1.03 1.37 
NKW-924 101 0.500 41.0 22.5 141 1.50 1.00 22.5 56.5 12.8 32.2 0.500 8.50 6.00 <LOD 0.667 2.17 
NKW-923 71.3 <LOD 34.1 19.9 100 2.03 1.35 15.9 40.5 9.68 23.1 0.338 5.41 3.72 <LOD 0.450 1.13 
NKW-421 588 6.56 252 142 824 12.9 7.47 113 292 66.6 151 2.38 31.1 22.3 0.452 2.30 1.85 
NKW-348 165 4.24 94.8 54.8 233 7.75 3.51 27.1 64.8 16.2 41.0 0.738 5.90 4.61 0.369 0.615 1.17 
NKW-908 198 3.03 106 60.6 265 6.57 3.79 30.6 75.0 18.9 48.1 0.758 6.06 4.80 <LOD 0.589 0.589 
NKW-004 214 4.66 118 67.9 281 9.14 4.66 28.7 68.7 17.8 44.5 0.746 4.66 3.73 <LOD 0.622 0.995 

Y137 251 2.33 102 59.3 366 5.62 2.71 67.6 168 35.6 75.5 2.33 37.6 19.8 0.581 3.94 2.58 
NKW-079 440 6.56 206 121 587 15.3 8.30 80.1 194 47.0 105 2.12 18.9 13.5 <LOD 1.61 2.19 
NKW-572 73.6 0.613 38.0 21.0 118 1.53 1.07 14.0 33.9 8.69 22.6 <LOD 4.14 3.22 <LOD 0.665 1.28 
NKW-537 328 6.38 144 87.2 460 11.0 4.85 63.5 152 37.7 96.8 1.53 16.3 12.2 0.510 1.36 1.36 
NKW-978 1119 6.85 526 315 1545 17.3 12.2 176 419 108 258 2.79 26.4 21.8 0.508 1.86 2.12 
NKW-714 237 1.02 87.2 46.4 368 3.92 2.90 44.7 112 25.9 52.4 1.02 9.22 6.66 <LOD 0.569 0.910 

K1 1028 6.48 249 139 1661 20.6 6.67 386 973 205 435 8.52 224 147 3.89 31.7 26.5 
KI07 4089 4.62 659 328 6612 40.4 26.9 921 2242 501 916 14.0 288 188 3.66 25.1 19.6 

NKW-598 3557 6.31 981 607 4934 45.1 39.1 679 1687 379 724 12.9 181 118 2.77 14.1 8.82 
% > LOD 100 87 96.8 96.8 100 96.8 96.8 100 100 100 100 83.8 100 100 51.6 83.8 93.5 

                  

SEAL (n = 1)                 

Sample ID:                 
 

HS 105 1.11 13.6 5.24 180 4.74 1.71 21.2 56.4 12.4 27.3 <LOD 6.75 5.75 <LOD 1.65 1.75 
% > LOD 100 100 100 100 100 100 100 100 100 100 100 0 100 100 0 100 100 

                  

HERRING (n = 4)              

Sample ID:                 
 

HB <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HC <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HE <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

% > LOD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

                  

LUMPFISH (n = 5)                
 
Sample ID: 
 

              
 

LF 1.21 <LOD <LOD <LOD 1.67 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
LG 2.02 <LOD 1.18 0.686 2.62 <LOD <LOD <LOD 0.628 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
LH 1.20 <LOD <LOD <LOD 1.67 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
LI 1.57 <LOD 0.994 0.561 2.17 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
LJ 1.23 <LOD <LOD <LOD 1.61 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

% > LOD 100 0 40 40 100 0 0 0 20 0 0 0 0 0 0 0 0 
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Table G1 continued. Raw data: Contaminant levels, limit of detection (LOD) and detection frequencies in all samples 
 

Analyte: 
HCB α-

HCH 
β-
HCH 

γ- 
HCH 

Oxy-
chlord
ane 

trans-
chlord
ane 

cis-
chlord
ane 

trans-
nonachlor 

cis-
nonachlor 

p,p'-
DDE 

o,p'-
DDD 

p,p'-
DDD 

o,p'-
DDT 

p,p'-
DDT Mirex 

LOD: 0.45 0.90 1.24 1.15 0.45 0.45 0.45 0.45 0.45 4.24 2.30 8.22 6.00 1.33 0.62 
Recovery: 106 103 100 103 65* 109 108 108 104 103 109 104 108 108 98 
                

WHALE (n = 31)           
 
Sample ID: 
 

          

NKW-096 548 2.15 107 3.23 578 <LOD 238 6293 <LOD 19988 153 1865 736 431 168 
NKW-921 123 <LOD 28.7 <LOD 128 7.603 63.7 1241 247 3143 43.3 599 133 120 31.7 
NKW-823 40.8 <LOD 6.91 <LOD 23.7 2.880 18.3 338 80.3 798 16.1 145 40.3 49.4 27.1 

KI05 50.9 <LOD 16.3 <LOD 482 5.517 22.8 2539 144 11570 11.8 332 101 129 96.9 
NKW-183 99.1 <LOD 16.8 <LOD 112 7.606 41.1 1113 173 3901 10.3 432 77.8 39.0 22.0 
NKW-153 8.89 <LOD <LOD <LOD 52.2 0.962 5.05 376 47.4 1244 <LOD 78.6 57.2 11.8 10.1 
NKW-165 2.89 <LOD <LOD <LOD 5.67 <LOD 0.556 43.0 4.78 227 14.4 <LOD <LOD <LOD 1.00 
NKW-867 16.7 <LOD 2.67 <LOD 23.0 1.646 8.64 153 30.0 413 <LOD 67.7 <LOD 5.35 3.91 
NKW-918 65 <LOD 17.8 <LOD 119 5.446 32.3 1371 164 10229 30.5 437 521 54.2 <LOD 
NKW-862 91.8 <LOD 16.0 <LOD 63.4 6.111 30.2 556 115 1488 8.78 300 26.1 32.3 11.8 
NKW-919 2.64 <LOD <LOD <LOD 6.49 <LOD 0.481 41.6 6.01 185 <LOD <LOD <LOD <LOD 0.721 
NKW-937 4.12 <LOD <LOD <LOD 7.35 <LOD 1.47 49.7 7.94 192 <LOD 12.4 <LOD <LOD 1.47 
NKW-922 10.2 <LOD <LOD <LOD 21.1 1.056 4.93 167 24.3 524 <LOD 47.2 <LOD 11.3 3.87 
NKW-063 64.2 <LOD 16.9 <LOD 112 6.803 35.3 1281 180 8183 17.1 401 245 43.3 33.4 

J1 43.6 <LOD 8.55 <LOD 50.4 2.564 15.4 441 80.8 2007 <LOD 166 40.6 15.8 7.69 
NKW-785 6.70 <LOD <LOD <LOD 5.15 0.515 1.55 42.8 <LOD 132 <LOD <LOD <LOD <LOD 3.61 
NKW-924 5.50 <LOD <LOD <LOD 15.5 <LOD <LOD 107 15.0 350 <LOD <LOD <LOD <LOD <LOD 
NKW-923 10.5 <LOD <LOD <LOD 16.2 1.01 4.73 100 17.2 260 <LOD 53.4 <LOD <LOD 4.05 
NKW-421 50.1 <LOD 9.50 <LOD 88.1 3.507 21.8 752 98.5 2303 <LOD 192 73.1 25.9 18.2 
NKW-348 55.9 <LOD 8.12 <LOD 40.2 4.059 21.2 300 72.0 726 <LOD 126 <LOD 21.2 7.56 
NKW-908 60.6 <LOD 11.4 <LOD 47.0 5.303 29.3 333 96.7 785 <LOD 144 14.9 25.8 <LOD 
NKW-004 51.7 <LOD 8.96 <LOD 42.0 5.970 22.9 348 67.7 931 6.90 175 <LOD 23.7 6.16 

Y137 39.1 0.969 7.17 <LOD 25.6 4.457 19.4 275 60.1 1036 3.49 89.3 24.8 17.1 19.4 
NKW-079 55.6 <LOD 13.9 <LOD 73.6 6.564 30.7 649 119 2115 5.02 258 37.1 32.6 12.5 
NKW-572 14.7 <LOD 3.07 <LOD 12.3 1.074 5.67 94.3 22.7 258 <LOD 41.6 <LOD 7.36 3.37 
NKW-537 50.5 <LOD 10.5 <LOD 50.0 6.122 27.6 457 102 1104 <LOD 133 <LOD 27.8 14.5 
NKW-978 63.7 <LOD 20.8 <LOD 135 6.091 38.3 1389 185 5170 14.2 311 205 43.7 19.8 
NKW-714 30.0 <LOD 3.07 <LOD 29.5 2.560 11.1 290 41.0 766 <LOD 88.4 8.87 8.70 5.97 

K1 84.4 1.11 21.5 <LOD 78.5 8.704 65.7 870 259 1529 18.1 275 17.2 136 103 
KI07 86.0 <LOD 25.3 <LOD 506 7.166 33.8 2436 211 9000 15.1 466 122 113 117 

NKW-598 72.0 <LOD 43.4 <LOD 585 7.692 49.5 4328 294 21813 49.2 625 667 85.1 68.3 
% > LOD 100 9.6 74.1 3.3 100 83.8 96.7 100 93.5 100 51.6 87 61.2 80.6 90.3 

                

SEAL (n = 1)               
Sample ID:               

HS 4.33 <LOD 1.71 <LOD 16.6 0.706 1.11 64.1 5.65 214 <LOD <LOD <LOD 11.1 8.17 
% > LOD 100 0 100 0 100 100 100 100 100 100 0 0 0 100 100 

                

HERRING (n = 4)            
Sample ID:               

HB 1.01 <LOD <LOD <LOD <LOD <LOD <LOD 0.637 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HC 0.579 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HD 0.980 <LOD <LOD <LOD <LOD <LOD <LOD 0.554 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HE 0.669 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

% > LOD 100 0 0 0 0 0 0 50 0 0 0 0 0 0 0 
                

LUMPFISH (n = 5)              
 
Sample ID: 
 

             

LF 6.48 <LOD <LOD <LOD <LOD 0.830 2.75 2.81 1.04 4.25 <LOD <LOD <LOD <LOD <LOD 
LG 8.64 <LOD <LOD <LOD 0.535 1.22 4.29 4.42 1.64 6.59 <LOD <LOD <LOD <LOD <LOD 
LH 6.02 <LOD <LOD <LOD <LOD 0.875 2.81 2.79 1.07 4.16 <LOD <LOD <LOD <LOD <LOD 
LI 8.08 <LOD <LOD <LOD <LOD 1.06 3.66 3.60 1.37 5.59 <LOD <LOD <LOD <LOD <LOD 
LJ 6.69 <LOD <LOD <LOD <LOD 0.627 2.33 2.18 0.894 <LOD <LOD <LOD <LOD <LOD <LOD 

% > LOD 100 0 0 0 20 100 100 100 100 80 0 0 0 0 0 
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Table G1 continued. Raw data: Contaminant levels, limit of detection (LOD) and detection frequencies in all samples 
 
 

Analyte: 
BDE-
28 BDE-47 

BDE-
99 

BDE-
100 

BDE-
153 

BDE-
154 

BDE-
183 

BDE-
196 

BDE-
202 

BDE-
206 

BDE-
207 

BDE-
208 

BDE-
209 

HBC 
DD PBT PBEB DPTE HBB 

LOD: 0.017 0.030 0.034 0.040 0.030 0.030 0.085 0.362 0.030 0.110 0.055 0.063 0.030 0.122 0.012 0.014 0.027 0.017 
Recovery: 92 90 97 87 96 92 84 180* 216* 117 126 115 100 54 94 92 95 94 
                   

WHALE (n = 31)              

 
Sample ID: 
 

          
   

NKW-096 1.94 422 170 180 94.7 190 1.69 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.578 <LOD <LOD 3.78 
NKW-921 1.62 147 47.9 41.8 25.2 45.2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.284 <LOD <LOD 1.37 
NKW-823 0.138 31.7 29.0 17.3 24.8 35.4 0.309 <LOD 1.15 <LOD <LOD 0.518 <LOD 67.3 0.069 <LOD <LOD 0.749 

KI05 0.770 230 49.5 36.0 25.5 26.5 <LOD <LOD 0.494 <LOD <LOD <LOD <LOD 58.9 0.069 0.023 <LOD 1.69 
NKW-183 3.97 206 65.9 39.3 7.33 17.9 <LOD <LOD 1.18 <LOD <LOD <LOD <LOD <LOD 0.020 <LOD <LOD 0.122 
NKW-153 0.216 33.3 8.51 7.21 4.04 4.18 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.93 <LOD <LOD <LOD 0.481 
NKW-165 0.067 7.51 1.46 1.40 0.422 0.933 <LOD <LOD <LOD <LOD 0.144 <LOD <LOD 1.23 <LOD <LOD <LOD 0.089 
NKW-867 0.432 29.2 4.37 5.16 1.52 3.77 <LOD <LOD <LOD <LOD <LOD <LOD 0.267 7.94 <LOD <LOD <LOD 0.082 
NKW-918 1.91 8.91 24.2 18.5 6.45 14.0 <LOD <LOD 1.38 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.465 
NKW-862 3.00 90.1 20.3 14.8 3.09 9.81 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.022 <LOD <LOD 0.211 
NKW-919 0.120 7.52 1.23 1.25 0.313 0.745 <LOD <LOD <LOD 0.120 0.072 <LOD <LOD 1.00 0.024 <LOD <LOD 0.144 
NKW-937 0.118 9.26 1.68 1.38 0.441 0.882 0.201 <LOD <LOD <LOD <LOD <LOD <LOD 0.931 <LOD <LOD <LOD 0.147 
NKW-922 0.458 25.8 4.13 3.56 0.845 2.39 <LOD <LOD 1.51 0.423 <LOD <LOD 9.75 3.51 <LOD <LOD <LOD 0.317 
NKW-063 1.52 121 33.8 24.3 10.5 18.7 0.769 15.3 1.77 2.02 3.40 <LOD 34.0 <LOD 0.034 <LOD <LOD 0.862 

J1 0.855 68.9 12.6 13.3 2.91 8.85 <LOD <LOD 2.14 0.299 1.62 <LOD 0.470 10.3 <LOD <LOD <LOD 0.214 
NKW-785 0.103 3.65 0.988 1.24 1.39 2.53 <LOD <LOD 1.39 <LOD <LOD <LOD 9.85 1.07 <LOD <LOD <LOD 0.206 
NKW-924 0.100 21.1 4.76 4.65 1.60 2.35 1.14 <LOD 1.90 4.60 3.30 <LOD 97.2 1.78 <LOD <LOD <LOD 0.350 
NKW-923 0.169 15.5 2.54 3.07 0.845 2.70 <LOD <LOD 0.743 <LOD 2.84 <LOD 15.9 3.54 <LOD <LOD <LOD 0.203 
NKW-421 1.22 76.9 17.6 14.5 3.99 8.78 <LOD <LOD 1.00 <LOD <LOD <LOD 8.77 <LOD <LOD <LOD <LOD 0.305 
NKW-348 1.13 48.6 7.86 8.28 1.70 6.77 0.477 <LOD 1.37 <LOD <LOD <LOD <LOD 10.2 <LOD <LOD <LOD 0.185 
NKW-908 0.859 45.4 6.42 8.89 1.69 8.06 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.202 
NKW-004 1.40 59.0 9.01 8.92 1.53 6.25 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 7.40 0.019 <LOD <LOD 0.187 

Y137 0.678 32.4 6.77 7.40 2.87 7.87 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.019 <LOD <LOD 0.407 
NKW-079 2.12 85.1 15.7 12.8 2.99 8.51 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.019 <LOD <LOD 0.521 
NKW-572 0.199 15.4 2.38 3.80 1.29 3.42 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.60 0.015 <LOD <LOD 0.184 
NKW-537 1.86 65.7 18.5 15.6 5.08 10.9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.051 <LOD <LOD 0.383 
NKW-978 2.18 157 40.8 31.4 9.47 18.2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.051 <LOD <LOD 0.761 
NKW-714 0.427 32.5 4.75 6.91 2.05 5.07 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 7.04 0.017 <LOD <LOD 0.137 

K1 1.04 37.6 23.1 17.0 23.6 51.7 1.09 <LOD 5.37 <LOD <LOD <LOD <LOD <LOD 0.167 <LOD <LOD 2.93 
KI07 2.64 273 54.7 38.9 33.1 24.9 <LOD <LOD 2.01 <LOD <LOD <LOD <LOD 43.6 0.064 <LOD <LOD 1.86 

NKW-598 1.03 108 27.2 17.4 7.51 11.7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.533 0.015 <LOD <LOD 0.800 
% > LOD 100 100 100 100 100 100 22.58 3.3 45.1 16.12 19.3 3.3 25.8 58 58 3.2 0 100 

                   

SEAL (n = 1)                  

Sample ID:                  
HS 0.081 7.99 0.889 0.817 0.565 0.565 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.05 <LOD <LOD <LOD 0.091 

% > LOD 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
                   

HERRING (n = 4)               

Sample ID:                  

HB <LOD 0.083 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HC <LOD 0.037 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HD <LOD 0.090 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.167 <LOD <LOD <LOD <LOD <LOD 
HE <LOD 0.030 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

% > LOD 0 100 0 0 0 0 0 0 0 0 0 0 25 0 0 0 0 0 

                   

LUMPFISH (n = 5)                 
 
Sample ID: 
 

             
   

LF 0.017 0.278 <LOD 0.076 <LOD 0.060 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
LG 0.036 0.502 <LOD 0.096 <LOD 0.096 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
LH 0.020 0.272 <LOD 0.084 <LOD 0.054 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.027 
LI 0.020 0.355 <LOD 0.086 <LOD 0.066 <LOD <LOD <LOD 0.123 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.027 
LJ 0.017 0.284 <LOD 0.090 <LOD 0.050 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.023 

% > LOD 100 100 0 100 0 100 0 0 0 20 0 0 0 0 0 0 0 60 
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Table G1 continued. Raw data: Contaminant levels, limit of detection (LOD) and detection frequencies in all samples 
 

Analyte: 

4'-OH-
PCB10
6 

4-OH-
PCB10
7 

4'-OH-
PCB10
8 

3-OH-
PCB11
8 

4'-OH-
PCB13
0 

3'-OH-
PCB13
8 

4-OH-
PCB14
6 

4'-OH-
PCB15
9 

4'-OH-
PCB17
2 

3'-OH-
PCB18
0 

4-OH-
PCB18
7 

4-OH-
BDE42 

3-OH-
BDE47 

6-OH-
BDE47 

4'-OH-
BDE49 

2'-OH-
BDE68 

LOD: 0.018 0.022 0.022 0.027 0.027 0.036 0.022 0.013 0.013 0.013 0.027 0.040 0.027 0.027 0.040 0.027 
Recovery: 63* 103 100 115 104 105 102 93 86 84 77 47* 61* 107 82 91 
                 

WHALE (n = 31)            

 
Sample ID: 
 

          
 

NKW-096 0.045 0.137 0.046 0.071 <LOD <LOD <LOD 0.099 <LOD <LOD 0.034 0.578 0.511 0.806 6.71 0.269 
NKW-921 <LOD 0.067 <LOD <LOD <LOD <LOD <LOD 0.030 <LOD <LOD 0.084 <LOD <LOD 0.335 1.59 <LOD 
NKW-823 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.127 0.691 0.058 

KI05 <LOD 0.036 <LOD <LOD <LOD <LOD <LOD 0.027 <LOD <LOD <LOD <LOD <LOD <LOD 1.01 <LOD 
NKW-183 <LOD 0.184 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.284 1.97 <LOD 
NKW-153 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.481 <LOD 
NKW-165 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.111 <LOD 
NKW-867 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.206 <LOD 
NKW-918 <LOD 0.041 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.307 0.634 <LOD 
NKW-862 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.200 0.478 <LOD 
NKW-919 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
NKW-937 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.118 <LOD 
NKW-922 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.352 <LOD 
NKW-063 <LOD 0.127 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.136 1.043 <LOD 

J1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.299 <LOD 
NKW-785 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
NKW-924 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.250 <LOD 
NKW-923 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.203 <LOD 
NKW-421 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.170 0.928 <LOD 
NKW-348 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.111 <LOD <LOD 
NKW-908 <LOD 0.029 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.253 <LOD 
NKW-004 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.075 <LOD <LOD 

Y137 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
NKW-079 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.154 0.328 <LOD 
NKW-572 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.092 <LOD 
NKW-537 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.204 0.306 <LOD 
NKW-978 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.203 0.482 <LOD 
NKW-714 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.085 0.137 <LOD 

K1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.204 0.815 <LOD 
KI07 <LOD <LOD 0.038 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.780 <LOD 

NKW-598 0.045 0.137 0.046 0.071 <LOD <LOD <LOD 0.099 <LOD <LOD 0.034 0.578 0.511 0.806 6.71 0.269 
% > LOD 3.2 22.6 6.45 3.2 0 0 0 9.6 0 0 6.45 3.2 3.2 45.1 83.8 6.45 

                 

SEAL (n = 1)                

Sample ID:                
HS <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.123 0.369 <LOD 

% > LOD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
                 

HERRING (n = 4)             

Sample ID:                
HB <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.637 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HC <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.554 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
HE <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

% > LOD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

                 

LUMPFISH (n = 5)               

 
Sample ID: 
 

             
 

LF <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.030 <LOD <LOD 
LG <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.033 <LOD <LOD 
LH <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
LI <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
LJ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

% > LOD 0 0 0 0 0 0 0 0 0 0 0 0 0 40 0 0 
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Table G2. Raw data: Organohalogen contaminant levels (ng/g w.w.), found in over 65% of the killer whale (Orcinus orca) 

samples (n = 31) and used for inferential analysis.  

 

Whale ID Lipid 

content 

(%) 

PCB-

28 

PCB-

66 

PCB-

74 

PCB-

87 

PCB-

99 

PCB-

101 

PCB-

105 

PCB-

110 

PCB-

114 

PCB-

118 

PCB-

128 

PCB-

137 

PCB- 

138 

 

PCB-

141 

 

J1 26.07 7.26 11.1 19.2 24.4 188 101 26.1 5.98 1.71 99.1 52.1 17.9 420 2.56 

K1 29.07 3.33 9.63 20.6 36.9 316 106 30 18.5 1.3 122 78.3 38.9 1028 6.48 

KI05 22.18 6.67 8.16 57.6 63.3 1852 286 48.7 16 2.99 228 482 172 5122 3.1 

KI07 33.76 8.92 20.9 68 59.4 1401 269 63.4 24 3.66 237 356 142 4089 4.62 

NKW-004 30.60 0.32* 16.4 26.9 35.3 114 127 34.7 28 2.43 112 31.7 11.2 214 4.66 

NKW-063 26.30 2.49 17.1 1.50* 88.1 560 298 62.4 38.2 3.74 253 142 58.8 1388 8.16 

NKW-079 26.83 2.12 22.6 35.5 56.4 202 181 50.2 28.2 3.09 162 58.7 22.4 440 6.56 

NKW-096 37.63 23 29.3 114 211 3119 796 163 56.3 5.11 882 710 257 7985 15.1 

NKW-153 3.37 0.15* 0.79* 7.45 2.64 144 32 8.65 1.42* 0.38* 37.7 34.4 15.4 369 0.721 

NKW-165 1.78 0.42* 0.81* 1.59* 1.03* 20.6 1.93* 2.56 1.22* 0.30* 9.44 5.67 2 50.4 0.25* 

NKW-183 19.07 2.23 44.3 97.8 163 442 597 126 97.6 9.84 437 115 36.6 830 19.1 

NKW-348 28.78 8.67 14.4 25.3 24.5 92.4 97 29.3 19.4 1.85 89.1 26.4 9.04 165 4.24 

NKW-421 19.80 1.36 10.9 25.5 50.3 259 183 39.8 27.5 2.49 144 61.5 26 588 6.56 

NKW-537 34.69 7.4 18.9 18.6 45.9 143 126 36.7 34.9 2.3 118 38.5 14.8 328 6.38 

NKW-572 8.44 1.84 2.15 4.75 5.06 35.1 21.5 6.29 3.83 0.31* 23.2 9.36 3.53 73.6 0.613 

NKW-598 22.46 6.92 13.2 62.3 111 1716 354 86.8 21.4 5.69 409 388 169 3557 6.31 

NKW-714 18.77 2.56 4.27 12.1 11.4 99.8 50.7 14 3.92 0.683 51.4 28.3 10.4 237 1.02 

NKW-785 10.31 0.33* 0.76* 0.98* 0.63* 12.4 7.73 1.03 1.21* 0.42* 0.37* 3.61 0.515 38.1 0.44* 

NKW-823 11.41 3.34 3.92 7.14 19.1 138 52.3 13.4 12.6 0.691 60.4 42.3 18.2 521 3.69 

NKW-862 29.22 0.28* 41.3 50.6 94.1 192 266 65.3 130 4.33 191 47 16.7 340 15.6 

NKW-867 9.05 2.67 5.14 8.85 9.05 51.4 38.9 10.9 2.26 0.617 36 13.4 4.53 101 0.823 

NKW-908 31.82 10.9 11.9 20.5 26.8 106 92.9 26.5 13.9 1.26 83.1 29 10.1 198 3.03 

NKW-918 24.85 8.12 17.7 45.7 55.9 697 259 54.8 20.2 2.48 218 168 79.2 1717 4.26 

NKW-919 1.68 0.24* 0.79* 2.64 0.98* 20.7 11.3 3.13 1.18* 0.5* 10.6 5.77 1.92 56.5 0.481 

NKW-921 14.43 7.99 16.9 40.5 57.6 545 202 48.3 23.1 2.32 231 125 44.3 1415 5.67 

NKW-922 8.10 0.42* 4.23 6.69 7.04 62 44.4 14.1 8.8 1.06 44.7 19 5.63 133 1.41 

NKW-923 6.08 0.44* 1.35 4.73 1.05* 31.4 20.6 6.76 1.16* 0.22* 20.3 8.45 3.72 71.3 0.39* 

NKW-924 2.5 0.25* 1.5 1.64* 1.35* 42 16 5 1.53* 0.5 16 11 4 101 0.5 

NKW-937 2.35 0.39* 0.69* 2.94 0.99* 15.6 13.8 3.24 1.25* 0.36* 11.8 5.29 1.76 40.6 0.22* 

NKW-978 35.03 4.57 27.4 51.8 72.6 494 267 65.7 33.5 4.06 256 130 49 1119 6.85 

Y137 37.40 7.95 9.11 12 16.7 108 54.7 15.5 13.2 0.775 52.7 26.9 11 251 2.33 
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Table G2 continued. Organohalogen contaminant levels found in over 65% of the whale samples 

 
Whale ID Lipid 

content 

(%) 

PCB-

149 

PCB-

151 

PCB-

153 

PCB-

156 

PCB-

157 

PCB-

170 

PCB-

180 

PCB-

183 

PCB-

187 

PCB-

189 

PCB-

194 

PCB-

196 

PCB-

206 

PCB-

209 

 

J1 26.07 193 116 647 6.84 4.7 74.07 179 43.2 105 1.28 11.1 8.97 0.39* 1.14 

K1 29.07 249 139 1661 20.6 6.67 386 973 205 435 8.52 224 147 31.7 26.5 

KI05 22.18 652 304 9037 46 30 1044 2569 542 973 12.8 198 149 12.4 6.51 

KI07 33.76 659 328 6612 40.4 26.9 921 2242 501 916 14 288 188 25.1 19.6 

NKW-004 30.60 118 67.9 281 9.14 4.66 28.7 68.7 17.8 44.5 0.746 4.66 3.73 0.622 0.995 

NKW-063 26.30 603 352 2092 19 11.3 307 791 179 391 4.99 73.7 54.9 4.76 4.16 

NKW-079 26.83 206 121 587 15.3 8.3 80.1 194 47 105 2.12 18.9 13.5 1.61 2.19 

NKW-096 37.63 3010 1655 13017 35.1 35.8 1320 3393 830 2232 19 260 233 21.1 15.7 

NKW-153 3.37 139 73.7 593 2.4 1.92 76.3 193 48.1 105 1.44 23.1 15.1 1.68 3.04 

NKW-165 1.78 23 13.3 77.7 0.778 0.556 11.1 29.5 7 15.8 0.41* 3.44 2.22 0.27* 0.38* 

NKW-183 19.07 474 256 1259 36.3 17.5 129 335 78.9 199 3.25 27.6 22 2.54 2.3 

NKW-348 28.78 94.8 54.8 233 7.75 3.51 27.1 64.8 16.2 41 0.738 5.9 4.61 0.615 1.17 

NKW-421 19.80 252 142 824 12.9 7.47 113 292 66.6 151 2.38 31.1 22.3 2.3 1.85 

NKW-537 34.69 144 87.2 460 11 4.85 63.5 152 37.7 96.8 1.53 16.3 12.2 1.36 1.36 

NKW-572 8.44 38 21 118 1.53 1.07 14 33.9 8.69 22.6 0.43* 4.14 3.22 0.665 1.28 

NKW-598 22.46 981 607 4934 45.1 39.1 679 1687 379 724 12.9 181 118 14.1 8.82 

NKW-714 18.77 87.2 46.4 368 3.92 2.9 44.7 112 25.9 52.4 1.02 9.22 6.66 0.569 0.91 

NKW-785 10.31 0.88* 0.44* 62.9 0.51* 0.515 16.7 39.9 7.73 20.3 0.515 10.3 4.64 1.03 1.37 

NKW-823 11.41 165 89 918 8.18 3.23 160 396 96.3 240 3 50.8 38.2 5.53 4.11 

NKW-862 29.22 180 102 499 18.1 7.67 53 137 33.6 79.7 1.33 14.1 10.2 1.33 1.41 

NKW-867 9.05 54.9 30.3 148 2.06 1.65 17.6 43.9 10.5 26.6 0.43* 4.94 3.09 0.41* 0.43* 

NKW-908 31.82 106 60.6 265 6.57 3.79 30.6 75 18.9 48.1 0.758 6.06 4.8 0.589 0.589 

NKW-918 24.85 826 463 2412 12.4 12.3 383 1010 220 468 6.34 112 80.4 8.81 7 

NKW-919 1.68 18.5 9.25 83.4 0.962 0.481 8.97 25.1 5.77 12.1 0.45* 2.64 1.44 0.43* 1.6 

NKW-921 14.43 522 288 1990 12 7.6 233 535 133 369 3.61 52.3 41.9 4.9 3.69 

NKW-922 8.10 62 35.7 192 4.58 2.46 27.2 65.6 15.1 34.3 1.06 7.04 4.58 1.41 5.52 

NKW-923 6.08 34.1 19.9 100 2.03 1.35 15.9 40.5 9.68 23.1 0.338 5.41 3.72 0.45 1.13 

NKW-924 2.5 41 22.5 141 1.5 1 22.5 56.5 12.8 32.2 0.5 8.5 6 0.667 2.17 

NKW-937 2.35 19.1 12.5 70.9 0.882 0.14* 12.7 33 7.65 17.2 0.38* 5.59 2.65 0.35* 1.08 

NKW-978 35.03 526 315 1545 17.3 12.2 176 419 108 258 2.79 26.4 21.8 1.86 2.12 

Y137 37.40 102 59.3 366 5.62 2.71 67.6 168 35.6 75.5 2.33 37.6 19.8 3.94 2.58 
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Table G2 continued. Organohalogen contaminant levels found in over 65% of the whale samples 

 
Whale ID Lipid 

content 

(%) HCB 

β-

HCH 

Oxy-

chlord

ane 

trans-

chlord

ane 

cis-

chlord

ane 

trans-

nonac

hlor 

cis-

nonac

hlor 
p,p'-

DDE 

p,p'-

DDD 

p,p'-

DDT 
Mirex 

J1 26.07 43.6 8.55 50.4 2.564 15.4 441 80.8 2007 166 15.8 7.69 

K1 29.07 84.4 21.5 78.5 8.704 65.7 870 259 1529 275 136 103 

KI05 22.18 50.9 16.3 482 5.517 22.8 2539 144 11570 332 129 96.9 

KI07 33.76 86 25.3 506 7.166 33.8 2436 211 9000 466 113 117 

NKW-004 30.60 51.7 8.96 42 5.97 22.9 348 67.7 931 175 23.7 6.16 

NKW-063 26.30 64.2 16.9 112 6.803 35.3 1281 180 8183 401 43.3 33.4 

NKW-079 26.83 55.6 13.9 73.6 6.564 30.7 649 119 2115 258 32.6 12.5 

NKW-096 37.63 548 107 578 0.42* 238 6293 0.26* 19988 1865 431 168 

NKW-153 3.37 8.89 1.19* 52.2 0.962 5.05 376 47.4 1244 78.6 11.8 10.1 

NKW-165 1.78 2.89 0.95* 5.67 0.42* 0.556 43 4.78 227 7.32* 1.07* 1 

NKW-183 19.07 99.1 16.8 112 7.606 41.1 1113 173 3901 432 39 22 

NKW-348 28.78 55.9 8.12 40.2 4.059 21.2 300 72 726 126 21.2 7.56 

NKW-421 19.80 50.1 9.5 88.1 3.507 21.8 752 98.5 2303 192 25.9 18.2 

NKW-537 34.69 50.5 10.5 50 6.122 27.6 457 102 1104 133 27.8 14.5 

NKW-572 8.44 14.7 3.07 12.3 1.074 5.67 94.3 22.7 258 41.6 7.36 3.37 

NKW-598 22.46 72 43.4 585 7.692 49.5 4328 294 21813 625 85.1 68.3 

NKW-714 18.77 30 3.07 29.5 2.56 11.1 290 41 766 88.4 8.7 5.97 

NKW-785 10.31 6.7 0.72* 5.15 0.515 1.55 42.8 0.39* 132 3.47* 1.33* 3.61 

NKW-823 11.41 40.8 6.91 23.7 2.88 18.3 338 80.3 798 145 49.4 27.1 

NKW-862 29.22 91.8 16 63.4 6.111 30.2 556 115 1488 300 32.3 11.8 

NKW-867 9.05 16.7 2.67 23 1.646 8.64 153 30 413 67.7 5.35 3.91 

NKW-908 31.82 60.6 11.4 47 5.303 29.3 333 96.7 785 144 25.8 0.61* 

NKW-918 24.85 65 17.8 119 5.446 32.3 1371 164 10229 437 54.2 0.39* 

NKW-919 1.68 2.64 0.99* 6.49 0.41* 0.481 41.6 6.01 185 4.11* 1.00* 0.721 

NKW-921 14.43 123 28.7 128 7.603 63.7 1241 247 3143 599 120 31.7 

NKW-922 8.10 10.2 1.19* 21.1 1.056 4.93 167 24.3 524 47.2 11.3 3.87 

NKW-923 6.08 10.5 1.22* 16.2 1.01 4.73 100 17.2 260 53.4 1.19* 4.05 

NKW-924 2.5 5.5 1.07* 15.5 0.45* 0.43* 107 15 350 8.06* 0.86* 0.57* 

NKW-937 2.35 4.12 1.21* 7.35 0.41* 1.47 49.7 7.94 192 12.4 1.17* 1.47 

NKW-978 35.03 63.7 20.8 135 6.091 38.3 1389 185 33.5 4.06 256 130 

Y137 37.40 39.1 7.17 25.6 4.457 19.4 275 60.1 13.2 0.775 52.7 26.9 
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Table G2 continued. Organohalogen contaminant levels found in over 65% of the whale samples 

 

Whale ID Lipid content 

(%) BDE-28 BDE-47 BDE-99 BDE-100 

BDE-

153 

BDE-

154 HBB 

4'-OH-

BDE49 

J1 26.07 0.855 68.9 12.6 13.3 2.91 8.85 0.214 0.299 

K1 29.07 1.04 37.6 23.1 17 23.6 51.7 2.93 0.815 

KI05 22.18 0.77 230 49.5 36 25.5 26.5 1.69 1.01 

KI07 33.76 2.64 273 54.7 38.9 33.1 24.9 1.86 0.78 

NKW-004 30.60 1.4 59 9.01 8.92 1.53 6.25 0.187 0.032* 

NKW-063 26.30 1.52 121 33.8 24.3 10.5 18.7 0.862 1.043 

NKW-079 26.83 2.12 85.1 15.7 12.8 2.99 8.51 0.521 0.328 

NKW-096 37.63 1.94 422 170 180 94.7 190 3.78 6.71 

NKW-153 3.37 0.216 33.3 8.51 7.21 4.04 4.18 0.481 0.481 

NKW-165 1.78 0.067 7.51 1.46 1.4 0.422 0.933 0.089 0.111 

NKW-183 19.07 3.97 206 65.9 39.3 7.33 17.9 0.122 1.97 

NKW-348 28.78 1.13 48.6 7.86 8.28 1.7 6.77 0.185 0.033* 

NKW-421 19.80 1.22 76.9 17.6 14.5 3.99 8.78 0.305 0.928 

NKW-537 34.69 1.86 65.7 18.5 15.6 5.08 10.9 0.383 0.306 

NKW-572 8.44 0.199 15.4 2.38 3.8 1.29 3.42 0.184 0.092 

NKW-598 22.46 1.03 108 27.2 17.4 7.51 11.7 0.8 0.369 

NKW-714 18.77 0.427 32.5 4.75 6.91 2.05 5.07 0.137 0.137 

NKW-785 10.31 0.103 3.65 0.988 1.24 1.39 2.53 0.206 0.025* 

NKW-823 11.41 0.138 31.7 29 17.3 24.8 35.4 0.749 0.691 

NKW-862 29.22 3 90.1 20.3 14.8 3.09 9.81 0.211 0.478 

NKW-867 9.05 0.432 29.2 4.37 5.16 1.52 3.77 0.082 0.206 

NKW-908 31.82 0.859 45.4 6.42 8.89 1.69 8.06 0.202 0.253 

NKW-918 24.85 1.91 8.91 24.2 18.5 6.45 14 0.465 0.634 

NKW-919 1.68 0.12 7.52 1.23 1.25 0.313 0.745 0.144 0.035* 

NKW-921 14.43 1.62 147 47.9 41.8 25.2 45.2 1.37 1.59 

NKW-922 8.10 0.458 25.8 4.13 3.56 0.845 2.39 0.317 0.352 

NKW-923 6.08 0.169 15.5 2.54 3.07 0.845 2.7 0.203 0.203 

NKW-924 2.5 0.1 21.1 4.76 4.65 1.6 2.35 0.35 0.25 

NKW-937 2.35 0.118 9.26 1.68 1.38 0.441 0.882 0.147 0.118 

NKW-978 35.03 2.18 157 40.8 31.4 9.47 18.2 0.761 0.482 

Y137 37.40 0.678 32.4 6.77 7.4 2.87 7.87 0.407 0.022* 

 

 
*  indicates missing values that were replaced using multiple imputation 
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Appendix H – Comparisons to other populations 
 

 
 
Figure H1. The concentration (µg/g l.w.) of ΣPCBs in the blubber of adult males in worldwide killer whale (Orcinus orca) 
populations. The dot represents the median concentration and the error bars represent the minimum and maximum values, 
except in fish-eaters Norway (2002) where the dot is the geometric mean and the error bars the 95% confidence intervals. 
ΣPCBs is the sum of all the congeners calculated in each individual study. Fish eaters Norway (n = 24) and seal eaters 
Norway (n = 7) are from this study. Fish eaters Norway (2002) are the levels biopsied from killer whales in Norway in 2002 
(n = 9; Wolkers et al., 2007). Seal-eaters Greenland (n = 1) is from a harvested individual in 2013 (Pedro et al., 2017). 
Canary Islands data is from a biopsied individual in 2007 (n = 1), and fish-eaters from Gibraltar from individuals biopsied 
2006-2007 (Jepson et al., 2016; n = 2). Fish-eaters and marine mammal-eaters from the Northeast (NE) Pacific are from 
individuals biopsy sampled 2003-2007 (Buckman et al., 2009; n = 11 and n = 3, respectively).  
 

 
 
Figure H2. The concentration (µg/g l.w.) of ΣDDTs in the blubber of adult males in worldwide killer whale (Orcinus orca) 
populations. The dot represents the median concentration and the error bars represent the minimum and maximum values. 
ΣDDTs is the sum of p,p-DDD, p,p-DDT and p,p-DDE, except for the whales from Norway in 2002 which consists of just 
p,p-DDE. Fish eaters Norway (n = 24) and seal eaters Norway (n = 7) are from this study. Fish eaters Norway (2002) are the 
levels biopsied from killer whales in Norway in 2002 (n = 9; Wolkers et al., 2007). Seal-eaters Greenland (n = 1) is from a 
harvested individual in 2013 (Pedro et al., 2017). 
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Figure H3. The concentration (µg/g l.w.) of ΣPBDEs in the blubber of adult males in worldwide killer whale (Orcinus orca) 
populations. The dot represents the median concentration and the error bars represent the minimum and maximum values. 
ΣPBDEs is the sum of the congeners BDE-28, 47, 66, 85, 99, 100, 138, 153, and 154. Fish eaters Norway (n = 24) and seal 
eaters Norway (n = 7) are from this study. Fish eaters Norway (2002) are the levels biopsied from killer whales in Norway in 
2002 (n = 9; Wolkers et al., 2007). Samples from mammal-eating (n = 6) and fish-eating (n = 9) whales from the Northeast 
(NE) Pacific are from biopsied individuals sampled 1993-1996 (Rayne et al., 2004). 
 
 

 
 
Figure H4. The concentration (µg/g w.w.) of total mercury (T-Hg) in the liver of adult killer whales (Orcinus orca) of both 
sexes and adult pilot whales (Globicephala spp) of both sexes. The dot represents the median concentration and the error 
bars represent the maximum and minimum values. Seal-eaters Norway (n = 10) and fish-eaters Norway (n =  26) refer to this 
study. Levels were measured in the skin from biopsy samples collected July 2017–July-2018 in northern Norway and 
extrapolated to expected levels in the liver using the equation of Stavros (2011): ln($%&'()*) = 1.6124	 ×	 ln	($%45'6) +
2.0346 based on bottlenose dolphins (Tursiops truncatus). Levels are compared to measured hepatic levels in seal-eating 
killer whales stranded in Japan in 2005 (n = 6; Endo et al., 2006b), harvested or stranded killer whales from East Greenland, 
Iceland and the Faroe Islands from 1998-2013 with unknown diet (n = 6, AMAP, 2018) and harvested pilot whales from the 
Faroe Islands 1998-2013 (n = 87; Hoydal & Dam, 2009).  
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