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SUMMARY 
 
Killer whales (Orcinus orca) are found in all the world’s oceans and even though a generalist 
predator, local populations tend to adopt remarkably specialized diets. Foraging specializations 
shape movement, behavior and sociality and thus have substantial conservation implications in 
this species. In Norway, killer whales have long been known to associate with the Norwegian 
Spring Spawning stock of Atlantic herring (Clupea harengus) as primary food source. Over 
the years, indications of additional prey types have arisen but, due to research efforts largely 
focused on wintering herring grounds, dietary patterns have remained poorly understood. This 
thesis investigates the incidence of inter-individual/group dietary variations and possible 
foraging specializations in killer whales in northern Norway. 
 
Killer whales were photo-identified and their occurrence monitored throughout the year in 
2013-2018 in northern Norway. For each encounter, systematic efforts aimed at collecting data 
on individuals’ identity, behavior, group size and group composition. Whenever possible, 
target prey was identified either visually or through molecular identification of prey fragments 
retrieved from sub-surface feeding events. Biopsy samples of photo-identified killer whales 
were also collected in 2017-2018 for further analysis of skin nitrogen and carbon isotopic ratios 
in skin, total mercury levels in skin and polychlorinated biphenyls (PCBs) in blubber as dietary 
descriptors. Contaminant burdens were explored for the potential conservation implications of 
dietary patterns. Combining multiple data types collected in all seasons and over multiple 
years, this multi-disciplinary long-term study was the very first of its kind in Norway and 
allowed for new insights into the foraging ecology of its killer whale population.  
 
Killer whale occurrence peaked in the winter months of high herring abundance, confirming 
the herring as a major food source. While most identified individuals left the study area after 
the herring initiated its migration southwards, ~75 herring-feeding killer whales returned to the 
study area each spring (March-April). The lumpfish (Cyclopterus lumpus) was identified as a 
seasonal target prey for these whales. Another ~15 killer whales, rarely or not seen at herring 
wintering grounds, were encountered in multiple years from May through October and 
consistently fed on harbor seal (Phoca vitulina) and gray seal (Halichoerus grypus).  
 
Recent distributional shifts in wintering herring has promoted the new appearance of humpback 
whales (Megaptera novaeangliae) which fed alongside killer whales during this study, often 
on common prey patches at herring wintering grounds. Whilst killer whales appeared as the 
catalyst species in all mixed-species feeding aggregations, observational evidence pointed 
towards humpback whales depredating herring balls that had been herded by killer whales. 
These findings highlighted the dynamic nature of ecological interactions in varying 
environmental contexts and how competition costs may fluctuate. These processes may further 
influence dietary patterns. 
 
Skin isotopic values of killer whales known to have been feeding on herring, lumpfish or seals 
at time of sampling revealed distinct isotopic niches with clusters that coincided with predatory 



                         

 10 

field observations. Skin isotopic values of lumpfish-eaters supported seasonal specialization 
on lumpfish. While these whales were known to be feeding on herring from the winter months 
in the same years, this constitutes the first evidence for killer whales seasonally switching 
between alternative prey resources and foraging behaviors in Norway.  
 
Elevated nitrogen values for seal-eating individuals, regardless of sampling season and also at 
times of high fish prey availability, supported episodic field observations to be representative 
of these whales’ long-term feeding habits. Predation on pinnipeds occurred throughout the year 
and persisted overtime, and up to several decades. Behavioral characteristics revealed a certain 
level of specialization to efficiently forage upon pinnipeds for these whales. However, isotopic 
values and field observations confirmed seal-eating individuals to also include fish prey in their 
diet. Estimates of relative dietary proportions further suggested an ecological gradient within 
this killer whale population, with individuals differing in the proportional contribution of 
different prey items to their diet. 
 
Concentration profiles of PCBs and mercury in blubber and skin samples, respectively 
supported inter-individual variations in long-term dietary habits. As expected for individuals 
feeding at higher trophic levels, seal-eating killer whales showed PCB blubber concentrations 
three times higher and mercury skin levels twice as high as fish-eaters. These findings 
translated to a higher risk for health effects, with potential consequences at the population level. 
Whilst killer whales in Norway were previously wrongly assigned to a low risk category of 
pollution effects based on tissue samples collected from fish-eating individuals, this thesis calls 
for urgent revision of the status of this killer whale population, accounting for ecological 
differentiation among social groups. 
 
 
This study contributes to our current understanding of foraging specializations in killer whales. 
By providing findings from a newly investigated region, this work broadens the possibilities 
for comparative studies, necessary to assess whether dietary specialization is a characteristic 
of the species and to identify underlying mechanisms and implications. This thesis brings the 
first conclusive evidence for intra-population variations in foraging specializations in the North 
Atlantic and encourages dietary studies in other adjacent regions.  
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I- INTRODUCTION 

A- Dietary patterns: causes and consequences 

Conspecific individuals have long been treated as equivalent in the study of species’ or 

populations’ diets. However, there has been growing evidence for individual variations in the 

use of a common pool of available resources across a wide range of taxa (e.g. fish: Holbrook 

& Schmitt 1992, Warburton et al. 1998, mammals: Estes et al. 2003, birds: Ceia & Ramos 

2015). As such, dietary variation may arise from phenotypic variation (Price 1987, Hori 1993) 

or a diverse array of physiological (Afik & Karasov 1995), ecological and behavioral 

mechanisms that may promote individual specialization or generalization as a consumer’s 

foraging strategy (Warburton et al. 1998, Estes et al. 2003, Svanbäck & Bolnick 2005, 

Svanbäck & Bolnick 2007, Tinker et al. 2008, Araújo et al. 2011). Prey specialization, also 

referred to as ecological or foraging specialization, occurs when there is behavioral 

specialization to only use a limited fraction of available resources (Bolnick et al. 2003, Araújo 

et al. 2011). It may arise when individuals benefit from enhanced foraging efficiency, owing 

to increased experience with feeding conditions over non-specialists (Tinker et al. 2008), and 

if foraging upon a range of taxonomically diverse prey types requires different, sometimes 

complex, behaviors for efficient use (Cunningham & Hughes 1984). Thus, a generalist 

population may be a mixture of true generalist or specialized individuals. Through increased 

variation in individuals’ fitness and disruptive selection, individuality in foraging behavior has 

a broad range of implications for both population/community dynamics and evolutionary 

processes and should therefore be monitored (see Bolnick et al. 2003). 

 

 

B- Dietary variations in cetaceans 

In cetaceans, dietary specializations have received particular attention for several reasons: they 

commonly occur at the individual or group level (e.g. bird-associated foraging by minke whales 

Balaenoptera acutorostrata: Hoelzel et al. 1989, beach hunting by bottlenose dolphins 

Tursiops sp: Sargeant et al. 2005) or population level (e.g. lobtail and bubble net feeding in 

humpback whales Megaptera novaeangliae: Weinrich et al. 1992), they are maintained over 

long periods of time through cultural transmission (Rendell & Whitehead 2001, Kopps et al. 

2014) and have been identified as potential drivers of population genetic structure, through 

cultural behavioral differentiation, in a barrierless environment (Hoelzel 1998, Kopps et al. 

2014, Louis et al. 2014). As highly mobile, large body-sized predators that occupy top trophic 
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positions and with high daily prey requirements, cetacean prey-specialists may substantially 

impact prey populations and communities through top-down effects (e.g. Williams et al. 2004). 

The interest in assessing their role in marine ecosystems has therefore substantially added 

motivation to conducting dietary studies in cetaceans. Whilst underlying mechanisms have 

been poorly understood so far, assessing dietary patterns of extant cetacean populations and 

across regions are warranted for further comparative studies and to gain a better understanding 

of associated causes and consequences.  

 

Due to ecological characteristics and substantial implications detailed hereafter, dietary 

variations are of particular importance to the study and management of killer whales (Orcinus 

orca). The species may also be considered a particularly suitable candidate for dietary studies 

for several reasons. They are reliably identifiable at the individual level (Bigg 1982), there has 

been a wide range of methods developed for the investigation of their diet and feeding ecology 

(observation of foraging behavior: e.g. Baird & Dill 1995, direct observations of surface 

predation, analysis of stomach contents from beached carcasses: e.g. Ford et al. 1998, 

collection of prey fragments for molecular identification of prey species: Ford & Ellis 2006, 

chemical analysis of skin and blubber biopsy samples collected from live individuals: e.g. 

Krahn et al. 2007) and there is a large body of knowledge available on their ecology and 

behavior worldwide, highly beneficial in interpreting results.   

 

 

C- Case study - Killer whales in Norway 

a- Background studies 

Killer whales occur all along the Norwegian coast, in both nearshore and offshore waters and 

have long been known to forage on the Norwegian Spring Spawning stock of the Atlantic 

herring (Clupea harengus), as supported by stomach contents and occurrence patterns (Grieg 

1906, Collett 1912, Jonsgård & Lyshoel 1970, Christensen 1982, Christensen & Øritsland 

1982, Christensen 1988, Øien 1988). Because they were perceived as competitors to fishery 

industries, killer whales were culled by Norwegian whalers with a total of 2,435 catches in 

1938-1981 across the North Atlantic, including 80% from the Norwegian Sea (Christensen 

1982, Øien 1988). In 1982, and upon recommendations from the International Whaling 

Commission, the Norwegian killer whale catch ended (Christensen 1988, Øien 1988). The 

commission further recommended that photographic-based population assessments, as first 
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initiated in the eastern North Pacific (Bigg 1982), be carried out. In 1983-1985, a pilot study 

initiated off the coast of Møre and Lofoten marked the beginning of the long-term photographic 

identification study of killer whales in Norway for the purpose of studying this population’s 

life history and ecology (Lyrholm 1984, 1987).  

 

Surveys were conducted each year at herring wintering grounds in a fjord system (Vestfjord, 

Tysfjord, Ofotfjord) of the Lofoten region, northern Norway, in the period 1983-2005 

(Lyrholm 1984, 1987, Bisther & Vongraven 1995, Similä et al. 1996, Kuningas et al. 2014), 

and in spring at the herring spawning grounds located off Møre from 1987 to 1996 (Bisther & 

Vongraven 1995, 2001). Between 1986 and 2003, up to 700 killer whales were present at 

herring wintering grounds (Similä et al. 1996, Kuningas et al. 2014, Vongraven & Bisther 

2014). Surface and underwater observations of feeding behaviors revealed specialized 

techniques, including the highly cooperative carousel feeding in which killer whales coordinate 

their swimming by means of acoustic signaling to better herd the herring in a tight ball, close 

to the surface, and use the underside of their flukes to debilitate the prey (Similä & Ugarte 

1993, Similä 1997, Simon et al. 2007a). Subsurface and travel feeding were described as 

additional, apparently less cooperative, feeding techniques (Similä 1997). As a highly adaptive 

predator, killer whales were also seen in association with herring purse-seiners, directly 

benefitting from compromised or dead herring falling from the nets during fishing operations 

(Van Opzeeland et al. 2005).  

 

While behavioral observations confirmed killer whales as efficient herring predators, the 

following converging lines of evidence suggested potential year-round specialization. As such, 

re-sightings of photographically identified individuals at matching time of year and location, 

over consecutive years, confirmed killer whale site fidelity relative to seasonal herring 

abundance (Similä et al. 1996). Additionally, some individuals were shown to be seasonally 

moving between herring spawning and wintering grounds, as documented by identification 

photographs (Lyrholm 1988) and satellite tracking of seven satellite-tagged individuals in 

2000-2001 (Similä & Stenersen 2004). Behavioral plasticity relative to varying distribution, 

abundance and schooling patterns that characterize the different herring life-stages i.e., 

wintering, spawning and feeding (Holst et al. 2004) confirmed the killer whales’ ability to 

exploit their herring prey throughout the year (Samarra & Miller 2015).  
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Nitrogen stable isotopic ratios measured for killer whales sampled at herring wintering grounds 

(n=17 in 2005, 2007) and feeding grounds (n=2 in 2001, 2002) showed little variance, in 

support of a herring-specialized diet (Foote et al. 2012). Yet, enriched 15N values for some 

sampled individuals were indicative of predation on higher trophic level prey for these whales 

and pointed towards possible inter-individual dietary variations. A lack of predation history for 

these whales however, precluded any meaningful interpretation of these apparent fine-scale 

dietary variations. In fact, historical predation records on squid, cephalopods, cod (Gadus 

morhua), porpoises, seals and bottlenose whales (Hyperoodon ampullatus) had already 

suggested dietary diversity for killer whales in Norway several decades ago (Collett 1912, 

Jonsgård 1968, Jonsgård & Lyshoel 1970, Christensen 1982). However, with 20 years (1986-

2006) of field efforts largely focused on herring grounds, it was unlikely that the importance 

of other prey resources would be revealed. 

   

b- Evidence for dietary variations 

With recent expansion of research efforts to include all seasons, observations brought new 

evidence for ecological variations and documented new prey types for killer whales in Norway. 

A very first investigation of predation on pinnipeds compiled seven predatory events from 

central and northern coasts of Norway between 1988 and 2011 (Vongraven & Bisther 2014). 

Photographic identification of individual killer whales involved, also known as herring-eaters 

from field observations recorded in the same years, confirmed some social groups to adopt a 

mixed diet i.e. fish and mammal prey, as suggested by (Foote et al. 2009). As three of the seven 

predation events involved the same individual killer whales, and despite a large population size 

for this region (Kuningas et al. 2014), the authors suggested that only a small number of 

specialized killer whale groups may be feeding upon pinniped prey in Norway (Vongraven & 

Bisther 2014). A single account of predation on harbor porpoise (Phocoena phocoena), for 

which individual killer whales could not be photo-identified, further added to the list of 

mammalian prey in Norwegian coastal waters (Cosentino 2015).  

 

New fish prey resources were also identified. A six month-study conducted in May-November 

2011 revealed two killer whale groups apparently seasonally foraging on Atlantic salmon 

(Salmo salar) in the Lofoten region (Vester & Hammerschmidt 2013). Fishery surveys 

conducted offshore in the Norwegian Sea in July-August of 2007-2008 also revealed killer 

whale occurrence in association with the northeastern Atlantic mackerel (Scomber scombrus) 



                         

 16 

schools (Nøttestad et al. 2014). Greater availability i.e. schools distributed in upper waters 

throughout the day and night, and higher nutritional values for the mackerel compared to the 

herring, suggest it as a seasonally more profitable fish prey and could explain why killer whales 

may forage preferentially on mackerel in the summer months offshore (Nøttestad et al. 2014). 

Because mackerel-foraging killer whales were not photographically identified, it is unknown 

whether they are the same individuals as the ones identified feeding on herring in the winter 

months in northern Norwegian fjords (Similä & Ugarte 1993, Similä et al. 1996, Similä 1997, 

Van Opzeeland et al. 2005). 

 

c- Knowledge gaps 

In contrast with the initial assumption that the preferred prey of killer whales was herring in all 

seasons in Norway, the actual existence of ecological variations within this population has 

appeared increasingly clear. However, the lack of identification data and/or only brief periods 

of data collection for these recent studies has precluded any assessment of dietary differences 

and specializations among killer whale individuals/groups. A more accurate description of this 

population is needed, accounting for heterogeneity in patterns of resource use, as well as the 

investigation of further implications this may have for management and conservation. 

 

 

D- Dietary specializations in killer whales 

a- Diet and ecotypes 

The killer whale occupies the top trophic position throughout its cosmopolitan range and, as a 

species, is considered a generalist predator with a wide range of ~140 prey species including 

cetaceans, pinnipeds, bony and cartilaginous fish, seabirds, squids, octopuses and sea turtles 

(Ford 2009). However, where killer whale densities peak in productive high latitude waters, 

local populations tend to adopt remarkably specialized diets, only selectively foraging on a 

narrow range of available prey. This was first documented in coastal waters of the eastern 

North Pacific where three killer whale forms, or ecotypes, show divergent ecological 

specializations despite overlapping distributions. In this region, so-called Resident killer 

whales appear to exclusively feed on teleost fishes, and primarily on salmonids, and squid; 

Transient killer whales selectively forage on marine mammal prey; and Offshore killer whales 

appear to specialize on shark and other high trophic level fish prey (Bigg et al. 1985, Bigg et 

al. 1987, Baird & Dill 1995, Ford et al. 1998, Ford & Ellis 2006, Ford et al. 2011). Forty-five 
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years of research that engaged field observations, analysis of stomach contents of beached 

carcasses and dietary markers in biopsy tissue samples supported fundamentally distinct, non-

overlapping diets for these ecotypes (Ford et al. 1998, Saulitis et al. 2000, Herman et al. 2005, 

Krahn et al. 2007). Likely due to the specific requirements entitled to efficiently encounter and 

capture taxonomically and behaviorally divergent prey types, the three ecotypes differ in 

habitat use patterns (Baird & Dill 1995, Nichol & Shackleton 1996, Saulitis et al. 2000, Ford 

& Ellis 2006, Matkin et al. 2007, Dahlheim et al. 2008), social organization (Bigg et al. 1987, 

Baird & Dill 1996, Baird & Whitehead 2000), and acoustic and foraging behaviors (Baird & 

Dill 1995, Barrett-Lennard et al. 1996, Saulitis et al. 2000, Deecke et al. 2005).  

 

Similar ecological specializations have been described in several regions worldwide. Two non-

associating Resident and Transient forms, with similar characteristics as described above, have 

been documented in the Russian Far East (Burdin et al. 2004, Filatova et al. 2015). In Antarctic 

waters, five ecotypes, at least partially sympatric, are also currently recognized. Type A killer 

whales occur in open waters and appear to mainly feed on minke whales (Balaenoptera 

bonaerensis; Pitman & Ensor 2003). Type B1, also called Pack-ice killer whales, selectively 

forage on Weddell seals (Leptonychotes weddellii) among loose pack ice throughout its 

circumpolar range (Pitman & Durban 2012). Smaller type B2, also called Gerlache Strait killer 

whales, forages mainly on penguins in the Antarctic Peninsula (Pitman & Durban 2012). Type 

C, also known as Ross Sea killer whales, appear as fish-specialists in the deep pack ice (Pitman 

& Ensor 2003, Pitman et al. 2018). The most distinctive killer whale morphotype Type D, for 

which only six observations in deep oceanic waters were recorded in 2004-2010, adopt a 

subantarctic distribution and possibly a fish-based diet (Pitman et al. 2011). In the North 

Atlantic, two partially sympatric killer whale ecotypes have been suggested (Foote et al. 2009). 

Ecotype 1 includes fish-eating killer whales of Norway, Iceland and the UK region that 

associate with regional stocks of Atlantic herring and/or Northeastern Atlantic mackerel, but 

with individuality in the proportions of dietary components, including high trophic level 

pinniped prey (Foote et al. 2010, Vongraven & Bisther 2014). In contrast, ecotype 2 appears 

as a prey-specialist mainly feeding on baleen whales (Foote et al. 2009).  

 

b- Underlying mechanisms of dietary patterns 

Foraging specialization documented for most well-studied killer whale populations worldwide 

suggests it as a possible characteristic of the species. However, individual specialization may 
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depend on habitat productivity (Baird et al. 2006, Araújo et al. 2011), likely favored under 

stable conditions of prey abundance. Conversely, a diversified diet, with ability to switch 

among alternative prey types, may be more profitable under conditions of frequently 

fluctuating prey populations (Araújo et al. 2011). Keeping with this theory, killer whales 

occurring in tropical low productivity waters seem to be feeding on a much broader array of 

prey types compared to the high latitude killer whale populations mentioned above (Baird et 

al. 2006, Weir et al. 2010, Bolanos-Jimenez et al. 2014). However, long-term ecological data 

is still lacking for tropical regions and have thus not allowed for consistency of individuals’ 

dietary habits to be tested. Therefore, group-specific dietary specializations cannot be 

excluded. It should be noted however that populations of true generalist killer whales i.e. with 

individuals feeding on multiple prey types (fish, birds and/or mammals), were documented 

from high latitude productive regions in both hemispheres (Crozet Archipelago: Guinet 1992, 

South Africa: Best et al. 2010, Iceland/Scotland: Foote et al. 2010, South America: Capella et 

al. 2014, Norway: Vongraven & Bisther 2014, Marion Island: Reisinger et al. 2016). In fact, 

theoretical modelling shows specialization can be advantageous in the short term, but may 

reduce resilience and increase vulnerability in the long term (Whitehead & Ford 2018). 

 

Ecological interactions possibly constitute another determinant of dietary patterns in killer 

whales (Baird et al. 1992). By reducing availability of preferred resources, intraspecific 

competition may promote behavioral diversification and individual specialization (Svanbäck 

& Bolnick 2005, Svanbäck & Bolnick 2007, Tinker et al. 2008, Kobler et al. 2009). 

Interspecific competition could have both positive and negative effects on individual 

specialization (Svanbäck & Bolnick 2005, Araújo et al. 2011).  

 

c- Implications of dietary specialization 

i- Contamination patterns 

Persistent and biomagnifying organohalogen contaminants such as polychlorinated biphenyls 

(PCBs) and organochlorine pesticides (e.g. dichlor-diphenyl-trichloroethane: DDTs) 

bioaccumulate in lipid tissues of top marine predators, and killer whales were listed among the 

most contaminated cetaceans in the world (Ross et al. 2000, Wolkers et al. 2007, Desforges et 

al. 2018). Because accumulation patterns of these pollutants are related to dietary habits and 

trophic level of individuals, resource-specialized sympatric ecotypes/populations/groups may 

be exposed to different contaminant levels and associated toxicological risks, e.g. 
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immunotoxicity and endocrine disruption (Ross et al. 2000, Ylitalo et al. 2001, Jepson et al. 

2016, Pedro et al. 2017). For instance, marine mammal eating killer whales in the eastern North 

Pacific had PCB blubber concentrations six times higher than that of the sympatric Northern 

Resident community of fish-eating killer whales (Ross et al. 2000). Multiple synergistic 

stressors e.g. food depletion may further have cumulative/additive effects and impact 

populations in various ways. Exposure and vulnerability to contaminant concentrations should 

be monitored and considered in management actions.  

 

ii- Population dynamics 

Prey availability was shown to be a determinant of killer whales’ survival and reproduction, 

ultimately driving population dynamics (Ward et al. 2009, Ford et al. 2010). Populations 

adopting divergent foraging strategies may follow different, or even contrasted, demographic 

trends owing to fluctuations in specific preferred prey populations.  In the eastern North Pacific 

for instance, substantial differences in abundance and population trends were detected between 

the two sympatric Southern Resident and West Coast Transient populations (and ecotypes) 

since the mid-1990s (COSEWIC 2008). Because of different conservation needs, the two 

populations have been managed separately and assigned disparate conservation status 

(Southern Resident population: Endangered vs West Coast Transient population: Threatened, 

COSEWIC 2008).  

 

Divergent demographic trends may also exist within genetically cohesive populations as a 

result of inter-group variations in feeding behaviors, ultimately influencing the dynamic of the 

population as a whole. In Crozet archipelago, killer whale matrilines that depredate toothfish 

from longline fisheries showed higher survival, fecundity rates and overall growth than the 

non-interacting matrilines (Tixier et al. 2015, Tixier et al. 2017). Artificial food provisioning 

from the longlines can greatly complement individuals’ energy intake and enhance fitness and 

fecundity of depredating cetaceans. Similar observations of group-specific demographic trends 

were reported for killer whale groups interacting, or not, with drop-line tuna fisheries in the 

Strait of Gibraltar (Esteban et al. 2016). Hence, there is a critical need to account for 

heterogeneity in cultural foraging habits, even for killer whale groups occurring in sympatry. 
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iii- Population structure 

Foraging specializations in killer whales appear to be culturally transmitted through 

generations within matrilineal social units (Riesch et al. 2012). Their apprenticeship may 

represent a substantial investment, especially for complex hunting techniques, further balanced 

by the benefits of enhanced prey searching and handling efficiencies through gained experience 

and familiarity with specific feeding behaviors (e.g. Guinet 1991). As a result, individuals 

dispersing to a social group that forages on a different prey type, using other specialized 

cooperative feeding behaviors, would likely risk a reduction in foraging efficiency and 

ultimately, a reduced fitness. This likely promotes social and reproductive isolation of the 

differentially resource-specialized groups instead. Cultural differentiation has been suggested 

as a possible mechanism shaping population genetic structure and facilitating the formation of 

separate ecotypes in sympatry (Hoelzel et al. 2007, Pilot et al. 2010, Moura et al. 2014, Foote 

et al. 2016). 

 

Concurrent with ecological specializations, a mosaic of killer whale populations has been 

identified worldwide (Morin et al. 2010, Foote & Morin 2016). Both nuclear and mitochondrial 

DNA markers supported genetic differentiation of sympatric killer whale ecotypes in the 

eastern North Pacific (Hoelzel et al. 1998, Hoelzel et al. 2007, Morin et al. 2010, Pilot et al. 

2010, Foote et al. 2016), in the Russian Far East (Filatova et al. 2015) and in the Antarctic 

(Leduc et al. 2008, Morin et al. 2010). Genetic structure of Northeastern Atlantic killer whale 

populations also coincides with apparent association to Atlantic herring, Atlantic mackerel and 

tuna stocks as primary food sources (Sigurjónsson et al. 1988, Similä et al. 1996, Guinet et al. 

2007, Foote et al. 2011). Distribution of preferred prey, and inter-group differences in foraging 

strategies and ranging patterns were further identified as key factors in maintaining fine-scale 

genetic structure within ecotypes (eastern North Pacific: Parsons et al. 2013) and within a 

single population (Iceland: Tavares et al. 2018). Monitoring foraging habits may greatly assist 

in identifying demographically and evolutionary independent units, and thus should be 

considered an integral part of the conservation and management plans in killer whales.  

 

iv- Resilience to changing habitats 

A broad range of prey resources and habitats used within a population may imply a better 

buffering capacity against anthropogenic impacts and changing habitats as individuals/groups 

are likely to respond differently (Tinker et al. 2008). As such, identifying and preserving the 
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distinct ecological units i.e. ecological diversity within populations, is a fundamental key goal 

towards achieving a greater adaptive potential of marine species. In the light of changing 

marine ecosystems as promoted by global warming, assessing intra-population ecological 

variations also constitutes an important first step towards evaluating behavioral plasticity and 

resilience of killer whales to shifting habitats and prey resources (Kovacs & Lydersen 2008, 

Ferguson et al. 2010).   

 

d- Knowledge gaps 

A fascinating mosaic of ecological specializations in killer whales worldwide has emerged over 

many years of field studies. Long term ecological data have provided unequivocal support for 

foraging strategies shaping much of killer whales’ biology and therefore triggering multiple 

implications. As a result, whilst management strategies are usually assigned at the population 

or regional level, it has been increasingly recognized that intra-population heterogeneity in 

foraging behaviors should be accounted for in the study of killer whales (COSEWIC 2008, 

Tixier et al. 2017). Although dietary patterns have been well documented for some populations, 

dietary studies are still warranted in most regions including across the North Atlantic. This 

thesis contributes to filling some of these knowledge gaps by providing new findings about 

dietary patterns of killer whales in Norway, and subsequent conservation implications. 
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II- OBJECTIVES 
The overall objective of this thesis was to investigate the foraging ecology of killer whales in 

northern Norwegian fjords. The study was designed as a long-term multi-disciplinary approach 

to explore dietary variations, and to identify potential foraging specializations at the individual 

or group level, within this killer whale population. This work was based on continuous data 

collection maintained throughout the year, for six consecutive years in 2013-2018.  

 

Sighting histories, predation records, behavioral observations and skin and blubber biopsy 

samples of photo-identified killer whales were collected. Individuals’ occurrence patterns i.e. 

seasonality and site-fidelity, feeding habits and behavioral adaptations to target prey were 

investigated and compared over multiple years. Building upon killer whale identification 

datasets assembled by colleagues in Norway from 1987 through 1993 allowed for sighting and 

predation histories to span up to 30 years for some whales. Isotopic ratios and contaminant 

profiles were used as integrated dietary descriptors to infer on the persistence of foraging 

behaviors recorded from field observations and thus, to infer on individuals’ long-term dietary 

habits and level of specialization. More specifically, the objectives of each paper were as 

follows. 

 

Paper I investigated 1) killer whale occurrence at herring wintering grounds, newly located in 

coastal and offshore waters off Vesterålen from 2010 (Huse et al. 2010); and assessed 2) the 

scope and nature of mixed killer whales-humpback whales aggregations for feeding on herring 

schools. The study was based on observational data collected off Andøya during the three 

winter seasons 2013-2016.   

 

Objectives of Paper II were 1) to explore seasonality and residency patterns of killer whales 

photo-identified in March-April off Andøya; 2) to identify the target prey seasonally eaten by 

these whales; and 3) to investigate the potential occurrence of behavioral adaptations to target 

prey, as an indication of seasonal foraging specialization. Data used in this study were collected 

over the five spring (March-April) seasons 2014-2018. 

 

Aims of Paper III were to 1) review all available records of killer whale predation on pinnipeds 

in Norwegian coastal waters for the period 1988-2016; 2) to identify individual killer whales 

specifically involved in these predation events and explore consistency in feeding habits over 
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time; and 3) to uncover behavioral and social traits potentially adaptive of foraging upon 

mammalian prey as indicative of foraging specialization for these whales. Data used in this 

study were from multiple sources, including research field observations collected as part of this 

thesis in 2014-2016 and by colleagues in 1987-1993, as well as opportunistic imagery from 

wildlife enthusiasts leading to a dataset spanning from 1988 to 2016 for this study. 

 

Dietary patterns identified in Papers I-III encouraged further research on specialization levels 

featuring integrated dietary descriptors, which led to Paper IV. In this study, nitrogen and 

carbon isotopic values in skin of photo-identified killer whales known from Papers I-III were 

used to 1) assess whether episodic predation records were reflective of consistent feeding 

behavior; and 2) to explore actual segregation in dietary habits among individuals/groups.  

 

In line with Paper IV, contaminant profiles were used as additional dietary descriptors in Paper 

V to further investigate the validity of the dietary patterns identified in Papers I-IV. Specific 

objectives of this study were to 1) quantify and compare the PCB and mercury levels in blubber 

and skin, respectively of fish- and seal-eating killer whales; and 2) to explore the implications 

of dietary variations for management and conservation of killer whales in Norway. 

 

Biopsy skin and blubber samples used in both Papers IV and V were collected in northern 

Norway in 2017-2018. 
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III- MATERIALS AND METHODS 

A- Study area 

The large majority of the data used in the studies covered in this thesis was collected around 

the northern tip of Andøya, centered on Andenes (69°19’N, 16°07’E), located in Vesterålen, 

northern Norway (Figure 1). Running to the east of Andøya, Andfjord is ~ 50 km long, reaches 

maximum depths of 500 m and is open in the north towards the Norwegian Sea. West of 

Andøya is the open sea where the Bleik Canyon, located 15 km offshore, stretches 40 to 50 km 

long and reaches 3,000 m depths. The canyon generates upwellings (Blindheim 1985), making 

the area particularly productive and rich in marine life (Skjoldal 2004). Andfjord was part of 

the wintering grounds of the Norwegian Spring Spawning herring from 2010 (Huse et al. 2010). 

However, over the course of this study, the herring stock has occupied diverse wintering areas 

(ICES 2018), encouraging seasonal fieldwork off Vengsøya (69°50'N, 18°32'E) in November 

2015 and 2016, and off Skjervøya (70° 2'N, 20°58'E) in 2017 and 2018, both located in Troms 

County in northern Norway (Figure 1). Several interconnected fjords, characterized by a wide 

range of depths, were surveyed in both areas. 

 

 

Figure 1. Locations of the four main study areas where fieldwork was conducted as part of this thesis 
in 2013-2018 (A, B, C). In addition, an historical dataset used in parts of this thesis was based on 
fieldwork conducted in region D in 1987-1993 (Bisther & Vongraven 1994, Bisther & Vongraven 
2001). 
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B- Surveys 

In 2013-2014, data collection was conducted from a whale-watch 36-foot-long rigid hull 

inflatable boat operated from Andenes. From 2015 onwards, surveys were conducted from a 

20-foot-long aluminum vessel dedicated to the project. Opportunistic surveys were conducted 

in all seasons in response to sightings reported by locals, following land-based searches or 

directly as boat-based searches when killer whale occurrence peaked e.g. in the winter months 

of high herring abundance. Data collection was initiated upon encounter with a group of killer 

whales, defined as a grouping of individuals in apparent association and acting in a coordinated 

manner within the visual range of an observer (as per Baird & Dill 1995). 

 

 

C- Data collection and processing 

a- Photo-identification 

Killer whales were approached and systematically photographed using a digital reflex Canon 

5D camera and a mounted lens of 70-200 mm in focal length. Following photo-identification 

protocols developed by Bigg (1982), individuals were identified based on the size and shape 

of the dorsal fin, presence of nicks in the dorsal fin, and pigmentation and scarring patterns of 

the adjacent gray saddle patch (Figure 2). Killer whales in each encounter were catalogued 

using the best quality identification photograph available for each individual and assigning it a 

unique identification number.  

 

b- Behavioral and predation records 

Upon encounter with a group of killer whales, geographic location (GPS, Garmin) was 

recorded. Group size estimate, spatial cohesion of the group and behavioral state (Table 1) 

were systematically recorded at 5-min intervals for most encounters. Various clues including 

speed bursts, directional chases, fast and sharp turns, head-nodding movements and scavenging 

birds were used to identify feeding events of surfacing whales (Table 1, Ford et al. 1998), which 

were recorded ad libitum (Mann 1999). Collection of tissue fragments from prey killed and 

consumed by photo-identified killer whales was attempted whenever possible using a long-

handled fine-mesh net, and for further molecular identification of prey species (Figure 2). An 

unmanned aircraft DJI Phantom III or IV carrying a camera was used from 2015 onwards to 

capture aerial images of prey capture events of photo-identified individuals, allowing for visual 

identification of target prey. 
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Table 1. Description of killer whale behavioral states as recorded throughout the study period (adapted 
from Ford 1989). 
 

Behavioral state Description 

Foraging Erratic swimming in varying directions, sudden lunges and high-speed 

swimming, presence of prey fragments and seabirds  

Traveling Consistent movement with all group members, in a tight group formation, 

following the same course at the same speed, while displaying synchronous 

dives and surfacings  

Milling Low speed movement with individuals engaged in frequent changes in 

direction leading to no directional movement by the group  

Resting Low level activity with individuals being stationary lined-up and floating 

motionless at the surface while displaying coordinated breathings  

Socializing High energy activity in which individuals may physically interact with one 

another and/or perform aerial displays such as leaps, tail slaps, and spy-hops 

(defined as vertical half-rise of the body out of the water)  

 

c- Biopsy samples 

Biopsy samples of photo-identified killer whales were collected using an ARTS darting system 

(Restech, Norway) and 25 x 9 mm or 40 x 9 mm stainless steel tips in 2017 and using an 

injection gun (Pneu-Dart Inc, USA) and 25 x 7 mm stainless steel tips in 2018. The region 

directly posterior to the dorsal fin of adult and sub-adult killer whales was the target area for 

sampling (Figure 2). Resulting skin and blubber samples were used for analysis of nitrogen 

and carbon stable isotopic values in skin. In addition, a total of 34 PCBs, 15 organochlorine 

pesticides, 18 brominated flame retardants, 16 hydroxylated metabolites of PCBs, and 

polybrominated diphenylethers (PBDEs) were determined in blubber samples of 31 killer 

whales. Mercury was determined in skin samples from 38 individuals. 

 

d- Database 

A catalogue of identified killer whales was held updated throughout the study period (Jourdain 

& Karoliussen 2018). In addition, available data for all catalogued killer whales were compiled 

into a database (Figure 2). Re-sightings of individuals over time and across locations were used 

to investigate individuals’ patterns of seasonality and residency. Behavioral and predatory 

records allowed for identification of dietary patterns and comparison among individuals. 
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Dietary markers from biopsy samples were used to further assess the recurrence of dietary 

habits recorded from field observations.   

 

e- Historical datasets 

 A photo-identification study conducted in November-March at herring spawning grounds off 

the coast of Møre in 1987-1993 resulted in a catalogue of 605 individual killer whales (Bisther 

& Vongraven 1994, Bisther & Vongraven 2001). This catalogue, along with individuals’ 

sighting and behavioral histories, was available and used in the investigation of killer whales’ 

long-term feeding habits. 

 

 
Figure 2. Summary of data types collected throughout the study period (2013-2018) for photo-
identified killer whales. All photographs by Eve Jourdain, Norwegian Orca Survey. 
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IV- RESULTS AND DISCUSSION 
Findings are presented as lines of ecological evidence that support dietary variations and 

specializations, with results relating to several papers, rather than listed according to each 

paper.  

  

A- Observational evidence 

a- Seasonality and target prey 

i- Herring foraging 

Killer whale occurrence peaked from November through January at herring wintering grounds 

(Paper I) where 930 individuals were photo-identified from 2013-2018 (see Jourdain & 

Karoliussen 2018 for full identification catalogue). Behavioral observations and prey evidence 

confirmed foraging on herring during these winter months (Paper I), consistent with previous 

knowledge (Similä & Ugarte 1993, Similä et al. 1996, Similä 1997).  

 

A compelling finding in this study was the appearance of humpback whales at current herring 

wintering grounds, never recorded in 17 years (1986 – 2003) of research at former herring 

wintering grounds (Paper I). In 2013-2016, 47 instances of killer whales and humpback whales 

feeding on common herring patches were recorded (Paper I). More specifically, killer whales 

that had cooperatively herded a herring school were often joined by one to three humpback 

whales lunging through the fish ball. Killer whales had initiated feeding in almost all (94%) 

mixed-species feeding aggregations, and often terminated feeding after humpback whale(s) 

had lunged (Paper I). These results suggested the observed feeding aggregations to be more 

beneficial to humpback whales and with possible costs to killer whales. Whilst interactions 

between killer whales and humpback whales reported worldwide have been largely agonistic 

(see Pitman et al. 2017 for a review), Paper I documents a new type of interaction between the 

two species. 

 

The herring departed their wintering grounds in January-February, also leading to the sudden 

departure of killer whales (Paper I). Some killer whale groups may be following the herring 

migration (Lyrholm 1988, Similä et al. 1996, Similä & Stenersen 2004). However, as the 

herring undertakes its 800-1,000 km southward migration to spawning grounds, it undergoes 

substantial fat metabolism and fat content drops from ~ 18-22% when wintering to ~ 8-10% 

after spawning (Slotte 1999). Such changes in nutritional value, combined with lower densities 
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found at spawning and feeding grounds due to looser schools (Nøttestad et al. 1996), make the 

herring a less profitable prey throughout its different life stages (i.e. wintering, spawning, 

feeding; Holst et al. 2004). This could be promoting killer whale behavioral diversification and 

subsequent dietary variations, especially if other prey resources were available in a predictable 

way.  

 

ii- Lumpfish foraging 

From the 930 killer whales catalogued in the study area (Jourdain & Karoliussen 2018), 75 

individuals returned to Andfjord each year in March-April between 2014 and 2018 (Paper II). 

Individuals remained in the area for up to 40 days, and foraging was recorded as the most 

frequently observed behavioral state (Paper II). Molecular or visual identification of prey 

remains revealed the lumpfish (Cyclopterus lumpus) as seasonal target prey for these whales 

when occurring in Andfjord in spring, representative of adult and subadult killer whales of both 

sexes (Paper II). Whilst most (81%) individuals were known herring-eaters from the winter 

months, these results brought the first conclusive evidence for killer whales in Norway to be 

supplementing their diet with, or to be switching to alternative prey resources, at times of lower 

herring availability/profitability.  

 

The lumpfish is widely distributed throughout the Norwegian Sea (Holst 1993). While 

remaining at abyssal depths most of the year, it migrates to coastal breeding grounds where 

spawning occurs from April to July (Davenport 1985, Goulet et al. 1986, Mitamura et al. 2012). 

Fat content of lumpfish ranges from >8% in gravid females and up to 20% for males during 

spawning (Davenport & Kjørsvik 1986), equivalent to that of over-wintering herring (Slotte 

1999). While lumpfish was not known as prey for killer whales in Norway prior to this study, 

it represented the entire stomach content of 30 killer whales harvested off West Greenland in 

2003 (Laidre et al. 2006), confirming its nutritional qualities in killer whale diet. In Norway, 

seasonal specialization on temporarily abundant lumpfish prey may be highly profitable at 

times of herring scarcity. As lumpfish occupy spawning grounds in multiple regions along the 

Norwegian coast (Davenport 1985, Holst 1993), it could represent a significant prey resource 

for killer whales at the population level.    
 

iii- Foraging on pinniped prey 

Research datasets collected as part of this thesis in 2013-2016 and by colleagues in 1987-1993, 

as well as additional opportunistic imagery (and associated metadata) captured by wildlife 
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photographers in 2010-2016, documented a total of 23 events of killer whale predation on 

harbor seal or gray seal in 1988-2016 (Paper III). Photographic identification was possible for 

14 of these predation events and included 13 killer whales from four social groups. Three of 

the killer whales observed feeding on seals in 1988-1992 off the Møre coast (Vongraven & 

Bisther 2014) were also observed in 2011-2016 off northern Norway, again preying on seals 

(Paper III, Figure 3). Given that there were 930 killer whales identified in the study area 

(Jourdain & Karoliussen 2018), and if all individuals were foraging on seals and had equal 

chance of being encountered, it would be unlikely to repeatedly observe the same individuals 

engaging in pinniped-foraging. Instead, these observations suggested that only a few killer 

whale groups may include pinniped prey in their diet. 

 

 

Figure 3. a) Identification photograph of adult female killer whale KI-03 collected off Orskjera, Møre 
as she was chasing a harbor seal on March 27, 1988 (in Vongraven & Bisther 2014); b) Identification 
photograph of KI-03 collected off Andenes on June 27, 2015 as c) she was preying upon a harbor seal 
pup; d) Prey remains collected immediately after predation confirmed effective prey consumption 
(Paper III). This figure illustrates how field observations i.e. identification data and prey evidence were 
compiled in the investigation of individuals’ dietary habits for this study. Photographs by (a) Dag 
Vongraven and (b), (c), (d) Richard Karoliussen. 
 

A total of 37 encounters (including 14 with observed predation) with these seal-eating killer 

whales in the period 1988-2016 provided insights into specific occurrence patterns (Paper III). 

Seal-eating killer whales occurred in near-shore shallow areas, typical pinniped habitat (Bjørge 

1991, Haug et al. 1994, Nilssen et al. 2010), with sightings concentrated in breeding areas for 

both gray and harbor seals along the Norwegian coast (Paper III). Timing of the observations, 
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with patterns consistent across years, further suggested killer whale movements reflective of 

local peaks in pinniped pupping and weaning (Paper III). For example, some of the seal-eating 

killer whales traveled from Vesterålen, where they were seen in May-September, northward to 

Troms in late October (Paper III), following the cline in timing of the gray seal pupping periods, 

which is delayed in the north (Haug et al. 1994).  

 

Three of the seal-eating killer whales were observed feeding on herring at spawning grounds 

off Møre coast in 1991, suggesting a mixed diet including both fish and mammalian prey, or a 

prey switching (Vongraven & Bisther 2014). None of these whales were encountered at former 

herring wintering grounds in Tysfjord in 1986-2003 (Kuningas et al. 2014) or at herring 

wintering grounds in Andfjord-Troms in 2010-2016, where 584 and 656 individual killer 

whales were identified, respectively (Paper III). However, after Paper III was published, these 

same three individuals were encountered and observed feeding on herring at wintering grounds 

in Skjervøy in November 2018, confirming a mixed diet maintained over a lifetime for these 

whales.     

 

iv- Other prey types 

During the course of this study, field observations also documented killer whale predation on 

harbor porpoise, Atlantic salmon, Atlantic mackerel and black guillemot (Cepphus grylle). 

However, with only single records for these prey types, it was not useful for identification of 

individual-specific dietary patterns. 

 

b- Variations in social organization 

The size of killer whale groups varied throughout the study period, likely as a result of different 

foraging tactics used to efficiently search for and capture various target prey. Killer whales 

foraging on lumpfish in Andfjord in spring, also known as herring-eaters from winter 

observations, occurred in smaller groups in spring (median=8) than in winter (median=14) 

(Paper II, Figure 4). Smaller groups could be maximizing energetic gain when foraging upon  

a scattered prey resource, and could therefore be adaptive to foraging on solitary lumpfish 

(Davenport 1985) as opposed to foraging upon highly concentrated wintering herring 

(Nøttestad et al. 2002). Group size adjustment for fish prey concentration was also reported for 

killer whales feeding on mackerel in the summer months (Nøttestad et al. 2014). 
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Figure 4. Distribution of group size adopted by killer whales known as seal-eaters (Paper III) and fish-
eaters as they seasonally forage on lumpfish in spring and herring in the winter (Paper II). Data 
distribution is displayed as second and third quartiles (box plot), median (horizontal crossing line) and 
mean (star symbol). Figure is based on data from Papers II and III. 
 

Seal-eating killer whales, mainly encountered from May through October, also adopted a 

smaller group size (median=5) than their summer fish-eating counterparts (median=12) sharing 

the same waters (Paper III, Figure 4). Small groups were also reported for mammal-eating 

killer whales in the eastern North Pacific (Baird & Dill 1996), in Shetland, UK (Deecke et al. 

2011), in Argentina (Iñiguez et al. 2005) and in the Crozet archipelago (Guinet 1992), 

suggesting a converging trait resulting from similar feeding ecology and common behavioral 

adaptations to efficiently hunt pinniped prey. A small group size was suggested to be most 

energetically efficient by ensuring stealthy and cooperative prey-searching and handling, 

whilst optimizing sharing of a single medium-sized pinniped prey (Baird & Dill 1996).   

 

Investigating association patterns of seal-eating killer whales revealed a two-level social 

structure (Paper III, Figure 5). The first level consisted of highly stable basic units of three-to-

five individuals. Regular, but temporary, associations of these units made up the second 

structural level (Paper III). By mostly keeping the basic units apart, seal-eating killer whales 
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may achieve a group size that enhances foraging efficiency, whilst temporary associations may 

allow for socializing and skill teaching (Baird & Dill 1996). Long-lasting social associations, 

the raw material for cultural transmission in killer whale societies (Riesch et al. 2012), may 

have facilitated the extreme persistence of dietary habits over a life-time for some of the seal-

eating killer whales (Paper III).  

 

 
 

Figure 5. Sociogram of seal-eating killer whales observed in at least four encounter days over the course 
of this study. Occurrence and thickness of links show association patterns between pairs of individuals, 
revealing permanent basic units that may temporary associate (Paper III). 
 

c- Variations in foraging behavior 

Herring-feeding killer whales were observed in tight group formations when cooperatively 

herding herring schools close to the surface (Paper I, Figure 6a). At lumpfish spawning grounds 

in spring, spatial cohesion of killer whale groups varied with behavior i.e. foraging, traveling, 

milling, resting, socializing, with individuals typically scattering over several hundred meters 

and up to 1 km when foraging (Paper II). Individuals moved in the same direction but surfaced 

independently and did not appear to cooperatively steer or capture lumpfish prey. Instead, 
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aerial drone imagery revealed individual prey capture (Figure 6b), with occasional prey sharing 

between adult females and their offspring(s) (Paper II). These observations, comparable to 

killer whales foraging on loose schools of salmonid prey (Ford & Ellis 2006, Vester & 

Hammerschmidt 2013, Ford & Ellis 2014), indicated behavioral adaptation to seasonally 

forage upon lumpfish.  

 

 
Figure 6. Aerial photographs showing a) killer whales cooperatively herding a herring school off 
Andenes in January 2016 (Paper I) as opposed to b) individual foraging typically observed when killer 
whales fed upon lumpfish in spring in the same location (Paper II). These photographs highlight drone 
imagery as efficient means to study killer whale feeding behavior. Photographs by Richard Karoliussen. 
 

Fish-eating killer whales remained in their core seasonal feeding areas for up to several weeks 

at a time, likely as a result of concentration of their migratory fish prey (Papers I, II). In 

contrast, seal-eating killer whales never stayed for long in a given location. Instead, they were 

constantly on the move, typically transiting from one seal colony to another (Paper III). 

Because apparently relying on stealth to capture pinnipeds, killer whales likely maximize their 

foraging efficiency by traveling elsewhere once their presence has been detected by potential 

prey. Similar contrasting occurrence patterns between fish and mammal-eating killer whales 

were initially highlighted in the eastern North Pacific (Ford & Ellis 2014, Ford 2019). 

 

Seal-eating killer whales appeared to be hunting in near silence in the study area (Paper III). 

This observation was consistent with the acoustic behavior described for mammal-eating killer 

whales elsewhere, and likely represents an adaptation to avoid being detected by their 

acoustically sensitive marine mammal prey (Barrett-Lennard et al. 1996, Deecke et al. 2005, 

Deecke et al. 2011). In contrast, killer whales carousel-feeding on herring produce high rates 

of echolocation clicks and pulsed calls as means to both coordinate their attacks and promote 

schooling of their prey (Similä & Ugarte 1993, Simon et al. 2007a, Simon et al. 2007b).  
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Overall, killer whale groups encountered throughout the year in the study area differed 

considerably in their patterns of seasonal occurrence and behavior, suggesting adaptations to 

efficiently encounter and forage on the different target prey identified (Papers I-III). Most 

strikingly, behavioral features of seal-eating killer whales were in contrast with that of the 

sympatric fish-eaters (Papers I-III), but identical to that of mammal-eating killer whales 

elsewhere (Baird & Dill 1995, Baird & Dill 1996, Barrett-Lennard et al. 1996, Ford et al. 1998, 

Deecke et al. 2005, Deecke et al. 2011, Ford & Ellis 2014). Behavioral observations and 

predation records consistent over multiple years suggested inter-individual differences in 

dietary habits and indicated killer whale groups to be specialists of different prey types.  

 

 

B- Evidence from dietary markers 

As predatory history only provided a ‘snapshot’ of individuals’ feeding habits, inferences on 

the level of prey specialization were limited from Papers I-III. Integrated dietary markers 

(Papers IV, V) in skin and blubber biopsy samples of photo-identified killer whales, combined 

with time-series of field observations for these whales (Papers I-III), were used to further 

investigate consistency in dietary habits. 

 

a- Stable isotopic values 

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

way (Newsome et al. 2010). Due to a greater retention of the heavier 15N isotope than the lighter 
14N isotope in the production of nitrogenous waste, the nitrogen ratio of 15N to 14N (δ15N) shows 

a stepwise enrichment from prey to predator, and is therefore indicative of relative trophic 

position (DeNiro & Epstein 1978). The carbon ratio of 13C to 12C (δ13C) primarily reflects 

sources of carbon origin and thus, allows for discrimination between feeding areas in marine 

habitats, i.e. coastal/offshore vs benthic/pelagic (Hobson et al. 1994).  

 

Skin δ15N and δ13C values were measured for 38 killer whales, including individuals known as 

herring-, lumpfish- and seal-eaters from Papers I-III, biopsy sampled in all seasons in 2017-

2018. Solely based on δ15N and δ13C values, a Gaussian mixture model successfully assigned 

the 38 samples to three clusters (Paper IV, Figure 7) that largely aligned with predatory records 

available for these whales (Papers I-III).  
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Figure 7. Isospace of δ15N and δ13C values and niches as measured from killer whale skin samples 
(Paper IV). Solid lines represent the standard ellipses corrected for sample size and encompass 40% of 
the data, while dashed lines represent the convex hull area including the entire dataset for each cluster. 
Prey values are also plotted for comparison. 
 

The low variance in isotopic values for both herring and lumpfish-eating killer whales led to a 

narrow isotopic niche for both groups and supported consistency in diet among individuals 

within each group (Paper IV, Figure 7). These results were in support of apparent seasonal 

specialization on herring in the winter months (Similä & Ugarte 1993, Similä et al. 1996, Similä 

1997) and on spawning lumpfish in Andfjord in spring (Paper II). Whilst similar δ15N values 

for herring and lumpfish-eaters indicated feeding at comparable trophic levels, the two dietary 

groups differed in δ13C values (up to 2.5‰ difference, Paper IV, Figure 7). Such an increase 

in δ13C values in spring could be due to temporary specialization on lumpfish prey, which is a 

semi-pelagic fish in a coastal habitat, as opposed to pelagic herring that spends most of its life 

offshore (Paper II).  

 

Lumpfish-eaters (i.e. foraging upon lumpfish at time of sampling), sampled in April, were 

known to be feeding on herring in the months of November-January (Paper II). Segregation in 

isotopic niche between herring- and lumpfish-eaters (Paper IV), and differences in δ15N and 

δ13C values between lumpfish-eaters sampled in spring and herring-eaters sampled in winter, 
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suggested a possible diet switch from herring in November-February to lumpfish in March-

April for these whales. However, inclusion of both herring and lumpfish, or even of other 

unidentified fish prey, cannot be ruled out. 

 

Seal-eating killer whales showed significantly elevated δ15N values regardless of sampling 

season (i.e. winter, spring, summer), compared to herring- and lumpfish-eaters (Paper IV, 

Figure 7). These δ15N values confirmed predatory field observations of seal-eating killer 

whales (Paper III) to be reflective of consistent feeding habits, rather than opportunistic events. 

Distinct non-overlapping isotopic niches that characterized fish- and seal-eating killer whales 

further indicated dietary segregation into individuals/groups that include pinniped prey to their 

diet, and others that appear as fish-specialists (Paper IV).  

 

Consistently elevated δ15N values for seal-eating killer whales, even when sampled at seasonal 

herring and lumpfish grounds, supported these whales to be feeding on pinnipeds also when 

fish prey is abundant (Paper IV). However, seal-eating killer whales had lower mean δ15N 

values than that expected under a pinniped-specialized diet (δ15Nexpected = 15.5‰ vs δ15Nmeasured 

= 12.6‰) and also showed a wide isotopic niche (Figure 7), indicative of a diverse diet (Paper 

IV). These results supported a mixed diet with inclusion of both fish and mammalian prey for 

seal-eating killer whales, consistent with field records (Vongraven & Bisther 2014, Paper IV). 

Mixing models further estimated fish prey to represent an equal-to-secondary dietary 

component and group-specific variations in proportional contributions of the two prey groups 

(Paper IV). 

 

b- Mercury levels 

Although a natural element, mercury levels have increased in the environment due to 

anthropogenic activities, and is currently recognized as a global pollutant (Dietz et al. 2009). 

Methyl mercury has been shown to bioaccumulate and biomagnify through food webs, leading 

to highest concentrations in high trophic level marine species (Campbell et al. 2005). In this 

study, seal-eating killer whales had twice as high skin mercury levels as the two fish-eating 

groups herring-eaters and lumpfish-eaters (Paper V, Figure 8). Such a difference in 

concentrations was likely a result of higher mercury levels in pinnipeds that may constitute a 

substantial portion of the diet of seal-eating killer whales, compared to lower mercury levels 

expected in low trophic level fish species (Campbell et al. 2005). Hence, these results were in 
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support of the predation records in Papers I-III, and the isotopic segregation into fish and 

mammal-eating groups (Figure 7) in Paper IV, indicating that they are reflective of true long-

term foraging habits and specializations for these individuals. 

  
 

c- Organohalogen contaminants (OHC) 

Concentration patterns of organohalogen contaminants (OHC) such as PCBs, DTTs and 

PBDEs constitute valuable chemical tracers for differentiating killer whale prey-specialists, 

owing to differences in trophic level and relative OHC concentrations of their respective prey 

(Herman et al. 2005, Krahn et al. 2007, Krahn et al. 2008). Because adult reproductive females 

transfer their contaminant burdens to their calf, they may not be representative of OHCs levels 

of the population (Ross et al. 2000, Ylitalo et al. 2001, Haraguchi et al. 2009, Krahn et al. 2009, 

Pedro et al. 2017). Adult males, which never offload their contaminants and thus become 

increasingly contaminated as they grow older, appear better suited to fully apprehend 

differences in OHC concentrations among prey-specialists. 

 

In this thesis, herring- and lumpfish-eating killer whales had similar levels of OHCs in their 

blubber (Paper V), in support of foraging at similar trophic level fish prey (Paper IV). However, 

Figure 8. Total mercury levels in skin (µg/g dry weight) 
in seal-eating and fish-eating killer whales biopsy 
sampled in 2017-2018 in all seasons in northern Norway 
(Paper V). Horizontal line represents the median, 
whiskers represent the lower (first) and upper (fourth) 
quartiles, dots mark individual killer whales and points 
outside the whiskers/box are outliers. 
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seal-eating killer whales showed substantially higher OHC levels than fish-eaters (Paper V). 

More specifically, adult male seal-eaters had three times higher SPCB levels (Figure 9), and 

twice as high SDDTs, SCHLs and SPBDEs levels (Paper V, Table 2) in their blubber than fish-

eating killer whales frequenting the same waters.  

 

Atlantic herring only have low concentrations of contaminants i.e. SPCBs: 17.4-25.5 ng/g wet 

weight (Wolkers et al. 2007) compared to harbor seal i.e. SPCBs: 2,246-11,320 ng/g lipid 

weight (Ruus et al. 1999) and gray seal i.e. SPCBs: 2,972-10,103 ng/g lipid weight (Ruus et 

al. 1999) in Norway. Therefore, higher OHCs levels measured in seal-eating killer whales 

(Paper V) are likely a result of increased exposure from biomagnification due to foraging upon 

highly contaminated pinniped prey (Ross et al. 2000, Ylitalo et al. 2001, Herman et al. 2005, 

Krahn et al. 2007) compared to lumpfish- and herring-eaters, which do not appear to include 

mammalian prey in their diet (Paper IV). Thus, these results confirmed pinniped-foraging as a 

long-term dietary habit for killer whales identified as seal-eaters from Papers III and IV. 

 

  
 

Figure 9. Lipid-normalized SPCB levels (µg/g) in 

blubber of seal- and fish-eating killer whales sampled in 

2017-2018 in all seasons in northern Norway (Paper V). 

Horizontal line represents the median, whiskers 

represent the lower (first) and upper (fourth) quartiles, 

dots mark individual killer whales and points outside the 

whiskers/box are outliers. 
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PCBs and DDTs contributed ~86% of the total OHC burden for all three dietary groups 

(lumpfish-, herring- and seal-eaters), but relative abundance of the differently chlorinated 

PCB congeners differed markedly between seal- and fish-eating killer whales (Paper V). The 

seal-eating individuals had higher relative proportions of hexachloro- and heptachloro-

congeners, likely due to increased presence of these congeners in marine mammals relative to 

fish (Hoekstra et al. 2003). These results were consistent with PCB patterns found for marine 

mammal- vs fish-eating killer whales of the eastern North Pacific (Herman et al. 2005) and of 

Greenland (Pedro et al. 2017), further supporting pinniped-foraging as a persistent dietary 

habit for seal-eating killer whales in Norway (Papers III, IV). 

 

There was a five-fold difference between median ΣPCB levels in adult male fish- and seal-

eating killer whales sampled for this thesis (Paper V). This is a much smaller distinction than 

the 20-fold difference in median ΣPCB levels measured between the (adult males) sympatric 

fish-eating (Northern Residents: 10.5 µg/g lipid weight) and mammal-eating (Transients: 206 

µg/g lipid weight) ecotypes of the eastern North Pacific (Buckman et al. 2011), known to be 

strict prey specialists (Ford et al. 1998, Ford & Ellis 2006, Ford & Ellis 2014, Ford 2019). This 

is likely attributable to the fact that seal-eating killer whales in Norway adopt a mixed diet 

including both fish and mammal prey (Vongraven & Bisther 2014, Paper IV), and therefore, 

consume less of the most contaminated pinniped prey than the exclusive mammal-eating killer 

whales in the Pacific.  

 
Table 2. Lipid-normalized concentrations (µg/g) of organohalogen contaminants in seal- and fish-
eating adult male killer whales biopsy sampled in 2017-2018 in northern Norway (Paper V). 
 

OHC group  Seal-eaters Fish-eaters 

SDDTs mean ± SD 30.9 ± 16.7  18.5 ± 24.0  

 range (14.4–54.2)  (3.04–100)  

SCHLs mean ± SD 10.3 ± 3.75  5.12 ± 5.54  

 range (5.54–14.4)  (1.52–23.4)  

SPBDEs mean ± SD 1.61 ± 0.39  0.630 ± 0.440  

 range (1.27–2.13)  (0.258–1.79)  
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C- Possible driving forces of dietary diversity 

Historical records of multiple prey types (Collett 1912, Jonsgård & Lyshoel 1970, Christensen 

1982) suggest that inter-individual/group dietary variations may have always characterized this 

population. Alternatively, behavioral diversification could have intensified as a result of one 

or a combination of several of the following factors.     

 

a- Collapse of the Norwegian Spring Spawning herring 

With improvement of the fishing methods and over-exploitation throughout the 1950s, the 

Norwegian Spring Spawning stock of herring had collapsed by the end of the 1960s, reducing 

the spawning biomass from 10 million tons (Mt) in 1957 to 0.28 Mt in 1968 (Dragesund & 

Ulltang 1975, Dragesund et al. 1980). A thinner fatness layer was recorded for killer whales 

caught in 1951-1968, suggesting a negative effect of herring depletion on the condition of 

herring-feeding killer whales (Christensen 1982). Therefore, as herring became scarce, the 

realized benefit of specializing on herring prey may have been lost (Svanbäck & Bolnick 2005), 

forcing killer whales to diversify their diet as an adaptive response (Tinker et al. 2008, Randa 

et al. 2009).  

 

b- Past culling 

The past culling of killer whales in Norway, as a management action to preserve the remaining 

herring, may have played an additional role in the niche diversification process. In 1969-1970, 

368 killer whales were culled over a 100 x 50 km area within a few weeks (Øien 1988). Entire 

groups were never culled, and catch records showed a general lack of small individuals and a 

skewed sex ratio of 2M:1F (Vongraven & Bisther 1995). Due to differential roles played by 

key members in cetacean societies and cultural transmission of prey specializations within 

matrilineal social groups in killer whales, feeding strategies may have been lost and foraging 

success compromised if key members were culled (Williams & Lusseau 2006, Brent et al. 

2015, Nattrass et al. 2019). This could have promoted the appearance of new feeding behaviors 

in this population (Papers II, III).  

 

c- Shifts in prey populations 

After suffering a severe historical decline, both the harbor seal (Bjørge et al. 2007, Nilssen et 

al. 2010) and the gray seal (Øigård et al. 2012, but see Nilssen 2017) have shown population 

growth in the recent decades. The gray seal has also notably expanded its range, with breeding 
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areas now found from Trøndelag through Finnmark counties (Haug et al. 1994, Bjørge et al. 

2002). Such increased availability of lipid-rich pinnipeds residents in Norwegian coastal waters 

has undoubtedly promoted seals as a valuable food source to killer whales in this region, 

especially after the herring stock collapsed in the late 1960s, and likely facilitated dietary 

diversification for some groups (Paper III).  

 

Major shifts in prey resources owing to warming climate and ocean in the North Atlantic over 

the last three decades (ICES 2018) may also have created new foraging opportunities and 

promoted dietary diversification in killer whales in Norway. Owing to fluctuations in 

oceanographic conditions, lumpfish abundance in the Barents Sea, with fish spawning along 

the coast of northern Norway, varied considerably over the last decades. Specifically, the 

biomass was lowest in the 1980s, increased throughout the 1990s, and was highest in the 2000s 

(Eriksen et al. 2014). It remains unknown whether killer whales in Norway have only recently 

started feeding on lumpfish (Paper II). Regardless, the increase in lumpfish biomass again since 

2012 in the Norwegian Sea, reaching 150 million fish in 2019 (IMR 2020), may have promoted 

or intensified this fish as food source for killer whales in this region.    

 

The northeastern Atlantic mackerel has expanded its distributional range northwards and has 

spent a longer time feeding in the Norwegian Sea in the summer (Utne et al. 2012, Nøttestad 

et al. 2015b). Increasing from 2 Mt in 2007 to 9 Mt in 2014 (Nøttestad et al. 2015b), the 

mackerel has become more abundant than the Norwegian Spring Spawning herring, which 

decreased from 12 Mt in 2009 to 5 Mt in 2014 (ICES 2013). Whilst killer whale presence has 

been increasing in the summer months in the Norwegian Sea (2009-2012, Nøttestad et al. 

2015a), field observations further confirmed selective foraging upon mackerel in July and 

August (Nøttestad et al. 2014).  

 

d- Ecological interactions 

As forager density increases on a common pool of resources, prey availability decreases. 

Competition may therefore promote individuals’ behavioral diversification to efficiently forage 

upon new exclusive prey types, reduce competition and ultimately enhance individuals’ fitness 

(Svanbäck & Bolnick 2005, Svanbäck & Bolnick 2007, Tinker et al. 2008, Kobler et al. 2009). 

As such, fluctuations in prey populations, owing to inter- and intraspecific competition or 

changing environmental conditions, may play a substantial role in mediating temporal 
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dynamics of dietary variation and specializations (Svanbäck & Bolnick 2005, Araújo et al. 

2011). The recent appearance of humpback whales at herring wintering grounds illustrates how 

changing ecological conditions, e.g. changes in herring distribution, may lead to variations in 

forager occurrence and competition forces (Paper I). The dynamics and complexity of 

ecological interactions that occur within and among species likely play a substantial role in 

shaping individuals’ and populations’ patterns of resource use and feeding behaviors.   

 

 

D- Implications of dietary variations/specializations 

a- Variations in individuals’ fitness 

The Arctic Monitoring and Assessment Program concluded that killer whales in Norway were 

at a lower risk from PCB-mediated health effects than other Arctic killer whale populations 

(AMAP 2018). This was based upon ΣPCB blubber concentrations from male herring-feeding 

killer whales sampled in 2002 (geometric mean= 27 µg/g lw in Wolkers et al. 2007). However, 

ΣPCB levels in male seal-eating killer whales reported in this thesis (geometric mean= 

46 µg/g lipid weight, Paper V, Figure 9), were nearly double these levels and were more 

comparable to that measured in mammal-eating killer whales harvested in Greenland (ΣPCB 

arithmetic mean=65.1 mg/kg in Pedro et al. 2017), for which PCB-mediated effects were the 

highest (AMAP 2018).  

 

All seal-eating killer whales in Paper V had ΣPCB blubber concentrations that exceeded 

thresholds for high-to-highest risks of immune and hormone system health effects (AMAP 

2018), compared to only 46% of the fish-eaters (Paper V). The ΣPCB levels of seal-eating 

killer whales furthermore, exceeded the ΣPCB threshold of 41 µg/g lipid weight, at which there 

could be risks of reproductive impairment with occlusions in the uterus (Jepson et al. 2016). 

As such, mean ΣPCB levels of female seal-eaters (48 µg/g lipid weight) and female fish-eaters 

(3.6 µg/g lipid weight) in Paper V could be translated to approximately 45% and 80% of calves 

surviving, respectively (Hall et al. 2018). Seal-eating killer whales were also exposed to higher 

health risks owing to higher mercury levels than fish-eaters (Paper V). Overall, these results 

indicate that variations in survival and breeding performance among killer whale groups 

adopting different diets could be expected, and therefore that ecological groups should be 

managed separately in Norway.  
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b- Population dynamics 

A recent study modelled killer whale population growth around the world, accounting for 

population-specific PCB blubber concentrations and mediated health effects (Desforges et al. 

2018). Using PCB levels from Wolkers et al. (2007), Norwegian killer whales were assigned 

to the least contaminated group. The results predicted little-to-no effect of PCB pollution on 

population growth, and even a 50% growth within the next 100 years. However, higher PCB 

burdens in seal-eating compared to fish-eating killer whales in Norway (Paper V) suggest 

higher PCB-mediated health effects, possibly leading to lower survival and reproduction rates, 

for seal-eaters in Norway. A decline of these whales could have further impact on the growth 

of the population as a whole.  

 

c- Population structure 

Strong genetic differentiation was reported between the two sympatric ecotypes that specialize 

on either fish or marine mammal prey in the Northeast Pacific (Hoelzel et al. 1998, Hoelzel et 

al. 2007, Morin et al. 2010, Parsons et al. 2013, Moura et al. 2014, Foote et al. 2016). In the 

North Atlantic, there is also evidence for a link between genetic divergence and ecological 

specialization on a large-scale (Foote et al. 2011) but patterns are less clear in the different 

regions, largely due to a lack of dietary studies so far. Results in the present thesis revealed 

ecological divergence between fish- and seal-eating killer whales occurring in sympatry in 

Norway (Papers I-IV), suggesting behavioral mechanisms that could lead to possible fine-scale 

genetic differentiation as shown in Icelandic waters (Tavares et al. 2018).  

 

Chemical tracers used in this study revealed ecological differentiation between killer whale 

groups i.e. fish- vs seal-eaters (Papers IV, V), based on consistent differences in trophic 

ecology, and leading to different levels of exposure and vulnerability to OHC concentrations 

(Paper V). In light of these results, an integrated approach coupling ecological and molecular 

markers seems critical to accurately identify both genetic and ecological independent 

management units.   

 

d- Resilience to changing habitats 

A wide range of prey types for killer whales in Norway (Similä et al. 1996, Vester & 

Hammerschmidt 2013, Nøttestad et al. 2014, Vongraven & Bisther 2014, Cosentino 2015, 

Papers I-III) suggest this population could be somewhat buffered against changing marine 
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ecosystems, as individuals/groups are likely to respond to shifting prey populations in different 

ways. However, highly specialized groups could be severely impacted by changes in the 

abundance of their preferred prey (Ward et al. 2009, Ford et al. 2010). Consequently, the 

proportion of prey-specialists, and the scope of dependence on preferred prey vs foraging 

flexibility may greatly determine the resilience of this killer whale population to rapidly 

changing marine ecosystems in the Arctic.   
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CLOSING REMARKS 
This thesis has showed that killer whales in Norway constitute a generalist population 

characterized by inter-individual dietary variations and a mixture of individual specialists of 

various prey types. Results have revealed that fish-specialists may respond to seasonal 

fluctuations in prey availability by switching between specialized foraging behaviors for 

efficient use of alternative fish prey resources. Other individuals seem to specialize, to various 

extents, on pinniped prey over a lifetime. However, there was no indication of killer whales 

feeding exclusively on marine mammal prey in Norway. These findings, along with previous 

knowledge of a mixed diet for killer whales in Greenland (Pedro et al. 2017, Bourque et al. 

2018) and Iceland (Samarra et al. 2017) suggest that killer whales in the North Atlantic may 

not be as ecologically segregated as the eastern North Pacific prey-specialized killer whale 

communities.  

 

As large sized predators with high daily caloric requirements, killer whales could be 

significantly impacting Norwegian pinniped (and other prey) populations through top-down 

effects (Williams et al. 2004). This thesis provides key information to assess killer whale 

predatory impact in this region.  

 

Pollution levels and associated health risks differed substantially between fish- and seal-eating 

killer whales. A higher OHC burden in seal-eaters translated to a higher risk for health effects, 

with potential consequences at the population level. Such new knowledge points out the urgent 

need for a new assessment of the status of this killer whale population, accounting for 

ecological differentiation among social groups and possibly, considering fish- and seal-eaters 

as distinct ecological management units. 

 

This study supports, once again, individuality in feeding behavior as an apparent characteristic 

of the species and underlines the importance of accounting for intra-population heterogeneity 

in dietary habits for effective management and conservation. Hence, the findings underline the 

importance of collecting individual-focused data, on the long-term, to study killer whales. This 

work, built upon six years of data collection on individual killer whales in northern Norway, 

has a lot of potential for further studies. 
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a! b ! s! t! r! a! c ! t

Aggregations ! of! predators ! on! food ! patches ! have ! been! documented ! for ! both! terrestrial ! and! marine ! animals.
Here,! we! documented ! for ! the ! first ! time,! and! investigated, ! non-predatory ! aggregations ! occurring ! between
humpback ! whales ! (Megaptera! novaeangliae)! and! killer ! whales ! (Orcinus ! orca)! while ! feeding! on ! wintering
Norwegian! spring! spawning ! herring ! (Clupea! harengus) ! in ! Andfjord,! northern! Norway. ! Observational ! data
were! collected! during! 109 ! opportunistic ! surveys! through ! three ! seasons ! 2013–2016. ! Killer ! whales ! were
observed! feeding ! on! 59 ! occasions,! with ! one ! to ! three ! humpback ! whales! involved ! in ! 47 ! of! these! feeding
events! (79.7%), ! and ! there ! was ! an ! increased! probability! of! finding ! feeding ! humpback ! whales ! when ! feeding
killer! whales ! also! were! observed. ! With! killer ! whales ! identified ! as ! the ! initiating ! species! in ! 94.4% ! of ! the
feeding! aggregations ! for ! which! the ! first ! species! was ! known, ! and! with ! humpback ! whales ! joining ! and
feeding! on! the ! fish! ball! afterwards, ! we! suggest ! that ! humpback ! whales ! may ! benefit ! more! from! these
aggregations! than ! the ! opposite.

©! 2017 ! Deutsche ! Gesellschaft ! für! Säugetierkunde. ! Published ! by! Elsevier ! GmbH.! All! rights ! reserved.

Introduction

The! ocean! is! a! dynamic! environment! where! irregularly! allo-
cated! resources! define! the! distribution! of ! organisms.! Food! patches,
defined! as! dense! concentrations! of! homogenous! resources,! often
promote! spatial! and! temporal! aggregations! of! predators! through
two! main! facilitative! mechanisms.! First,! a! concentration! of ! for-
agers! on! food! patches! may ! subsequently! enhance! discovery! of
unpredictable! prey! by! neighbors! in! search! of! food,! a! passive! pro-
cess! called! local! enhancement! (Bruno! et ! al.,! 2003;! Grunbaum! and
Veit,! 2003;! Poysa,! 1992;! Silverman! et ! al.,! 2004).! Second,! predators
may! actively! associate! with! hetero-specifics! if! easier! prey! capture
and! increased! foraging! efficiency! are! provided! (Bearzi,! 2006;! Berec,
2010;! Goyert! et! al.,! 2014;! Lett! et ! al.,! 2014). ! Higher! predator! densi-
ties! may ! also! encourage! schooling! behavior! of! fish! prey,! promoting
possible! mutual! benefits! among! foragers! (Lett! et ! al.,! 2014;! Similä
and! Ugarte,! 1993). ! Predator! interactions! remain! advantageous! as

∗ Corresponding! author.
E-mail! addresses:! evejourdain@yahoo.fr! (E.! Jourdain),! dag.vongraven@npolar.no

(D.! Vongraven).

long! as! prey! density! outweighs! competition,! and! otherwise! become
negative! (competitive)! when! resources! diminish! (Poysa,! 1992).

Mixed-species! feeding! aggregations! in ! the! marine! environment
have! been! reported! in! many! species! including! seabirds,! pinnipeds,
cetaceans! and! fish! (e.g.! Au! and! Pitman,! 1988;! Bearzi! et! al.,! 2006;
Brager,! 1998;! Camphuysen! and! Webb,! 1999;! Goyert! et ! al., ! 2014;
Pitman! and! Ballance,! 1992;! Vaughn! et ! al.,! 2007). ! As ! a! common! fac-
tor! of! all! studies,! some! species! appear! to! act! as! catalysts,! initiating
the! feeding! process,! with! other! species! arriving! at! a! later! stage! when
prey! have! been! found! or! concentrated! and! predation! eased,! and! are
called! opportunists! (Camphuysen! and! Webb,! 1999).

Off! the! coast! of! northern! Norway,! killer! whales! (Orcinus! orca)
occur! throughout! the! year! with! a! peak! of! observations! during
October-January! when! the! Norwegian! spring! spawning! (NSS)! her-
ring! (Clupea! harengus) ! over-winters! in! coastal! waters! (Similä! et! al.,
1996). ! From! 1986! through! 2005,! when! herring! wintered! in! the
Tysfjord! –! Vestfjord! system,! studies! highlighted! killer! whales! as
efficient! herring! predators! with! specialized! feeding! techniques
including! carousel! feeding! (Similä,! 1997b;! Similä! and! Ugarte,! 1993).
In! carousel! feeding,! killer! whales! herd! the! fish! into! a! tight! ball
close! to ! the! surface! and! capture! individual! herring! after! debil-
itating! them! with! underwater! tail! slaps! (Domenici! et! al.,! 2000;
Similä,! 1997a;! Similä! and! Ugarte,! 1993;! Simon! et! al.,! 2006).! Killer
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whales! were! shown! to ! adjust! group! size! in! relation! to ! herring! school
size! (Nøttestad! et! al.,! 2002),! but ! feeding! aggregations! with! other
cetacean! predators! were! never! reported! over! the! course! of! these
long-term! studies.

Humpback! whales! (Megaptera! novaeangliae)! use! the! Norwe-
gian! Sea! as! a! migration! corridor! between! their! summer! feeding
areas,! mainly! located! around! Jan! Mayen! and! Bear! Island,! and
their! low! latitude! breeding! ground! (Øien,! 2007). ! Since! 2010,! the
wintering! ground! of! the! NSS! herring! has! been! located! in! off-
shore! and! coastal! waters! between! 69◦N! and! 73◦N ! (Huse! et! al.,
2010;! Norges! Sildesalgslag,! 2010)! where! humpback! whales,! never
before! observed! on! the! former! herring! wintering! ground,! have! been
present! in! large! numbers! and! observed! feeding! on! the! same! her-
ring! schools! as! killer! whales! (personal! unpublished! observations).
Although! adult! humpback! whales! have! previously! been! observed
opportunistically! feeding! alongside! another! cetacean! species,! the
Indo-Pacific! bottlenose! dolphin! (Tursiops! aduncus; ! Stockin! and
Burgess,! 2005),! interactions! between! humpback! and! killer! whales
reported! to! date! have! often! been! agonistic,! and! almost! exclusively
involved! predation! (killer! whales! towards! humpback! whales)! or
defense! (e.g.,! humpbacks! being! attacked! by! killer! whales! or ! defend-
ing! other! prey! species;! see! Pitman! et ! al.! (2017)! for! a! review).! This
paper! reports! on! the! first! observations! of ! feeding! aggregations
formed! by! killer! whales! and! humpback! whales.

We! investigated! the! scope! of! feeding! aggregations! formed
by! humpback! and! killer! whales! on! the! wintering! ground! of
the! NSS! herring,! and! further! examined! if! one! of! the! species
could! be! identified! as! initiating! the! feeding! events.! More
specifically,! using! observations! collected! over! three! winter! sea-
sons! (December–February! 2013–2016),! we! tested! if! observing

feeding ! humpback! whales! was ! related! to! the! occurrence! of ! feeding
killer! whales,! thus! suggesting! that! in ! these! mixed-species! feed-
ing! aggregations! killer! whales! act! as! catalysts! while! humpbacks
are! opportunists.! Possible! mechanisms! involved! in ! the! formation
of! these! feeding! aggregations! and! potential! competition! are! dis-
cussed.! To ! our! knowledge,! this! is ! the! first! report! on! humpback
whales! and! killer! whales! feeding! on! common! prey! patches,! there-
fore! providing! a! valuable! contribution! to ! our! current! understanding
of! humpback! whale-killer! whale! interactions.

Material! and! methods

Study! area

Observations! were! made! around! the! northern! tip! of! Andøya,
centered! on! Andenes! (69◦19′N,! 16◦08′E),! Vesterålen,! northern
Norway! (Fig.! 1). ! The! NSS! herring! stock,! which! has! occupied! diverse
wintering! areas! over! the! last! decades,! started! over-wintering! in
both! coastal! and! offshore! waters! between! 69! and! 73◦N ! in! 2002
(Huse! et ! al.,! 2010). ! Andfjord,! a! fjord! running! to ! the! east! of! Andøya
and! open! in! the! north! towards! the! Norwegian! Sea,! has! been! part
of! the! current! wintering! ground! of! the! NSS! herring.! All! the! feeding
events! presented! in! this! study! occurred! in! near-shore! waters! where
depths! were! all! less! than! 250! m ! and! commonly! less! than! 100! m.

Data! collection

Observations! during! the! winter! seasons! 2013–2014! and
2014–2015! were! collected! during! whale! watching! trips! operated
from! Andenes! on! board! a! 36-foot-long! rigid! hull! inflatable! boat.

Fig.! 1.! The! map ! shows! the! study! area! where! all! the! field! trips! were! conducted! during! the! three! seasons.! Each! symbol! represents! the! exact! location,! based! on! GPS! coordinates,
of ! feeding! events! involving! humpback! and/or! killer! whales.
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Table! 1
Definition! of! relevant! behavioral! states! and! additional! cues! considered! as! indicators! of! ongoing! feeding! events! involving! killer! whales! and/or! humpback! whales! (based! on
Similä! and! Ugarte,! 1993! and! personal! observations).

Behavioral! indicators! and! additional! visual! cues Description

Killer! whales
No! swimming! pattern! No! clear! heading! or! speed
Diving! Back! strongly! arched! due! to! vertical! orientation! of! the! body! required! to! return! to! the! underwater! feeding! spot
Dynamic! state! High! energy! and! speed,! burst! swims

Humpback! whales
Fluke-up! Humpback! whales! often! show! the! fluke! before! lunging! due! to! vertical! orientation! when! heading! to! the

underwater! feeding! spot
Surface-lunging! Humpback! whales! surface! with! mouth! open ! and! ventral! throat! pleats! expanded! while! engulfing! prey! and

expelling! water! through! baleen! plates

Additional! cues
Bird! activity! Birds! flying! over! the! feeding! whales,! going! down! to! the! surface! to! fetch! prey! remains
Floating! prey! Dead! or ! stunned! herring! floating! on! the! feeding! spot
Jumping! herring! The! herring! may ! leap! through! the! sea! surface! in! an! attempt! to! escape! underwater! predator! activity

During! 2015–2016,! observations! were! made! during! opportunistic
research! surveys! conducted! on! board! an! 18-foot-long! aluminum
research! vessel! from! Andenes.! The! field! season! lasted! from! the
beginning! of! December,! when! the! first! whales! were! sighted,! to
early! February,! when! herring! started! migrating! to ! the! spawning
grounds! further! south! and! the! whales! abruptly! deserted! the! area.
Trips! were! conducted! in! sea! state! 4! or ! less! on! the! Beaufort! scale.
Cetaceans! were! visually! located! through! a! land-based! survey! from
Andenes! lighthouse! when! visibility! allowed,! or! by! actively! search-
ing! from! the! boat.! On! both! platforms! (whale-watching! and! research
vessel),! humpback! and! killer! whales! were! equally! searched! for. ! If
several! cetacean! individuals! or ! groups! were! detected! in! the! area,
priority! was! given! to ! observing! feeding! cetaceans,! since! watching
humpback! and! killer! whales! feeding! on! herring! is! a! major! focus
for! winter! tourism! off! Andenes.! To! ensure! consistent! sampling,! this
approach! was ! maintained! during! 2015–2016! on! board! the! research
vessel.! On! both! platforms,! data! collection! was! conducted! as! fol-
lows:! when! whales! were! encountered,! species! and! GPS! position
were! recorded.! Based! on! pre-defined! behavioral! states! and! visual
cues! used! as! indicators! of! feeding! state,! we! recorded! all! feeding
events! involving! killer! whales! and/or! humpback! whales! (Table! 1).
An! ad! libitum! sampling! method! was! chosen,! appropriate! for! record-
ing! discrete! predation! events! (Mann,! 1999). ! When! killer! whales! and
humpback! whales! were! found! within! an! estimated! 100! m! distance
for! at! least! five! minutes! (according! to! and! modified! from! Bearzi,
2006),! the! two! species! were! recorded! as! occurring! together.! When
simultaneously! displaying! feeding! behaviors,! and! if! at! least! one! of
the! additional! cues! were! observed! (see! Table! 1), ! the! two ! species
were! considered! to ! be! feeding! on! the! same! food! patch.! Whenever
possible,! we! recorded! which! species! initiated! the! feeding,! and! if ! one
species! joined! the! other! after! feeding! had! already! commenced.! If
we! arrived! onsite! after! feeding! by! both! species! had! already! begun,
we! classified! the! species! that! initiated! feeding! as! ‘missing! data’.! If
humpback! whales! and! killer! whales! were! seen! in ! the! same! area
before! initiating! feeding,! we ! recorded! that! both! species! initiated
feeding.! Since! the! study! was! conducted! north! of! the! Arctic! circle,
the! lack! of! light! limited! observations! to! a! maximum! of! one! to ! five
hours! throughout! the! observation! season.! The! whale-watching! ves-
sel! stayed! on! the! field! as! long! as! light! enabled,! and! thus! sampling
ended! for! the! same! reasons! on! both! platforms,! namely! when! the
group! was! lost! or! if ! sea/weather/light! conditions! became! too! poor
to! continue.! No! avoidance! behavior! was! noticed! for! feeding! whales,
and! thus! boat! effect! was! not! considered.

Statistical! analyses

We! used! the! survey! cruise! as! the! sample! unit,! where! presence
and! absence! of! each! whale! species! was! recorded.! We! summarized

presence! and! absence! as! a! count! for! each! of! the! three! observa-
tion! seasons! and! conducted! a! chi-square! analysis! to! test! the! null
hypothesis! that! co-occurrence! of! both! species! was ! independent
across! observational! seasons.! We ! then! used! count! data! from! sur-
veys! in! which! humpback! and! killer! whales! were! observed! together
(i.e.,! within! 100! m ! of! each! other)! to! assess! if! the! incidence! of ! feed-
ing! humpback! whales! was! dependent! on! the! occurrence! of! feeding
killer! whales.! For! this! final! analysis,! we ! used! a! chi-square! exact
procedure! that! estimated! the! test! p-value! via! a! Monte! Carlo! simu-
lation! with! 5000! replicates.! We ! accepted! statistical! significance! for
all! tests! at ! !! = ! 0.05.! All ! statistical! analyses! were! done! using! the! R
software! (R! Core! Team,! 2013)! and! data! on! feeding! locations! were
plotted! in! ArcMap.

Results

Data! were! collected! from! 17! December! 2013! through! 6! February
2014! (season! 1),! from! 2! December! 2014! through! 4! February! 2015
(season! 2)! and! from! 30! December! 2015! through! 18! February! 2016
(season! 3),! with! a! total! of! 109! opportunistic! surveys.! Each! trip! on
sea! lasted! for! an! average! of! 2! h ! (range! = ! 0.4–4.25! h,! n! =! 109).! We
encountered! killer! whales! and/or! humpback! whales! on! 100! trips.
Time! spent! with! whales! averaged! 1.7! h! per! trip! (range! = ! 0.25–3.9! h)
(Table! 2).

Humpback! and! killer! whales! were! simultaneously! observed! on
67! of! the! 100! trips! with! whales! encountered! (Table! 2).! We! recorded
killer! whales! feeding! on! 59! occasions,! with! humpback! whales! being
involved! in! 47! (79.7%)! of! these! feedings! (Figs.! 1! and! 2). ! On! all ! 47
mixed-species! feeding! aggregations,! typically! 10–25! killer! whales
were! cooperatively! herding! the! herring! close! to! the! surface! when,
some! minutes! later,! one! to ! three! humpback! whales! appeared! on! the
feeding! spot,! lunging! one! to! four! times! through! the! bait-ball.! Of! the
47! mixed-species! feeding! aggregations,! the! species! initiating! feed-
ing! was ! known! for ! 36! of! these,! and! killer! whales! were! identified! as
the! species! initiating! the! feeding! on! 34! (94.4%)! occasions.! On ! two

Table! 2
Summary! of! the! survey! effort! during! winters! 2013–2014! (season! 1),! 2014–2015
(season! 2)! and! 2015–2016! (season! 3)! off! Andenes.! Encounters! with! humpback
whales! (Mn) ! and/or! killer! whales! (Oo)! are! also! shown.

Season! 1 ! Season! 2 ! Season! 3 ! Total

Time! on! sea! (hours)! 85.6! 68.1! 63.5! 217.2
Time! with! whales! (hours)! 67.8! 46.1! 54.3! 168.2
Total! number! of! trips! 40! 41! 28! 109
Trips! with! only! Oo ! encountered! 8 ! 13! 9 ! 30
Trips! with! only! Mn ! encountered! 1 ! 1! 1 ! 3
Trips! with! both! Mn! and! Oo ! encountered! 30! 20! 17! 67
Trips! with! neither! species! encountered! 1 ! 7! 1 ! 9
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Table! 3
Summary! of! all! observed! humpback! whale-killer! whale! (Mn-Oo)! feeding! aggregations,! along! with! the! species! that! started! the! feeding! events! over! the! three! winters! of
observation.

Season! 1 ! Season! 2! Season! 3 ! Total

Trips! with! Mn-Oo! feeding! aggregations 22! 15! 10! 47
Occasions! where! Oo! started! feeding! 16! 11! 7! 34
Occasions! where! Mn! started! feeding! 0! 0! 0! 0
Occasions! where! both! Oo! and! Mn! started! feeding! 2! 0! 0! 2
Missing! data! 4! 4 ! 3! 11
Trips! with! Oo! feeding! (single! species)! 0! 8 ! 4! 12
Trips! with! Mn ! feeding! (single! species)! 1! 0! 0! 1

Fig.! 2.! Photograph! showing! two! humpback! whales! surface-lunging! through! a! her-
ring! ball! being! herded! by ! a! pod! of! killer! whales.

occasions,! both! species! appeared! to! initiate! the! feeding! simulta-
neously.! There! was! no! instance! recorded! where! humpback! whales
initiated! a! feeding! bout! and! killer! whales! joined! later! (Table! 3). ! On
all! feeding! bouts,! observation! or! collection! of! forage! fish! on! the
sea! surface! enabled! confirmation! of ! herring! as! the! prey! species.! No
predatory! interactions! (killer! whales! attacking! humpback! whales)
or! humpback! whales! avoiding/defending! themselves! against! killer
whales! were! recorded! in! our! observations.

Proportions! of! observations! of! the! two! species! did! not! vary
between! seasons! ("2! = ! 0.007,! df! =! 2,! p! =! 0.99),! so! data! from! all! sea-
sons! were! pooled.! The! pooled! data! are! shown! in! Table! 4,! where
counts! of! all! observations! of! both! species,! feeding! or! not,! from! all
trips! are! accounted! for.

The! chi-square! exact! test! of ! count! data! from! cruises! where
humpback! whales! and! killer! whales! were! detected! together! indi-
cated! that! the! likelihood! of! observing! humpback! whales! feeding
increased! when! killer! whales! were! present! and! feeding! ("2! = ! 43.25,
df! =! 1,! p! <! 0.001).

Discussion

Despite! reports! of ! feeding! aggregations! involving! multiple
species! from! a! broad! range! of ! taxa,! feeding! interactions! between
killer! whales! and! humpback! whales! have! not! been! reported! pre-
viously.! Here,! we! have! documented! 47! multi-species! feeding

aggregations! recorded! over! three! observation! seasons.! Typically,
killer! whales! actively! feeding! on! herring! were! joined! by! one! to! three
humpback! whales! abruptly! showing! up! on! the! feeding! spot,! rac-
ing! towards! the! fish! ball! and! surface! lunging,! confirming! effective
predation.

Similar! to ! other! Balaenopteridae,! humpback! whales! are! filter
feeders! and! support! their! large! body! size! using! lunge! feeding,! both
at! depths! and! near! the! surface,! to! engulf! large! amounts! of! prey
(Goldbogen! et ! al.,! 2008;! Hazen! et! al.,! 2009). ! Adapting! feeding! strate-
gies! to! prey! availability! and! environmental! conditions,! humpback
whales! display! a! large! repertoire! of! feeding! behaviors,! including
surface! lunging! (Friedlaender! et ! al.,! 2009;! Hain! et ! al.,! 1995),! bottom
feeding! with! associated! prey! flushing! (Hain! et! al.,! 1995),! bubble
net! feeding! (D’Vincent! et! al.,! 1985;! Hain! et ! al.,! 1982;! Jurasz! and
Jurasz,! 1979;! Wiley! et ! al.,! 2011)! and! lobtail! feeding! (Weinrich! et! al.,
1992).! As! such,! humpback! whales! appear! as! one! of! the! most! ver-
satile! baleen! whales! in! terms! of! feeding! techniques! (Friedlaender
et! al., ! 2009;! Hain! et! al., ! 1982). ! Evidence! for! opportunistic! feeding
has! also! been! documented! by! Stockin! and! Burgess! (2005),! who
reported! on! an! adult! humpback! whale! joining! and! feeding! on! a
fish-ball! cooperatively! herded! below! the! surface! by! Indo-Pacific
bottlenose! dolphins,! while! the! whale! was! migrating! along! the
coast! of! Australia.! This! previous! study! supports! our! observations! of
humpback! whales! taking! advantage! of! bait ! balls! herded! by! another
cetacean! species.! Indeed,! in ! most! of! our! feeding! observations,! killer
whales! had! herded! the! herring! into! a! compact! ball! below! the! sur-
face! when! humpback! whales! reached! the! feeding! event.! Because
studies! elsewhere! showed! that! surface! feeding! humpback! whales
maximize! their! foraging! efficiency! by! preferentially! lunge-feeding
on! denser! and! shallower! prey! patches! of! vertical! configuration
(Friedlaender! et ! al.,! 2009;! Hazen! et! al.,! 2009;! Sharpe,! 2001),! we! sug-
gest! that! humpback! whales! aggregating! with! foraging! killer! whales
can! directly! access! a! highly! rewarding! shallow! prey! patch,! opti-
mally! concentrated,! without! the! costs! associated! with! prey! location
and! herding.

The! systematic! occurrence! over! multiple! years! of! a! large! mass! of
wintering! herring! in! relatively! confined! fjords! represents! an! impor-
tant! predictable! food! source! for! both! killer! whales! and! humpback
whales.! The! NSS! herring! is! known! to ! form! dense! layers! up! to ! several
kilometers! in! length! when! wintering! in! fjords,! being! highly! concen-
trated! over! an! extensive! area! that! would! largely! enable! predators! to
forage! independently! (Foote! et ! al., ! 1996). ! Instead,! we! found! feeding
aggregations! composed! of! humpback! and! killer! whales! that! hap-
pened! more! often! than! expected! by! chance.! Because! killer! whales

Table! 4
Contingency! table! summarizing! all! 109! trips.! When! both! humpback! (Mn)! and! killer! whales! (Oo)! were ! observed! on! the! same! trip,! observation! counts! are ! given! for! the! two
species! seen! “Together”! (T;! within! 100! m ! distance! for! at! least! 5! min, ! see! Methods)! and! “Apart”! (A).

Oo! observed! feeding! Oo! observed,! but! not! feeding! Oo! not! observed

Mn ! observed! feeding! T:! 47
A:! 0

0! 1

Mn ! observed,! but! not! feeding! T:! 1
A:! 0

T:! 5
A:! 14

2

Mn ! not! observed! 11! 19! 9
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were! the! initiating! species! in ! 94%! of! the! observed! feeding! events
(when! this! parameter! could! be! positively! assessed)! and! because
humpback! whales! aggregated! at ! a! later! stage,! we ! hypothesise! that
humpback! whales! may ! benefit! more! from! these! interactions! than
killer! whales.! Our! observations! thus! suggest! killer! whales! as! the
catalyst! species,! whose! feeding! behavior! is! detected! by! opportunist
humpback! whales! that! subsequently! aggregate! on! food! patches.

Killer! whales! are ! acoustically! active! when! foraging! on! herring,
producing! high! rates! of! calls! and! echolocation! clicks! (Simon! et! al.,
2007a,! 2007b).! Therefore,! we! assume! that! humpback! whales! can
hear! vocal! herring-feeding! killer! whales,! attracting! them! towards
the! feeding! spot.! This! was! supported! by! an! observation! of! two ! rest-
ing! humpback! whales! that! suddenly! started! travelling,! and! that
we! followed! for ! about! 1! km! before! reaching! a! pod! of! carousel
feeding! killer! whales.! The! humpback! whales! clearly! joined! the
feeding! event! as! they! surface-lunged! twice! through! the! herring
ball.! Evidence! for! humpback! whales! being! capable! of! long-distance
detection! and! response! to! killer! whales’! vocalizations! has! been! doc-
umented! by! Pitman! et ! al.! (2017)! and! Curé! et! al.! (2015). ! The! latter
study! also! suggested! that! humpback! whales! perceive! some! killer
whale! vocalizations! as! a! threat,! as! humpback! whales! displayed
marked! avoidance! behavior,! an! anti-predator! response,! upon! hear-
ing! vocalizations! of ! killer! whales! recorded! during! mammal-killing
events.! However,! humpback! whales’! reaction! to! fish-eating! killer
whale! vocalizations! was! not! tested.! It! has! been! shown! that! har-
bor! seals! are! able! to! discriminate! between! fish! feeding! and! marine
mammal ! feeding! killer! whales! through! learning! and! habituation,
and! it! is! likely! that! humpback! whales! have! also! habituated! to
sounds! produced! by! fish! feeding! killer! whales! in! the! study! area
(Deecke! et! al.,! 2002). ! On! the! other! hand,! recent! studies! suggest! that
killer! whales! rarely! prey! on! adult! baleen! whales,! but! instead! direct
their! attacks! on! calves! in! breeding! grounds! or! on! their! first! migra-
tion! to! feeding! grounds! (McCordic! et! al.,! 2014;! Mehta! et ! al.,! 2007;
Pitman! et! al.,! 2015).! Humpback! whale! calves! were! not! observed
in! our! study! area! and! killer! whales! are! specialized! on! feeding! on
herring! during! the! winter! months.! In ! such! an! ecological! context,
humpback! whales! may ! not! perceive! killer! whales! as! predators,! pro-
moting! the! occurrence! of! observed! feeding! aggregations! as! a! novel
non-predatory! type! of! interaction! between! the! two ! species.

In! the! previous! wintering! grounds! of! NSS! herring! (Tysfjord,
Ofotfjord! and! Vestfjord)! where! killer! whales! were! present,! hump-
back! whales! were! not! observed! during! 20! years! of! fieldwork
(1986–2006,! Tiu ! Similä! pers.! comm).! The! current,! more! offshore
wintering! grounds! of! the! herring! stock! have! brought! the! two
species! together! where! humpback! whales,! as! a! highly! adaptive
species,! appear! to ! actively! aggregate! with! foraging! killer! whales
for! direct! access! to! prey,! with! presumably! reduced! costs.! Although
competition! was! not! investigated! in! this! study,! some! feeding! events
were! terminated! almost! instantly! after! humpback! whale! lunging
was! observed,! which! suggests! potential! competition! costs! for ! killer
whales,! which! may ! greatly! vary! with! the! effort! put! into! the! prey
location! and! herding! processes.! Nøttestad! et ! al.! (2002)! observed
killer! whales! diving! to ! 160–180! m! depth,! where! the! herring! remain
during! the! daytime,! and! lifting! dense! schools! to ! the! surface! by! coor-
dinated! actions.! Because! such! foraging! behavior! in! deep! waters
demands! a! lot! of! energy,! losing! the! herring! ball! to ! opportunis-
tic! humpback! whales! could! represent! a! significant! cost! to! killer
whales.! Our! observations! were! made! in! areas! where! depths! mostly
spanned! 50–100! meters.! If! the! herring! schools! that! are! foraged
upon! come! from! small! schools! that! remain! in! shallow! waters! during
the! day! (Nøttestad,! 1998),! then! any! induced! costs! to ! killer! whales
may! be! lower! than! presumed,! as! they! can! easily! move! to ! another
shallow! prey! patch.! However,! it! cannot! be! ruled! out! that! the! killer
whales! had! strategically! pushed! the! herring! towards! these! shal-
lows! as! a! feeding! strategy! (Nøttestad,! 2002).! If! they! subsequently
lose! the! herded! bait-ball,! significant! costs! would! be! induced.

Humpback! whales! migrate! annually! between! high-latitude
feeding! grounds! and! tropical! breeding! areas,! where! they! mainly
rely! on! their! fat! stores! (Clapham! and! Mead,! 1999). ! As! such,! pre-
dictably! available! food! patches,! with! reduced! foraging! costs,! in
either! the! departure! region! or! along! the! migration! route! may ! con-
stitute! a ! valuable! additional! prey! intake! (Stevick! et! al., ! 2003). ! We
do! not! claim! that! humpback! whales! rely! on! the! killer! whales’! skills
for! efficient! herring-feeding.! However,! we ! suggest! that! aggregating
with! feeding! killer! whales! may ! have! become! an! emerging! foraging
strategy! for! humpback! whales! in! northern! Norwegian! fjords! during
the! winter! months.
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Abstract

Killer whales (Orcinus orca) in Norwegian waters have long

been known to rely on Atlantic herring (Clupea harengus) as a

main prey resource. However, research almost exclusively con-

ducted at seasonal herring grounds may have biased studies

away from detecting other potentially significant prey species.

Since 2013, dedicated research efforts have focused on moni-

toring killer whale occurrence and foraging ecology throughout

the year in northern Norway. This study presents results on

site-fidelity of photographically identified individuals, predation

records and behavioral patterns from five spring seasons

(March–April) in 2014–2018 in Andfjord, northern Norway.

A minimum number of 75 adult and subadult killer whales (out

of a catalog of 971 individuals) returned seasonally to the

study area for foraging and residency for up to six weeks.

Lumpfish (or lumpsucker, Cyclopterus lumpus) was the only

type of prey identified (based on molecular or visual identifica-

tion) on 22 predation events from 2016 (n = 4), 2017 (n = 2)

and 2018 (n = 16). Spatial group cohesion observed when for-

aging was a potential adaptation for efficiently hunting this

prey species. These whales were also encountered at herring

wintering grounds the same years, but with different group

sizes. Such behavioral adaptations suggested intraannual

switching between prey resources and foraging strategies.
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1 | INTRODUCTION

The killer whale (Orcinus orca) is found in all the world's oceans and as a species is generalist, with a wide range of

prey documented including fish, marine mammals, cephalopods, reptiles and seabirds (Ford, 2009). However,

populations have been shown to be prey specialists. For example, in the temperate coastal northeastern Pacific, killer

whales feed exclusively on either marine mammals or fish, (Baird & Dill, 1995; Ford & Ellis, 2006; Ford et al., 1998).

Such prey specialization, including underlying foraging behavior and knowledge about particular prolific feeding

areas, are culturally transmitted in the form of learned behavior within groups and persist over time (Ford et al.,

1998; Riesch et al., 2012). Resulting ecological and cultural divergences among social groups promote the formation

of sympatric socially and genetically isolated ecotypes (Foote et al., 2016; Ford & Ellis, 2014). Divergent foraging

strategies, by creating differences in occurrence and movement patterns as well as social organization, may further

play a role in population structuring (Hoelzel et al., 2007; Morin et al., 2010; Parsons et al., 2013).

In the North Atlantic, two ecotypes of killer whales were proposed based on dietary specialization, Type 1 and

Type 2, with nitrogen stable isotope values and tooth wear used as proxies to indicate key prey choice for each type

(Foote, Newton, Piertney, Willerslev, & Gilbert, 2009; Foote, Vester, Vikingsson, & Newton, 2012). Type 1 refers to

killer whales from Iceland, Norway, and the North Sea, which rely on the Atlantic herring (Clupea harengus) and/or the

Atlantic mackerel (Scomber scombrus) as their main food source(s). In contrast, Type 2 primarily feeds on other ceta-

ceans. However, this simplistic classification seems unlikely to encapsulate the broad-scale diversity of the diet of

North Atlantic killer whales. In fact, there is strong evidence for interindividual variation in the relative proportions of

prey types consumed within Type 1 killer whales. For example, some may also prey on pinnipeds, as evidenced by field

observations (Foote, Similä, Vikingsson, & Stevick, 2010; Jourdain, Vongraven, Bisther, & Karoliussen, 2017; Samarra

et al., 2018; Vongraven & Bisther, 2014). As such, different feeding specializations may exist within populations. Recent

studies using ecological tracers were further supportive of interindividual variation in dietary habits among regions

(e.g., Faroe Islands/Denmark vs. Greenland; Bourque et al., 2018), within regions (Samarra, Vighi, Aguilar, & Vikingsson,

2017), and within social groups (in Greenland, see Bourque et al., 2018). However, the lack of killer whale identification

data and predation records for most regions has impeded our understanding of fine-scale seasonal and/or group-

specific prey specializations so far. The potential occurrence of variable foraging strategies and dependence on main

and alternative prey resources remains to be investigated further in the North Atlantic.

Between 1986 and 2005, Norwegian killer whale studies were mainly focused on wintering grounds of the

Norwegian Spring Spawning (NSS) stock of the Atlantic herring. At that time these grounds were located in a fjord

system (Vestfjord-Ofotfjord-Tysfjord) in the Lofoten region, northern Norway (68!130N, 15!370E). Research efforts

were focused on photographic identification and investigation of feeding behavior, occurrence patterns, social ecol-

ogy, and acoustics (Domenici, Batty, Similä, & Ogam, 2000; Similä, 1997; Similä & Ugarte, 1993; Similä, Holst, &

Christensen, 1996; Van Opzeeland, Corkeron, Leyssen, Similä, & Van Parijs, 2005; Van Parijs, Leyssen, & Similä,

2004). These studies highlighted killer whales as efficient herring predators using specialized feeding strategies

(e.g., Similä & Ugarte, 1993). Photo-identification surveys conducted on both wintering and spawning grounds of the

NSS herring, combined with satellite tracking of six individual whales tagged in 2000 and 2001, further suggested

that some groups may follow the herring's movements for most of the year (Bisther & Vongraven, 1995; Stenersen &

Similä, 2004; Similä et al., 1996), though effective herring foraging offshore remained largely inconclusive. As a result,

and due to lack of evidence for additional prey items, herring has been regarded as the main prey for killer whales in

Norwegian waters. This conclusion was further supported by a lack of intrapopulation variation in stable isotope

values from skin samples collected from whales in the NSS wintering grounds (Foote et al., 2012).

However, focusing research efforts on seasonal herring grounds may have biased studies away from detecting

other potentially significant prey species. In fact, recent studies conducted outside seasonal herring grounds docu-

mented predation on Atlantic salmon (Salmo salar; Vester & Hammerschmidt, 2013), Atlantic mackerel (Nøttestad et al.,

2014), harbor porpoise (Phocoena phocoena; Cosentino, 2015), and on pinnipeds (Jourdain et al., 2017; Vongraven &
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Bisther, 2014), suggesting intrapopulation ecological variation. Combining sighting and predation records of individuals

over time would help in assessing prey specializations of killer whales in this region.

Longitudinal photo-identification studies, as initiated by colleagues three decades ago, have been reestablished

in 2013 at current herring wintering (November–February) grounds (see Huse, Fernö, & Holst, 2010; Jourdain and

Vongraven, 2017). From mid-January to mid-February, the herring migrate to the main spawning area located

800–1,000 km south, off the central coast of Norway (Dragesund, Johannessen, & Ulltang, 1997), leading to the

departure of the winter aggregating killer whales. Research efforts yet maintained throughout the rest of the year in

the study area aimed at collecting photo-identification data and predation records.

Here, we report on a subset of known herring-feeding killer whales showing site-fidelity in a northern Norwegian

fjord in spring (March–April), after the herring has departed, for the period 2014–2018. Behavior and predation

records were collected over multiple years in order to assess foraging as a predominant function for seasonal use of

the area in spring, and to identify the target prey. Group cohesion was investigated with reference to the focal prey

and group sizes were compared to winter observations for insights into behavioral adaptations and therefore, indica-

tion of seasonal prey switching and specialization for these whales.

2 | MATERIALS AND METHODS

2.1 | Data collection

Data were collected in March–April of 2015–2018 east of Andøya (Andfjord, 69!190N, 16!080E; Figure 1), in

Vesterålen region, northern Norway. Because killer whale presence was not known to be regular in the study area at

this specific time of year, surveys were largely opportunistic, and effort varied considerably across years. In 2015,

surveys were always conducted in response to sightings being reported by locals. In the following years, and based

on the 2015 sighting records, land-based watches searched for killer whales on good weather days, as did oppor-

tunistic boat surveys, in addition to relying on sighting reports. Supplementary photographs of individual killer

whales within the study area with associated date and time data were provided by local wildlife photographers for

April–March of 2014–2017, and those of high enough quality were accepted for use in the analyses.

Surveys were conducted on a 20-ft-long (6 m) aluminum research vessel in sea conditions of Beaufort scale 4 or

less. We defined an encounter as a sighting of a group of killer whales. A group was defined as all individuals

observed in apparent association, acting in a coordinated manner during the observation period and which were

within the visual range of the observers (as per Baird & Dill, 1995). For each encounter, the geographic position (GPS

Garmin) was recorded and the whales were systematically photographed using a digital reflex camera and a mounted

lens of 70–200 mm in focal length. Predominant behavioral pattern, group size estimate and cohesion index (see

below) were also recorded at 5-min intervals for the majority of surveys. Surveys terminated when the group was

lost from sight, traveled away from the study site, or if light and/or sea conditions deteriorated.

Behavior was divided into five categories (adapted from Ford, 1989): (1) Foraging—erratic swimming in varying

directions, sudden lunges and high-speed swimming, presence of prey fragments and seabirds; (2) Traveling—

consistent movement with all group members, in a tight group formation, following the same course at the same

speed, while displaying synchronous dives and surfacings; (3) Milling—low speed movement with individuals engaged

in frequent changes in direction leading to no directional movement by the group; (4) Resting—low level activity with

individuals being stationary lined-up and floating motionless at the surface while displaying coordinated breathings;

(5) Socializing—high energy activity in which individuals may physically interact with one another and/or perform

aerial displays such as leaps, tail slaps, and spy-hops (defined as vertical half-rise of the body out of the water). Activ-

ities displayed by the majority of the whales were considered as the main behavioral pattern for the group.

Spatial cohesion of the group, often variable throughout encounters, was characterized using a cohesion index

(CI) (adapted from Daura-Jorge, Wedekin, Piacentini, & Simões-Lopes, 2005). Within a group, individuals scattered

over distances (visually assessed) greater than 200 m were classified as low cohesion (CI = 1), individuals occupying a
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F IGURE 1 Location of the study area in northern Norway. Box A corresponds to Andfjord where the data
presented in this study were collected. Box B locates the wintering herring grounds where the whales identified in this
study were encountered in November–February in 2015–2018 while feeding on herring. Spatial distribution of killer
whale encounters during March–April in 2014–2018, with corresponding behavioral patterns are plotted. Depth
contours (m), as well as GPS tracks (blue plots) of the opportunistic surveys conducted in 2018 are also shown.
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60–200 m area were classified as intermediate cohesion (CI = 2) and individuals aggregated within 50 m were classi-

fied as high cohesion (CI = 3). Smaller subgroups, often composed of adult female(s) with offspring(s), were consid-

ered as part of the main group. Classifications were made by the same observer throughout the study, reducing

potential observer-related bias.

From 2016 onwards, collection of tissue fragments from prey killed and consumed by killer whales was also

attempted. Based on the methods developed by Ford et al. (1998), we used speed bursts, directional chases, fast and

sharp turns, and head-nodding movements of surfacing whales along with scavenging seabirds as clues to feeding

events. Upon detection of such events, the research vessel slowly approached the focal whale, stopped in the fluke

print (glassy area visible at the surface as the whale dives and its tail creates an upwelling, as defined by Ford & Ellis,

2006) and observers assessed potential presence of prey remains in the water column. Using a long-handled (3 m)

fine-mesh net, one observer onboard collected any accessible prey fragments. Because collection was challenged by

fast-sinking prey parts and common rough sea state, a professional free-diver assisted in collection of prey remains

in April 2018. Upon collection, fragments were placed in a plastic bag and stored in a cooling box while in the field.

Ashore, fragments were stored in 1.5 ml vials containing 95% ethanol at −20!C until analysis.

Whenever a focal whale was observed feeding at close range to the vessel, photographs were also taken in an

attempt to visually-identify target prey species. An unmanned aircraft DJI Phantom IV carrying a DJI 1/2.3” CMOS

camera was used on three days in 2018 to capture still images and video footage of prey capture events.

2.2 | Data processing

Killer whales were individually identified based on location and number of notches in the leading and/or trailing edge

of the dorsal fin, along with pigmentation pattern of and natural markings occurring on the saddle patch (Bigg, 1982).

Only individuals displaying one or several unique features were considered as distinctive and effectively catalogd.

Calves and other individuals lacking persistent identifying markings were excluded. Individuals with distinctly taller

dorsal fins were classified as “Male” (Olesiuk, Bigg, & Ellis, 1990), adult female-sized individuals repeatedly seen with

one calf or older offspring(s) swimming in echelon position throughout the study period were qualified as “Female”

and individuals for which sex was uncertain were qualified as “Unknown.” Photographs were scored for quality

(0 < Q < 2) based upon sharpness, contrast and angle. To minimize misidentification, only excellent quality

(Q2) photographic records of distinctive cataloged killer whales were considered in this study. Both left- and right-

side identification photos were used for ID, but only whales cataloged from the left side were retained for analysis.

2.3 | Data analysis

2.3.1 | Sighting and behavioral patterns

To assess site-fidelity patterns, individual sighting records were compared across days and years. Despite sampling

biases due to uneven effort throughout seasons and across years, we considered minimum residency to be informa-

tive of individuals' site-fidelity periods within seasons. Therefore, the number of days elapsed from the first to the

last sighting within each season was calculated for each individual, as compared to the total length of survey period

for each given season (as per Weinrich, Martin, Griffiths, Bove, & Schilling, 1997). Mean residency values were calcu-

lated across individuals per season, excluding individuals not seen, and averaged for the entire study period.

To investigate seasonal usage of the study area, relative predominance of observed behavioral states was calcu-

lated. Further seasonal behavioral characteristics, assumed to be adaptive to the target prey, were tested as follows.

A chi-squared test was used to test the relationship between behavior and cohesion index (CI). Due to low occurrence,

records of resting and socializing behaviors were not included in the test. Records of group size collected for this study

were compared to group sizes recorded at herring wintering grounds for these same whales in 2015–2018 using a

Mann–Whitney-Wilcoxon test. Statistical tests were performed using R software (R Core Team, 2016).
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2.3.2 | Molecular and visual prey identification

Molecular analyses were conducted on prey tissue samples for identification of target species. Total DNA from

11 samples was extracted from ethanol-preserved samples following standard procedures (Sambrook, Fritsch, &

Maniatis, 1989). A fragment of the cytochrome c oxidase I gene (COI) was PCR-amplified using the GoTaq G2 Hot

Start Colorless Master Mix (Promega) and the primers Pros1Fwd and Pros2Rev (Sparks & Smith, 2004) with an

annealing step at 46!C. Direct sequencing was carried out in both directions at the technical facilities of the

Genotyping and Sequencing Platform of the Institut des Sciences de l'Evolution de Montpellier (ISEM). Sequences

were then aligned in MEGA v7 (Kumar, Stecher, & Tamura, 2016) and blasted (https://blast.ncbi.nlm.nih.gov/Blast.

cgi) against sequences from the GenBank database (https://www.ncbi.nlm.nih.gov/genbank/). Photographs and

video footages of predation events were scanned for visual identification of prey species.

3 | RESULTS

3.1 | Effort

From 2015 to 2018, 42 days at sea in March–April resulted in 123.2 hr spent with killer whales and 14,170 photo-

graphs taken over 51 encounters from a dedicated research vessel. Photographic contributions from wildlife photog-

raphers led to 11 additional encounter days for the period 2014–2017. Behavior and CI were recorded for 62 hr

from 48 encounters. Molecular (n = 11) and photographic (n = 11) evidence enabled positive identification of prey

species for 22 predation events from 11 encounter days in 2016–2018. For the period 2014–2018, photographs

resulted in 276 identifications of 75 distinctively marked individuals (Figure 2). The number of identified individuals

per season varied from a minimum of six (in 2014) to a maximum of 42 (in 2018), with a mean of 27 (standard devia-

tion SD = 13.3). Poor weather conditions in 2015 and 2017 resulted in lower numbers of encounter days and identi-

fications for these years. Sampling effort is summarized in Table 1.

F IGURE 2 Cumulative number of identified individual killer whales in Andfjord in March–April plotted against
cumulative identifications. Each data point represents a survey. The 1:1 plot is shown for reference. Dashed lines
separate the five calendar years (2014–2018).
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3.2 | Characterization of individual killer whales

The 75 identified individuals represent 7.7% of the 971 killer whales identified in the study area (Jourdain &

Karoliussen, 2018). Of these, 34 (45.3%) were adult males, 21 (28%) were adult females and 20 (26.7%) were of

unknown sex; 61 (81.3%) were encountered at herring wintering grounds on one or multiple years between 2013

and 2018 (unpublished data). Social associations appeared highly variable across encounters, and thus we considered

individuals independently. Plotting the cumulative number of newly identified individuals in the period March–April

from 2014 to 2018 revealed a steadily decreasing identification rate, suggesting that most distinctive whales using

Andfjord in spring had been identified during the study (Figure 2).

3.3 | Sighting frequencies

Of 75 individuals, 20 (26.7%) were sighted only once, while 55 (73.3%) were sighted during two or more encounters

in March–April from 2014 to 2018. Of these, 40 were seen in multiple years (range = 2–4; Figure 3). Averaging all

five spring seasons, individuals were sighted during a mean of 1.8 seasons (SD = 0.9, range = 1–4) and on 3.7 d

(SD = 2.7, range = 1–12). For individuals sighted on a minimum of two encounter days within each spring season

(Figure 3), mean (minimum) residency varied from 8.3 days (in 2015) to 16 days (in 2018) leading to a mean of

11.3 days (SD = 6.2, range = 2–39; Table 2) throughout the study period.

3.4 | Behavioral patterns

Foraging (70.3%) and traveling (23.9%) represented the most frequently observed behavioral states, while milling,

resting, and socializing accounted for less than 6% of the observations. Group cohesion varied with behavior

(χ2 = 3,940, df = 4, p < .001). Individuals adopted a tighter group formation when traveling as opposed to scattered

over several hundred meters and up to 1 km when foraging. Groups encountered were significantly smaller (Mann–

TABLE 1 Sampling effort for the period March–April in 2014–2018 in Andfjord.

2014 2015 2016 2017 2018 Total

Dedicated effort by researchers

Effort days 0 7 11 6 20 44

Encounter days 0 7 11 4 20 42

Killer whale encounters 0 7 15 4 25 51

Hours spent with whales 0 11.7 22.8 8.1 80.6 123.2

Hours of behavioral sampling 0 6.0 13.7 4.3 38.0 62.0

Photographs taken 0 2,480 5,080 990 5,620 14,170

Predation events for which prey remains were collected 0 0 2 0 9 11

Predation events for which prey were visually identified 0 0 2 2 7 11

Additional photographic contributions

Encounter days 1 0 3 7 0 11

Photographs provided 300 0 127 1,280 0 1,707

Total

Encounter days 1 7 14 11 20 53

Identifications 6 41 70 40 119 276

Distinct individuals 6 29 33 25 42 —
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Whitney-Wilcoxon: W = 297, p = .001) in spring (median = 8, range = 1–30, n = 49) than in winter (median = 14,

range = 1–40, n = 23; Figure 4).

3.5 | Prey identification

Prey fragments from all 11 predation events sampled were identified to be from lumpfish (Cyclopterus lumpus;

Table 3). The alignment of the COI fragment was 587 nucleotides long. From the 11 sequences obtained for molecu-

lar identification, all BLAST queries resulted in the identification of the lumpfish with 99% to 100% of similarity with

the sequence JN311799 (Knebelsberger et al., 2014). The new sequences were deposited in GenBank under the

accession numbers MF688049 and MH922998-MH923009.

Photo and aerial video material enabled unambiguous identification of the lumpfish as the consumed prey for

seven and four additional predation events, respectively (Figure 5, Table 3).

Thirteen individual killer whales were confirmed feeding on lumpfish from these 22 predation events, of which

five were adult males, three were adult females and five were of unknown sex including three subadults (Table 3).

Five individuals (NKW-0004, NKW-0572, NKW-0712, NKW-0715, and Y093) fed on lumpfish on multiple occasions

(range = 2–4) during the same encounter. Adult male NKW-0004 was further confirmed to be feeding on lumpfish

over two different days, five days apart, in April 2018.

F IGURE 3 (a) Distribution of individual sighting frequencies within season (March–April), averaged over the
entire study period 2014–2018; (b) Distribution of individual sighting frequencies across years, that is, number of
seasons (March–April) in which individuals were photographed from 2014 to 2018.

TABLE 2 Summary of the parameters used to assess minimum residency of killer whales in Andfjord during
March–April in 2014–2018. Calculated residency should be considered as minimum values due to opportunistic data
collection.

2014 2015 2016 2017 2018

Number of encounter days 1 7 14 11 20

First-to-last encounter period (days) — 19 32 42 44

Individuals resighted — 9 21 8 26

Residency mean ± SD (min–max) — 8.3 ± 3.7 (2–14) 10.6 ± 4.8 (3–20) 10.3 ± 6.2 (4–16) 16 ± 10.3 (4–39)
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F IGURE 4 Distribution of group size adopted by the lumpfish-feeding killer whales when encountered at the
lumpfish spawning grounds (n = 49) vs. herring wintering grounds (n = 23) in 2015–2018. Data distribution is
displayed as second and third quartiles (box plot), median (vertical crossing line) and mean (star symbol) values for
spring and winter seasons.

TABLE 3 Summary of predation
events for which evidence was collected
for identification of the target prey. All
resulted in identification of the lumpfish
as prey species.

Events Date Evidence ID

1, 2 April 30, 2016 Prey fragments NKW-0712

3, 4 April 30, 2016 Photographs NKW-0712

5, 6 April 12, 2017 Photograph NKW-0572

7 April 5, 2018 Prey fragments NKW-0004

8–10 April 9, 2018 Prey fragments NKW-0004

11 April 9, 2018 Photographs NKW-0912

12 April 11, 2018 Photographs NKW-0079

13 April 12, 2018 Prey fragments NKW-0910

14 April 13, 2018 Aerial footage Unidentified subadult

15 April 13, 2018 Aerial footage NKW-0998

16 April 14, 2018 Aerial footage NKW-0908

17 April 15, 2018 Aerial footage Unidentified subadult

18, 19 April 22, 2018 Prey fragments NKW-0715

20 April 22, 2018 Prey fragments NKW-0716

21 April 24, 2018 Prey fragments Y093

22 April 24, 2018 Photographs Y093
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4 | DISCUSSION

We have shown that a subset of killer whales seasonally visited Andfjord in March–April of 2014–2018 and

remained in the area for several days and up to several weeks. Most of these whales were also encountered at her-

ring wintering grounds in the same years. This further supports the idea that killer whales make adaptive seasonal

movements in response to spatial and temporal changes in prey availability in this region (Similä et al., 1996). Marked

seasonality and predominance of foraging in spring suggests the use of a seasonally reliable food source. All 22 preda-

tion events where the prey was identified revealed lumpfish to be the target prey species in March and April.

The lumpfish is widely distributed throughout the Norwegian Sea (Holst, 1993). It remains offshore often at abyssal

depths most of the year and migrates to coastal breeding areas from April to July (Davenport, 1985). Due to dorsal

muscles allowing only limited locomotory abilities (Davenport & Kjørsvik, 1986), the lumpfish travels at low swimming

speeds (i.e., 0.72 km/hr in Mitamura et al., 2012). Spawning male and female lumpfish are about 28–30 and 40–45 cm

in length, respectively (Albert et al., 2002). Spent females may complete spawning over a period of a few weeks and

then return to the open ocean, or alternatively may visit adjacent fjords to lay eggs at multiple locations (Goulet,

Green, & Shears, 1986; Mitamura et al., 2012). Males then guard the nest until the eggs hatch 6–10 weeks later

(Davenport 1985). These movement patterns suggest seasonal increased availability of the lumpfish nearshore in

spring, as supported by exclusive seasonal fishery from April through mid-June for this species (Bertelsen, 1994).

To the best of our knowledge, the lumpfish has not hitherto been reported as a prey species of Norwegian killer

whales, despite previous analysis of 95 stomach contents (Christensen, 1982) and observational studies (e.g., Similä

& Ugarte, 1993; Similä et al., 1996). However, the lumpfish was listed as prey of killer whales off West Greenland,

where stomachs of 30 harvested killer whales contained only lumpfish (Laidre, Heide-Jørgensen, & Orr, 2006), and

off Iceland from sporadic predation records (Samarra et al., 2018). Our results list the lumpfish as prey for killer

whales in an additional region of the North Atlantic. Lumpfish repeatedly recorded as prey within single season

(n = 16 records in 2018) and across years (2016–2018; Figure 5, Table 3) in this study suggests consistency of this

seasonal dietary pattern, likely in response to the increased availability of lumpfish when migrating horizontally

towards spawning areas.

In spring, not only were encountered killer whales and predation records consistent across seasons, but observed

foraging behavior was in striking contrast to cooperative herring feeding strategies observed from November to

February in the same region (Jourdain & Vongraven, 2017). When feeding on herring, killer whales aggregate in a

tight group formation for coordinated school-herding, prior to slapping the fish with the underside of their flukes

and then individually consuming stunned fish (Similä, 1997; Similä & Ugarte, 1993). Similar hunting behavior of killer

whales feeding on schooling mackerel in the Norwegian Sea in July–August has also been observed (Nøttestad et al.,

2014). In contrast, killer whales foraging on solitary lumpfish (Davenport, 1985) were spread over several hundred

meters and aerial footage supported individual rather than group-based foraging. This behavior appears more similar

to that of killer whales feeding on loose patches of Atlantic salmon in the Lofoten region, Norway (Vester &

Hammerschmidt, 2013). This is in further support of killer whales adapting feeding strategies to behavioral traits of

target prey (e.g., Baird & Dill, 1995; Samarra & Miller, 2015; Similä & Ugarte, 1993). Lumpfish-feeding killer whales

also adopted smaller group sizes in spring than when observed at herring wintering grounds (Figure 4). By maximizing

energetic gain, smaller groups could be adaptive to foraging on a scattered prey resource as opposed to highly con-

centrated wintering herring, where a more cooperative foraging strategy is required (Nøttestad & Axelsen, 1999;

Nøttestad, Ferno, & Axelsen, 2002). Our results bring the first robust evidence, featuring individual records of site

fidelity, behavior, and predation over several years, for seasonal adaptation and switching between alternative prey

resources in Norwegian waters.

The NSS herring is found in most dense aggregations on its wintering grounds, compared to lower densities due

to looser schools on spawning and feeding grounds (Nøttestad et al., 1996). The NSS herring is also subject to impor-

tant changes in fat content throughout its life cycle with the highest rate of energy depletion occurring during the
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spawning migration. As such, herring fat content is about 22% when entering the wintering area in September and is

reduced to eight to 10% after spawning in February–April (Slotte, 1999). As herring both loses fat content and

becomes more dispersed in spring, lumpfish with fat content ranging from >8% for gravid females to 20% for males

(Davenport & Kjørsvik, 1986) enters the coastal waters to spawn. Some killer whale groups may have diversified

their diet and be able to switch to foraging on this alternative, seasonally abundant and apparently relatively

nutritious, prey.

Our results showed that at least 75 different killer whales have adapted to the seasonality of spawning lumpfish

in Andfjord, returning year after year for temporary residence and foraging (Figures 2 and 3, Table 2). This represents

7.7% of the total number of marked individuals identified in the study area between 2007 and 2018 (Jourdain &

Karoliussen, 2018). This number should be considered as a baseline minimum since it does not include unmarked

individuals and calves also observed feeding on lumpfish during this study. Additionally, because this study was

entirely based on opportunistic efforts and covered a relatively small area, and because killer whales may temporarily

travel away from feeding sites or display group-specific preferences in habitat use, individuals or entire groups may

have been undetected (Kuningas, Similä, & Hammond, 2014). While the lumpfish is a common species along the Nor-

wegian coast with spawning grounds found in multiple regions (Davenport, 1985; Holst, 1993) it could very well be

part of the diet of killer whales elsewhere and this feeding behavior could be important at the population level.

Although the NSS herring has long been assumed to be the main prey of killer whales in Norway, recent year-

round data collection efforts uncovered persistent dietary specializations on pinnipeds (Jourdain et al., 2017) and on

lumpfish (present study) in northern Norway. This highlights the likelihood that killer whale research conducted on a

seasonal basis can miss seasonal specialized feeding behaviors and underestimating important prey resources. Our

results further emphasize the importance of individual-focused studies, allowing for the detection of interindividual

variations in dietary habits and prey specializations.

F IGURE 5 Sample of photographs used as evidence supportive of killer whale predation on lumpfish in Andfjord.
All photos were taken in April 2016–2018; (a) Lumpfish observed below the surface prior to capture and
consumption by adult male killer whale NKW-0572; (b) Adult male killer whale NKW-0712 catching a lumpfish;
(c) Adult female-sized killer whale feeding on the carcass of a lumpfish; (d) A subadult killer whale consumed the
inner part of a lumpfish before discarding the carcass.
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Abstract

Killer whales (Orcinus orca) have been documented preying on either fish or marine mam-

mals in several regions, suggesting that this odontocete species has the ability to specialize

on different types of prey. Off Norway, killer whales have been shown to rely on the Atlantic

herring (Clupea harengus) as a main prey resource. Infrequent observations have revealed

seals as an additional component of their diet, yet the extent of predation on marine mammals

has remained largely unknown. Here, we present the findings of 29 years of photographic

and observational data on seal-feeding killer whale groups identified in Norwegian coastal

waters. Four groups have been observed preying and feeding on seals over several years,

taking both harbor (Phoca vitulina) and grey (Halichoerus grypus) seals. These stable groups

are shown to adopt small group sizes, were typically observed in near-shore areas and were

not encountered on herring wintering grounds. Behavioral and social traits adopted by these

groups are similar to those of pinniped-feeding killer whales from other regions. The potential

ecological reasons and the extent of such prey specializations are discussed.

Introduction

Killer whales (Orcinus orca) are cosmopolitan apex predators, preying on over 140 prey species
including bony and cartilaginous fish, squids, mammals, reptiles and birds throughout their
cosmopolite range [1, 2]. Despite a broad diet, some local populations feed on a narrow range
of prey, adapting feeding strategies to prey type and availability [3–6].

In coastal waters of the eastern North Pacific, the most extensive studies have been focused
on two sympatric ecotypes of killer whales, differing in morphology, pigmentation, acoustics,
social behavior, group size, diet, movement patterns and genetics [4, 7–13]. The so-called resi-
dent type appears to be exclusively fish-feeding, preferentially preying on salmon species,
whereas the transient type preys exclusively on marine-mammals [4, 10, 12, 14].

More recently, similar ecological specializations have been identified in other regions; off
southeastern Alaska [5], Russian Far East [15] and in Antarctica [6, 16, 17]. Interestingly, killer
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whales thought to largely or exclusively specialize on pinniped-prey seem to adopt identical
behavioral and social adaptations as described for transient killer whales [18–20]. A conver-
gence of plastic traits has been suggested as an adaptation to the type of prey being hunted
[21–23].

In the North Atlantic, similar variations in killer whale feeding behavior have been sug-
gested but never sufficiently documented, and a possible ecotype delineation is less clear [24,
25]. Based on analyses of nitrogen stable isotopes and tooth wear in samples from museum
and stranded specimen, Foote and colleagues [26] suggested the presence of a generalist Type
1 and a marine-mammal specialist Type 2, the two being partly sympatric in some overlapping
regions of their respective ranges. Killer whales ranging off Norway, Iceland and in the North
Sea were proposed to be the Type 1, having the Atlantic herring (Clupea harengus) as a main
prey resource but with individual and/or group variations in the proportions of prey items
consumed [26]. An ecological gradient was suggested within this Type 1, with some groups
persistently feeding on higher trophic level prey.

Off Norway, research conducted over the past three decades has largely focused on areas
where killer whales congregate seasonally in large numbers owing to abundance of the Nor-
wegian Spring Spawning (NSS) stock of the Atlantic herring [27, 28]. Seasonal movement pat-
tern, site fidelity of identified individuals as well as complex coordinated feeding behaviors
highlighted killer whales as herring specialists [27–29]. Sporadic predation observations also
suggested additional types of prey including seals and harbor porpoise that support individuals
feeding at higher trophic levels [24, 30, 31]. However, because these opportunistic observations
often lack identification of individuals, the potential ecological specializations of marine mam-
mal eating killer whales in Norwegian waters has remained largely undocumented.

In this study, we document identified killer whales that have been persistently feeding
on seals for a minimum of 30 years in Norwegian coastal waters. To determine if these whales
displayed similar adaptations to pinniped-feeding killer whales in other regions, and as a first
step towards assessing the scope of prey specialization, we looked into specific occurrence pat-
terns, foraging behavior and social structure. Using photo-identification and predation data
collected from 1988 through 2016, the specific aims of the study were to 1) highlight apparent
prey specialization of seal-eating killer whales and 2) provide the first substantial baseline
information about killer whale predation on pinnipeds in Norwegian waters, while contribut-
ing data on behavioral characteristics of seal-feeding killer whales from a newly investigated
region.

Materials andmethods

Data collection

The data set used for this study consisted of records of photo-identified individual killer whales
and observations of predation events from different periods and various areas (Fig 1) as
follows:

1. Long-term killer whale study initiated in 2013 in northern Norway [34]:
Records of predation events involving identified killer whales were collected year round
off Andenes, northern Norway (approximately 69˚19’N, 16˚08’E; Fig 1), as part of a study
on the foraging ecology of killer whales. Field efforts began after a sighting report from a
network of local people including fishermen, all-seasons whale-watching companies and
local inhabitants. Data collection was also conducted seasonally further north, off Troms
(69˚50’N, 18˚30’E), in October-November 2014, 2015 and 2016. On each encounter, infor-
mation including date, time, location, group size estimate and group composition was

Seal-feeding killer whales Norway
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logged. Using a DSLR camera equipped with a telephoto lens, individual killer whales
were systematically photographed throughout the encounters. On a few occasions, highly
distinctive individuals were identified from direct observations in the field. Behavior
and predation events were recorded using Ad libitum sampling methods [35]. Surfacing
whales displaying speed bursts, sudden changes in direction and circling behaviors often
indicated ongoing predation incidents that were documented with photographs and/or
video recordings. Whenever possible, prey species was visually identified on the field or
through photographs. When the whales had finished feeding and moved on, the feeding
spot was approached and prey remains collected using a fine-mesh dip net to confirm prey
consumption. Encounters ended when weather, light and/or sea conditions became too
poor to continue or if visual contact with the whales was lost.

2. Photo-identification study based on central Norwegian coast 1987–1993 [24]:
A photo-identification study was initiated in 1987 in areas covering the herring spawning
ground that was mainly located off the Møre coast, and approximately 100 nm of coastline
north from this area (between latitudes 62˚45’N–64˚05’N and longitudes 6˚–9˚15’E, Fig 1).
From 1987 through 1993, the collecting of ID photographs was opportunistic and con-
ducted from November through March, resulting in a catalogue of 605 individuals [24]. All
photographs were taken with analogue cameras, fitted with 300 mm telephoto lenses and
predation events were recorded Ad libitum [35]. Information including date, time, location
and group size estimate was noted during each encounter. Additional fieldwork was con-
ducted around harbor and grey seal pupping colonies in June and September-October,
respectively. Field studies were conducted in Møre areas in the years 1987–1993 sporadi-
cally during the months November through March. In the period 1990–1993 field studies
during October through December were carried out in the Tysfjord area (68˚16’N, 15˚52’E)
for four consecutive years.

3. Photo-identification study based in northern Norway 1986–2003 [36]:
A catalogue of 585 individual killer whales photographically identified in northern Norway,
as part of a long-term killer whale study, was available for review. This catalogue consisted
of photographs taken in northern Norway in the former NSS herring wintering ground in

Fig 1. Important prey areas and observations of seal-feeding killer whale groups. The left panel (A)
shows seasonal herring grounds since 1990 while the middle panel (B) shows areas of abundance of coastal
seals since 1990 [32]. The right panel (C) shows locations of K and KI whales sightings since 1988. (The map
was made in ESRI ArcGIS software [33] using public domain map data@ naturalearthdata.com).

https://doi.org/10.1371/journal.pone.0180099.g001
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Tysfjord-Ofotfjord-Vestfjord from 1986 to 2003 (work of Similä and colleagues mentioned
in [36]).

4. Opportunistic imagery from other sources:
One video containing unidentifiable whales preying on seals was collected from a wildlife
photographer in 1988 at Orskjera, off the Møre coast (63˚7’N, 7˚15’E). Substantial amounts
of high resolution opportunistic photographs, taken from 2010 through 2016 and accompa-
nied by metadata on date and location, were also provided by wildlife photographers. Pho-
tographs were taken in all seasons in coastal waters between latitudes 62˚ and 72˚ (Fig 1).
Six videos showing killer whales hunting seal prey, including two accompanied by high res-
olution photographs, were also available for review.

Data analysis

All accounts of killer whales preying on seals were recorded, including both successful and
failed predation events. Following photo-identification protocols developed by Bigg [7], individ-
ual killer whales specifically involved in these predation events were identified using the shape,
pigmentation and scarring patterns of the dorsal fin and saddle patch. Photographs of both left
and right sides were used for individual identification. Best photographs for each individual in
each encounter was selected and rated for quality (Q), ranging from 0 (lowest) to 2 (highest)
based on sharpness, contrast and angle of the dorsal fin in relation to the camera. All further
sightings of individual killer whales identified as seal-feeding were recorded, including informa-
tion on date and location. Resulting sighting histories, including only identifications of quality
Q1 and Q2, were further used to map temporal and spatial occurrence patterns.

A group of whales was defined as all individual killer whales visible within the range of the
observer and displaying coordinated activities (as per [11, 22, 37]). To assess group size, only
encounters for which all individuals were believed to be identified were used. Group sizes
adopted by seal-feeding vs fish-feeding killer whales were compared using a Mann-Whitney-
Wilcoxon test performed in R [38].

Association patterns between individuals and persistence of groups were analyzed utilizing
SOCPROG 2.6, a software specifically designed to study social organization of animal popula-
tions [39]. Association indices were calculated for all pairs of individuals using the Simple-
Ratio Index, with association defined as presence in the same group within a sampling period
(i.e an encounter on a certain date) and with all group members presumed identified [40].
From opportunistic photographs, group membership could be determined by looking at in-
dividuals captured within frames, or by pooling frames within certain time intervals [21].
Unreliably marked calves were excluded from these analyses and only Q2 identifications were
accounted for. In order to reduce bias associated with small sample sizes, restrictions were also
set to account exclusively for individuals observed in at least four sampling periods (as per
[41]). The resulting association matrix was summarized in a sociogram with nodes represent-
ing individuals and edges indicating incidence and strength of relationship between each pair
of whales [42]. Permuting associations within samples enabled testing for potential preferred
associations among individuals [43, 44]. If the standard deviation (SD) calculated on the pair-
wise associations was significantly greater for the real association indices than the random data
set, the null hypothesis of individuals associating at random was rejected. To further investi-
gate temporal patterns in detected associations, the lagged association rate was calculated [45,
46]. This analysis calculates the probability for two animals to be associated again after some
time, given that they have been associated before. The null association rate, which is the
expected value of the lagged association rate if individuals associate at random, was plotted for
comparison.
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Results

A total of 23 predation events of killer whales on seal prey in Norwegian coastal waters was
documented from 15,000 photographs taken over 300 days of research effort between March
1988 and June 1992 [24], and 158,000 photographs, six videos and field notes taken over 468
days between July 2010 and December 2016. Nineteen of these predation events resulted in
kills and consumption of the prey, and four were unsuccessful chases. Positive identification of
individual killer whales involved was possible for 14 of these 23 predation events, and these
whales were further re-sighted on 23 encounters, with no observed predation. Both young and
adult individuals of grey (Halichoerus grypus) and harbor seals (Phoca vitulina) have been
observed as part of the whales’ chosen pinniped prey.

Identification of seal-eating killer whales

Five killer whales, including so-called KI-03, KI-05 and KI-06, were first identified chasing
harbor seals in March 1988 off the central coast of Norway. Three more individuals were iden-
tified in this group while foraging in a grey seal pupping colony in October 1990, before being
identified as part of a larger group of 11 whales in March 1991. KI-03, KI-05 and KI-06 were
re-sighted on several occasions between May 2011 and August 2016, in northern Norway (Fig
2). To ensure consistence with the longitudinal study, all individual whales encountered with
KI-03, KI-05 and KI-06 on at least one occasion between 2010 and 2016 were given similar
alphanumeric codes and considered as members of the KI group.

KI whales were observed chasing or preying on pinnipeds on eight occasions (Fig 3). They
were also observed twice feeding on herring at herring spawning grounds in 1991 off the Møre
region, in association with other known herring-feeding killer whales, before travelling to a
seal haul-out where they were observed for several hours unsuccessfully chasing harbor seals.

First identified in July 2010, individuals K1, K2, K3, K4 and K5, hereafter referred to as the
K group, constitute the second assemblage of killer whales identified as seal-feeding.

Fig 2. Photographs of seal-feeding killer whales KI-03, KI-05 and KI-06. Individuals in upper
photographs, observed off central coast of Norway in 1988, match individuals visible on the lower row of
photographs, taken off Andenes in June 2015.

https://doi.org/10.1371/journal.pone.0180099.g002
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K whales were observed chasing or preying on seals on six occasions and were never
observed feeding on fish during the course of this study.

Predation observations for KI and K whales are summarized in Table 1. There was no evi-
dence for interaction between KI and K whales in this study.

Fig 3. Photograph of KI-03 preying upon a harbor seal pup in June 2015. The photograph (A) illustrates
the predation observation and the inset (B) confirms effective prey consumption.

https://doi.org/10.1371/journal.pone.0180099.g003

Table 1. Summary of recorded predation events on seals where involved individual killer whales could be identified.

Date Location Predation
type

Minimumwhales identified Seal species Evidence

27 Mar
1988

Orskjera, M¡re Chase KI03, KI05, KI06 Harbor seal Video

15 Oct
1990

Froan,
Tr¡ndelag

Blubber
feeding

KI03 Undetermined Photographs

10 Mar
1991

Ona, M¡re Chase KI03, KI05, KI06 Harbor seal Photographs

27 Jun
2013

St¡, Nordland Kill KI02, KI05, KI06, KI08, KI09, KI10 Undetermined Photographs

15 Jul
2013

Andenes,
Nordland

Kill K1, K2, K3, K4, K5 Harbor seal Photographs

27 Jul
2013

Andenes,
Nordland

Kill KI01, KI03, KI07 Harbour seal Photographs and
video

30 May
2014

Andenes,
Nordland

Kill K1 Undetermined Photographs

31 May
2014

Andenes,
Nordland

Kill K1, K2, K3, K4, K5 Undetermined Photographs and
video

14 Sept
2014

Vestfjord,
Nordland

Chase K1, K2, K3, K4, K5 Harbour seal Video

27 Jun
2015

Andenes,
Nordland

Kill (3) KI01, KI02, KI03, KI04, KI05, KI06, KI07,
KI08, KI09, KI10

Harbour seal (1), grey seal (1),
undetermined (1)

Photographs

19 Aug
2016

Senja, Troms Kill (2) K1, K2, K3, K4, K5 Harbour seal (1) and undetermined (1) Photographs and
video

For encounters that occurred in the period 1988–1991, only identifications of whales re-sighted after 2010 are indicated.

https://doi.org/10.1371/journal.pone.0180099.t001
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Occurrence pattern

From 1988 through 1992 off the central coast of Norway, KI whales were encountered on six
observation days during the months of March (5) and October (1). Between 2010 and 2016 off
northern Norway, these whales were observed on 13 days fromMay through August (Table 2
and Fig 4). K whales were also encountered on 15 occasions between 2010 and 2016, with
sightings fromMay through October (Table 2 and Fig 4). Observations covered a maximum
range of 800 km between re-sightings of KI whales and 350 km for K whales.

KI and K whales were not identified on the former herring wintering grounds in Tysfjord,
where 584 individual killer whales were identified from 1986 through 2003 (work of Similä
and colleagues, mentioned in [36]). They were also not encountered on the recently estab-
lished herring wintering ground off Troms and Andfjord regions where 656 individuals where
identified during November-February and, despite substantial effort, between 2010 and 2016
(Fig 4; [34]).

All encounters with KI and K groups documented in this study occurred within 300 meters
from the shoreline or around reefs and seal haul-outs.

Table 2. Sighting histories of KI and Kwhales.

Group 1988 1989 1990 1991 1992 2010 2011 2012 2013 2014 2015 2016 Total

KI 1 0 1 3 1 0 1 1 4 2 2 3 19

K 0 0 0 0 0 1 0 0 2 5 3 4 15

The number of encounters with KI and K whales is given for each year during the periods 1988–1992 and 2010–2016.

https://doi.org/10.1371/journal.pone.0180099.t002

Fig 4. Observations of seal-feeding killer whales in relation to effort from 2010 through 2016. The plot
(A) shows the cumulative sighting distribution of KI (dark bars) and K (light bars) whales while the plot (B)
reports on the cumulative number of effort days spent in the field for each month, from 2010 through 2016 in
northern Norway.

https://doi.org/10.1371/journal.pone.0180099.g004
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Group size and social organization

Mean group size for seal-feeding killer whales, accounting for both KI and K assemblages, was
5 individuals (N = 27, range = 3–11, median = 5). Fish-feeding killer whale groups encoun-
tered during spring-summers 2014, 2015 and 2016 averaged a group size of 13 individuals
(N = 30, range = 6–25, median = 12), comparable to findings of Similä and colleagues [27].
The Mann-Whitney-Wilcoxon test supported a statistical difference between group size
adopted by seal vs fish-feeding killer whales (W = 782.5, p<0.001).

Sixty-eight identifications of 13 individuals over 17 sampling periods (= days) indicated
two levels of association. First, individuals associated in 100% of observations enabled four ap-
parently cohesive units to be identified. A second social level, involving temporary associations
between cohesive units further indicated two distinct larger assemblages each represented by
KI and K whales (Fig 5). The SD of calculated pairwise association indices was significantly
higher for the real data set than for the random data (SDReal = 0.40031, SDRandom = 0.37726,
p = 0.0010), enabling us to reject the null hypothesis that individuals associate at random.
Temporal analyses revealed stable associations over long periods of time and above the null
association rate (Fig 6).

Discussion

We have documented a minimum of 13 killer whales, belonging to four stable units, and two
larger assemblages (KI and K), that appear to regularly feed on seals in Norwegian coastal

Fig 5. Sociogram of seal-feeding killer whales observed in at least four sampling periods.Occurrence
and thickness of links show association patterns between pairs of individuals, revealing the two assemblages
KI and K.

https://doi.org/10.1371/journal.pone.0180099.g005
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waters. Repeated observations over time of identified individuals preying on seals support per-
sistent preference for pinniped prey over several years for K whales, and for nearly three
decades for KI-03, KI-05 and KI-06. A comparison of KI and K whales’ behavioral traits to the
social structure, occurrence pattern and foraging behavior described for pinniped-feeding
killer whales in other regions [9–11, 18, 22, 47, 48] provide further insights into the degree of
prey specialization for these whales.

Observations of KI and K whales were widely distributed along the Norwegian coast, with
all sightings concentrated in important breeding areas for harbor and grey seals. Major breed-
ing sites for both pinniped species can be found in Froan (64˚05’N, 09˚15’E), central Norway
and in the northern part of the recorded range of this study [49, 50]. With one notable excep-
tion discussed below, all encounters with KI and K whales occurred in near shore shallow
areas, typical pinniped habitat [49, 50] where the whales were observed following reefs and
shoreline contours, or circling haul-outs with long dives, erratic swimming patterns and no
real travel direction. This ’haul-out and near shore foraging’ behavior has been described for
transient killer whales hunting pinnipeds in the Northeastern Pacific [9, 10], at Subantarctic
Marion Island and Possession Island, Crozet [47, 48]. Even though seals are non-migratory,
thus offering a constant and predictable prey resource throughout their range along the Nor-
wegian coast, it may be more rewarding for killer whales to forage around haul-outs in the
breeding season where seal pups and females regularly enter and exit the water. Pacific tran-
sient killer whales appear to adapt their range, following latitudinal clines in timing of pupping
[10]. Similarly, observations in northern Norway suggested a likelihood for KI and K whales to
be observed near haul-outs at times coinciding with pupping periods of harbor seals (June-
July, [51]) and grey seals (September-October, [50]) in this region. The timing of observations
also suggests a north-south movement pattern for these whales, which coincides with local
peaks in pupping and weaning of pinnipeds. More specifically, K whales travelled from the

Fig 6. Plots of lagged association rates. The blue plot represents our real data set while the red plot shows
the expected lagged association rates if individuals associated at random.

https://doi.org/10.1371/journal.pone.0180099.g006
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Nordland region where they were observed fromMay through September to the Troms region
where sightings were recorded in late October. This same pattern was repeated in 2014, 2015
and 2016, and observations followed the cline of the grey seal pupping period, which is delayed
further north and occurs as late as November-December northwards in the Troms and Finn-
mark regions [52].

Further evidence supporting prey specialization in KI and K whales is a group size signifi-
cantly smaller than the group size of herring-feeding killer whales. Living in small groups has
been suggested as a strategy to maximize energy intake for pinniped-feeding killer whales.
Small group sizes seem to guarantee stealthy and cooperative prey-searching and handling,
whilst optimizing prey sharing [11]. In our dataset, small groups of seal-feeding killer whales
were also long lasting, as revealed by temporal analyses of social organization. This is consis-
tent with long-term cohesiveness of basic social units found to be a characteristic of the species,
regardless of the prey-type hunted (e.g. [8, 22, 37, 53]). Stable and long-lasting social groups
undoubtedly provide the raw material needed for social transmission of feeding behaviors and
persistence of dietary habits over the years [54]. Additionally, temporary loose associations
between stable units may be necessary for social learning of hunting skills and prey handling,
and may explain the larger groups that were observed on a few occasions [10, 22]. On 27 June
2015, the three groups of KI whales were observed cooperatively hunting and sharing three
seals over a period of six hours. Two juveniles under three years of age and a calf of the year
were recorded in the group, and social play was observed when the whales handled a harbor
seal pup for 40 minutes before killing it.

Two acoustic recordings available for K whales whilst handling seals at a close distance
revealed no audible sounds, but sporadic trains of echolocation clicks from the whales. This is
consistent with findings for marine mammal feeding killer whales from other regions [18, 55,
56], and is in sharp contrast to the highly vocal herring-feeding killer whales [57].

KI and K whales seem to have adopted strikingly similar adaptations to other pinniped-
feeding killer whales. KI whales were observed feeding on herring in the spawning grounds in
1991 where they were also seen preying on seals. Despite massive study efforts and hundreds
of identifications, KI and K groups were not identified on former or current herring wintering
grounds during 1986–2003 and 2013–2016, respectively [34]. This could suggest that herring
does not represent a main prey resource to these whales. However, because killer whale groups
may display variations in habitat usage and preferences, and because data collection so far was
largely opportunistic and covering a limited area, individuals might be undetected and not
available for sampling in surveyed areas. Thus, absence of KI and K whales from the herring
wintering grounds remain inconclusive.

How long these two assemblages have shown this type of prey specialization, and the origins
of their distinctive diet remain largely unknown, but some major factors could be at least par-
tially explanatory. The NSS stock of herring, the main prey base for killer whales in Norwegian
coastal waters, collapsed in 1970 [58, 59]. How killer whales coped with prey depletion remains
unknown, however they would likely have the phenotypic plasticity to adapt to changing envi-
ronments as suggested by the wide variety of prey items and elaborated feeding techniques
documented throughout their range [6, 60, 61]. Whilst prey switching appears as a potential
adaptive response to decreasing prey supplies for numerous predator species [62–64], it is pos-
sible that some killer whale groups had diversified their diet and developed specific foraging
strategies for new prey types in response to the drastic decrease in herring biomass [65]. Von-
graven and Bisther [30] discussed this as a potential explanation for the observation of KI
whales observed feeding in association with known herring feeding-killer whales in the spawn-
ing areas in March 1991, before splitting off into a smaller group and travelling a few miles to
inshore waters where they started chasing harbor seals. The past culling of the killer whale
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population, organized off the central Norwegian coast as a management action to preserve the
remaining herring, may also have played a role in the niche diversification process [66, 67]. In
1969 and 1970, 167 and 201 killer whales were culled, respectively, over a 100 x 50 km area and
within a few weeks. Entire groups were apparently never culled, and catch records showed a
general lack of small individuals and a skewed sex ratio of 2M:1F [67]. Due to differential roles
played by key members in cetacean societies and social transmission of matrilineal-based prey
specializations in killer whales, feeding strategies may have been lost in culled groups, jeopar-
dizing feeding success if key members were removed, and promoting potential changes in diet
[68, 69].

This study revealed two assemblages of killer whales that persistently fed on seal prey and
displayed parallel adaptations to that of pinniped-feeding killer whales from other regions,
suggesting a certain degree of prey specialization. It remains, however, unknown as to whether
KI and K whales are seasonal prey-specialists, switching between different prey types, or if they
specialize on mammals year-round. Despite the observations of KI and K whales fitting well
with the distribution of pinniped prey over the years, all observations have been recorded
within coastal areas covered by the annual migration of the NSS herring. Thus, further analyses
of dietary markers in biopsy samples are warranted, and this will constitute a research priority
in order to conclude on the degree of prey specialization of these whales.

Acknowledgments

We wish to thank Mellemværftet in Kristiansund and its residents for hospitality and accom-
modation during the fieldwork period 1988–1993. Tiu Similä gave us access to the identifica-
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The killer whale (Orcinus orca) is an apex predator found in all the 
world's oceans (Forney & Wade, 2006). Although a generalist 

species, studies have revealed discrete prey specializations of sym-
patric populations in some regions (e.g., Ford et al., 1998; Saulitis, 
Matkin, Barrett-Lennard, Heise, & Ellis, 2000) with foraging behav-
iors apparently culturally transmitted through generations within 

 

!;1;b�;7Ĺ�ƑƑ���]�v|�ƑƏƐƖՊ |Պ !;�bv;7Ĺ�ƕ�;0u�-u��ƑƏƑƏՊ |Պ �11;r|;7Ĺ�ƐƖ�;0u�-u��ƑƏƑƏ
DOI: 10.1002/ece3.6182  

�! � � � � � � � ! � " � � ! ��

�vo|orb1�mb1_;�7b==;uv�0;|�;;m�v;-Ѵ�-m7�=bv_Ŋ;-|bm]�hbѴѴ;u��_-Ѵ;v�
(Orcinus orcaő�bm�mou|_;um��ou�-�

��;��o�u7-bmƐ Պ|����Ѵ-u;��m7�bh2 Պ|���!b1_-u7��-uoѴb�vv;mƐՊ|����m7;uv�!��v2,3 Պ|���
	-]�(om]u-�;m4 Պ|����-|ubm;��ou]2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd

1Norwegian Orca Survey, Andenes, Norway
2Department of Biosciences, University of 
Oslo, Oslo, Norway
3Norwegian Institute for Water Research, 
Oslo, Norway
4Norwegian Polar Institute, Tromsø, Norway

�ouu;vrom7;m1;
Eve Jourdain, Norwegian Orca Survey, 
Daniel Olaisensvei 6, N-8480 Andenes, 
Norway.
Email: post@norwegianorcasurvey.no

�m7bm]�bm=oul-|bom
Seaworld and Parks Entertainment; 
SeaWorld and Busch Gardens Conservation 
Fund

�0v|u-1|
Ecological diversity has been reported for killer whales (Orcinus orca) throughout 
the North Atlantic but patterns of prey specialization have remained poorly under-
stood. We quantify interindividual dietary variations in killer whales (n = 38) sam-
rѴ;7� |_uo�]_o�|� |_;� �;-u� bm� ƑƏƐƕŋƑƏƐѶ� bm� mou|_;um��ou�-���vbm]� v|-0Ѵ;� bvo|orb1�
nitrogen (δ15N: 15N/14N) and carbon (δ13C: 13C/12C) ratios. A Gaussian mixture model 
assigned sampled individuals to three differentiated clusters, characterized by dis-
parate nonoverlapping isotopic niches, that were consistent with predatory field 
observations: seal-eaters, herring-eaters, and lumpfish-eaters. Seal-eaters showed 
higher δ15N values (mean ± SD: 12.6 ± 0.3‰, range = 12.3–13.2‰, n = 10) com-
pared to herring-eaters (mean ± SDĹ�ƐƐĺƕ�Ƽ�ƏĺƑҀķ�u-m];�Ʒ�ƐƐĺƓŋƐƐĺƖҀķ�n = 19) and 
lumpfish-eaters (mean ± SD: 11.6 ± 0.2‰, range = 11.3–11.9, n = 9). Elevated δ15N 
values for seal-eaters, regardless of sampling season, confirmed feeding at high 
trophic levels throughout the year. However, a wide isotopic niche and low measured 
δ15N values in the seal-eaters, compared to that of whales that would eat solely seals  
(δN-measured = 12.6 vs. δN-expected = 15.5), indicated a diverse diet that includes both fish 
and mammal prey. A narrow niche for killer whales sampled at herring and lumpfish 
seasonal grounds supported seasonal prey specialization reflective of local peaks in 
prey abundance for the two fish-eating groups. Our results, thus, show differences in 
prey specialization within this killer whale population in Norway and that the episodic 
observations of killer whales feeding on prey other than fish are a consistent behav-
ior, as reflected in different isotopic niches between seal and fish-eating individuals.

� � + )� !	 "
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matrilineal social units (Ford & Ellis, 2014; Riesch, Barrett-Lennard, 
Ellis, Ford, & Deecke, 2012). Through cultural divergence and so-
cial isolation of specialized groups, prey specialization may influence 
ror�Ѵ-|bom�v|u�1|�u;�Ő�o;Ѵ�;Ѵ�;|�-Ѵĺķ�ƑƏƏƕĸ�!b;v1_�;|�-Ѵĺķ�ƑƏƐƑőķ�-m7�
eventually facilitate ecotype formation (Foote et al., 2016). Due to 
different patterns of resource use, killer whale populations may be 
differentially impacted by human activities. In the coastal waters of 
the northeastern Pacific, so-called resident killer whales rely on sal-
monids as a main food source while transient killer whales appear 
to feed exclusively on marine mammal prey (e.g., Ford & Ellis, 2014; 
Ford et al., 1998). The resident and transient killer whale commu-
nities constitute distinct populations and ecotypes (Morin et al., 
2010). Divergent demographic trends for these populations since 
the mid-1990s have resulted in disparate conservation status and 
management strategies (COSEWIC, 2008). This is an example of 
why understanding interindividual diet variations may be important 
in the management of this species.

In the North Atlantic, at least two types of killer whales differing 
in morphology, tooth wear and nitrogen isotopic values have been 
suggested (Foote, Newton, Piertney, Willerslev, & Gilbert, 2009). 
A far-ranging generalist so-called Type 1 includes herring-feeding 
killer whales off Norway and Iceland, but with interindividual varia-
tion in the dietary proportions of contributing prey items, including 
high trophic level prey (Foote et al., 2009). This suggestion was sup-
ported by a variation in intrapopulation ecological niche in Iceland 
Ő"-l-uu-�;|�-Ѵĺķ�ƑƏƐѶĸ�"-l-uu-ķ�(b]_bķ��]�bѴ-uķ�ş�(bhbm]vvomķ�ƑƏƐƕőķ�
and field observations of a subset of individuals switching between 
pinniped and fish prey from both Norway (Vongraven & Bisther, 
2014) and Iceland (Foote, Similä, Vikingsson, & Stevick, 2010). In 
contrast, larger Type 2 killer whales appear to specialize on cetacean 
prey (Foote et al., 2009). However, current classification in two types 
may be oversimplistic considering the large diversity of ecological/
dietary patterns across the North Atlantic (see Jourdain, Ugarte, 
et al., 2019 for a review). Foraging strategies of North Atlantic killer 
whales at the group and individual levels remain poorly understood.

Killer whales in Norway have historically been thought to spe-
cialize on herring (Clupea harengus) and to mainly associate with the 
most abundant Norwegian Spring Spawning (NSS) stock (Similä, 
Holst, & Christensen, 1996), as supported by concurrent observa-
tions. Herring made up almost the entire stomach contents of killer 
whales caught prior to 1980 (Christensen, 1982), and killer whales 
typically occur in large seasonal aggregations at herring wintering 
grounds (Bisther & Vongraven, 1995; Similä et al., 1996), where they 
display remarkably specialized feeding behaviors (Domenici, Batty, 
Similä, & Ogam, 2000; Similä & Ugarte, 1993). However, as killer 
whale studies have primarily been conducted at herring wintering 
grounds until recently, other prey utilized in other areas were unlikely 
to be identified. Research efforts extended to other seasons and re-
gions in Norwegian waters have documented new prey species, for 
example, the Atlantic mackerel (Scomber scombrus, Nøttestad et al., 
2014), the Atlantic salmon (Salmo salar, Vester & Hammerschmidt, 
2013), the harbor porpoise (Phocoena phocoena, Cosentino, 2015), 
and the gray (Halichoerus grypus) and harbor (Phoca vitulina) seals 

Ő�o�u7-bmķ� (om]u-�;mķ� �bv|_;uķ� ş� �-uoѴb�vv;mķ� ƑƏƐƕĸ� (om]u-�;m� ş�
Bisther, 2014). However, the lack of identification data and/or only 
brief periods of data collection for these studies precluded any as-
sessment of dietary differences and specializations among killer 
whale individuals/groups.

Efforts began in 2013 to investigate feeding habits at the in-
dividual level, combining predation records of photo-identified in-
dividuals, behavioral observations, and tissue samples collected 
throughout multiple years (Jourdain, Karoliussen, Vos, Zakharov, & 
$o�]-u7ķ�ƑƏƐƖĸ��o�u7-bm�;|�-Ѵĺķ�ƑƏƐƕķ�|_bv�v|�7�őĺ�!;v�Ѵ|v�u;�;-Ѵ;7�|_-|�
some social groups specialize to some extent on pinnipeds (Jourdain 
;|� -Ѵĺķ� ƑƏƐƕő� -m7� |_-|� vol;� _;uubm]Ŋ;-|bm]� bm7b�b7�-Ѵv� v;-vom-ѴѴ��
switch to feeding on locally abundant lumpfish (Cyclopterus lumpus) 
in spring (Jourdain, Karoliussen, et al., 2019). Social interactions 
among sympatric killer whales adopting distinct foraging behaviors 
have not been investigated to date. Field observations provide only 
a snapshot of observable feeding bouts; combining observational re-
cords with time-integrated dietary markers would assist in assessing 
interindividual variations in diet, as well as persistency of prey spe-
cialization over longer periods of time.

Because the isotopic composition of a predator's tissue reflects 
that of its prey resources in a predictable/quantifiable manner 
Ő	;�buo�ş��rv|;bmķ�ƐƖƕѶőķ�v|-0Ѵ;�bvo|or;v�_-�;�0;;m�1ollomѴ���v;7�
in dietary studies (see Newsome, Clementz, & Koch, 2010 for a re-
view). Due to a greater retention of the heavier 15N isotope than 
the lighter 14N isotope in the production of nitrogenous waste, the 
nitrogen ratio of 15N to 14N (δ15N) shows a stepwise enrichment from 
food source to consumer and is therefore indicative of relative tro-
r_b1�rovb|bom�Ő	;�buo�ş��rv|;bmķ�ƐƖƕѶĸ��o0vom�ş��Ѵ-uhķ�ƐƖƖƑőĺ�$_;�
carbon ratio of 13C to 12C (δ13C), primarily reflects variable carbon 
origins of inshore/benthic versus pelagic/offshore sources, there-
fore allowing for discrimination between feeding locations in ma-
rine systems (Hobson, Piatt, & Pitocchelli, 1994). Typically, inshore/
benthic ecosystems are characterized by higher δ13C values than pe-
lagic/offshore systems. Isotopic variance within a population, char-
acterized by variance in the δ13C and δ15N values of its individuals, 
can be used as a measure of diet variation, referred to as niche width 
(Bearhop, Adams, Waldron, Fuller, & Macleod, 2004). Typically, con-
sumers that feed on a wide range of food sources will display larger 
variations in isotopic signatures and thus a wider niche than prey 
specialists that feed on a narrow range of prey. Similarly, consumers 
that feed in multiple locations will show greater variations in δ13C, 
that is, a wider niche (Bearhop et al., 2004).

In the study of killer whales, high variability in δ15N and δ13C 
values has proved effective in assessing inter and intrapopulation 
dietary variations and preferences (Durban, Fearnbach, Burrows, 
+Ѵb|-Ѵoķ� ş� �b|l-mķ� ƑƏƐƕĸ� �;ul-m� ;|� -Ѵĺķ� ƑƏƏƔĸ� �u-_m� ;|� -Ѵĺķ� ƑƏƏƕĸ�
!;bvbm];u� ;|� -Ѵĺķ� ƑƏƐѵĸ� "-l-uu-� ;|� -Ѵĺķ� ƑƏƐƕĸ� $b�b;u� ;|� -Ѵĺķ� ƑƏƐƖőĺ�
Isotopic profiles confirmed dietary segregation between sympatric 
resource specialists in the northeastern Pacific (Herman et al., 2005) 
-m7� -uo�m7� |_;��m|-u1|b1��;mbmv�Ѵ-� Ő	�u0-m� ;|� -Ѵĺķ� ƑƏƐƕő� 0�|� -Ѵvo�
revealed generalist killer whale populations adopting a mixed diet 
including both fish and mammal prey (Reisinger et al., 2016; Tixier 
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et al., 2019). In these studies, a priori knowledge of sampled indi-
viduals/populations through previous field observations has been 
highly beneficial for meaningful interpretation of dietary patterns 
(Newsome et al., 2010).

In this study, we use δ15N and δ13C values from killer whale skin 
samples collected throughout the year in northern Norway. The 
aims were to (a) measure interindividual variations in dietary habits 
by comparing isotopic profiles, that is, trophic level and niche width, 
of fish and seal-eating killer whales; (b) estimate the contribution of 
pinniped prey to the diet of seal-eating killer whales. Results are dis-
cussed in light of predation records available for the sampled whales 
to assess consistency in individuals’ dietary habits and further evalu-
ate the degree of prey specialization for these whales.

ƑՊ |Պ��$�!���"���	���$��	"

ƑĺƐՊ|Պ"-lrѴ;�1oѴѴ;1|bom

Killer whale biopsy samples were collected in August and November 
ƑƏƐƕ� -m7� =uol� �rubѴ� |_uo�]_� ��Ѵ�� ƑƏƐѶ� bm� mou|_;um� �ou�-�ĺ�
In November, samples were collected in Kvænangen, Skjervøy 
(Figure 1a). This fjord was part of the herring wintering grounds 
(ICES, 2018), and killer whales were observed foraging on herring 
at time of sampling. The rest of the year, samples were collected off 
Andøya (Figure 1b), where killer whales were encountered through-
out the year and are known to seasonally feed on various prey types 

bm1Ѵ�7bm]�_;uubm]�Ő�o�u7-bm�ş�(om]u-�;mķ�ƑƏƐƕőķ�rbmmbr;7v�Ő�o�u7-bm�
;|�-Ѵĺķ�ƑƏƐƕőķ�-m7�Ѵ�lr=bv_�Ő�o�u7-bmķ��-uoѴb�vv;mķ�;|�-Ѵĺķ�ƑƏƐƖőĺ

Killer whale biopsies were sampled using an ARTS darting sys-
tem (Restech) and 25 × 9 mm or 40 × 9 mm stainless steel tips in 
ƑƏƐƕķ�-m7��b|_�-m�bmf;1|bom�]�m�Ő�m;�Ŋ	-u|��m1ő�-m7�ƑƔ�Ƶ�ƕ�ll�|brv�
in 2018. The biopsy tips were sterilized with boiling water and 95% 
ethanol and placed in clean plastic bags before use. Killer whales 
were sampled when travelling or feeding. The region directly pos-
terior to the dorsal fin of adult and subadult killer whales was the 
target area for sampling. For each sampled individual, identification 
photographs were taken. Biopsy darts containing skin and blubber 
were retrieved, stored in a clean plastic bag and placed in a cooling 
box while at sea. Onshore, skin and blubber layers were sliced apart 
-m7�v|ou;7�v;r-u-|;Ѵ��-|�ƴƑƏŦ���m|bѴ�-m-Ѵ�vbvĺ� �vo|orb1��-Ѵ�;v�l;--
sured in killer whale skin are expected to represent the individuals’ 
diet in the four to six weeks prior to sampling. This is based on con-
trolled diet experiments that estimated half-time turnover rates for 
bottlenose dolphin (Tursiops trucuntus) skin to be 24 ± 8 d for carbon 
and 48 ± 19 d for nitrogen (Giménez, Ramírez, Almunia, Forero, & 
Stephanis, 2016).

Estimating the diet of consumers requires isotopic prey values. 
Because isotopic values may vary greatly both in space and time, it is 
important that both prey and killer whales are sampled within match-
ing geographic areas and time periods (Phillips et al., 2014). Herring 
muscle (n� Ʒ� Ɠő� �-v� 1oѴѴ;1|;7� bm� �o�;l0;u� ƑƏƐƕ� bm� ��/m-m];mķ�
Skjervøy, lumpfish muscle (n�Ʒ�Ɣő��-v�1oѴѴ;1|;7�bm��-u1_ŋ�rubѴ�ƑƏƐƕ�
in Andfjord while conducting focal studies of feeding killer whales 

 ��&!� �ƐՊ�o1-|bomv�o=�|_;�ƒѶ�hbѴѴ;u��_-Ѵ;�0borv��v-lrѴ;v�1oѴѴ;1|;7�bm�mou|_;um��ou�-��bm�ƑƏƐƕŋƑƏƐѶĺ�!;]bom�Ő-ő�1ouu;vrom7v�|o�
��/m-m];mķ�"hf;u�p�ķ�|_;�_;uubm]��bm|;ubm]�]uo�m7v��_;u;�hbѴѴ;u��_-Ѵ;v��;u;�v-lrѴ;7�bm��o�;l0;u�ƑƏƐƕĺ�!;]bom�Ő0ő�1ouu;vrom7v�|o�
Andøya, where whales were sampled at the lumpfish spring spawning grounds and throughout the summer in 2018. Blue dots (n = 22) 
correspond to individual whales sampled during November and assigned to sampling season group Winter. Gray dots (n = 10) correspond to 
whales sampled in April–May and assigned to sampling season group Spring. Red dots (n = 6) correspond to whales sampled in June–August 
and assigned to sampling season group Summer. Herring muscle (n = 4) was obtained in region (a). Lumpfish muscle (n = 5) and seal muscle 
(n = 1) were obtained from region (b)
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(Jourdain, Karoliussen, et al., 2019). Muscle from a dead stranded 
_-u0ou�v;-Ѵ��-v�v-lrѴ;7�bm��o�;l0;u�ƑƏƐƕ�bm��m7;m;vĺ

ƑĺƑՊ|Պ	-|-�ruo1;vvbm]

Sampled killer whales were identified using nicks, shape and size 
of the dorsal fin, and scarring and pigmentation patterns of the 
saddle patch (Bigg, 1982). Individuals were matched to an existing 
1-|-Ѵo]�;�o=�ƖƕƐ�hbѴѴ;u��_-Ѵ;v� b7;m|b=b;7�0;|�;;m�ƑƏƏƕ�-m7�ƑƏƐѶ�
in northern Norway (Jourdain & Karoliussen, 2018). Classification 
of sex was done as per Bigg (1982). Records of predation on seals 
collected in 2013–2018 were used to assign sampled killer whales 
a priori to one of the two diet groups. Individuals with a history 
of predation on seals were assigned to the group Seal-eaters, while 
individuals with no such history were classified as Fish-eaters. In 
addition, individuals were assigned a group reflecting season at 
sampling. Group Winter included individuals sampled at herring 
wintering grounds in November, group Spring contained individu-
als sampled at lumpfish spawning grounds in April–May and group 
Summer included the whales sampled from June through August in 
Andfjord (Figure 1).

ƑĺƒՊ|Պ"|-0Ѵ;�bvo|or;�-m-Ѵ�vbv

Skin samples from killer whales, and muscle from lumpfish, her-
ring, and seal were freeze-dried and ground individually with 
an agate mortar and pestle to a fine powder. An aliquot was 
rinsed three times in a 2:1 chloroform: methanol solution to re-
move lipids, following the method developed by Folch, Lees, and 
"|-mѴ;�� ŐƐƖƔƕő� -m7�lo7b=b;7� 0�� �ѴѴbo||ķ� !o|_ķ� -m7� �uooh� ŐƑƏƐƕőĺ�
An aliquot from the bulk tissue was not treated with any chlo-
roform: methanol solution. A duplicate analysis was run on non-
lipid-extracted and lipid-extracted values, in accordance with 
recommendations (Lesage et al., 2010; Ryan et al., 2012). δ13C 
values were determined from lipid-extracted samples to control 
for the low δ13C found in the lipid fraction of an organism that 
1-m� Ѵ;-7� |o� 0b-v� Ő	;�buo� ş� �rv|;bmķ� ƐƖƕѶĸ� $-uuo��� ;|� -Ѵĺķ� ƑƏƐƏĸ�
Yurkowski, Hussey, Semeniuk, Ferguson, & Fisk, 2015). δ15N val-
ues were determined from nonlipid-extracted samples due to 
the unpredictable changes in δ15N values in fish muscle and ce-
tacean skin following lipid extraction (Lesage et al., 2010; Ryan 
et al., 2012). The powdered sample (1 mg ± 5%) was weighed into 
a tin capsule. The δ15N and δ13C ratios were measured simulta-
neously using an Elemental Analyzer (EA) IsoLink Isotope Ratio 
Mass Spectrometer (IRMS) System, consisting of a Flash EA and a 
DeltaV IRMS (Thermo Scientific, Germany). All analyses were con-
ducted at the Stable Isotope Laboratory at the University of Oslo. 
The quality of the analysis was assured by the incorporation into 
each run two internal reference materials, JGLUT (L-glutamic acid, 
δ13��Ʒ�ƴƐƒĺƓƒҀķ�δ15��Ʒ�ƴƓĺƒƓҀķ�bv_;u�"1b;m|b=b1ő�-m7�������+�
(glycine, δ13�� Ʒ� ƴƒѵĺƔѶҀķ� δ15N = 11.25‰, Fisher Scientific). 

δ13C was calibrated to the Vienna Pee Dee Belemnite (VPDB) 
scale using LSVEC (lithium carbonate, δ13��Ʒ�ƴƓѵĺѵҀő�-m7���"Ŋ�
19 (calcium carbonate, δ13C = 1.95‰) (both obtained from the 
International Atomic Energy Agency, Austria). δ15N was calibrated 
to the AIR scale using USGS40 (L-glutamic acid, δ15��Ʒ�ƴƓĺƔƑҀő�
and USGS41 (L-glutamic acid, δ15��Ʒ�ƓƕĺƔƕҀő�Ő0o|_�o0|-bm;7�=uol�
the United States Geological Survey). Analytical precision based 
on repeated analyses of quality assurance material JALA (alanine, 
δ13�� Ʒ� ƴƑƏĺѵƑҀķ� δ15�� Ʒ� ƴƒĺƐѵҀķ� bv_;u� "1b;m|b=b1ő� bm7b1-|;7�
measurement errors of 0.09 ± 0.01‰ for δ15N and 0.06 ± 0.02‰ 
for δ13C.

ƑĺƓՊ|Պ"|-|bv|b1-Ѵ�-m-Ѵ�vbv

All statistics were performed in R v.3.4.1. for Mac OS X (R 
	;�;Ѵorl;m|��ou;�$;-lķ�ƑƏƐƕőĺ�$_;�α level was set to p = .05. To 
test simultaneously the effect of independent variables sex, diet 
group (Seal-eaters vs. Fish-eaters), and sampling season group (Winter, 
Spring, and Summer) on isotopic ratios, a multiple linear regression 
model was fitted to the data measured for δ15N and δ13C. Diagnostic 
plots were used to investigate normality of the residuals, while 
Levene's test run in the package car (Fox & Weisberg, 2011) was 
used to validate homogeneity of variance in residuals. Significant ex-
planatory variables were identified by conducting a forward model 
selection in the package stats, from the null model to the full global 
model featuring all variables. A lower Akaike Information Criterion 
(AIC) was used for model selection, and a higher adjusted R-squared 
as an indication of the fit of each model.

A mixture model-based clustering analysis using the mclust 
package was conducted on the δ15N and δ13C values to estimate 
the most likely number of clusters and the probability of individuals 
belonging to each cluster (Scrucca, Fop, Murphy, & Raftery, 2016). 
The Bayesian Information Criterion (BIC) was used to select the best 
model. Individual assignment to clusters was compared to field ob-
servations for validation.

The isotopic niche, referring to the isospace delineated by δ15N 
and δ13C values, of resulting clusters was estimated using calcu-
lated convex hull areas (encompassing all data points) and bivariate 
ellipses in the package SIBER (Jackson, Inger, Parnell, & Bearhop, 
2011). The Standard Ellipse Area (SEA) is a measure of the stan-
dard deviation for bivariate data. SEA corrected for small sample 
size (SEAC), containing 40% of the data regardless the sample size, 
enabled robust comparison between clusters. Bayesian Standard 
Ellipse Areas (SEAB) were generated using 106 posterior draws for 
each cluster and used to statistically compare niche width between 
clusters (Jackson et al., 2011).

We used stable isotope mixing models (Parnell et al., 2013) in the 
package simmr (Parnell, 2016) to estimate relative contributions of 
herring, lumpfish, and seal prey to the diet of seal-eating killer whales 
at the cluster level. All three prey groups were confirmed to be part 
of the diet of seal-eating killer whales from field observations (see 
Table 1 and Discussion). In a Bayesian framework, and accounting 
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for the putative diet components of a consumer and uncertainties 
in both food source and consumer isotopic values, models estimate 
the distributions of possible diets. Killer whale δ15N and δ13C skin 
values were input as the consumer data and mean (±SD) isotopic 
values of herring, lumpfish, and seal muscle were used as sources 
(see Results). To set uncertainty around the single data point avail-
able for seal prey, we used published uncertainty data (SDδ13C = 0.2, 
SDδ15N = 0.3) on isotopic muscle values from stranded harbor seals 
(n = 9) that were collected over a short period of time and from a 
vbm]Ѵ;�u;]bom�Ő�o0vomķ�";-v;ķ��;uub1hķ�ş��b-||ķ�ƐƖƖƕőĺ��om1;m|u-|bom�
dependencies and corrections for trophic discrimination, only op-
tional when running mixing models with simmr, were not computed. 
Due to the large variation in both δ15N and δ13C values (see Results) 
among seal-eating killer whales, mixing models were also run at the 
individual level using the same segment values.

Expected δ15N and δ13C values were also calculated for her-
ring, lumpfish, and seal-eaters if they were prey specialists using 
|_;� 7b;|Ŋ|oŊ|bvv�;� vhbm� 7bv1ublbm-|bom� =-1|ouv� ƐĺƔƕ� Ƽ� ƏĺƔƑҀ� -m7�
ƐĺƏƐ�Ƽ�ƏĺƒƕҀ�=ou�mb|uo];m�-m7�1-u0omķ�u;vr;1|b�;Ѵ�ķ�-v�;v|bl-|;7�=ou�
bottlenose dolphins by Giménez et al. (2016). The following equa-
tions were used, as per Herman et al. (2005):

where n is the number of different prey species consumed, Diet i is the 
proportion of each prey species consumed, and δ15N i and δ13C i are 
the measured isotopic ratio values of the ith prey species being herring, 
lumpfish, or seal.

ƒՊ |Պ!�"&�$"

Thirty-eight individual killer whales were biopsy sampled from 16 
;m1o�m|;u�7-�v�bm�ƑƏƐƕŋƑƏƐѶ�bm�mou|_;um��ou�-��Őb]�u;�Ɛķ�$-0Ѵ;�Ɛőĺ�
Due to dynamic social associations observed throughout the years 
and challenges to accurately identify stable units, individuals were 
considered independently except for one case discussed below (see 
Discussion). For the period 2013–2018, the sampled individuals 
were encountered throughout the year on one to 23 observation 
7-�v�Ől;-m�Ʒ�ƕĺѶĸ�SD = 5.3). Resulting predatory observations con-
firmed that some of the individuals sampled at matching times and 
locations adopted different diets (see Jourdain, Karoliussen, et al., 
ƑƏƐƖĸ��o�u7-bm�;|�-Ѵĺķ�ƑƏƐƕĸ�$-0Ѵ;�Ɛőĺ

ƒĺƐՊ|Պ�vo|orb1��-Ѵ�;v�-m7�1Ѵ�v|;ubm]

Killer whale skin δ15N values ranged between 11.3‰ and 13.2‰ 
(mean ± SD: 11.9 ± 0.5‰, n = 38) and δ13C values ranged be-
|�;;m� ƴƑƏĺƏҀ� -m7� ƴ� ƐƕĺƕҀ� ŐƴƐƖĺƏ� Ƽ� ƏĺѵҀķ� n = 38), resulting in 
δ15N and δ13C spanning a range of 1.9‰ and 2.3‰, respectively 

δN− expected=
∑n

i=1

(

Diet i ∗ δ15N i
)

+1.57

δC− expected=
∑n

i=1

(

Diet i ∗ δ13C i
)

+1.01
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(Table 1). Herring muscle δ15N values ranged between 9.6‰ and 
10.4‰ (10.0 ± 0.3‰, n = 4) and δ13���-Ѵ�;v�u-m];7�0;|�;;m�ƴƑƐĺѵҀ�
-m7� ƴƑƏĺѵҀ� ŐƴƑƐĺƏ� Ƽ� ƏĺƔҀķ� n = 4). Lumpfish muscle δ15N values 
ranged between 11.0‰ and 12.3‰ (11.5 ± 0.5‰, n = 5) and δ13C val-
�;v�u-m];7�0;|�;;m�ƴƑƏĺѵҀ�-m7�ƴƑƏĺƒҀ�ŐƴƑƏĺƓ�Ƽ�ƏĺƐҀķ�n = 5). The 
one seal muscle sample had a δ15N value of 13.9‰ and a δ13C value 
o=�ƴƐƖĺƖҀĺ

Multiple linear regression fitted to δ15N values, and testing 
sex, sampling season, and a priori diet groups showed diet group 
as the only significant explanatory variable (adjusted R2� Ʒ� ƏĺƔƕķ�
F5,32 = 10.96, p < .001). Whales previously recorded preying on 
seals had higher δ15N values than whales never recorded feed-
ing on seal prey (Seal-eaters vs. Fish-eaters: coefficient esti-
mate = 0.86, t = 5.20, and p < .001; Figure 2a). The multiple linear 

regression fitted to δ13C showed sampling season as the only 
significant explanatory variable (adjusted R2� Ʒ� ƏĺƔƕķ� F5,32 = 11, 
p < .001; Figure 2b). Whales sampled at lumpfish spawning grounds 
in April and May had the highest δ13C values (coefficient esti-
l-|;�Ʒ�ƴƐѶĺƒƐķ�t�Ʒ�ƴƐƓƕķ�p < .001), followed by the whales sampled 
in the summer (Spring vs. SummerĹ� 1o;==b1b;m|� ;v|bl-|;� Ʒ� ƴƏĺƓѵķ�
t� Ʒ� ƴƑĺƒѵķ� p = .30). The whales sampled at herring wintering 
grounds in November showed the lowest δ13C values (Spring vs. 
WinterĹ�1o;==b1b;m|�;v|bl-|;�Ʒ�ƴƐĺƏƑķ�t�Ʒ�ƴѵĺѶѵķ�p < .001).

Based solely on the δ15N and δ13C values in killer whale skin, the 
maximum likelihood Gaussian mixture model showed the most likely 
number of clusters to be three. Cluster 1 was distinguished by higher 
δ15N values (mean ± SD: 12.6 ± 0.3‰, range = 12.3–13.2‰, n = 10) 
than both Cluster 2 (mean ± SDĹ�ƐƐĺƕ�Ƽ�ƏĺƑҀķ� u-m];�Ʒ�ƐƐĺƓŋƐƐĺƖҀķ�

 ��&!� �ƑՊ (a) Boxplot of the δ15N 
values (in ‰) measured in skin samples of 
killer whales known as Fish-eaters (i.e., no 
history of predation on seals, n = 28) and 
Seal-eaters (i.e., history of predation on 
seal prey, n = 10) from field observations; 
(b) Boxplot of the δ13C values (in ‰) 
for each of the three sampling groups 
Winter, Spring, and Summer. For both 
plots, box represents second and third 
quartiles, horizontal line corresponds to 
the median, and whiskers represent the 
first and fourth quartiles. Data points are 
represented as dots, and dots outside the 
box and whiskers are outliers

 ��&!� �ƒՊ Isospace of δ15N and δ13C 
values and niches as measured from killer 
whale (n = 38) skin samples. Seal-eaters 
(n = 10) are represented as black unfilled 
circles, herring-eaters (n = 19) as red, 
and lumpfish-eaters (n = 9) as dark blue. 
Solid lines represent the standard ellipses 
corrected for sample size (SEAC) and 
encompassing 40% of the data, while 
dashed lines represent the convex hull 
area including the entire dataset for each 
cluster. Note the absence of overlap 
between clusters. Filled circles indicate 
δ15N and δ13C values from muscle samples 
of prey (n = 4 herring; n = 5 lumpfish; n = 1 
harbor seal)
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n = 19) and Cluster 3 (mean ± SD: 11.6 ± 0.2‰, range = 11.3–11.9, n = 9). 
Cluster 1 showed a wide variation in δ13C with values intermediate to 
Cluster 2 and Cluster 3 (Table 1, Figure 3). Except for the three individu-
-Ѵv���)ŊƒƓѶķ���)ŊƕѶƔķ�-m7���)ŊƖƑƓ�-vvb]m;7�|o��m;�r;1|;7�1Ѵ�v-
ters (see Table 1), assignment of individuals to clusters coincided largely 
with predatory field observations (Jourdain, Karoliussen, et al., 2019; 
�o�u7-bm�ş�(om]u-�;mķ�ƑƏƐƕĸ��o�u7-bm�;|�-Ѵĺķ�ƑƏƐƕĸ�$-0Ѵ;�Ɛĸ�b]�u;�ƒőĺ�
Clusters 1: seal-eaters, Cluster 2: herring-eaters, and Cluster 3: lump-
fish-eaters were therefore used for the isotopic analyses hereafter.

Average δ15N values measured in individuals from Cluster 1: 
seal-eaters were approximately 1‰ higher than in fish-eating indi-
viduals from Cluster 2: herring-eaters and Cluster 3: lumpfish-eaters 
combined (mean ± SD: 11.6 ± 0.2‰, range = 11.3–11.9, n = 28).

ƒĺƑՊ|Պ�vo|orb1�mb1_;�-m7�7b;|�1olrovb|bom

Niche width based on isotopic signatures for herring and lumpfish-
eating killer whales appeared narrow and not significantly dif-
ferent as supported by a similar SEAB (p = .14; Figure 3). SEAB for 
seal-eaters indicated a wider niche than both clusters (p < .001) as 
supported by a wide convex hull (Figure 3). Total absence of SEAC 
overlap among groups suggested that the three dietary clusters oc-
cupy distinct niches (Figure 3).

Bayesian stable isotope mixing models estimated mean relative 
contributions of the three prey groups to the diet of seal-eating killer 
whales to be: herring (mean ± SD) = 0.16 ± 0.08, lumpfish = 0.26 ± 0.12, 
and harbor seal = 0.58 ± 0.06 (Figure 4). Mixing models run sepa-
rately for each seal-eating individual further suggested a large varia-
tion in proportional contribution of harbor seal compared to herring 
and lumpfish. For seven of the 10 seal-eating killer whales, harbor 
seal was the highest dietary contributor although fish prey also ap-
peared as a significant food source (Figure 5). Mean contribution 
o=� _-u0ou� v;-Ѵ� u-m];7� =uol�Ɛƕѷ� ŐƑĺƔѷŋƖƕĺƔѷ� t�-m|bѴ;vĹ� Ƒѷŋƒѵѷķ�

 ��&!� �ƓՊOutputs from Bayesian 
isotopic mixing models showing 
proportional estimated contributions 
Ől;-mķ�ƑƔѷ�-m7�ƕƔѷ�r;u1;m|bѴ;vő�o=�
herring, lumpfish, and harbor seal to the 
diet of seal-eating killer whales (Cluster 
1, n = 10) biopsy sampled in northern 
Norway

 ��&!� �ƔՊ Individual variation in the mean proportional 
contribution of harbor seal, herring, and lumpfish to the diet of seal-
eating killer whales (Cluster 1, n = 10) biopsy sampled in northern 
Norway, as estimated from Bayesian isotopic mixing models

$���� �ƑՊCalculated expected δ15N and δ13C skin values for 
killer whales feeding exclusively on herring, lumpfish, and seal 
prey as compared to mean true (measured) values for each dietary 
cluster

�
��r;1|;7�δƐƔ�ĸ�δƐƒ�
��Őbm�Ҁő

$u�;��-Ѵ�;v�δƐƔ�ĸ�δƐƒ��
Őbm�Ҁő

Cluster 1: 
seal-eaters

ƐƔĺƔĸ�ƴƐѶĺƖ ƐƑĺѵĸ�ƴƐѶĺƖ

Cluster 2: 
herring-eaters

ƐƐĺѵĸ�ƴƑƏĺƏ ƐƐĺƕĸ�ƴƐƖĺƒ

Cluster 3: 
lumpfish-eaters

ƐƒĺƏĸ�ƴƐƖĺƓ ƐƐĺѵĸ�ƴƐѶĺƑ
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�_-Ѵ;���Əƕő�|o�Ɩƒѷ�ŐѶƔѷŋƖѶѷķ��_-Ѵ;���Əѵķ�b]�u;�Ɣőĺ���r;1|;7��-Ѵ-
ues for potential prey specialists feeding on herring, lumpfish, and 
seals are shown in Table 2.

ƓՊ |Պ	�"�&""���

Recent killer whale studies in Norway suggested multiple prey re-
sources (Cosentino, 2015; Jourdain, Karoliussen, et al., 2019; Jourdain 
;|�-Ѵĺķ�ƑƏƐƕĸ��p||;v|-7�;|�-Ѵĺķ�ƑƏƐƓĸ�(;v|;u�ş��-ll;uv1_lb7|ķ�ƑƏƐƒĸ�
Vongraven & Bisther, 2014) as opposed to initial observations of 
killer whales being herring specialists in this region (Christensen, 
1982; Similä et al., 1996). Our results further support a generalist 
population characterized by interindividual dietary variations. Low 
variation in δ15N and δ13C skin values for killer whales sampled at her-
ring and lumpfish grounds supported previous field observations of 
seasonal specialization on abundant fish prey (Jourdain, Karoliussen, 
et al., 2019; Similä et al., 1996; Similä & Ugarte, 1993). Higher δ15N 
skin values measured throughout the year for individuals repeat-
;7Ѵ��o0v;u�;7�=;;7bm]�om�v;-Ѵv�bm�ƐƖѶѶŋƑƏƐѵ�Ő�o�u7-bm�;|�-Ѵĺķ�ƑƏƐƕĸ�
Vongraven & Bisther, 2014) supported persistent feeding at higher 
trophic level and marked preference for pinniped prey for these 
whales, though a wide isotopic niche indicated a diversified diet.

Herring and lumpfish-eating killer whales had similar δ15N values, 
indicative of feeding at comparable trophic levels. Low variation in 
δ15N and δ13C values in herring-eaters (Cluster 2) resulted in the nar-
rowest niche of the three clusters, implying consistency in diet among 
individuals and apparent prey specialization in the winter months 
of high herring abundance. This is consistent with Foote, Vester, 
Vikingsson, and Newton (2012) who found only little variation in iso-
topic values (mean ± SD: 11.8 ± 0.5, range = 10.9–12.9, n = 20) in killer 
whales sampled at herring wintering grounds in northern Norway in 
ƑƏƏƔ�-m7�ƑƏƏƕĺ���lr=bv_Ŋ;-|bm]�hbѴѴ;u��_-Ѵ;v�ŐCluster 3), sampled in 
the first half of April in Andfjord, were shown to seasonally feed on 
lumpfish, based on predatory observations and molecular identifica-
tion of target prey (Jourdain, Karoliussen, et al., 2019). These whales 
showed a slightly wider isotopic niche, possibly indicative of a gradual 
seasonal switch in diet, from herring to lumpfish. As the wintering 
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 spawn-
ing grounds starts in February (Eriksen, Durif, & Prozorkevich, 2014). 
Such overlap in time and space between the two fish species could 
promote temporary inclusion of both fish prey in killer whales’ diet. 
Indeed, sampled lumpfish-eating killer whales were confirmed to be 
feeding on herring from winter encounters between 2015 and 2018 
(Jourdain, Karoliussen, et al., 2019). In any case, seasonal specializa-
tion on lumpfish is likely reflecting a seasonal local peak in prey abun-
dance rather than true dietary preference.

A few individuals sampled at herring grounds (i.e., whales KI01, 
KI03, KI05, and NKW-924) and lumpfish grounds (i.e., whale K1) 
showed higher δ15N skin values, indicative of feeding on higher tro-
phic level prey. These whales were assigned to Cluster 1: seal-eaters 

for which distinctive enrichment in 15N correlated with apparent 
inclusion of seals in their diet. This was confirmed from field ob-
servations for nine of the 10 whales in this cluster (see Jourdain 
;|�-Ѵĺķ�ƑƏƐƕőĺ�";-ѴŊ;-|;uv�v_o�;7�δ15N skin values in average 1.0‰, 
and up to 1.9‰, higher compared to fish-eaters, regardless of 
sampling season. These values are consistent with approximately 
one trophic level, assuming an estimated discrimination factor 
o=� ŜƐĺƔƕҀ� =ou� mb|uo];m� =ou� 0o||Ѵ;mov;� 7oѴr_bm� Ő�blm;�� ;|� -Ѵĺķ�
2016). This falls within or exceeds the range of values discrimina-
tive of fish versus marine mammal-eating killer whales in Iceland 
(Δ��Ʒ�ƐĺƒƑҀ�bm�"-l-uu-�;|�-Ѵĺķ�ƑƏƐƕőķ��ub|bv_��oѴ�l0b-ņ)-v_bm]|om�
State (Δ��Ʒ�ƏĺƕҀķ�bm��;ul-m�;|�-Ѵĺķ�ƑƏƏƔőķ��-v|;um��Ѵ;�|b-m��vѴ-m7v�
(ΔN = 1.2‰ in Herman et al., 2005), and Antarctica (ΔN = 0.9‰ 
bm�	�u0-m�;|�-Ѵĺķ�ƑƏƐƕőĺ�	bvr-u-|;� bvo|orb1�ruo=bѴ;v�-lom]� bm7b�b7-
uals sampled at matching times and locations in our study indicate 
co-occurrence of individuals that include, and others that do not in-
clude, pinnipeds to their diet. Elevated δ15N values found in three of 
the 20 killer whales sampled at herring wintering grounds by Foote 
et al. (2012) also suggested such dietary structuring.

Combined with individual predation records collected over years 
-m7��r�|o�v;�;u-Ѵ�7;1-7;v� Őv;;��o�u7-bm�;|�-Ѵĺķ�ƑƏƐƕĸ�(om]u-�;m�ş�
Bisther, 2014), our results confirm persistent dietary preference 
rather than opportunistic feeding on pinnipeds for these whales. 
Consistently elevated δ15N values for all ten seal-eaters (Cluster 1) 
sampled in all seasons further indicated that predation on seals (or 
other high trophic level prey) occurred throughout the year, even 
at times of high abundance of fish prey. This was supported by 
strikingly similar skin δ15N values measured for individuals KI01, 
��Əƒķ� -m7� ��Əƕĺ� �ѴѴ� |_u;;� bm7b�b7�-Ѵv� �;u;� v_o�m� |o� 1omv|b|�|;� -�
stable long-lasting social group that hunts and feeds cooperatively 
Ő�o�u7-bm�;|�-Ѵĺķ�ƑƏƐƕőķ�-m7�|_;u;=ou;ķ�1olr-u-0Ѵ;�7b;|�-m7�bvo|orb1�
profiles are expected for these whales. Although sampled in differ-
ent seasons for this study (see Table 1), year-round homogeneous 
δ15N values support consistent feeding habits for this group regard-
less of the time of the year.

A wider isotopic niche found for seal-eating killer whales com-
pared to fish-eaters implies a more diversified diet. This was sup-
ported by the following observations of seal-eating individuals also 
feeding on fish prey. Adult males NKW-924 and KI01 were photo-
graphed while scavenging around herring-purse seiners in November 
ƑƏƐƕ�-m7�ƑƏƐѶ� Ő��ķ��mr�0Ѵbv_;7�7-|-őķ� u;vr;1|b�;Ѵ�ķ�1om=bulbm]�;=-
fective inclusion of herring to their diets. Whales KI03, KI05, and 
KI06 were also observed carousel feeding on herring off Ona, Møre 
coast, Norway in 1991, immediately prior to travelling near-shore to 
chase harbor seals (Vongraven & Bisther, 2014). Female K1 was ob-
served feeding on lumpfish at time of sampling in May 2018 before 
resuming nearshore foraging as previously described for seal-eating 
]uo�rv� Ő�o�u7-bm�;|�-Ѵĺķ�ƑƏƐƕőĺ���r;1|;7�δ15N values calculated for 
seal-eaters if they were prey specialists were in further support of a 
mixed diet (Table 2).

When computing herring, lumpfish, and harbor seal as putative 
prey of seal-eating killer whales (Cluster 1), isotope mixing mod-
els suggested that seal prey made up 46 to 68% of these whales’ 
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7b;|� ŐƑĺƔ�-m7�ƖƕĺƔѷ�t�-u|bѴ;v�-|� |_;�1Ѵ�v|;u� Ѵ;�;Ѵőķ� |_;u;=ou;�v�]-
gesting fish prey as an equal or secondary food source (Figure 4). 
However, these results should only be considered preliminary and 
interpreted with caution due to small sample size for both killer 
whale and prey values, and due to the limitations and assumptions 
involved in the use of these models. Mixing models are very sen-
sitive to the assumption that all potential prey sources are com-
puted (Bond & Diamond, 2011; Parnell et al., 2013; Phillips et al., 
2014), which can be confirmed if isotopic values of the consumer 
fall within the mixing polygon of the connecting food sources 
once corrected for trophic fractionation (Phillips & Koch, 2002). 
This was not the case here (see Figure 3), implying missing prey 
sources. Also, if there was large temporal and/or individual vari-
ation in diet composition; that is, not all seal-eating individuals in 
Cluster 1 feeding on all three prey types, and not at time of sam-
pling, computing herring, lumpfish, and seal prey could be unsuit-
able (Phillips et al., 2014; Phillips & Koch, 2002). Another caveat 
in our models resides in the use of variation values from harbor 
seals that were not collected in our study area. Further efforts in 
monitoring food sources to better obtain a priori knowledge on 
individuals’ diet, and collecting prey samples, are warranted. More 
complete datasets and inclusion of appropriate trophic discrimi-
nation factors would allow for more accurate diet reconstruction 
(Phillips et al., 2014) of seal-eating killer whales in Norway and 
should be a priority for future research.

Nevertheless, the large variation observed in estimated di-
etary contributions among seal-eating killer whales is consis-
tent with the wide isotopic niche that characterizes this cluster 
(Figures 3–5). Importantly, there might be a gradient of dietary 
patterns among Norwegian killer whales ranging from fish special-
ists (Clusters 2 and 3: herring and lumpfish-eaters) on one end to 
individuals that feed most extensively on high trophic level prey 
(Cluster 1: seal-eaters) on the other end. Contrasting field observa-
|bomv�-m7�bvo|orb1��-Ѵ�;v�=ou��_-Ѵ;���)ŊƕѶƔ�v�rrou|�|_bv�|_;ou�ĺ�
This female was observed feeding on pinnipeds on one encounter 
7-��bm���m;�ƑƏƐƕ�Ő����mr�0Ѵbv_;7�7-|-ő�-m7�=;;7bm]�om�_;uubm]�-|�
time of sampling in November of the same year. Owing to low δ15N 
skin values, this whale was assigned to the cluster herring-eaters 
by the Gaussian mixture model, bringing evidence that not all 
killer whales known as seal-eaters from field observations forage 
on pinnipeds throughout the year. Instead, some individuals may 
seasonally switch between specialized feeding behaviors or may 
only opportunistically feed on seals.

Variations in δ13C among the three sampling groups support 
variable foraging areas in relation to seasonal prey movement 
and/or foraging on prey that utilize different habitats. The low-
est δ13C values measured for herring-eaters (Cluster 2) sampled in 
November at herring wintering grounds coincide with killer whales 
just returning from their summer offshore distribution (Nøttestad 
et al., 2014, 2015), following the migration of the herring to the 
coastal wintering grounds in early fall. Lower δ13C values could 
also be a result of specializing on herring, which is a pelagic fish 
spending most of its life offshore (Dragesund, Hamre, & Ulltang, 

1980). The highest δ13C values measured in killer whales sampled 
at lumpfish spawning grounds in spring (Cluster 3) were indica-
tive of a coastal habitat for these whales. This is consistent with 
a winter spent in fjords foraging on wintering herring but could 
also be a result of temporarily specializing on the lumpfish which 
is a semipelagic fish (Davenport, 1985). Intermediate δ13C values 
for whales sampled from June through August could indicate in-
tergroup variations in foraging areas due to a mosaic of prey re-
vo�u1;v�Ő�o�u7-bm�;|�-Ѵĺķ�ƑƏƐƕĸ��p||;v|-7�;|�-Ѵĺķ�ƑƏƐƓĸ�"blbѴ�;|�-Ѵĺķ�
1996) relied upon at this time of the year.

Expected values of δ15N and δ13C in skin of killer whales that 
would exclusively feed on seal prey indicate that pinniped-eating in-
dividuals sampled in this study are not prey specialists. Vongraven 
and Bisther (2014) suggested that the near total collapse of the 
�""�_;uubm]�bm�ƐƖƕƏ�1-�v;7�0��o�;u=bv_bm]ķ�1o�Ѵ7�_-�;�=ou1;7�-�_;u-
ring-dependent population of killer whales to switch to other prey 
types including pinnipeds. Phenotypic plasticity and the ability to 
learn and culturally transmit new hunting techniques may have fa-
cilitated such a switch (Riesch et al. 2012; Samarra & Miller, 2015). 
Further resource specialization may increase foraging efficiency if 
experienced foragers benefit from enhanced searching and han-
dling abilities of better selected cost-effective prey (see Bolnick 
et al., 2003). Under consistent environmental conditions, and if prey 
specialists indeed experienced a greater fitness than generalists, 
the level of prey specialization could increase over time regardless 
of target prey, as shown in other species (Annett & Pierotti, 1999; 
Golet, Kuletz, Roby, & Irons, 2000).

Despite a small sample size, our study captured a diversity of 
dietary patterns largely consistent with field observations. Results 
highlight dietary structuring and differences in prey specialization 
within this killer whale population which could reflect either sea-
sonal localized food abundance, individuals’ true dietary prefer-
ences, or both. Resampling of individuals over time and throughout 
the year would assist in assessing intraindividual dietary variations. 
While links between diet, genetics and social structure remain to 
be investigated in this region, our observations confirm that at least 
seasonal range overlap occurs among killer whale groups adopting 
distinct diets.

�����)��	����$"
This research was supported by grants from the Sea World and 
Busch Gardens Conservation fund and Sea World and Parks 
Entertainment. Biopsy sampling was conducted under the permit 
�$"Ŋ�	�ƐƏƐƕѵ� bvv�;7�0���-||bѴv�m;|� Őu;rou|�muĺ�ƑƏƐѵņƐƕƖѶƔѵő� |o�
Norwegian Orca Survey.

������$�����$�!�"$"
Authors have no competing interests to declare.

�&$��!����$!��&$���"
E.J., C.A., R.K., and D.V. conceptualized the study. E.J., C.A., and 
R.K. collected samples. E.J., C.A., A.R., and K.B. conceptualized the 
analyses. C.A. conducted laboratory work. E.J. and C.A. analyzed 



ՊՍ Պ |�ՊƐƐJOURDAIN et Al.

data. E.J., C.A., and D.V. wrote the paper. All authors approved the 
final manuscript.

	�$���(��������$+�"$�$����$
All isotopic values used in this study are available from Figshare 
Digital Repository: https://doi.org/10.6084/m9.figsh are.11901 933.
v1

�!��	
Eve Jourdain  _||rvĹņņou1b7ĺou]ņƏƏƏƏŊƏƏƏƒŊƑѵƐƖŊƕƕƖƖ 
Clare Andvik  _||rvĹņņou1b7ĺou]ņƏƏƏƏŊƏƏƏƑŊƐѶƕƏŊƕƐƏѵ 
Anders Ruus  _||rvĹņņou1b7ĺou]ņƏƏƏƏŊƏƏƏƑŊƓƒƕƓŊƕѶƕƐ 
Dag Vongraven  _||rvĹņņou1b7ĺou]ņƏƏƏƏŊƏƏƏƑŊƏƔƏƔŊƕƕƔƕ 
Katrine Borgå  https://orcid.org/0000-0002-8103-3263 

!��!����"
Annett, C. A., & Pierotti, R. J. E. (1999). Long-term reproduc-

tive output in Western Gulls: Consequences of alternate 
tactics in diet choice. Ecology, 80ķ� ƑѶѶŋƑƖƕĺ� _||rvĹņņ7obĺ
org/10.1890/0012-9658(1999)080[0288:LTROI W]2.0.CO;2

Bearhop, S., Adams, C. E., Waldron, S., Fuller, R. A., & Macleod, H. (2004). 
Determining trophic niche width: A novel approach using stable iso-
tope analysis. Journal of Animal Ecology, 73ķ�ƐƏƏƕŋƐƏƐƑĺ�_||rvĹņņ7obĺ
ou]ņƐƏĺƐƐƐƐņfĺƏƏƑƐŊѶƕƖƏĺƑƏƏƓĺƏƏѶѵƐĺ�

Bigg, M. (1982). An assessment of killer whale Orcinus orca stocks off 
Vancouver Island, British Columbia. Report of the International 
Whaling Commission, 32, 655–666.

Bisther, A., & Vongraven, D. (1995). Studies of social ecology of Norwegian 
killer whales (Orcinus orca). In: A. S. Blix, L. Walløe, & Ø. Ulltang (Eds.) 
Whales, seals, fish and man. Amsterdam: Elsevier Science.

Bolnick, D. I., Svanbäck, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Darrin 
Hulsey, C., & Forister, M. L. (2003). The Ecology of Individuals: 
Incidence and Implications of Individual Specialization. The American 
Naturalist, 161, 1–28.

Bond, A. L., & Diamond, A. W. (2011). Recent Bayesian stable-isotope 
mixing models are highly sensitive to variation in discrimination fac-
tors. Journal of Ecological Applications, 21ķ� ƐƏƐƕŋƐƏƑƒĺ� _||rvĹņņ7obĺ
org/10.1890/09-2409.1

Christensen, I. (1982). Killer whales in Norwegian coastal waters. Report 
of the International Whaling Commission, 32, 633–641.

Cosentino, A. M. (2015). First record of Norwegian killer whales attack-
ing and feeding on a harbour porpoise. Marine Biodiversity Records, 
8, e108.

COSEWIC. (2008). COSEWIC assessment and update status report on 
the killer whale Orcinus orca, Southern Resident population, Northern 
Resident population, West Coast Transient population, Offshore 
population and Northwest Atlantic / Eastern Arctic population, in 
Canada. Ottawa: Committee on the Status of Endangered Wildlife 
in Canada.

Davenport, J. (1985). Synopsis of biological data on the lumpsucker, 
Cyclopterus lumpus (Linnaeus, 1758). Rome, Italy: Food and Agriculture 
Organization of the United Nations., FAO Fisheries.

	;mbuoķ��ĺ��ĺķ�ş��rv|;bmķ�"ĺ� ŐƐƖƕѶőĺ� �m=Ѵ�;m1;�o=�7b;|�om�|_;�7bv|ub0�|bom�
of carbon isotopes in animals. Geochimica et Cosmochimica Acta, 42, 
495–506.

Domenici, P., Batty, R. S., Similä, T., & Ogam, E. (2000). Killer whales 
(Orcinus orca) feeding on schooling herring (Clupea harengus) using 
underwater tail-slaps: Kinematic analyses of field observations. 
Journal of Experimental Biology, 203, 283–294.

Dragesund, O., Hamre, J., & Ulltang, Ø. (1980). Biology and population 
dynamics of the Norwegian spring-spawning herring. Rapports Et 

Procès-Verbaux Des Réunions, Conseil International pour l'Exploration 
de la Mer, 177ķ�ƓƒŋƕƐĺ

Durban, J. W., Fearnbach, H., Burrows, D. G., Ylitalo, G. M., & Pitman, R. 
�ĺ�ŐƑƏƐƕőĺ��our_oѴo]b1-Ѵ�-m7�;1oѴo]b1-Ѵ�;�b7;m1;�=ou�|�o�v�lr-|ub1�
forms of type B killer whale around the Antarctic Peninsula. Polar 
Biology, 40, 231–236.

�ѴѴbo||ķ� �ĺ� �ĺķ� !o|_ķ� �ĺ� 	ĺķ� ş� �uoohķ� �ĺ� ŐƑƏƐƕőĺ� �brb7� ;�|u-1|bom� |;1_-
niques for stable isotope analysis and ecological assays. In: S. K. 
Bhattacharya (Ed.) Lipidomics: Methods and Protocols. New York, NY: 
Humana Press.

Eriksen, E., Durif, C. M. F., & Prozorkevich, D. (2014). Lumpfish 
(Cyclopterus lumpus) in the Barents Sea: Development of biomass and 
abundance indices, and spatial distribution. ICES Journal of Marine 
Science, 71, 2398–2402.

oѴ1_ķ��ĺķ��;;vķ��ĺķ�ş�"|-mѴ;�ķ�"ĺ�ŐƐƖƔƕőĺ���vblrѴ;�l;|_o7�=ou�|_;�bvoѴ-|bom�
and purification of total lipides from animal tissues. The Journal of 
Biological Chemistry, 226ķ�ƓƖƕŋƔƏƖĺ

Foote, A. D., Newton, J., Piertney, S. B., Willerslev, E., & Gilbert, M. T. 
P. (2009). Ecological, morphological and genetic divergence of sym-
patric North Atlantic killer whale populations. Molecular Ecology, 18, 
ƔƑƏƕŋƔƑƐƕĺ�_||rvĹņņ7obĺou]ņƐƏĺƐƐƐƐņfĺƐƒѵƔŊƑƖƓ�ĺƑƏƏƖĺƏƓƓƏƕĺ�

Foote, A. D., Similä, T., Vikingsson, G., & Stevick, P. T. (2010). Movement, 
site fidelity and connectivity in a top marine predator, the killer 
whale. Evolutionary Ecology, 24ķ� ѶƏƒŋѶƐƓĺ� _||rvĹņņ7obĺou]ņƐƏĺƐƏƏƕņ
vƐƏѵѶ�ƑŊƏƏƖŊƖƒƒƕŊ�

Foote, A. D., Vester, H., Vikingsson, G. A., & Newton, J. (2012). Dietary 
variation within and between populations of Northeast Atlantic killer 
whales, Orcinus orca, inferred from δ13C and δ15N analyses. Marine 
Mammal Science, 28ķ�ƓƕƑŋƓѶƔĺ

Foote, A. D., Vijay, N., Avila-Arcos, M. C., Baird, R. W., Durban, J. W., 
Fumagalli, M., … Wolf, J. B. W. (2016). Genome-culture coevolu-
tion promotes rapid divergence of killer whale ecotypes. Nature 
Communications, 7.

Ford, J. K. B., & Ellis, G. M. (2014). You are what you eat: Foraging special-
izations and their influence on the social organization and behavior 
of killer whales. In: J. Yamagiwa, & L. Karczmarski (Eds.), Primates and 
cetaceans: Field research and conservation of complex mammalian soci-
eties. Tokyo, Japan: Springer.

Ford, J. K. B., Ellis, G. M., Barrett-Lennard, L. G., Morton, A. B., Palm, R. S., 
& Balcomb, K. C. (1998). Dietary specialization in two sympatric pop-
ulations of killer whales (Orcinus orca) in Coastal British Columbia and 
adjacent waters. Canadian Journal of Zoology, 76ķ�ƐƓƔѵŋƐƓƕƐĺ�_||rvĹņņ
7obĺou]ņƐƏĺƐƐƒƖņ1f�ŊƕѵŊѶŊƐƓƔѵ

Forney, K. A., & Wade, P. R. (2006). Worldwide distribution and abun-
dance of killer whales. In: J. A. Estes, D. P. Demaster, D. F. Doak, T. M. 
Williams, R. L. Brownell Jr. (Eds.) Whales, whaling and ocean ecosys-
tems. Berkeley, CA: University of California Press.

Fox, J., & Weisberg, S. (2011). An {R} companion to applied regression (2nd 
ed.). Retrieved from http://socse rv.socsci.mcmas ter.ca/jfox/Books /
Compa nion

Giménez, J., Ramírez, F., Almunia, J., Forero, M. G., & de Stephanis, 
R. (2016). From the pool to the sea: Applicable isotope turnover 
rates and diet to skin discrimination factors for bottlenose dol-
phins (Tursiops truncatus). Journal of Experimental Marine Biology and 
Ecology, 475, 54–61. https://doi.org/10.1016/j.jembe.2015.11.001

Golet, G. H., Kuletz, K. J., Roby, D. D., & Irons, D. B. J. T. A. (2000). 
Adult prey choice affects chick growth and reproductive success 
in pigeon guillemots. The Auk, 117, 82–91. https://doi.org/10.1093/
-�hņƐƐƕĺƐĺѶƑ

Herman, D. P., Burrows, D. G., Wade, P. R., Durban, J. W., Matkin, C. 
O., Leduc, R. G., … Krahn, M. M. (2005). Feeding ecology of Eastern 
North Pacific killer whales Orcinus orca from fatty acid, stable iso-
tope, and organochlorine analyses of blubber biopsies. Marine 
Ecology Progress Series, 302ķ� ƑƕƔŋƑƖƐĺ� _||rvĹņņ7obĺou]ņƐƏĺƒƒƔƓņ
l;rvƒ�ƏƑƑƕƔ



ƐƑՊ�|Պ ՊՍ JOURDAIN et Al.

Hobson, K. A., & Clark, R. G. (1992). Assessing avian diets using sta-
ble isotopes II: Factors influencing diet-tissue fractionation. The 
Condor: Ornithological Applications, 94ķ� ƐѶƖŋƐƖƕĺ� _||rvĹņņ7obĺ
ou]ņƐƏĺƑƒƏƕņƐƒѵѶѶƏѶ

Hobson, K. A., Piatt, J. F., & Pitocchelli, J. (1994). Using stable isotopes to 
determine seabird trophic relationships. Journal of Animal Ecology, 63, 
ƕѶѵŋƕƖѶĺ�_||rvĹņņ7obĺou]ņƐƏĺƑƒƏƕņƔƑƔѵ

�o0vomķ��ĺ��ĺķ�";-v;ķ��ĺ��ĺķ��;uub1hķ�!ĺ��ĺķ�ş��b-||ķ��ĺ�ĺ�ŐƐƖƖƕőĺ��m�;v|b]-|bm]�
trophic relationships of pinnipeds in Alaska and Washington using 
stable isotope ratios of nitrogen and carbon. Marine Mammal Science, 
13ķ�ƐƐƓŋƐƒƑĺ�_||rvĹņņ7obĺou]ņƐƏĺƐƐƐƐņfĺƐƕƓѶŊƕѵƖƑĺƐƖƖƕĺ|0ƏƏѵ�ƐƔĺ�

Hoelzel, A. R., Hey, J., Dahlheim, M. E., Nicholson, C., Burkanov, V., & 
�Ѵ-1hķ��ĺ�ŐƑƏƏƕőĺ���oѴ�|bom�o=�ror�Ѵ-|bom�v|u�1|�u;�bm�-�_b]_Ѵ��vo1b-Ѵ�
top predator, the killer whale. Molecular Biology and Evolution, 24, 
ƐƓƏƕŋƐƓƐƔĺ�_||rvĹņņ7obĺou]ņƐƏĺƐƏƖƒņloѴ0;��ņlvlƏѵƒ

ICES. (2018). Report of the Working Group on Widely Distributed Stocks 
(WGWIDE), 28 August- 3 September 2018, Faroe Islands, Torshavn.

Jackson, A. L., Inger, R., Parnell, A. C., & Bearhop, S. (2011). Comparing 
isotopic niche widths among and within communities: SIBER – Stable 
Isotope Bayesian Ellipses in R. Journal of Animal Ecology, 80, 595–602.

Jourdain, E., & Karoliussen, R. (2018). Identification catalogue of 
�ou�;]b-m� hbѴѴ;u� �_-Ѵ;vĹ� ƑƏƏƕŋƑƏƐѶĺ� b]v_-u;ĺ� _||rvĹņņ7obĺ
org/10.6084/m9.figsh are.4205226

Jourdain, E., Karoliussen, R., de Vos, J., Zakharov, S. E., & Tougard, C. 
(2019). Killer whales (Orcinus orca) feeding on lumpfish (Cyclopterus 
lumpus) in northern Norway. Marine Mammal Science, 1–14.

Jourdain, E., Ugarte, F., Víkingsson, G. A., Samarra, F. I. P., Ferguson, S. 
H., Lawson, J., … Desportes, G. (2019). North Atlantic killer whale 
Orcinus orca populations: A review of current knowledge and 
threats to conservation. Mammal Review, 49, 384–400. https://doi.
org/10.1111/mam.12168

�o�u7-bmķ��ĺķ�ş�(om]u-�;mķ�	ĺ�ŐƑƏƐƕőĺ���lr0-1h��_-Ѵ;�ŐMegaptera novae-
angliae) and killer whale (Orcinus orca) feeding aggregations for for-
aging on herring (Clupea harengus) in Northern Norway. Mammalian 
Biology - Zeitschrift für Säugetierkunde, 86ķ�ƑƕŋƒƑĺ

�o�u7-bmķ� �ĺķ�(om]u-�;mķ�	ĺķ��bv|_;uķ��ĺķ�ş��-uoѴb�vv;mķ�!ĺ� ŐƑƏƐƕőĺ� buv|�
longitudinal study of seal-feeding killer whales (Orcinus orca) in 
Norwegian coastal waters. PLoS ONE, 12, e0180099.

Krahn, M. M., Herman, D. P., Matkin, C. O., Durban, J. W., Barrett-
�;mm-u7ķ��ĺķ���uuo�vķ�	ĺ��ĺķ�Ļ�)-7;ķ��ĺ�!ĺ� ŐƑƏƏƕőĺ�&v;�o=�1_;lb1-Ѵ�
tracers in assessing the diet and foraging regions of Eastern North 
Pacific killer whales. Marine Environmental Research, 63, 91–114.

Lesage, V., Morin, Y., Rioux, È., Pomerleau, C., Ferguson, S. H., & Pelletier, 
É. (2010). Stable isotopes and trace elements as indicators of diet 
and habitat use in cetaceans: Predicting errors related to preserva-
tion, lipid extraction, and lipid normalization. Marine Ecology Progress 
Series, 419, 249–265.

Morin, P. A., Archer, F. I., Foote, A. D., Vilstrup, J., Allen, E. E., Wade, P., … 
Harkins, T. (2010). Complete mitochondrial genome phylogeographic 
analysis of killer whales (Orcinus orca) indicates multiple species. 
Genome Research, 20, 908–916.

Newsome, S. D., Clementz, M. T., & Koch, P. L. (2010). Using stable iso-
tope biogeochemistry to study marine mammal ecology. Marine 
Mammal Science, 26ķ�ƔƏƖŋƔƕƑĺ

Nøttestad, L., Krafft, B. A., Anthonypillai, V., Bernasconi, M., Langård, 
L., Mørk, H. L., & Fernö, A. (2015). Recent changes in distribution 
and relative abundance of cetaceans in the Norwegian Sea and their 
relationship with potential prey. Frontiers in Ecology and Evolution, 2. 
https://doi.org/10.3389/fevo.2014.00083

Nøttestad, L., Sivle, L. D., Krafft, B. A., Langard, L., Anthonypillai, V., 
Bernasconi, M., … Ferno, A. (2014). Prey selection of offshore killer 
whales Orcinus orca in the Northeast Atlantic in late summer: Spatial 
associations with mackerel. Marine Ecology Progress Series, 499ķ�ƑƕƔŋ
283. https://doi.org/10.3354/meps1 0638

Parnell, A. (2016). simmr-package a stable isotope mixing model. Version 
0.3.

Parnell, A. C., Phillips, D. L., Bearhop, S., Semmens, B. X., Ward, E. J., 
Moore, J. W., … Inger, R. (2013). Bayesian stable isotope mixing mod-
els. Environmetrics, 24ķ�ƒѶƕŋƒƖƖĺ

Phillips, D. L., Inger, R., Bearhop, S., Jackson, A. L., Moore, J. W., Parnell, 
A. C., … Ward, E. J. (2014). Best practices for use of stable isotope 
mixing models in food-web studies. Canadian Journal of Zoology, 92, 
ѶƑƒŋѶƒƔĺ�_||rvĹņņ7obĺou]ņƐƏĺƐƐƒƖņ1f�ŊƑƏƐƓŊƏƐƑƕ

Phillips, D. L., & Koch, P. L. (2002). Incorporating concentration depen-
dence in stable isotope mixing models. Oecologia, 130, 114–125.

!�	;�;Ѵorl;m|� �ou;� $;-lĺ� ŐƑƏƐƕőĺ�R: A language and environment for 
statistical computing. Vienna, Austria: R Foundation for Statistical 
Computing.

Reisinger, R. R., Grocke, D. R., Lubcker, N., McClymont, E. L., Hoelzel, 
A. R., & de Bruyn, P. J. N. (2016). Variation in the Diet of Killer 
Whales Orcinus orca at Marion Island, Southern Ocean. Marine 
Ecology Progress Series, 549ķ�ƑѵƒŋƑƕƓĺ�_||rvĹņņ7obĺou]ņƐƏĺƒƒƔƓņl;rv 
Ɛ�Ɛѵƕѵ

Riesch, R., Barrett-Lennard, L. G., Ellis, G. M., Ford, J. K. B., & Deecke, V. 
B. (2012). Cultural traditions and the evolution of reproductive iso-
lation: Ecological speciation in killer whales? Biological Journal of the 
Linnean Society, 106ķ�ƐŋƐƕĺ

Røttingen, I. (1990). A review of variability in the distribution and abun-
dance of Norwegian spring spawning herring and Barents Sea cape-
lin. Polar Research, 8, 33–42.

Ryan, C., McHugh, B., Trueman, C. N., Harrod, C., Berrow, S. D., & 
O'Connor, I. (2012). Accounting for the effects of lipids in stable 
isotope (δ13C and δ15N values) analysis of skin and blubber of ba-
laenopterid whales. Rapid Communications in Mass Spectrometry, 26, 
ƑƕƓƔŋƑƕƔƓĺ�_||rvĹņņ7obĺou]ņƐƏĺƐƏƏƑņu1lĺѵƒƖƓ

Samarra, F. I. P., Bassoi, M., Beesau, J., Eliasdottir, M. O., Gunnarsson, 
K., Mrusczok, M. T., … Vikingsson, G. A. (2018). Prey of killer whales 
(Orcinus orca) in Iceland. PLoS ONE, 13ķ�;ƏƑƏƕƑѶƕĺ

Samarra, F. I. P., & Miller, P. J. O. (2015). Prey-induced behavioural plas-
ticity of herring-eating killer whales. Marine Biology, 162, 809–821. 
_||rvĹņņ7obĺou]ņƐƏĺƐƏƏƕņvƏƏƑƑ�ƕŊƏƐƔŊƑѵƑѵŊѶ

"-l-uu-ķ�ĺ��ĺ��ĺķ�(b]_bķ��ĺķ��]�bѴ-uķ��ĺķ�ş�(bhbm]vvomķ��ĺ��ĺ�ŐƑƏƐƕőĺ��m|u-Ŋ
population variation in isotopic niche in herring-eating killer whales 
off Iceland. Marine Ecology Progress Series, 564, 199–210. https://doi.
org/10.3354/meps1 1998

Saulitis, E., Matkin, C., Barrett-Lennard, L., Heise, K., & Ellis, G. (2000). 
Foraging strategies of sympatric killer whale (Orcinus orca) popula-
tions in Prince William Sound, Alaska. Marine Mammal Science, 16, 
ƖƓŋƐƏƖĺ�_||rvĹņņ7obĺou]ņƐƏĺƐƐƐƐņfĺƐƕƓѶŊƕѵƖƑĺƑƏƏƏĺ|0ƏƏƖ�Əѵĺ�

Scrucca, L., Fop, M., Murphy, T. B., & Raftery, A. E. (2016). mclust 5: 
Clustering, classification and density estimation using Gaussian finite 
mixture models. The R Journal, 8ķ�ƑѶƖŋƒƐƕĺ�_||rvĹņņ7obĺou]ņƐƏĺƒƑѵƐƓ�
/RJ-2016-021

Similä, T., Holst, J. C., & Christensen, I. (1996). Occurrence and diet of 
killer whales in Northern Norway: Seasonal patterns relative to the 
distribution and abundance of Norwegian Spring-Spawning Herring. 
Canadian Journal of Fisheries and Aquatic Sciences, 53ķ� ƕѵƖŋƕƕƖĺ�
https://doi.org/10.1139/f95-253

Similä, T., & Ugarte, F. (1993). Surface and underwater observations of 
cooperatively feeding killer whales in Northern Norway. Canadian 
Journal of Zoology, 71, 1494–1499. https://doi.org/10.1139/z93-210

Tarroux, A., Ehrich, D., Lecomte, N., Jardine, T. D., Bêty, J., & Berteaux, 
D. (2010). Sensitivity of stable isotope mixing models to variation in 
isotopic ratios: Evaluating consequences of lipid extraction. Methods 
in Ecology and Evolution, 1, 231–241.

Tixier, P., Giménez, J., Reisinger, R. R., Méndez-Fernandez, P., Arnould, 
J. P., Cherel, Y., & Guinet, C. (2019). Importance of toothfish in the 
diet of generalist subantarctic killer whales: Implications for fisheries 



ՊՍ Պ |�ՊƐƒJOURDAIN et Al.

interactions. Marine Ecology Progress Series, 613ķ� ƐƖƕŋƑƐƏĺ� _||rvĹņņ
doi.org/10.3354/meps1 2894

Vester, H., & Hammerschmidt, K. (2013). First record of killer whales 
(Orcinus orca) feeding on Atlantic salmon (Salmo salar) in Northern 
Norway suggest a multi-prey feeding type. Marine Biodiversity 
Records, 6ķ�ƐŋƔĺ�_||rvĹņņ7obĺou]ņƐƏĺƐƏƐƕņ"ƐƕƔƔ�ƑѵƕƑƐ�ƑƏƏƐƏƒƏ

Vongraven, D., & Bisther, A. (2014). Prey switching by killer whales in 
the North-East Atlantic: Observational evidence and experimen-
tal insights. Journal of the Marine Biological Association of the United 
Kingdom, 94ķ� ƐƒƔƕŋƐƒѵƔĺ� _||rvĹņņ7obĺou]ņƐƏĺƐƏƐƕņvƏƏƑƔ�ƒƐƔƓƐ�
ƒƏƏƐƕƏƕ

Yurkowski, D. J., Hussey, N. E., Semeniuk, C., Ferguson, S. H., & Fisk, 
A. T. J. P. B. (2015). Effects of lipid extraction and the utility of lipid 

normalization models on δ13 C and δ15 N values in Arctic marine 
mammal tissues. Polar Biology, 38ķ�ƐƒƐŋƐƓƒĺ�_||rvĹņņ7obĺou]ņƐƏĺƐƏƏƕņ
vƏƏƒƏ�ƏŊƏƐƓŊƐƔƕƐŊƐ

�o��|o�1b|;�|_bv�-u|b1Ѵ;Ĺ Jourdain E, Andvik C, Karoliussen R, 
Ruus A, Vongraven D, Borgå K. Isotopic niche differs 
between seal and fish-eating killer whales (Orcinus orca) in 
northern Norway. Ecol Evol. 2020;00:1–13. https://doi.
org/10.1002/ece3.6182





PAPER V 
 
 
 
 

At risk: Preying on seals pushes killer whales (Orcinus orca)  

from Norway above pollution effects thresholds. 
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������������ǡ��������������������������������������������������������������������ơ��������������������
�����������������������Ǥ

Pollutants, such as polychlorinated biphenyls (PCBs) and mercury (Hg), have the potential to cause harmful 
effects in wildlife due to their persistent, bioaccumulative and toxic  properties1,2. PCBs are a type of organohalo-
gen contaminant (OHC): anthropogenically produced pollutants that include a range of pesticides and industrial 
products. Hg is a naturally occurring element, however the concentrations measured in wildlife have increased 
by 3–4 orders of magnitude over the last 150 years due to anthropogenic  activities3.

The killer whale (Orcinus orca) is a species particularly vulnerable to biomagnifying pollutants due to its 
position as an apex predator, long life span, and thick blubber layer in which lipophilic OHCs can  accumulate4. 
High recorded tissue levels of PCBs and Hg led to the killer whale being named the most exposed species by the 
Arctic Monitoring and Assessment Programme (AMAP)5, and over 50% of killer whale populations worldwide 
have been predicted to collapse within the next 100 years due to PCB  exposure6. The levels of pollutants in a 
killer whale population, and thus its risk of health effects, are higher in populations feeding at high trophic 
levels due to increased exposure from biomagnification in  prey6,7. For example, in the northeast Pacific, marine-
mammal eating killer whale populations have higher levels of PCBs than fish-eating populations from the same 
geographic  area8,9. Variations in Hg levels according to dietary preference have not yet been recorded in killer 
whales, although higher Hg levels would be expected in groups feeding on marine mammal prey, as Hg also 
biomagnifies in food  webs10,11.

Killer whales frequenting the coast of Norway have long been assumed to feed primarily on Atlantic herring 
(Clupea harengus)12,13. However, field observations and stable isotope dietary descriptors have recently confirmed 
that some individuals switch from fish to marine mammal prey, such as seals, on a long term and multi-seasonal 
 basis14,15. Toxicological risk assessments of the Norwegian killer whale population have been based on the PCB 
levels of nine, fish-eating killer whales sampled from one area of northern Norway in  20025,6,16. Hg levels have 
not been measured to date. With recent knowledge of the varied dietary preferences in the Norwegian killer 
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whale population, along with changing environmental exposure, a quantification of the PCB and Hg levels of 
both fish and seal-eating killer whales is necessary for more accurate risk assessments.

The aim of this study was to quantify and compare the PCB levels in blubber, and total Hg levels in skin, of 
seal-eating and fish-eating killer whales in northern Norway. The assignment of whales to dietary groups was 
based on stable isotope analysis and observational data presented in a previous  study14. Our results are relevant in 
conducting a more accurate risk assessment of contaminant-mediated health effects in this population, account-
ing for heterogeneity in foraging habits.

����������������������
���� ������Ǥ� We found higher sum of PCBs (ΣPCBs) levels in seal-eating killer whales than fish-eaters 
(Welch’s t-test, t = 4.47, p = 0.0006; Fig. 1a, Table 1). The geometric mean ΣPCBs for adult male seal-eaters (n = 4; 
46 µg/g l.w) was almost double the levels previously recorded in adult male fish-eating killer whales from Nor-
way in 2002 (n = 8; 27 µg/g l.w)16. These lower levels from 2002 have been used to conclude that killer whales 
from Norway are at less risk from PCB-mediated health effects than other Arctic killer whale  populations7. We 
found higher median ΣPCBs in adult male seal-eating killer whales from our study (51 µg/g l.w), which were 
comparable to levels in an adult male killer whale harvested from Greenland with seal remains in the stomach 
(65 µg/g l.w), suggesting equitable  risk17. 

PCBs are associated with immune suppression in marine  mammals18,19, and all the seal-eating killer whales 
from our study had ΣPCBs in blubber exceeding the 10 µg/g l.w threshold for a risk of immune and hormone 
system health effects, determined from laboratory rat  studies7, in contrast to only 46% of the fish-eating whales 
(Fig. 1b). Two of the seal-eating killer whales were even above the higher threshold for an elevated risk of health 
effects (100 µg/g l.w.). All seal-eating killer whales in our study (compared to 54% of fish-eaters) exceeded an 
additional threshold established using immune system endpoints in feeding experiments on harbour seals (Phoca 
vitulina), of 9 µg/g l.w.20,21. The higher levels of PCBs in seal-eaters thus indicate potential weaknesses in the 
ability to fight diseases, which can have implications for survival and population  growth22,23.

PCBs also affect reproduction and offspring mortality in  wildlife23,24. In a recent study, the effects of PCBs on 
population growth was assessed via influences on calf survival and immune suppression by placing killer whale 
populations into exposure groups based on the ΣPCB levels in adult female killer  whales6. The Norwegian killer 
whale population was placed in the lowest exposure group, 1, based on an estimated ΣPCB value in adult females 
of 10 µg/g l.w., extrapolated down from measured levels in adult  males6,16. Populations in exposure group 1 were 
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Figure 1.  ΣPCB levels (µg/g lipid weight) in blubber of seal-eating (n = 7) and fish-eating (n = 24) killer whales 
from Norway. (a) Levels in dietary groups. Horizontal lines represent the median, whiskers represent the lower 
(first) and upper (fourth) quartiles, dots represent individual whales, points outside the whiskers and box are 
outliers. (b) Levels in each individual whale, ordered on the x-axis in decreasing levels of ΣPCBs within dietary 
groups. The red horizontal lines (10 μg/g l.w. and 100 μg/g l.w) are, respectively, the thresholds for a risk, and 
high risk, of health  effects7.
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modelled to double in size within the next 100 years, if model assumptions are accepted. In our study, however, 
the two adult seal-eating female killer whales had ΣPCB values of 22 µg/g l.w. and 107 µg/g l.w., which would 
place them in exposure groups 2 and 5, respectively. Populations in exposure group 2 are estimated to have mod-
est population growth, albeit at a reduced rate, whereas populations in group 5 are estimated to be at high risk of 
population collapse within the next 100  years6. The geometric mean ΣPCB levels of all the seal-eating killer whales 
(46 µg/g l.w.), furthermore, exceeded the ΣPCB threshold of 41 µg/g l.w., at which reproductive impairment with 

OHC group
Seal-eaters Fish-eaters
Allf (n = 7) Adult male (n = 4) Adult female (n = 2) Allf (n = 24) Adult male (n = 17) Adult female (n = 2)

ΣPCBsa

μ ± SD 56.0 ± 37.8 58.9 ± 35.9 64.6 16.7 ± 18.3 20.7 ± 20.4 4.07
Geometric mean 45.7 50.7 48.4 10.9 14.2 3.66
Median (range) 48.2 (21.8–108) 53.0 (22.0–108) 64.6 (21.8–107) 9.52 (2.3–77.1) 12.0 (4.03–77.1) 4.07 (2.3–5.85)
ΣDDTsb

μ ± SD 28.3 ± 21.1 30.9 ± 16.7 32.9 15.3 ± 21.4 19.3 ± 20.4 2.49
Geometric mean 21.4 27.7 19.9 8.59 11.4 2.20
Median (range) 26.8 (6.67–59.2) 27.5 (14.4–54.2) 32.9 (6.67–59.2) 7.79 (1.33–100) 8.96 (3.04–100) 2.49 (1.33–3.65)
ΣCHLsc

μ ± SD 9.78 ± 5.59 10.3 ± 3.75 11.6 4.35 ± 5.01 5.31 ± 5.65 1.17
Geometric mean 8.41 9.69 9.13 2.98 3.80 0.952
Median (range) 9.46 (4.06–18.9) 10.6 (5.54–14.4) 11.7 (4.41–18.9) 2.67 (0.489–23.4) 3.06 (1.52–23.4) 1.17 (0.489–1.85)
HCB
μ ± SD 0.523 ± 0.467 0.389 ± 0.309 0.893 0.205 ± 0.0903 0.229 ± 0.0934 0.105
Geometric mean 0.401 0.324 0.650 0.18 0.216 0.0973
Median (range) 0.290 (0.220–0.146) 0.242 (0.220–0.852) 0.873 (0.290–1.45) 0.178 (0.0649–0.519) 0.194 (0.126–0.519) 0.105 (0.0649–0.146)
β-HCH
μ ± SD 0.116 ± 0.090 0.0974 ± 0.0692 0.179 0.0470 ± 0.0369 0.0546 ± 0.0935 0.0186
Geometric mean 0.0929 0.0827 0.145 0.0378 0.0456 0.0146
Median (range) 0.0739 (0.0426–0.284) 0.074 (0.0426–0.199) 0.179 (0.0739–0.284) 0.0311 (< LOD–0.193) 0.0513 (< LOD–0.193) 0.0186 (< LOD–0.030)
Mirex
μ ± SD 0.295 ± 0.148 0.256 ± 0.179 0.400 0.0700 ± 0.0777 0.0842 ± 0.0879 0.0384
Geometric mean 0.224 0.166 0.398 0.0425 0.0522 0.383
Median (range) 0.347 (< LOD–0.446) 0.283 (< LOD–0.437) 0.400 (0.354–0.446) 0.0449 (< LOD–0.350) 0.0478 (< LOD–0.304) 0.0384 (< LOD–0.0417)
ΣPBDEsd

μ ± SD 1.57 ± 0.73 1.61 ± 0.39 1.67 0.554 ± 0.415 0.491 ± 0.444 0.218
Geometric mean 1.41 1.58 1.22 0.447 0.553 0.180
Median (range) 1.38 (0.529–2.81) 1.51 (1.27–2.13) 1.67 (0.529–2.81) 0.466 (0.0960–1.79) 0.491 (0.258–1.79) 0.218 (0.0960–0.339)
HBB
μ ± SD 0.009 ± 0.003 0.009 ± 0.004 0.010 0.003 ± 0.003 0.003 ± 0.004 0.002
Geometric mean 0.009 0.009 0.010 0.002 0.00 0.001
Median (range) 0.009 (0.006–0.014) 0.009 (0.006–0.014) 0.010 (0.010–0.010) (0.0006–0.014) 0.002 (0.0006–0.014) 0.002 (0.001–0.002)
4ƍ-OH-BDE49
μ ± SD 0.008 ± 0.006 0.007 ± 0.004 0.010 0.003 ± 0.003 0.004 ± 0.004 0.0006
Geometric mean 0.006 0.006 0.007 0.001 0.002 0.0005
Median (range) 0.006 (0.002–0.018) 0.007 (0.002–0.011) 0.010 (0.003–0.018) 0.002 (< LOD–0.014) 0.003 (< LOD–0.014) 0.0006 (< LOD–0.0009)
ΣOHCse

μ ± SD 96.6 ± 65.0 103 ± 56.2 112 37.3 ± 44.6 46.3 ± 50.2 8.11
Geometric mean 78.6 91.0 80.6 23.5 30.7 7.17
Median (range) 90.1 (34.1–191) 93.9 (43.6–178) 112 (34.1–191) 20.5 (4.31–202) 24.5 (9.10–202) 8.11 (4.31–11.9)

Table 1.  Summary of lipid-normalised concentrations (µg/g) of organohalogen contaminants in sampled 
killer whales (n = 31). LOD Limit of detection. 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,pƍ-DDT, p,pƍ-DDD and p,pƍ-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 organohalogen contaminants 
detected in more than 65% of whale samples. f Including whales of unknown sex, subadults, and of unknown 
age: summary statistics for these whales can be found in Supplementary Table S3.
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occlusions in the uterus and increased glucocorticoid production in the adrenals was observed in ringed seals 
(Pusa hispida)21,24. Killer whales from Norway are observed with viable offspring, and have an estimated calv-
ing rate of 0.19725. However, this is based on killer whales studied on herring overwintering grounds, which are 
thus likely fish-eaters. Although we have a small sample size for adult female killer whales (just two individuals 
in each dietary group, with a large range), the higher levels in seal-eating killer whales may result in increased 
calf mortality. The difference in the geometric mean ΣPCB levels in female seal-eaters (48 µg/g l.w.) and female 
fish-eaters (3.6 µg/g l.w.) is translatable to approximately 45% and 80% of calves surviving,  respectively23. Median 
ΣPCB levels in female seal-eaters (67 µg/g l.w.) are furthermore comparable to the median ΣPCB levels in female, 
tuna-eating, killer whales from the Strait of Gibraltar (51 µg/g l.w.), which has one of the lowest reproductive 
rates for killer whales  globally21. Lower reproductive rates in the seal-eating killer whales are relevant for the 
wider ecosystem, as seal-eating killer whales occupy a differentiated ecological niche than the fish-eaters, that 
could be lost with localised  extinctions14.

�������Ǥ� Seal-eating killer whales from our study had higher total Hg levels in skin than fish-eaters (arith-
metic mean seal-eaters = 3.7 µg/g d.w. and fish-eaters = 1.8 µg/g d.w.; Welch’s t-test, t = 4.89, p = 0.0008; Fig. 2a, 
Table 2). The estimated hepatic total Hg levels for both seal-eaters (arithmetic mean: 13 µg/g w.w.) and fish-
eaters (arithmetic mean: 3.6 µg/g w.w.) were below the threshold for liver abnormalities in bottlenose dolphins 
(Tursiops truncatus) (61 μg/g w.w.)26, and below the threshold for a low risk of health effects in marine mammals 
(16  µg/g w.w.)7, based on toxic hepatitis, uremia and renal failure observed in harp seals (Pagophilus groen-
landicus)27. However, four of the seal-eaters (40%) were above the 16 µg/g w.w. threshold, compared to none of 
the fish-eaters, still indicating a higher risk of health effects for the seal-eating group (Fig. 2b). This is the first 
indication of mercury levels in killer whales from Norway to date. It is also the first study worldwide to measure 
Hg levels in the skin of killer whales, thus allowing for repeatable and minimally invasive biomonitoring. Whilst 
levels appear low, the extrapolation from liver to skin in our study has uncertainties, and the skin levels are com-
parable to at-risk populations of bottlenose dolphins from the English  Channel28 and  Mediterranean29. There 
was a positive correlation between the total Hg levels measured in the skin and the total OHC levels measured in 
the blubber of the whales (Spearman’s rank correlation, S = 2,572, p = 0.006, rho = 0.48). 

Figure 2.  Total mercury levels in fish-eating (n = 28) and seal-eating (n = 10) killer whales from Norway. (a) 
Levels in skin (μg/g d.w.). Horizontal lines represent the median, whiskers represent the lower (first) and upper 
(fourth) quartiles, dots represent individual whales, points outside the whiskers and box are outliers. (b) Levels 
in liver (μg/g w.w.), estimated from skin using equation ln

!

Hgliver
"

= 1.6124× ln
!

Hgskin
"

+ 2.0346 based on 
bottlenose dolphins (Tursiops truncatus)58, and ordered on the x-axis in decreasing levels of total mercury within 
dietary groups. The red 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  mammals7.



�

�������������� !�

�����������
�	�
������������������������   ���� �����ǣȀȀ���Ǥ���ȀͷͶǤͷͶ;Ȁ�ͺͷͻͿ;ǦͶͶǦͼ;ͼͻͿǦ�

����
�������	�����
�����������

��������������������������������Ǥ� Levels of other organohalogen contaminants (OHCs), includ-
ing the pesticide dichlorodiphenyltrichloroethane (DDT) and the industrial chemicals polybrominated diphe-
nyl ethers (PBDEs) were also all higher in the seal-eating killer whales than the fish-eaters (RDA, F1,28 = 10.53, 
p = 0.001; Fig.  3). Threshold levels for possible toxic effects in marine mammals have not been established 
for these pollutants. However, many have been linked to oestrogenic, reproductive and endocrine effects in 
 wildlife30,31. The Stockholm Convention on Persistent Organic Pollutants has banned many of these  pollutants32, 
and whilst downward trends have been observed in the  environment33, levels are still high and the geometric 
mean ΣPCB (14 µg/g l.w.), ΣDDT (11 µg/g l.w.) and ΣPBDE (0.55 µg/g l.w.) levels in adult male fish-eating killer 
whales sampled for this study were comparable to geometric mean levels in blubber of male killer whales sam-
pled in Norway in 2002 (ΣPCB: 27 µg/g l.w., p,pƍ-DDE: 11 µg/g l.w., ΣPBDE: 0.48 µg/g l.w.)16. We also screened 
for four emerging brominated contaminants in the tissues of both seal and fish-eating sampled killer whales. 
Whilst levels of 3-dibromopropyl-2,4,6-tribromophenyl ether (DPTE) were below the limit of detection in all 
whales, pentabromoethylbenzene (PBEB) was found in one whale (a seal-eater), pentabromotoluene (PBT) was 

Table 2.  Summary of total mercury levels in sampled killer whales (n = 38). a Including whales of unknown 
sex, subadults, and of unknown age: summary statistics for these whales found in Supplementary Table S4. 
b Estimated using equation ln

!

Hgliver
"

= 1.6124× ln
!

Hgskin
"

+ 2.0346 based on bottlenose dolphins 
(Tursiops truncatus)58.

Total mercury 
levels

Seal-eaters Fish-eaters

Alla (n = 10) Adult male (n = 5)
Adult female 
(n = 4) Alla (n = 28)

Adult male 
(n = 20)

Adult female 
(n = 3)

Measured in skin (µg/g d.w.)
μ ± SD 3.73 ± 1.26 3.52 ± 1.66 3.97 ± 0.95 1.76 ± 0.32 1.78 ± 0.27 3.19 ± 1.49
Geometric mean 3.47 3.11 3.87 1.73 1.76 2.98
Median (range) 3.95 (1.19–5.44) 3.71 (1.19–5.44) 4.18 (2.62–4.88) 1.79 (1.01–2.40) 1.83 (1.29–2.25) 2.62 (2.08–4.88)
Estimated in liver (µg/g w.w.)b

μ ± SD 12.5 ± 5.62 11.6 ± 7.1 12.5 ± 4.47 3.57 ± 1.05 3.68 ± 0.987 3.70 ± 0.531
Geometric mean 10.5 8.77 11.8 3.41 3.54 3.68
Median (range) 14.2 (1.78–18.5) 14.3 (1.78–18.5) 13.2 (6.48–17.1) 3.47 (1.49–5.65) 3.61 (1.57–5.65) 3.411 (3.38–4.31)

Figure 3.  Principal component analysis (PCA) biplot based on organohalogen contaminant levels in blubber of 
killer whales from Norway. Response loadings are represented as black arrows, and passive explanatory variables 
are added as orange symbols representing the centroids of the variable (age, sex, dietary group). “S” refers to the 
centroid for seal-eaters (n = 7) and “F” for fish-eaters (n = 24). The centroid for males (n = 22), females (n = 4) 
and unknown sex (n = 5) are represented as ƃ, Ƃ and U, respectively. “A” refers to the centroid for the adult 
whales (n = 25), “SA” for subadults (n = 3), and “?” if the age is unknown (n = 3). The percentage of the total 
variation explained by PC1 and PC2 are given in brackets on each axis.
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found in 58% of the sampled whales (86% of the seal-eaters and 50% of the fish-eaters) and hexabromobenzene 
(HBB) was found in all individuals. HBB, included in the PCA, was correlated to the other organohalogen con-
taminants (Fig. 3). The presence of these emerging contaminants in top predators is a concern, as production is 
unregulated and the effects on marine mammals unknown.

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

��ƪ������������Ȁ�����������������������������Ǥ� Previous studies have shown age-dependent increases 
for both OHC and total Hg in killer whales due to age  accumulation34,35, and lower OHC levels in reproductive 
females due to maternal  offload17,36–38. These factors were not possible to be tested in the present study due to a 
small sample size for adult female individuals in each dietary group (Tables 1, 2), the undetermined sex of five 
whales, and no possibility to obtain the precise age of the whales. The influence of these factors on the pollut-
ant levels will be a focus for further research as our knowledge of the sampled whales, and their population, 
increases.

��������������������������������Ǥ� The higher OHC and total Hg levels in seal-eaters indicate a long-term 
preference for higher trophic prey, in accordance with field observations and stable isotope  analysis14, 15. The 
PCB patterns further support long-term preferences for marine mammals, with the seal-eating killer whales 
having a higher proportion of hexaCBs, heptaCBs, and higher CBs than the fish-eating killer whales (Welch’s 
t-test, t28 = 5.38, p = 0.001; Supplementary Fig. S1). Higher-chlorinated PCBs are often found in marine mammals 
relative to  fish39,40, and higher proportions of hexaCBs and heptaCBs have been found in marine mammal-eating 
killer whales compared to fish-eating whales in the Northeast  Pacific8,9, and in seal-eating whales in Greenland 
compared to fish-eating whales in the Faroe  Islands17.

There is a 20-fold difference in median ΣPCB levels between two killer whale populations inhabiting the 
same area of the northeast Pacific, one of which solely eats marine mammals and the other  fish9,41. This is a 
larger difference than the five-fold difference between median ΣPCB levels in fish and seal-eating killer whales 
in our study, and thus may indicate support for previous studies proposing a mixed diet for the seal-eating 
whales, in which fish prey is an equal or secondary food source to seal  prey14. It is theorised that some killer 
whales in Norway diversified to eating seals as a response to the collapse of the herring fisheries in the  1970s15. 
Future changes in prey availability could mean that more killer whales switch to eating seal and/or incorporate 
a higher proportion of seals in the diet, with subsequent health and population effects. Our results illustrate that 
differentiations in dietary preferences need to be accounted for in effective risk assessment, management and 
conservation of the environment.

�������
�������"� Killer whale biopsy samples of skin and blubber from 38 individuals were collected year-round 
from August 2017 to July 2018 in northern Norway. All whales were sampled according to relevant guidelines 
and regulations, and conducted under the permit FOTS-ID 10176 issued by Mattilsynet (the Norwegian Food 
Safety Authority, report nr. 2016/179856). Details of seasonal sampling locations, stable isotope dietary descrip-
tors and classification of sampled individuals are described in a previous  study14. In the current study, total Hg 
was analysed in skin from all individuals (n = 38), whereas organohalogen contaminants (OHC) was analysed in 
blubber of 31 individuals due to insufficient blubber for the remaining 7 individuals.

������������Ǥ� OHC analysis was conducted at the Laboratory of Environmental Toxicology at the Nor-
wegian University of Life Sciences, Oslo, Norway. We analysed a total of 83 OHCs: 49 organochlorines (OCs), 
including 34 PCBs and 15 organochlorine pesticides (OCPs), 18 brominated flame retardants (BFRs), including 
newer and unregulated compounds, and 16 hydroxylated metabolites (OH-metabolites) of PCBs and polybro-
minated diphenylethers (PBDEs). A full list of analysed compounds can be found in Supplementary Table S1.

We analysed OCs and BFRs using a multicomponent method, first described in  197842, and since modified for 
a range of compounds and biological  matrices43–46. The analysis of the OH-metabolites was conducted according 
to previously published  methods47,48. An outline of the method is described in the Supplementary Information. 
Reported concentrations were blank corrected based on the average concentration detected within blank samples. 
The limit of detection (LOD) was defined as three times the average noise in chromatograms, and ranged from 
0.40 to 11.10 ng/g w.w. for OCs, 0.012 to 0.362 ng/g w.w. for BFRs and 0.013 to 0.040 ng/g w.w. for OH-metab-
olites (see Supplementary Table S2). Internal reference materials for OCs and BFRs (contaminated seal blubber, 
MTref01) and OH-metabolites (contaminated seal blood, MTref03) were also extracted in conjunction with 
sample material to assess method performance. Internal standard recoveries are listed in Supplementary Table S2.

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

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

We defined the ΣPCBs as the sum of all 28 PCB congeners detected in more than 65% of the whale samples 
(PCB-28, -66, -74, -87, -99, -101, 105, -110, -114, -118, -128, -137, -138, -141, -149, -151, -153, -156-, 157, 170, 
-180, -183, -187, -189, 194, -196, -206, -209). The definition for ΣPCBs varies within killer whale literature, with 
some studies analysing only a few core PCB  congeners35, some all 209 of the possible  congeners36, and others not 
providing a definition (e.g. for thresholds for possible health  effects7). There will therefore inevitably be some 
errors in comparisons. However, since the ΣPCBs in killer whales is dominated by a few commonly reported 
congeners, typically PCB-153 and -13816,37, it is unlikely that the inclusion of other minor constituents will have 
a major influence on the total load. PCBs were further grouped according to the number of chlorine substitutions 
per molecule, i.e. homologue group to compare the pattern of PCBs. ΣDDTs was defined as the sum of p,pƍ-DDT, 
p,pƍ-DDD and p,pƍ-DDE, the ΣPBDEs as the sum of BDE-28, -47, -99, -100, -153 and -154 and the sum of chlor-
danes (ΣCHLs) as the sum of oxychlordane, trans-chlordane, cis-chlordane, trans-nonachlor and cis-nonachlor.

��������������������Ǥ� Statistical analyses were performed using R v. 3.4.149. The significance level was to set 
to α = 0.05, except in cases where the value was adjusted due to multiple testing, and was two-tailed. In addition 
to visual inspection, normality was tested using the Shapiro–Wilk’s  test50 and homogeneity of variance by Lev-
ene’s  test51 using the R package car52.

��������������������Ǥ� The dietary groups used in this study are based on a previous study, which used 
stable isotope values inputted into a Gaussian mixture model to assign sampled individuals to two fish-eat-
ing groups: Herring-eaters and Lumpfish-eaters and one mammal-eating group Seal-eaters14. The three dietary 
groups were characterised by disparate, non-overlapping isotopic niches that were consistent with predatory 
field observations. The seal-eating group was defined by higher δ15N values than the two fish-eating groups.

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

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

OHC dataset. We used multivariate analysis to compare and visualise the differences in all the OHCs between 
the dietary groups, age and sex classes using the vegan package in  R53. Principle Component Analysis (PCA) was 
used to visualise the main structure of the data: reducing the dimensions to two new, uncorrelated, latent vari-
ables termed principle components 1 and 2 (PC1 and PC2). We log-10 transformed contaminant levels to ensure 
normality and homogeneity of variance, and the presence of any influential outliers were checked by the Cook’s 
distance test. Redundancy Analysis (RDA) was used to extract and summarise the variation in the OHC levels 
constrained, and thereby explained, by a set of explanatory  variables54. Significant associations between response 
variables and the explanatory variables were identified by an RDA based forward model selection, followed by a 
Monte Carlo forward permutation test (1,000 unrestricted permutations). The samples’ scores along PC1 were 
subject to one-way Analysis of Variance (ANOVA) followed by Tukey’s honestly significant difference post hoc 
test (Tukey’s HSD) to analyse differences between the three dietary groups. PC1 scores were also used to evaluate 
correlation to total Hg levels in the skin using a Spearman’s rank correlation test. Absolute concentrations were 
subject to PCA with lipid % as a covariate, after checking its significance using RDA, as lipid normalising data in 
inferential statistics can often lead to misleading  conclusions55.

We lipid-normalised OHC values when comparing levels to threshold values for toxicity or other killer 
whale populations, and used the geometric mean as the average for each dietary group to reflect the log normal 
distribution of the data. In accordance with convention, efforts were made to only compare adult males with 
other worldwide populations, as reproductive female whales are known to transfer a substantial portion of 
their OHC burden to their  calves35,36,38. In any case of comparison, similar metrics were compared (i.e. arith-
metic mean, geometric mean, median) and all variables kept similar (i.e. sex, age, biopsy/stranded animals). 
We make the assumption in this study that the killer whales sampled in 2002 in Norway were fish-eaters for the 
following reasons: firstly, the whales were sampled on herring overwintering grounds, feeding on herring, and 
photographs were taken of five of the eight adults sampled and were identified as herring-eaters from previous 
field  observations16. Secondly, the PCB pattern in the sampled whales showed 76% of ΣPCBs higher chlorinated 
congeners (hexaCBs or higher), which is more similar to the fish-eaters from our study (80% higher chlorinated 
congeners) than the seal-eaters (87% higher chlorinated congeners). Thirdly, the upper 95% confidence range 
of all pollutants reported in the 2002 killer whales falls below both the geometric and arithmetic mean values 
for seal-eaters from this study.
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Total Hg dataset. The normal distribution of the data within each dietary group meant we used the arithmetic 
mean as an average. The three dietary groups (Herring-eaters, Lumpfish-eaters and Seal-eaters) were compared 
using a pairwise Welch’s t-test with a Benjamini–Hochberg False Discovery Rate correction to adjust for multiple 
testing. Because we found no difference between the Herring-eaters and Lumpfish-eaters (p = 0.67), we combined 
these two groups to a group called “Fish-eaters” for easier comparison with the seal-eaters. The total Hg levels in 
the skin of the two groups, Fish-eaters and Seal-eaters were compared using Welch’s t-test.

There is a strong positive correlation between Hg levels in the skin and liver in toothed whales, and this can 
be used to compare Hg levels measured in skin with hepatic toxicity threshold  values56–58. To extrapolate to liver 
from skin in our samples, we chose an equation based on a model using concentrations in the liver  (Hgliver μg/g 
w.w) and skin  (Hgskin μg/g w.w) of bottlenose dolphins (Tursiops truncatus) (Eq. 1)58. We converted dry weight 
to wet weight using the water content for each individual whale measured during freeze drying.

When comparing Hg concentrations to other worldwide populations, both male and female whales were 
included. This was due to a lack of information of sex in one of the populations for comparisons and because 
killer whales are unlikely to pass on Hg burdens to  calves5,59.

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