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1.  INTRODUCTION

Anthropogenic activities may influence the dietary
niche width of wild populations by modifying the
availability of resources (Van Valen 1965, Newsome
et al. 2015). While human activities often result in re -

source scarcity, sometimes they generate new feed-
ing opportunities for species (Votier et al. 2004,
Woodroffe et al. 2005, Jennings et al. 2009). This is
the case when predators feed on a resource that is
either produced, raised or captured by humans
(Woodroffe et al. 2005). This behaviour, defined as
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ABSTRACT: Fisheries may generate new feeding opportunities for marine predators, which
switch foraging behaviour to depredation when they feed on fish directly from fishing gear. How-
ever, the role of diet in the propensity of individuals to depredate and whether the depredated
resource is artificial or part of the natural diet of individuals is often unclear. Using stable isotopes,
this study investigated the importance of the commercially exploited Patagonian toothfish Dissos-
tichus eleginoides in the diet of generalist subantarctic killer whales Orcinus orca depredating
this fish at Crozet (45°S, 50°E). The isotopic niche of these killer whales was large and overlapped
with that of sperm whales Physeter macrocephalus from the same region, which feed on toothfish
both naturally and through depredation. There was no isotopic difference between killer whales
that depredated toothfish and those that did not. Isotopic mixing models indicated that prey
groups including large/medium sized toothfish and elephant seal Mirounga leonina pups repre-
sented ~60% of the diet relative to prey groups including penguins, baleen whales and coastal
fish. These results indicate that toothfish are an important natural prey item of Crozet killer
whales and that switching to depredation primarily occurs when fisheries facilitate access to that
resource. This study suggests that toothfish, as a commercial species, may also have a key role as
prey for top predators in subantarctic ecosystems. Therefore, assessing the extent to which
 predators use that resource naturally or from fisheries is now needed to improve both fish stock
management and species conservation strategies.
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‘depredation’, has been increasingly reported both
in terrestrial (e.g. predators feeding on livestock;
Sillero-Zubiri et al. 2007) and marine environments
(e.g. predators feeding on fish raised in farms or
caught in fishing gears; Northridge & Hofman 1999,
Gilman et al. 2007, 2008, Read 2008).

The depredated resource may already be part of
the natural diet of predators, with access facilitated
by humans, or it may be an entirely artificial re -
source which would not otherwise have been used
by predators in natural conditions. This distinction is
critical in understanding the underlying behavioural
mechanisms of predators switching from a natural
to a depredated resource (Boitani & Powell 2012).
Generalist predators may be more likely to depre-
date artificial new resources opportunistically while
highly specialised predators may depredate a re -
source only if it is already part of their natural diet
(Stoddart et al. 2001, Sidorovich et al. 2003). Know-
ing the importance of the depredated resource in
the natural diet of predators is also needed to assess
the effects of depredation and fisheries on wild pop-
ulations, fish stocks and ecosystems as a whole.
Depredation may substantially modify the energy
balance of the predator and its role in ecosystem
food web dynamics (Woodroffe et al. 2005). For
instance, if the depredated resource is fully artificial
for the predator, depredation may lead to decreased
availability of that resource for other functional
groups in the ecosystem, subsequently affecting
these groups through trophic effects (Woodroffe et
al. 2005). Also, by feeding on fish caught in fishing
gear, marine predators may cause increased and
difficult-to-quantify mortality for fish stocks, thereby
increasing the catches needed for fisheries to reach
their quotas (Gilman et al. 2013, Gasco et al. 2015,
Mitchell et al. 2018).

In subantarctic waters, extensive commercial long-
line fisheries target economically highly valuable
Patagonian toothfish Dissostichus eleginoides (here-
after ‘toothfish’). These fisheries provide artificial
feeding opportunities for a range of large marine
predators through discards (primarily for albatrosses
and petrels) and depredation (for odonto cetes)
(Tasker et al. 2000, Kock 2001, Kock et al. 2006).
Toothfish are large (0.5−2 m) fish that dominate the
biomass of the bathypelagic zone, but may also be
found in the meso- and epi-pelagic zones (Collins et
al. 2010). However, the role of toothfish in subantarc-
tic ecosystems and their importance as a natural prey
for predators is unclear (Cherel et al. 2000, 2017,
Constable et al. 2000). Specifically, determining the
extent to which predators naturally feed and rely on

toothfish is critical to assess the impacts of exploita-
tion of that resource by fisheries on the conservation
of subantarctic predators, many of which are threat-
ened or endangered (Croxall et al. 2012).

Killer whales Orcinus orca are one of the main spe-
cies depredating toothfish from subantarctic longline
fisheries (Kock et al. 2006). Unlike some other re -
gions, where killer whales have highly specialised
prey preferences (Similä et al. 1996, Ford et al. 1998,
Foote et al. 2009), subantarctic populations have rel-
atively broad dietary niches that include mammals,
birds, fish and sometimes cephalopods (Guinet &
Jouventin 1990, Guinet 1992, Guinet et al. 2000, de
Bruyn et al. 2013, Capella et al. 2014, Reisinger et al.
2016, Travers et al. 2018). This generalist diet may be
driven by the subantarctic ecosystem’s spatio-tempo-
ral heterogeneity in the availability of high-quality
resources, such as seals, penguins and whales (Laws
1977, Knox 2006, Reisinger et al. 2018). This hetero-
geneity may force killer whales to supplement their
primary diet with other prey such as fish and ce -
phalopods. While toothfish are a confirmed depre-
dated resource, there is no direct evidence of natural
predation by killer whales on this fish species.

The killer whale population of the Crozet Islands
(subantarctic islands located at 45°S, 50°E), hereafter
‘Crozet killer whales’, is among the populations that
have most extensively depredated toothfish from
fisheries since the mid-1990s (Roche et al. 2007, Tix-
ier et al. 2010, 2016, Guinet et al. 2015). Crozet killer
whales prey on seals, penguins, baleen whales and
small notothenioids in inshore waters (Guinet 1992,
Guinet et al. 2000); not all individuals have switched
to depredation on toothfish from fisheries (Tixier et
al. 2015, 2017). Elucidating the extent to which these
killer whales naturally rely on toothfish as a resource
whose availability is modified by fisheries would
therefore provide insights into the ecological mecha-
nisms of prey switching to depredation. Critically,
this information would clarify the role of these prey
and predator species in subantarctic ecosystem food
web dynamics and the impacts of fisheries on the
conservation of predator populations and fish stocks.
Therefore, using stable isotope and diet reconstruc-
tion analyses for Crozet killer whales, the aims of this
study were to (1) assess the importance of toothfish
relative to other prey items for Crozet killer whales,
and compared with other Southern Ocean killer
whale populations and odontocete species, and
(2) examine variation in the dietary importance of
toothfish across individuals of the same population,
with respect to whether or not they depredated from
fisheries.
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2.  MATERIALS AND METHODS

2.1.  Species and sample collection

Killer whale skin samples were collected at Crozet
from biopsies performed remotely on free-ranging
individuals, using a Barnett Rhino 150 lb compound
crossbow and custom-built darts (Ceta-Dart) equipped
with sterilized stainless steel tips (35 mm length,
7 mm diameter). Sampling was conducted oppor-
tunistically and passively (i.e. animals were not
actively approached or followed using motorized
means) from land on Possession Island and from a
toothfish fishing vessel operating in the Crozet
Exclusive Economic Zone (EEZ), from February 2011
to December 2012. Samples were collected from the
mid-lateral region of the body, below the dorsal fin.
Sub-samples containing skin tissue were stored in
70% ethanol. Only weaned individuals (>2 yr old)
were sampled. Sampling occurred only when a sin-
gle individual surfaced within 15 m of the sampler,
and only when this individual was positively identi-
fied by eye during surfacing events directly preced-
ing sampling. The sequence made of multiple surfac-
ing events and the sampling event was monitored by
photographs and/or video. Photographs of the dorsal
fin of the sampled individual were systematically
taken using a DSLR camera with 400 mm telephoto
lens, and were used to confirm the identity of that
individual after sampling, using an existing photo-
identification database (Tixier et al. 2014). An addi-
tional skin sample was obtained from an individual
found stranded and dead on Possession Island on 17
August 2006. The individual was an apparently
healthy sub-adult male (total length [TL]: 6.90 m)
which was known to be part of the Crozet killer
whale population based on photo-identification
records. However, because this sample was collected
5 yr before the biopsy samples, at a different time of
year (winter) and lacked information about the be -
haviour of the individual over the pre-sampling pe -
riod, isotopic information for this sample was not
included in the analyses.

Isotopic information from skin samples collected
from the Crozet killer whales was first examined
through large-scale comparisons with other isotopic
information available for other killer whale popula-
tions and other large odontocete species with differ-
ent feeding ecologies and/or different habitats in the
Southern Ocean (south of the Subtropical Front,
~40°S). Published isotopic values for weaned killer
whales (>2 yr old) were obtained for one other sub-
antarctic (Marion Island, 1000 km west of Crozet at a

similar latitude) and 3 Antarctic populations (Types
B1 and B2 around the Antarctic Peninsula [Durban et
al. 2017] and Type C in the Ross Sea [Pitman & Ensor
2003]). The isotopic niche of the Crozet killer whales
was expected to be similar to that of killer whales at
Marion, as the 2 populations share similar habitats
and appear to have a generalist feeding strategy
based on consumption of the same prey species
(Reisinger et al. 2016). In contrast, Antarctic killer
whales, which use a different habitat and specialise
on either fish (Type C; Pitman & Ensor 2003, Krahn et
al. 2008), krill consumers (e.g. pygoscelid penguins)
(Type B2; Pitman & Durban 2010) or predators of krill
consumers, such as Weddell seals Leptonychotes
weddellii (Type B1; Pitman & Durban 2012, Durban
et al. 2017), were ex pected to have limited isotopic
overlap with the Crozet killer whales. Isotopic infor-
mation was also compared with that of sperm whales
Physeter macrocephalus, which also depredate tooth -
fish on longline fisheries, and southern long-finned
pilot whales Globi cephala melas edwardii from pop-
ulations using similar habitats to that of the Crozet
killer whales at Crozet and/or adjacent waters.
Sperm whale skin samples were collected from fish-
ing vessels operating in the Crozet and Kerguelen
EEZs in January and February 2011, using the same
equipment and protocols, and were treated using the
same process as for the Crozet killer whale samples.
For southern long-finned pilot whales, whose pelagic
habitat overlaps with areas where toothfish fisheries
operate but were never observed depredating tooth-
fish on longlines, published skin isotopic values from
weaned individuals (>3 m in length) at Kerguelen
were used (Fontaine et al. 2015).

Species were considered confirmed prey for the
Crozet killer whales if predation was directly ob -
served and/or remains were found in the stomach
contents of the individual found dead in 2006
(Table S1 in Supplement 1 at www. int- res. com/
articles/ suppl/ m613  p197 _ supp. pdf). From these data,
species confirmed as prey items and for which
spring/summer isotopic values were available for the
study at Crozet included southern elephant seals
Mirounga leonina (adult females and pups, con-
firmed as prey from observations and stomach
 contents); Antarctic and subantarctic fur seals Arcto-
cephalus gazella and A. tropicalis (pups, from stom-
ach contents); king penguins Aptenodytes patagoni-
cus, gentoo penguins Pygoscelis papua, macaroni
penguins Eudyptes chrysolophus, rockhopper pen-
guins E. chrysocome filholi (all adults, from observa-
tions and stomach contents); and Patagonian tooth-
fish (TL 81−174 cm, from observations) (Table 1).
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Additional Patagonian toothfish samples for small
and medium size individuals (TL 38−71 cm) were col-
lected at Kerguelen (Table 1). For southern right
whales Eubalaena australis (confirmed as prey from
observations), isotopic values were from individuals
sampled near subantarctic Campbell Island (Torres
et al. 2017) (Table 1).

2.2.  Stable isotope analyses

Killer whale skin samples were first oven-dried at
50°C for 48 h to allow ethanol evaporation, then
ground and freeze-dried. As stable isotope values
may be influenced by the lipid content of the tissue
(Lesage et al. 2010, Giménez et al. 2017), 2 successive
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Species Code Site n Tissue δ13C δ15N δ13C (‰) δ15N (‰) Source
(‰) (‰) (adjusted) (adjusted)

Group A −19.5 ± 0.6 8.2 ± 0.5
Gentoo penguin (spring) 
Pygoscelis papua GP_sp CR 11 RBC −18.6 ± 0.3 8.2 ± 0.6 −18.2 ± 0.3 8.3 ± 0.6 This study

Macaroni penguin (spring) 
Eudyptes chrysolophus MP_sp CR 10 RBC −19.4 ± 1.0 7.0 ± 0.2 −19.0 ± 1.0 7.1 ± 0.2 This study

Macaroni penguin (summer) 
Eudyptes chrysolophus MP_su CR 20 RBC −20.0 ± 0.7 8.6 ± 0.4 −19.6 ± 0.7 8.7 ± 0.4 This study

Rockhopper penguin (spring) 
Eudyptes chrysocome filholi RP_sp CR 10 RBC −20.2 ± 0.4 8.1 ± 0.5 −19.8 ± 0.4 8.2 ± 0.5 This study

Rockhopper penguin (summer) 
Eudyptes chrysocome filholi RP_su CR 10 RBC −20.8 ± 0.3 8.6 ± 0.4 −20.4 ± 0.3 8.7 ± 0.4 This study

Southern right whale 
Eubalaena australis SRW NZ 18 Skin −19.8 ± 0.6 8.1 ± 0.7 −19.8 ± 0.6 8.2 ± 0.7 Torres et al. (2017)

Group B −21.4 ± 0.4 10.4 ± 0.3
Southern elephant seal (adult females)
Mirounga leonina SES_fem CR 70 WB −21.9 ± 0.7 10.2 ± 0.2 −22.3 ± 0.7 10.9 ± 0.17 This study

King penguin (spring) 
Aptenodytes patagonicus KP_sp CR 11 RBC −21.8 ± 0.4 10.1 ± 0.2 −21.4 ± 0.4 10.2 ± 0.2 This study

King penguin (summer) 
Aptenodytes patagonicus KP_su CR 10 RBC −22.2 ± 0.2 10.3 ± 0.2 −21.8 ± 0.2 10.4 ± 0.2 This study

Patagonian toothfish (TL 43 cm) 
Dissostichus eleginoides TOP_43 KE 6 Muscle −20.3 ± 0.4 10.0 ± 0.8 −20.3 ± 0.4 10.0 ± 0.8 This study

Group C −20.5 ± 0.5 12.7 ± 0.4
Southern elephant seal (pups) 
Mirounga leonina SES_pup CR 70 WB −21.6 ± 0.7 11.6 ± 0.4 −22.0 ± 0.7 12.3 ± 0.4 This study

Antarctic fur seals (pups) 
Arctocephalus gazella AFS_pup CR 10 WB −20.7 ± 0.5 12.4 ± 0.2 −21.1 ± 0.6 13.1 ± 0.2 Cherel et al. (2015)

Subantarctic fur seals (pups) 
Arctocephalus tropicalis SAFS_pup CR 10 WB −19.4 ± 0.2 12.0 ± 0.3 −19.8 ± 0.2 12.7 ± 0.3 Cherel et al. (2015)

Patagonian toothfish (TL 63 cm) 
Dissostichus eleginoides TOP_63 KE 17 Muscle −19.2 ± 0.6 12.6 ± 0.9 −19.2 ± 0.6 12.6 ± 0.9 This study

Group D −18.9 ± 0.6 14.4 ± 0.6
Patagonian toothfish (TL 95 cm) 
Dissostichus eleginoides TOP_95 CR 14 Muscle −18.3 ± 0.5 14.2 ± 0.7 −18.3 ± 0.5 14.2 ± 0.7 This study

Patagonian toothfish (TL 107 cm) 
Dissostichus eleginoides TOP_107 CR 10 Muscle −19.1 ± 0.5 14.3 ± 0.4 −19.1 ± 0.5 14.3 ± 0.4 This study

Patagonian toothfish (TL 160 cm) 
Dissostichus eleginoides TOP_160 CR 22 Muscle −19.3 ± 0.8 14.9 ± 0.7 −19.3 ± 0.8 14.9 ± 0.7 This study

Table 1. Mean ± SD δ13C and δ15N values for prey species and prey groups of the Crozet killer whale used in the MixSIAR models. Prey
groups were determined via Ward’s hierarchical clustering based on isotopic similarities. Prey species were differentiated based on age class
(adults vs. juveniles; here, ‘pups’ for seal species), sex, season in which sampling occurred or size (total length [TL] for fish species) when rel-
evant, and an abbreviation code is assigned to each. Sampling sites included Crozet Islands (CR), Kerguelen Islands (KE) and New Zealand
(NZ). Isotopic values are provided for the type of tissue sampled: red blood cells (RBC), whole blood (WB), skin or muscle. These values were 

adjusted to represent muscle values for all prey species
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and identical lipid extractions were conducted using
cyclohexane, each through 1 h sonication and subse-
quent centrifugation at 3000 rpm (i.e. 1613 × g). The
lipid-extracted samples were then oven-dried again
at 50°C for 48 h before being sub-sampled down to
0.3−0.4 mg. These sub-samples were processed at
 LIttoral ENvironnement et Sociétés (LIENSs; Univer-
sity of La Rochelle, France) through a continuous-flow
isotope-ratio mass spectrometer (Micromass Isoprime)
paired with an elemental analyser (Euro Vector EA
3024) for carbon and nitrogen isotope relative abun-
dance (13C/12C and 15N/14N, respectively). The isotopic
compositions are reported in the conventional δ nota-
tion as the per mil (‰) deviation relative to the stan-
dards Vienna Peedee Belemnite (for carbon) and air
(for nitrogen), expressed in parts per thousand (‰).
Within-run (n = 10) replicate measurements of in -
ternal laboratory standards (acetanilide) indicated
measurement errors <0.15‰ for both δ13C and δ15N
values. Samples with a C:N mass ratio <3.6 were con-
sidered lipid-free (Yurkowski et al. 2015, Giménez et
al. 2017) and included in subsequent analyses. Prey
samples for which the analysed tissue was muscle
(toothfish) were processed using the same protocol as
for killer whale skin, including cyclohexane lipid ex-
traction. For the other prey (elephant seals, fur seals
and penguins), where isotopic values were measured
for whole blood or red blood cells, values were ad-
justed to represent muscle using adjustment values
presented in Reisinger et al. (2016). The isotopic
method was validated in the southern Indian Ocean
(encompassing the killer whale feeding areas), with
δ13C values of consumers indicating their foraging
habitats (Cherel & Hobson 2007) and their δ15N values
increasing with trophic level (Che rel et al. 2010).

The isotopic niche width of the Crozet killer whale
population was estimated and compared to other
populations of killer whales, sperm whales and
southern pilot whales within the Southern Ocean in a
Bayesian framework using multivariate ellipse-based
metrics (Jackson et al. 2011). Standard ellipse areas
corrected for sample size (SEAc) and Bayesian Stan-
dard Ellipse Areas (SEAB) were calculated for each
group. SEAB was estimated using 105 posterior draws
and used to statistically compare niche metrics,
which included niche width and niche overlap be -
tween groups. The niche overlap for 2 given groups
was calculated as an isotopic area of overlap from the
maximum likelihood fitted ellipses of the 2 groups
(Jackson et al. 2011). All niche metric calculations
and comparisons were conducted with the package
‘SIBER’ (Jackson et al. 2011) in R v.3.4.1 (R Develop-
ment Core Team 2017).

The effect of toothfish depredation on the isotopic
values of Crozet killer whales was examined through
a 2-state index assigned to each sample. Samples
were categorised as ‘depredating’ or ‘non-depredat-
ing’ depending on whether the biopsied individuals
were observed interacting with fisheries in the 24 or
48 d preceding the sampling date. These 2 periods
were defined based on isotopic half-time turnover
rates estimated for bottlenose dolphin Tursiops trun-
catus skin: 24 ± 8 d for carbon and 48 ± 19 d for ni -
trogen (Giménez et al. 2016). Thus, depredating
 samples were samples from individuals that were
photo graphed at least once while depredating tooth-
fish caught by fishing vessels during the 24 d before
sampling for δ13C analyses, and 48 d before sampling
for δ15N analyses. Photographs were taken from fish-
ing vessels by fishery observers, who are present
onboard licenced toothfish longliners for all fishing
trips. They monitor 100% of the fishing operations
and provide a quasi-systematic (on average >95% of
fishing days with killer whale presence around ves-
sels covered) photo-identification effort during killer
whale−fishing gear interaction events using DSLR
cameras with 400 mm telephoto lenses. Non-depre-
dating samples were samples from individuals for
which the biopsy was performed when no fishing
occurred in the Crozet EEZ 24 or 48 d before sam-
pling, based on the PECHEKER database (Martin &
Pruvost 2007), or from individuals that were not
photo graphed from fishing vessels 24 or 48 d before
sampling. The absence of fishing vessels operating
illegally inside and/or in the vicinity of the Crozet
EEZ during the 48 d preceding biopsies was checked
through satellite and ship-based surveillance data
requested from the French administration. This ruled
out the possibility that killer whales had depredated
toothfish from vessels other than the ones from which
we received data. Additionally, recent satellite/dive
recorder data from a killer whale depredating tooth-
fish at South Georgia indicated that depredation
events only occurred in the vicinity of the vessel dur-
ing gear retrieval phases, which is when observers
provide photo-identification effort (Towers et al.
2019).

Niche metric comparisons and statistical tests per-
formed on δ13C and δ15N values were used to assess
dietary variations between depredating and non-
depredating samples. SEAc and SEAB were calcu-
lated separately for depredating and non-depredat-
ing samples; here, this assignment was made using
information on the occurrence of depredation in the
48 d preceding sampling. After the normality of the
δ13C and δ15N values was tested (Shapiro-Wilk test),
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differences between depredating and non-depre -
dating groups were tested using either parametric (t-
test) or non-parametric (Mann-Whitney U-test) tests.

2.3.  Diet reconstruction

The relative contribution of various prey items to
the diet of the Crozet killer whales, and the influence
of fishery interactions on this contribution, were as -
sessed through Bayesian stable isotope mixing
 models fitted in the ‘MixSIAR’ package (Stock &
Semmens 2013, Stock et al. 2018) in R v.3.4.1 (R De -
velopment Core Team 2017). This analysis was con-
ducted using prey data only for confirmed prey
items, as described above. The mean stable isotope
values of these species were used to a priori identify
statistically different clusters through a Ward’s hier-
archical cluster analysis (‘hclust’ function in R pack-
age ‘stats’) and ANOVAs. MixSIAR models were fit-
ted using the individual isotopic values of the Crozet
killer whales (consumer), the mean ± SD isotopic val-
ues of prey clusters (sources) and the diet-to-tissue
discrimination factors (DTDF) estimated by Giménez
et al. (2016) for bottlenose dolphin skin (DTDF for
δ13C = 1.01 ± 0.37‰; δ15N = 1.57 ± 0.52‰). Fishery
interaction was incorporated in the MixSIAR models
as a fixed effect using samples categorised as depre-
dating or non-depredating based on the 48 d preced-
ing sampling. The effect of depredating or non-
depredating on the relative contribution of prey
groups to killer whale diet was tested through model
selection based on the leave-one-out information cri-
terion (LOOic) (Vehtari et al. 2017, Stock et al. 2018).

Models were run with a generalist type prior, 3 Mar -
kov chain Monte Carlo (MCMC) chains of 300 000
draws and a burn-in of 200 000 draws. The conver-
gence of models was checked using both Gelman-
Rubin and Geweke diagnostics. Model evaluation
and validation were conducted by determining the
likelihood of prey groups being included in the mix-
ing polygon of the Crozet killer whales, based on
simulations developed by Smith et al. (2013). Unless
otherwise stated, data are presented as mean ± SD.

3.  RESULTS

Biopsy samples were obtained from 18 individuals
from the Crozet killer whale population (Table S2 in
Supplement 1). Values of δ13C of lipid-extracted skin
ranged from −19.6 to −18.0‰ and values of δ15N from
12.5 to 14.3‰ (Table 2). Tests for potential age- and
sex-effects on δ13C and δ15N values indicated no sig-
nificant differences between males (n = 3) and fe-
males (n = 15), nor between adults (n = 14) and sub-
adults (n = 4) (t-tests, all with p > 0.5). Similarly, there
were no significant differences between months of
sampling (n = 9 in February, n = 6 in November and
n = 3 in December). The isotopic values of the skin sam-
ple collected from the individual found dead in 2006
were δ13C = −18.8‰ and δ15N = 13.4‰ (Table S2).

3.1.  Stable isotope analyses

The isotopic niche area of the Crozet killer whales,
which was estimated at SEAc = 0.64‰2 and SEAB =

202

n δ13C (‰) δ15N (‰) SEAc SEAB Pr % SEAB Source
(‰2) (‰2) <SEAB overlap

Orcinus orca
Crozet Islands 18 −19.0 ± 0.5 13.6 ± 0.4 0.64 0.57 − − This study
Marion Island 32 −18.6 ± 0.4 12.3 ± 0.6 0.94 0.87 0.90 3 Reisinger et al. (2016)
Ross Sea (Type C) 27 −23.8 ± 0.4 13.2 ± 0.4 0.21 0.2 0.00 0 Krahn et al. (2008)
Antarctic Peninsula (Type B1) 11 −22.4 ± 0.4 12.2 ± 0.4 0.45 0.38 0.17 0 Durban et al. (2017)
Antarctic Peninsula (Type B2) 8 −22.8 ± 0.3 11.3 ± 0.2 0.20 0.16 0.01 0 Durban et al. (2017)

Physeter macrocephalus
Crozet Islands/Kerguelen Islands 6 −18.6 ± 0.4 14.0 ± 0.4 0.70 0.51 0.49 24 This study

Globicephala melas edwardii
Kerguelen Islands 65 −18.4 ± 0.5 12.2 ± 0.3 0.36 0.40 0.07 0 Fontaine et al. (2015)

Table 2. Mean ± SD δ13C and δ15N values of lipid-extracted skin and isotopic niche metrics for killer whales Orcinus orca,
sperm whales Physeter macrocephalus and southern pilot whales Globicephala melas erwardii within the Southern Ocean.
Niche metrics include the standard ellipse areas corrected for sample size (SEAc) and the Bayesian SEA (SEAB). SEAB was
used to estimate the probability (Pr) of the Crozet killer whale isotopic niche being smaller than that of other groups 

(Pr <SEAB), as well as the degree of overlap of isotopic niches (% SEAB overlap)
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0.57‰2, had a high probability of being smaller than
that of the Marion killer whales (SEAc = 0.94‰2 and
SEAB = 0.87‰2), but was likely larger than those of
Type B1, B2 and C killer whales sampled in Antarc-
tica, and southern pilot whales from Kerguelen wa -
ters (Table 2, Fig. 1). However, with a probability of
0.49, the isotopic niche width of the Crozet killer
whales was statistically similar to that of sperm
whales sampled in Crozet and Kerguelen waters.
Niche overlap of the Crozet killer whales was zero
with Antarctic killer whales and Kerguelen southern
pilot whales, low with the Marion killer whales (3%)
and highest with the Crozet and Kerguelen sperm
whales (24%).

In total, 9 of the sampled killer whales were sighted
depredating toothfish from fisheries during the 24 d
preceding sampling, and these samples were thus
considered as depredating for δ13C comparisons (Ta-
bles S2 & S4 in Supplement 1). Values of δ13C of these
samples (δ13C = −19.0 ± 0.7‰, n = 9) were not signifi-
cantly different (Mann-Whitney U-test, p = 0.57)
from those of non-depredating samples (δ13C = −19.0

± 0.3‰, n = 9). Values of δ15N of samples from 11 in-
dividuals sighted depredating from fisheries in the
48 d preceding sampling (δ15N = 13.4 ± 0.4‰, n = 11)
were not statistically different from those of samples
from individuals that did not depredate from fisheries
over that period (δ15N = 13.8 ± 0.4‰, n = 7; t-test, p =
0.09). The isotopic niche area of non-depredating
samples (SEAc = 0.27 and SEAB = 0.16‰2) was likely
smaller than that of depredating samples (SEAc =
0.77 and SEAB = 0.71‰2) (Fig. S1 in Supplement 1).

3.2.  Diet reconstruction

In total, 4 statistically different prey groups were
identified from the Ward’s hierarchical clustering of
δ13C and δ15N values (Figs. 2, 3a & Fig. S2, Table S5
in Supplement 1). Group A included species with the
lowest δ15N values (8.2 ± 0.5‰): 3 species of pen-
guins (Eudyptes spp. and gentoo penguins) and
southern right whales (Table 1). Group B had a
higher mean δ15N value (δ15N = 10.4 ± 0.4‰) and
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Fig. 1. Sample-size corrected standard ellipse areas (SEAc; solid lines) and convex hull areas (dotted lines) for killer whales
(KIW), sperm whales (SPW) and southern pilot whales (PIW) in Antarctic and subantarctic waters. Individual values of δ13C
and δ15N of skin samples (points) for Crozet (this study), Marion (Reisinger et al. 2016), Antarctic Type C (Krahn et al. 2008),
Ant arctic Type B1 and B2 (Durban et al. 2017) killer whales, sperm whales from Crozet/Kerguelen (this study) and southern 

pilot whales from Kerguelen (Fontaine et al. 2015) are shown
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included king penguins, small sized Patagonian
toothfish (TL 43 cm) and the prey item with the low-
est δ13C value, adult female southern elephant seals
(δ13C = −21.9 ± 0.7‰, n = 70). Group C (δ15N = 12.7 ±
0.4‰) contained medium sized toothfish (TL 63 cm),
elephant seal pups, Ant arctic fur seals and sub-
antarctic fur seals. Group D had the highest δ15N
(14.4 ± 0.6‰) and δ13C (−18.9 ± 0.6‰) values and
included only large (TL 95, 107 and 160 cm) Patagon-
ian toothfish. Toothfish of TL 160 cm was the prey
item with the highest δ15N value of all prey items
(δ15N = 14.9 ± 0.7‰).

All killer whale isotopic values were inside the
95% mixing region of the mixing polygon delimited
by the isotopic values of the 4 prey groups adjusted
to DTDFs, thus validating the MixSIAR models
fitted with these prey groups (Fig. 3b). The best
MixSIAR model (Model 1) included whether or not
killer whales interacted with fisheries before sam-
pling (LOOic = 24.2; Table 3). However, this model

and the null model were differentiated by LOOic =
0.1, and the 2 models had close weights (0.51 and
0.49, res pectively), indicating that the depredation
factor had low explanatory power. According to the
null model, prey Group C was most important in the
diet of Crozet killer whales with a mean contribu-
tion of 33 ± 19% (Fig. 4a). Group D was the second
most important prey group with 28 ± 11% mean
contribution. Group A and Group B were the least
contributing prey groups with 17 ± 7 and 22 ± 13%,
respectively. According to Model 1, Group C con-
tributed 35 ± 21% for depredating samples, and 33
± 20% for non-depredating samples (Fig. 4b). The
contribution of Group D to the diet of depredating
samples was higher than for non-depredating sam-
ples (32 ± 13 and 28 ± 11%, respectively). The diet
of non-depredating samples included Group A and
B in larger proportions (17 ± 7 and 22 ± 13%,
respectively) than for depredating samples (12 ± 7
and 21 ± 13%, res pectively).
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Fig. 2. Isospace of mean (±SD)
δ13C and δ15N values of the puta-
tive prey items for the Crozet
killer whales (‘KIW_Crozet’). Co -
lours indicate prey groups deter-
mined by a hierarchical clustering
approach, and the shape of points
indicate prey taxa. See Table 2 for
species associated with the prey 

codes used for the figure
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4.  DISCUSSION

The present study provides key insights into the
role of toothfish as a prey resource for a generalist
subantarctic predator, the killer whale. The findings
of different stable isotope analysis approaches,
which combined inter- and intra-specific compar-
isons and dietary reconstruction, suggest that killer
whales do rely on toothfish as well as marine mam-
mals and penguins as natural prey items. While fish-
eries may facilitate access to toothfish for killer
whales depredating on the fishing gear, fisheries also
exploit toothfish stocks that are likely used by killer
whales as a natural resource. This study therefore
highlights the trophic interactions between fisheries
and killer whales through depredation and competi-
tion for the same resource in subantarctic waters.

Results of the stable isotope analyses confirmed
previous visual observations suggesting that Crozet
killer whales have a generalist feeding strategy.
Their niche width was larger than that of specialised
killer whale populations (Antarctic Type C, B1 and
B2; Pitman & Ensor 2003, Krahn et al. 2008, Pitman
& Durban 2010, 2012, Durban et al. 2017) but
similar to that of Marion killer whales, another sub-
antarctic population with a generalist feeding strat-
egy (Rei singer et al. 2016). The Crozet killer whales
were sampled in spring/summer and, during this
time of year, the contribution of elephant seal pups
to their diet was higher than that of prey groups
including adult elephant seals, penguins and baleen
whales. Recently weaned elephant seal pups are a
concentrated and abundant high-quality food re -
source in inshore waters from October to January.

While killer whales may favour elephant seal
pups over other prey during that period, which
is consistent with an increase in killer whale
abundance in inshore waters in spring and sum-
mer (Guinet 1992), the importance of seals as
prey throughout the year remains un known.
The fact that the stomach contents of the indi-
vidual found dead on Possession Island in win-
ter included elephant seal remains suggests
that this resource may still be consumed during
that time of year. While this suggestion is sup-
ported by skin isotopic values of that dead indi-
vidual being similar to values from biopsy sam-
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Fig. 3. (a) δ13C and δ15N values of the skin samples of Crozet killer whales that depredated or did not depredate toothfish from
fisheries before sampling, and mean with 95% confidence intervals of the putative prey groups (black dots and error bars) es-
timated from the source isotopic values and the diet-to-tissue discrimination factors. (b) Mixing polygon including the Crozet
killer whale isotopic values (black dots) and prey groups (mean ± SD isotopic value: white dots and error bars); background
shows the probability of prey groups being included in the diet, with probability contours drawn every 10%. Details on species 

included in prey groups are provided in Table 2

Model Model LOOic SE ΔLOOic SE Weight
# LOOic ΔLOOic

1 Depredation 24.2 8.6 − − 0.51
2 Null 24.3 9.0 0.1 2.6 0.49

Table 3. MixSIAR model selection outputs based on leave-one-
out cross validation information criterion (LOOic). Models were
fitted with the occurrence of depredation on toothfish from fish-
eries over the 48 d preceding sampling as a fixed effect (‘Depre-
dation’), or without any covariate (‘Null’). The LOOic differences
between each model and the model with lowest LOOic (ΔLOOic),
standard errors (SE) for both LOOic and ΔLOOic values, as well as 

the relative weight of models are provided
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ples collected in spring/summer, also suggesting
low seasonal variation in diet, additional samples
collected in winter would be needed to further
examine that aspect.

The 2 prey groups (C and D) including medium
and large-sized Patagonian toothfish dominated the
diet of Crozet killer whales (over 60% by mass when
pooled, including nearly half from the group exclu-
sively made of large toothfish). In addition, there was
no difference in the contribution of these prey groups
between depredating and non-depredating samples.
The use of isotopic mixing models paired with the
fact that none of the prey species included in our
analysis also prey on toothfish ruled out the possibil-
ity of a secondary contamination effect. Instead, this
result suggests that toothfish may be an important
natural prey item for Crozet killer whales. This con-
clusion is supported by other lines of evidence.
Firstly, subantarctic killer whales are able to dive to
great depths (>1000 m at South Georgia; Towers et
al. 2019) and they do so when foraging naturally
(>750 m at Marion, >300 m at Crozet; Reisinger et al.
2015, G. Richard et al. unpubl. data). This depth
range largely overlaps with the bathypelagic depth
distribution of Patagonian toothfish, making them
potentially naturally accessible to killer whales (Ark -
hipkin et al. 2003, Collins et al. 2010, Péron et al.
2016). Secondly, δ15N values of the Crozet killer

whales, as a proxy of trophic position, were similar to
that of Antarctic Type C killer whales, which are
known to feed preferentially on Antarctic toothfish
Dissostichus mawsoni (Krahn et al. 2008), a species
closely related to the Patagonian toothfish (Collins et
al. 2010, Hanchet et al. 2015). Lastly, the isotopic
niche of Crozet killer whales partly overlapped with
that of sperm whales from Crozet and Kerguelen,
which feed on both Patagonian and Antarctic tooth-
fish both naturally (Yukhov 1972) and through
depredation (Janc et al. 2018, Labadie et al. 2018) in
Crozet and Kerguelen waters.

This study therefore suggests that depredation at
Crozet is a facilitated behaviour in response to fish-
eries making toothfish an aggregated and easily
accessible resource that killer whales would other-
wise naturally forage on, but at higher energetic
costs. By setting their gear at great depths, fisheries
may provide killer whales with facilitated access to
large toothfish (>80 cm), which are primarily found
in waters >800 m (Collins et al. 2010). This may ex -
plain the greater contribution of that prey group to
the diet of depredating individuals. These findings
are consistent with dietary studies on other de -
predating killer whale populations, such as in Gibral-
tar Strait, where facilitated access to bluefin tuna
through depredation on fishing lines was found to be
substantially less energetically costly than if this prey
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Fig. 4. Relative proportions of prey groups in the diet of (a) all Crozet killer whale samples and (b) samples from individuals
that depredated toothfish from fisheries (depredating) or did not (non-depredating) 48 d before sampling. Diet proportions
were estimated from the MixSIAR models (null model and Model 1) and are depicted as boxplots with the median (middle
line), 25th and 75th percentiles (box hinges) and 95% confidence intervals (whiskers). Prey groups included the following
items: Group A: gentoo, macaroni and rockhopper penguins and southern right whales; Group B: king penguins, elephant
seals (adult females) and small Patagonian toothfish (TL 43 cm); Group C: southern elephant seals (pups), Antarctic/
subantarctic fur seals (pups) and medium Patagonian toothfish (TL 63 cm); Group D: large Patagonian toothfish (TL > 95 cm)
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species was naturally and actively hunted (Guinet et
al. 2007, Esteban et al. 2016).

More broadly, this study presents further evidence
that toothfish have a key role as prey in subantarctic
food web dynamics. While fisheries may facilitate
access to toothfish for some predators, they may also
impact populations that naturally depend on that
resource through direct fish biomass removal. Tooth-
fish has been confirmed as natural prey of sperm
whales and sleeper sharks Somniosus antarcticus
(Yukhov 1972, Cherel & Duhamel 2004) and sug-
gested as natural prey for meso- and epi-pelagic
predators such as albatrosses (Cherel et al. 2000,
2017). While the commercial exploitation of toothfish
stocks is now highly regulated, stocks underwent
substantial illegal over-exploitation across the South-
ern Ocean in the 1990s that likely affected these
apex predator species through direct trophic effects
(Kock et al. 2007). The Crozet killer whales under-
went a sharp decline in the 1990s and this was partly
attributed to illegal fishers using lethal means to
repel whales depredating toothfish (Poncelet et al.
2010, Tixier et al. 2015, 2017). However, from our
results, it is likely that the illegal over-exploitation of
toothfish stocks, paired with substantial decreases of
southern elephant seals, king penguins and large
whales (Guinet et al. 1992, Clapham et al. 1999,
Weimerskirch et al. 2003, 2018, Pruvost et al. 2015),
has also contributed to the decline of this population.
Decreased toothfish availability may also have
caused dietary shifts for killer whales in areas where
stocks were depleted. For instance, killer whales
at Marion Island were expected, from observa -
tions, to have large isotopic overlap with killer
whales at Crozet (Reisinger et al. 2011), but this was
not the case. The Marion killer whales are at a lower
trophic level than the Crozet whales, and this dif -
ference may be explained by lower toothfish intake
because tooth fish stocks have been more impacted
by illegal fishing at Marion than at Crozet (Boon-
zaier et al. 2012) (see Supplement 2 for further
 discussion).

In summary, this study has provided a preliminary
assessment of the diet of killer whales that consume a
wide range of subantarctic resources. However, de -
termining the diet of a generalist predator is often
hampered by temporal variations in prey consump-
tion and limited information on prey. This is the case
for cephalopods — their contribution to the diet could
not be assessed in the present study (see Supple-
ment 3 for further discussion). Therefore, further
studies using higher resolution dietary methods, such
as compound-specific stable isotope or fatty acid

analyses (e.g. Herman et al. 2005, Matthews & Fer-
guson 2014), are needed. Despite these limitations,
the present study provided new insights on the role
of natural prey preferences in the propensity of killer
whales to switch prey in response to environmental
changes. Specifically, our results support the as -
sump tion that killer whales are more likely to de -
velop depredation on fisheries as a new foraging tac-
tic if fish is already part of their natural diet. This
assumption was proposed as explaining why not all
killer whale populations, which greatly differ in prey
preferences, switch from natural feeding to depreda-
tion despite large overlaps with fishing activity (e.g.
Fearnbach et al. 2014, Peterson et al. 2014). The role
of variation in prey preferences at the intra-popula-
tion level, as reported in other killer whale popula-
tions (e.g. Samarra et al. 2017), should therefore be
further examined with a larger sample size to under-
stand the heterogeneity observed across groups/
individuals at Crozet in regards to depredation (Tix-
ier et al. 2017). More importantly, our findings have
emphasised the importance of toothfish, a species of
high commercial value, in the natural diet of killer
whales. However, the amount of toothfish that killer
whales eat naturally compared to the toothfish bio-
mass they remove from longlines when depredating
is still unknown. This information is required for (1)
assessing the minimum amount of toothfish biomass
required to sustain killer whale populations, and (2)
estimating the extent to which the depredated part of
that amount (estimated at several hundred t yr−1)
should be considered as natural or artificial mortality
in fish stock assessments.
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