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A B S T R A C T

Marine mammal depredation on fisheries (animals removing fish caught on fishing gear) is a worldwide issue
involving socio-economic and ecological consequences. Longline fisheries are the most impacted by odontocete
(toothed whales) depredation. While technological means have provided limited efficacy in reducing depreda-
tion, this study examined the fishing practices influencing both the proportion of depredated longline sets and
the amount of fish removed by whales. We used an 8-year dataset from the Patagonian toothfish (Dissostichus
eleginoides) longline fisheries operating in Crozet and Kerguelen Economic Exclusive Zones (EEZs) (South Indian
Ocean) and GLMMs to investigate sperm whale (Physeter macrocephalus) depredation. Sperm whale depredation
occurred on 61% of 5260 sets in Crozet and 41% of 16,902 sets in Kerguelen, and resulted in minimum estimated
toothfish losses of 702 tons and 2649 tons, respectively, in the two areas. The probability of depredation de-
creased in winter months, increased with depth fished and decreased when vessels travelled over distances
of> 60 km from fishing grounds with encountering depredation. These findings suggest the natural spatio-
temporal distribution of sperm whales and their ability to follow vessels over limited ranges influence the
number of captured fish removals. The amount of depredated toothfish decreased with the speed at which
longline sets were hauled and increased with the soaking time of sets suggesting that whales may depredate sets
during both hauling and soaking operations. Together, these observations indicate that rates of depredation may
be influenced by the conditions of fishing operations and could therefore be employed to implement strategies of
avoidance in all fisheries facing similar depredation impacts.

1. Introduction

Human-wildlife conflicts, which often result from competition be-
tween animals and humans over the same resources, are as old as hu-
mankind (Anand and Radhakrishna, 2017; Treves et al., 2006;
Woodroffe et al., 2005). In the marine environment, the global ex-
pansion of fisheries over the last fifty years has led to the over-
exploitation of many fish stocks and major changes in fishing techni-
ques. It also has resulted to changes in food-search behavior of some
predators such as marine mammals that has resulted in the emergence
of direct marine predators–fisheries interactions, including depredation
on fishing gears (Augé et al., 2012; Fertl, 2008; Kaschner and Pauly,

2004; Plagányi and Butterworth, 2002; Read, 2008). Depredation on
fisheries is defined as the partial or total removal of captured fish from
fishing equipment by marine predators (Donogue et al., 2002; Fertl,
2008; Read, 2005) and has received growing attention over the past
five decades (Northridge, 1991). Marine mammals were reported as the
taxa with the broadest range of depredating species. These species have
been documented to depredate on a wide variety of fishing gears such
as purse seines, trawls, gill nets, pots and baited longlines (Bearzi, 2002;
Donogue et al., 2002; Fertl, 2008; Gales, 2003; Gilman et al., 2007;
Hamer et al., 2012; Read, 2005; Werner et al., 2015).

Marine mammal depredation on fisheries often results in major
socio-economic and ecological issues (Gilman et al., 2007). Economic
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issues for fisheries include both direct costs (i.e., catch losses) and in-
direct costs (i.e., additional fishing time, fuel consumption and payroll
needed to complete fishing quotas, the implementation of strategies of
marine mammals avoidance) (Maccarrone et al., 2014; Peterson et al.,
2014). Ecological and conservation issues may include the over-
exploitation of the targeted fish resources (i.e., the amount of depre-
dated fish are often not accounted for in fish stock assessments and
quota allocation processes) and effects on the survival of marine
mammal populations (e.g., increased risks of by-catch on fishing gear;
lethal responses from illegal, unreported and unregulated fishers who
may perceive these animals as competitors; habituation to an artificial
foraging behavior; modification of energy balance; etc.) (Baird et al.,
2002; Gasco et al., 2015; Gilman et al., 2007). For instance, artificial
food provisioning from fisheries may increase prey availability for de-
predating predators, and was shown to positively influence the survival
and reproduction of individuals in various populations (Oro et al.,
2004; Tixier et al., 2015a, 2017; Ward et al., 2009). Together, these
ecological consequences of marine mammal depredation were recently
suggested as important to consider when managing fisheries, fish stocks
and marine mammal populations through ecosystem-based approaches
(Boyd, 2002; Guénette et al., 2006; Morissette et al., 2012; Trites et al.,
1999; Williams et al., 2011).

Longline gear is a fishing device which is made up of a horizontal
line, to which are attached droppers ending in baited hooks and takes
fish by hooking (Brock, 1962). Longlining progressively emerged as the
most selective fishing technique for large fish species during the 1980s
and 1990s (Løkkeborg and Bjordal, 1992). Unlike other techniques, this
fully exposes the hooked fish in the water column, making this catch
easily accessible for depredating marine mammals (Fertl, 2008). Both
pelagic and demersal longlining are subject to depredation worldwide
(Forney et al., 2011; Mesnick et al., 2006; Muñoz-Lechuga et al., 2016;
Passadore et al., 2015; Rabearisoa et al., 2012; Roche et al., 2007;
Straley et al., 2006; Visser, 2000). While the issue on depredation re-
mains sporadic in some fisheries, it has spread and substantially in-
creased in others, jeopardizing their sustainability (Powell and Wells,
2011; Schakner et al., 2014) and raising a critical need for solutions to
minimize or suppress it (Hamer et al., 2012).

Extensive efforts have been made by fishers and ship-owners to
develop technological solutions to either deter marine mammals from
fishing gear or to protect the fish caught on hooks. However, most trials
of such devices have showed limited efficacy (Dyb, 2006a; Hamer et al.,
2012; Mooney et al., 2009; O’Connell et al., 2015; Tixier et al., 2015b).
The development of fishing strategies for avoiding interactions has
provided more promising insights into ways to reduce depredation le-
vels. For instance, increased knowledge of local marine mammal po-
pulations ecology has allowed some fisheries to target the timing or
areas of low marine mammal presence and, thus, lower the probability
of depredation (Guinet et al., 2015; Straley et al., 2015; Tixier, 2012;
Tixier et al., 2016). Other studies have focused on the behavior of
fishing vessels and operational factors that can be controlled. For in-
stance, Tixier et al. (2015b) showed that the depth at which longlines
are set, longline length, the hauling speed and the distance travelled by
vessels between fishing grounds can significantly influence the pro-
portion of fishing gear depredated by killer whales (Orcinus orca) and
the impact of this depredation on the Catch Per Unit Effort (CPUE) of
the target species.

The influence of such operational factors on sperm whale (Physeter
macrocephalus) depredation, however, has remained poorly in-
vestigated despite several reports on significant depredation in the
majority of longline fisheries operated in high latitudes (Mesnick et al.,
2006; Taylor et al., 2008). In both hemispheres, demersal longline
fisheries are primarily depredated by adult male sperm whales whose
natural foraging grounds often overlap with fishing areas (Ashford
et al., 1996; Best, 1979; Mesnick et al., 2006; Whitehead, 2003). Sperm
whale depredation has been reported in the North Pacific on fisheries
targeting Pacific halibut (Hippoglossus stenolepis) and sablefish

(Anoplopoma fimbria) (Hill et al., 1999; Peterson and Carothers, 2013;
Schakner et al., 2014; Sigler et al., 2008; Straley et al., 2006), in the
North Atlantic on fisheries targeting Greenland halibut (Reinhardtius
hippoglossoides) (Dyb, 2006b) and in the Southern Ocean on fisheries
targeting Patagonian toothfish (Dissostichus eleginoides) (Duhamel,
2003). For the latter, sperm whale depredation occurs off Chile (Hucke-
Gaete et al., 2004; Moreno et al., 2008), the Falklands/Malvinas (Goetz
et al., 2011; Nolan et al., 2000), South Georgia (Ashford et al., 1996;
Moir Clark and Agnew, 2010; Purves et al., 2004; Söffker et al., 2015),
Prince Edward Island (Kock et al., 2006; Tilney and Purves, 1999),
Heard and McDonald Islands (Arangio, 2012) and Crozet and Kerguelen
Islands (Ashford et al., 1996; Capdeville, 1997; Gasco et al., 2015;
Roche et al., 2007; Tixier et al., 2010).

The Patagonian toothfish longline fishery operating off the Crozet
and Kerguelen Islands has been reported as one of the most impacted by
sperm whale depredation, with an estimated reduction of 8–12% in the
toothfish CPUE between 2003 and 2013 (Gasco et al., 2015; Roche
et al., 2007; Tixier et al., 2010). These estimates were recently in-
corporated in the Crozet and Kerguelen fish stock assessments and used
to increase accuracy of quota allocation processes. This fishery, with a
fleet comprised of seven commercial vessels, is highly regulated, closely
monitored by onboard fishery observers at all times, and benefits from a
long-term fishing dataset covering 100% of fishing operations. This
fully controlled environment has proved to be particularly suitable for
studies on operational factors influencing depredation by killer whales,
the other major depredating species of demersal longline fisheries in
high latitudes (Gasco et al., 2014; Guinet et al., 2015; Tixier et al.,
2010, 2016).

Therefore, the long-term datasets from the Crozet and Kerguelen
Patagonian toothfish fisheries were here used as a unique opportunity
to investigate the spatio-temporal and operational factors of fishing
practices influencing the level of sperm whale depredation on demersal
longlining. The aims of this study were to test for the effects of these
factors on (i) the proportion of fishing gear depredated by sperm
whales, and (ii) the CPUE during sperm whale depredation events.

2. Material and methods

2.1. Study areas and data collection

During the study period (1 January, 2008–25 July, 2015), seven
commercial fishing vessels were authorized to operate in the Crozet
(between 44° and 48°S–46° and 54°W) and Kerguelen (between 45° and
52°S–63° and 75°W) Exclusive Economic Zones (EEZs). These vessels all
used auto-weighted longlines that were set between two anchors at
each end of the mainline, on which 375–47,250 hooks were positioned
with an individual hook every 1.2 m. These hooks were automatically
baited and dropped to the bottom at depths ranging from 500 to 2300m
(i.e., legal depth range to avoid the capture of juvenile toothfish (Collins
et al., 2010)). Fishing regulations also imposed fishers to set their lines
at night to avoid seabird bycatch (Cherel et al., 1996; Weimerskirch
et al., 2000). Hauling, which was allowed at any time of the day, took
between 00:30–9:58 to be completed depending on the number of
hooks on the longline and the hauling speed. The fishing fleet was al-
lowed to operate all year round in the Crozet, but is closed for a 45-day
period from the 1st February to mid-March in the Kerguelen EEZ to
comply with seabird conservation measures (CCAMLR, 2015a, 2015b).

All data used in the study were collected by fishery observers and
were provided by the Muséum d’Histoire Naturelle de Paris (MNHN –
PECHEKER database (Martin and Pruvost, 2007)). The unit of this da-
taset was the longline set. Each set was affiliated with one captain, one
vessel and one fishing trip. A fishing trip (lasting 2–3 months) was
defined as the time between the departure of a vessel with a given
captain from Reunion Island and its return to the port. The date, time,
number of hooks set and hauled, spatial coordinates and depth of
downlines at the beginning and the end of both setting and hauling
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processes were recorded for each longline set. The total number and the
biomass of fish caught and landed for Patagonian toothfish was assessed
as well as for three bycatch species groups (bigeye grenadier, Macrourus
carinatus; blue antimora, Antimora rostrata and skate species grouped
into a single group, Bathyraja eatonii, Bathyraja irrasa, Bathyraja murrayi
for Kerguelen and Amblyraja taaf for Crozet). From these data, the CPUE
was calculated as the biomass of entire caught fish in grams divided by
the number of hauled hooks (g.hook−1) for each hauled longline, for
Patagonian toothfish and for each of the three bycatch species groups:

CPUEi (g.hook−1)= ∑Biomass of entire caught fishi/∑hauled hooksi

CPUEi is the obtained CPUE on longline i
Concurrently, fishery observers visually monitored odontocetes (i.e.,

sperm whales and killer whales) depredating on longlines during hauling.
Depredation was classified according to three states for each of the two
depredating species: (i) “Depredation” – depredation of whales on the
fishing gear was confirmed by whales repeating long dives (>15min)
within a 500m radius from the vessel and surrounded by seabirds when
surfacing, slicks of fish oil visible at the surface of the water and/or chunks
of fish observed in the mouth of whales; (ii) “No depredation” – no whales
sighted from the vessel or if sighted, whales were in transit with no in-
dicators of depredation (see above) observed; (iii) “not observed” – ob-
servations were not possible due to weather, sea state and/or visibility
conditions (e.g., night). For sets for which depredation was recorded
during hauling, fishery observers provided minimum and maximum esti-
mates of the number of whales present around the vessel. For the purposes
of this study, and to limit bias due to overestimated numbers, only the
minimum estimate was used to test the number of depredating sperm
whales as an explanatory variable in the models presented below.

2.2. Models on the proportion of fishing gear depredated by sperm whales

Generalized Linear Mixed Models (GLMM) (Zuur et al., 2009, 2013)
were used to explore the relationship between the proportion of hauled
sets depredated by sperm whales out of all hauled sets (noted “Pr(set)”)
and three spatio-temporal predictors. Temporal predictors included a
year (“Year” – continuous) and a month (“Month” – discrete) effects to
respectively test for annual trends and intra-annual variations of the
proportion of sets depredated by sperm whales. The depth at which sets
were hauled was considered here as the vertical spatial predictor
(“Depth” – continuous and expressed in meters). As observers recorded
one depth value for each of the two ends of a set, we used the mean of
these two values in the model. The continuous explanatory predictors
were centered at their mean and scaled by their standard deviation (i.e.,
standardized). Data were restricted to longline sets with confirmed
presence (“Depredation”) or absence (“No depredation”) of depredating
sperm whales during hauling and fitted with a binomial distribution
and a logit link function, which was defined as follows:

logit(πij) = ηij↔ πij = exp(ηij)/(1+ exp (ηij))

in which πij represented the expected value of Pr(set) for each longline j
in trip i (i.e., the mean of Pr set( )ij) and Pr set( )ij took values of 0 or 1 for
each longline j in trip i.

The fishing trip (“Trip”) was used as a random intercept to impose a
correlation structure on the presence of depredating sperm whales be-
cause of multiple observations recorded for each trip (Zuur et al.,
2013). The model was extended with a temporal auto-correlation
structure to account for the fact that the interaction of sperm whales
with a given longline set could depend upon their interaction with the
previously hauled longline (Tixier, 2012). The full model (Model 1) was
separately fitted on data from Crozet and Kerguelen using the function
glmmPQL in packages MASS (Venables and Ripley, 2002) and nlme
(Pinheiro et al., 2016) in R (R Core Team, 2015) as follows:

Model 1: ηij = Intercept+ β1 Year+ β2Monthij + β3Depthij + ai + εij

in which ai and εij were the residuals: ai∼N(0, σ2Trip) and εij∼N(0, σ2),
and β1,2,3 were the coefficients of the explanatory variables.

Cleveland dot plots were used as an alternative to bar charts to
inspect the outliers of variables. Collinearity between continuous vari-
ables was assessed using pair plots and variance inflation factor (VIF)
values calculated as the ratio of variance in a model with multiple
terms, divided by the variance of a model with one term alone (Zuur
et al., 2009, 2010; Zuur, 2012). Model selection was performed by
using backward stepwise selection, dropping the least significant in-
teraction term from the model and refitting the model until terms were
significant at 5% level (Zuur et al., 2013).

Using the same modeling approach, a second GLMM was developed
to investigate the effect of the distance travelled by fishing vessels from
one hauled set depredated by sperm whales to the set hauled next in
time. Previous studies have shown depredating odontocetes follow
fishing vessels between fishing operations, sometimes over great dis-
tances (Tixier et al., 2015c). Preliminary analyses of photo-identifica-
tion data collected in Crozet and Kerguelen suggested that sperm
whales also follow vessels from one haul to the next, likely because
vessels remain within the acoustical detection range of the whales
(Thode et al., 2015). Fishing vessels travel at speeds ranging from 8 to
12 knots, which exceed the average swimming speed of sperm whales
during travelling (1.5–3 knots; Aoki et al., 2007; Whitehead, 2003).
Hence, increased distances between sets may result in vessels being able
to outrun the depredating sperm whales which may eventually lose the
acoustical detection of vessels. To test this assumption, Pr(set) was here
fitted with data restricted to pairs of sets that were hauled successively
in time (by the same fishing vessel during the same fishing trip) after
the first set was hauled in presence of depredating sperm whales.
Longlines hauled with in presence of killer whales, whether depre-
dating alone or simultaneously with sperm whales, were not included in
the analysis to limit the bias due to the effect of killer whale depreda-
tion on the distance travelled by fishing vessels. Assuming that there is
a straight trajectory of the vessel between the two sets, the distance
between pairs of sets (“Distance” – continuous and expressed in kilo-
meters) was calculated from the GPS coordinates of the mid-point be-
tween the two ends of the first set and the mid-point of the second set.
The number of sperm whales recorded depredating on the previous set
(“Nb.ind.set-1” – continuous) was also entered in the model and tested
both as a single term and in interaction with Distance. We assumed that
the greater Nb.ind.set-1, the more likely that at least one individual
would be depredating again on the next set. As 99% of the values by
Nb.set-1 were comprised between 1 and 8 individuals, the dataset was
restricted to 8 sperm whales recorded on the previous set to avoid bias
due to extreme values while maintaining statistical power. The full
model (Model 2) was also separately fitted on data from Crozet and
Kerguelen with a binomial distribution and a logit link function as
follows:

Model 2: ηij = Intercept+ β1Distanceij + β2Nb.ind.set-
1ij + β3 Distanceij ×Nb.ind.set-1ij + ai + εij

in which ai and εij were residuals: ai∼N(0, σ2Trip) and εij∼N(0, σ2), and
β1,2,3 were the coefficients of the explanatory terms.

2.3. Modelling the CPUE of longline sets

As an exploratory analysis, and prior to modelling the CPUE, the
fishing data on Patagonian toothfish and on bycatch were initially used
to statistically identify which fish species were primarily removed by
sperm whales from longline sets when depredating. Several t-test
comparisons were performed on mean CPUEs of 4 groups of species
caught on longlines (Patagonian toothfish and 3 bycatch groups: blue
antimora, bigeye grenadier and skate species) between sets hauled
without (absence of any odontocete species) and sets hauled in the
presence of depredating sperm whales over the 2008–2015 period.
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Longlines hauled with in presence of killer whales were not included in
the analysis to limit the bias due to the effect of killer whale depreda-
tion on the CPUE.

GLMMs were then developed to examine the relationship between
the CPUE of the depredated fish species and 4 operational predictors
depending on the number of sperm whales simultaneously depredating
during hauling of a given set. This number (“Nb.ind”) ranged from 0 for
sets hauled in absence to 16 for Crozet and 15 individuals for
Kerguelen. However, as 93% of the values taken by this variable were
comprised between 0 and 5 for Crozet and 94% were comprised be-
tween 0 and 4 for Kerguelen; the data used in models on the CPUE were
restricted to a maximum number of 5 individuals for Crozet and 4 for
Kerguelen to avoid bias due to extreme values while maintaining sta-
tistical power. Nb.ind was tested both as a single term because it was
hypothesized that increasing Nb.ind negatively influenced on the CPUE
of the depredated fish species. Nb.ind was also tested in interaction with
the following operational predictors. First, we tested for the effect of the
length of longline sets (“Length” – continuous and expressed in

kilometers). Here, it was hypothesized that shorter sets, for which
hauling time is reduced, may decrease the amount of depredated fish by
sperm whales, usually approaching the longline after the hauling has
started (Tixier et al., 2015c). Second, we tested for the effect of the
hauling speed of sets (“HaulingSpeed” – continuous and expressed in
number of hauled hooks per minute (hooks.min−1)), which was cal-
culated as the total number of hooks hauled on a given set divided by
the total hauling time of that set. If sperm whales depredate on the
catch only during hauling, we assumed that while reducing the time
available for whales to access the catch, a simultaneous increase in
hauling speed may also make the removal of captured fish from the sets
more difficult for them (Tixier et al., 2015c). Third, we tested for the
effect of the soaking time of sets (“SoakingTime” – continuous and ex-
pressed in hours), which was the time elapsed between the end of
setting and the start of hauling. This variable was used to specifically
investigate the possibility that sperm whales may also depredate on sets
before hauling while the line is still at the bottom of the sea. If it is the
case, shorter soaking time can also reduce the time available for whales

Fig. 1. Distribution of longline sets hauled in presence of depredating sperm whales (black dots) and fishing grounds (0.2°× 0.2° squares in which at least one set
was hauled over the 2008–2015 period – grey squares) in Crozet (top) and in Kerguelen (bottom). Thin grey lines are the 500, 1000, 2000 and 4000m isobaths.
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to access the catch and, therefore, reduce the amount of depredated
fish. Lastly, the effect of the depth at which sets were hauled (“Depth” –
continuous and expressed in meters) was also entered in the models to
account for bathymetric variations of fish abundance. The continuous
predictors were centered at their mean and scaled by their standard
deviation. The fishing trip (Trip) was then used as a random intercept.
Using the function glmer in package lme4 (Bates et al., 2015) in R (R
Core Team, 2015), models were fitted with a Gamma distribution and
the logarithmic link function, which was defined as follows:

log(μij) = ηij↔ μij = exp (ηij)

in which μij represented the expected value of CPUE of longline j in trip i
(i.e., the mean of CPUEij).

The full model (Model 3) was separately fitted on data from Crozet
and from Kerguelen as follows:

Model 3: ηij = Intercept+ β1Nb.indij + β2 Lengthij + β3 Depthij
+ β4 Soaking Timeij + β5Hauling Speedij + β6 Lengthij ×Nb.indij
+ β7Depth×Nb.indij + β8 Soaking Timeij ×Nb.indij
+ β9Hauling Speedij ×Nb.indij + ai + εij

in which ai and εij were residuals: ai∼N(0, σ2Trip) and εij∼N(0, σ2), and
β1,2,3,4,5,6,7,8,9 were the coefficients of the explanatory terms.

Cleveland dot plots were also used to inspect the outliers of vari-
ables and collinearity between continuous variables was assessed using
pair plots and VIF values (Zuur et al., 2009, 2010; Zuur, 2012). Model
selection was performed using backward stepwise selection by dropping
the least significant term interaction from the model and refitting the
model until terms were significant at 5% level (Zuur et al., 2013).

3. Results

3.1. Data summary

During the study, a total of 25,715 longlines were set and hauled in
both study areas: 6343 (25%) in Crozet and 19,372 (75%) in Kerguelen.
A total of 42,688 tons of Patagonian toothfish were landed during the
study with 5622 tons (13%) in Crozet and 37,066 (87%) in Kerguelen.
The absence or presence of depredating odontocetes was confirmed for
83% and 87% of all longline sets hauled in Crozet and Kerguelen, re-
spectively. Sperm whales depredated on 60.5% and 40.7% of these sets
in Crozet and Kerguelen, respectively (Fig. 1).

In Crozet, 34.7% ± 2.1% SE of the sets were hauled in the presence
of sperm whales as the only depredating species and 25.8% ± 1.4% SE
(n=8 years) with sperm whales and killer whales depredating si-
multaneously. In Kerguelen, sets were primarily depredated by sperm
whales alone at 40.6% ± 1.1% SE while 0.1% ± 0.05% SE
(n=8 years) in presence of both sperm whales and killer whales. When
depredation occurred, the average number of depredating sperm
whales per set was significantly different between Crozet and Kerguelen
(Student t-test: t=−16.87, df=10038, P < 0.001) and was esti-
mated at 3.5 ± 2.9 SD individuals per set in Crozet (n= 3188 sets)
and 2.6 ± 1.9 SD individuals per set in Kerguelen (n=6852 sets). The
average number of depredating sperm whales per set varied between
months in both areas. In Crozet, it was the highest in December
(5.31 ± 4.02 SD) and the lowest in September (1.89 ± 1.15 SD,
Fig. 2a). In Kerguelen, it was the highest in April (3.17 ± 2.40 SD) and
the lowest in July (2.00 ± 1.01 SD, Fig. 2a).

3.2. Models on the proportion of fishing gear depredated by sperm whales

Results from Model 1 indicated in Table 1 showed that no significant
annual trend in the proportions of sets depredated by sperm whales
from 2008 to 2015 was observed in either area. However, significant
inter-month variations were detected. Predicted probabilities of sperm
whale depredation from the model were the highest between November

(0.75 [95% CI: 0.65–0.83]) and January (0.85 [95% CI: 0.78–0.90]) in
Crozet and between November (0.62 [95% CI: 0.55–0.69]) and De-
cember (0.65 [95% CI: 0.59–0.71]) in Kerguelen (Fig. 2b). These
probabilities were the lowest between July (0.48 [95% CI: 0.34–0.63])
and October (0.44 [95% CI: 0.35–0.54]) in Crozet and between April
(0.27 [95% CI: 0.22–0.33]) and July (0.06 [95% CI: 0.03–0.11]) in
Kerguelen (Fig. 2b).

The depth at which longlines were set had no effect on the proportion
of depredated sets in Crozet (Table 1). However, the depth effect was
significant and positive in Kerguelen (t=7.94, df=16559, P=0.00).
For a typical trip in Kerguelen, the probability of sperm whale depre-
dation increased from 0.30 [95% CI: 0.09–0.50] for sets hauled 506m
deep to 0.48 [95% CI: 0.27–0.70] for sets hauled 2140m deep.

Results from Model 2 indicated in Table 2 showed that the number
of depredating sperm whales recorded during the hauling of the first
longline had a significant and positive effect on the proportion of
subsequent sets hauled with depredation, both in Crozet (z=4.04,
P < 0.001) and in Kerguelen (z=12.18, P < 0.001). In the same
case, the distance travelled by vessels between the two sets had a

Fig. 2. Intra-annual variations of a. the number of sperm whale individuals
depredating the same set (mean ± SD calculated from observed values) and b.
the probability and confidence interval at 95% (error bars) of sperm whale
depredation to occur during hauling of sets as predicted by Model 1 outputs of
the month as a discrete predictor in Crozet (grey) and in Kerguelen (black). The
mean proportions of sets depredated by sperm whales per year over the study
period (horizontal lines) are also depicted.
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significant and negative effect on the proportion of the next sets de-
predated by sperm whales, both in Crozet (z=−9.62, P < 0.001) and
in Kerguelen (z=−14.74, P < 0.001). The interaction term between
the variables Distance and Nb.ind.set-1 was significant and negative both
in Crozet (z=−2.40, P=0.02) and in Kerguelen (z=−5.26,
P < 0.001). From the model outputs, the effect of the number of de-
predating sperm whales during hauling of the first set on the proportion
of next sets depredated became negligible if vessels travelled more than
55.8 km in Crozet and 48.6 km in Kerguelen (Fig. 3). Based on an
average number of sperm whales depredating on the first set, the esti-
mated probabilities of the next sets to be depredated in Crozet was
decreased by 10.7% when vessels travelled 20 km from the previous set,
and by 39.8% when vessels travelled 50 km. This rate was greater in
Kerguelen. The probability of the next sets to be depredated was de-
creased by 15.9% when vessels travelled 20 km from the previous set
and by 65.2% when vessels travelled 50 km (Fig. 3).

3.3. Modelling the CPUE of longline sets

A significant decrease of CPUE of Patagonian toothfish between
non-depredated and depredated longline sets by sperm whales was
detected both at Crozet (Student t-test: t=−3.07, df=402,
P=0.002) and at Kerguelen (Student t-test: t=−4.58, df=1194,
P < 0.001) while no effect could be detected on monitored bycatch
species (Fig. 4).

Results from Model 3, which was therefore run on Patagonian

toothfish CPUE, indicated in Table 3 showed that the number of de-
predating sperm whales per set had a significant and negative effect on
toothfish CPUE for both study areas (t=−8.56, P < 0.001 for Crozet
and t=−14.09, P < 0.001 for Kerguelen). From the model output,
the CPUE loss was estimated at 24.72 g.hook−1 in Crozet and
17.65 g.hook−1 in Kerguelen per sperm whale individual (see Supple-
mentary Data for details on calculations). For both areas, the interac-
tion term between the number of sperm whales interacting Nb.ind and
the variable Length or the variable Depth had no significant effect on
toothfish CPUE.

The soaking time had no effect on toothfish CPUE in absence of
cetaceans in Crozet (t=0.91, P=0.36) whereas it had a significantly
positive effect in Kerguelen (t=9.83, P < 0.001). The interaction
term between the number of sperm whales and the variable
SoakingTime had no significant effect on toothfish CPUE in Kerguelen.
However, this interaction term was significant and had a negative effect
on toothfish CPUE in Crozet (t=−1.97, P=0.05). For instance,
soaking times of 10 and 60 h, respectively, resulted in toothfish CPUEs
of 169.68 and 168.27 g.hook−1 (e.g., CPUE reduction of 0.8%) when
two sperm whales simultaneously depredated on a given set. CPUEs
further decreased to values of 134.94 and 105.45 g.hook−1 (e.g., CPUE
reduction of 21.9%) when five sperm whales simultaneously depre-
dated on a given set (Fig. 5).

The hauling speed had a significant negative effect on toothfish
CPUE in the absence of cetaceans both at Crozet (t=−3.74,
P < 0.001) and at Kerguelen (t=−16.16, P < 0.001). In interaction

Table 1
Numerical outputs from Model 1 testing the effects of the year (Year) and the depth (Depth) at which longline sets were hauled as continuous standardized predictors,
as well as the effect of the month (Month) as discrete predictor on the proportion of sets depredated by sperm whales out of all sets hauled in Crozet and in Kerguelen.
The baseline is represented by the month having the lowest probability of interaction and is the level with which the estimated probabilities of sets to be depredated
of the other months are compared. The fishing trip (Trip) was added as a random term in Model 1 along with an autocorrelation structure AR1 within each Trip.

CROZET (N=5217 sets) KERGUELEN (N=16738 sets)

Value SE df t P Value SE df t P

Intercept −0.35 0.32 5094 −1.11 0.27 −2.74 0.31 16559 −8.86 0.00
Year – – – – NS – – – – NS
January 2.09 0.39 5094 5.30 0.00 2.76 0.33 16559 8.37 0.00
February 0.81 0.33 5094 2.45 0.01 2.28 0.46 16559 4.91 0.00
March 1.07 0.36 5094 2.99 0.003 2.89 0.35 16559 8.38 0.00
April 0.69 0.36 5094 1.91 0.06 1.74 0.33 16559 5.24 0.00
May 0.33 0.36 5094 0.92 0.36 1.24 0.32 16559 3.86 <0.001
June 1.00 0.40 5094 2.51 0.01 0.10 0.32 16559 0.30 0.76
July 0.28 0.44 5094 0.65 0.51 Baseline Baseline Baseline Baseline Baseline
August 0.39 0.41 5094 0.95 0.34 2.79 0.47 16559 5.91 0.00
September Baseline Baseline Baseline Baseline Baseline 2.11 0.34 16559 6.28 0.00
October 0.10 0.37 5094 0.28 0.78 2.48 0.33 16559 7.41 0.00
November 1.44 0.39 5094 3.71 < 0.001 3.23 0.34 16559 9.41 0.00
December 1.19 0.41 5094 2.88 0.004 3.36 0.34 16559 9.90 0.00
Depth – – – – NS 0.18 0.02 16559 7.94 0.00

Random intercept: 0.51 Random intercept: 0.77
Residual variance: 0.98 Residual variance: 0.96
Auto-correlation parameter estimate: 0.36 Auto-correlation parameter estimate: 0.51

Table 2
Numerical outputs from Model 2 testing the effects of the distance travelled by fishing vessels between two successively hauled sets (Distance) and the number of
sperm whales recorded depredating during the hauling of the first of these two sets (Nb.ind.set-1) as continuous standardized predictors on the proportion of next sets
depredated by sperm whales. The fishing trip (Trip) was entered in Model 2 as a random term.

CROZET (N=1180 sets) KERGUELEN (N=4223 sets)

Estimate SE z P Estimate SE z P

Intercept 1.65 0.11 14.70 < 0.001 1.91 0.10 19.74 < 0.001
Nb.ind.set-1 0.42 0.10 4.04 < 0.001 0.90 0.07 12.18 < 0.001
Distance −0.76 0.08 −9.62 < 0.001 −0.66 0.04 −14.74 < 0.001
Distance:Nb.ind.set-1 −0.19 0.08 −2.40 0.02 −0.24 0.04 −5.26 < 0.001

Random intercept: 0.28 Random intercept: 0.77
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with the number of sperm whales, the hauling speed had no significant
effect on the toothfish CPUE in Crozet, but the effect was significant and
positive in Kerguelen (t=3.54, P < 0.001). For instance, the presence
of 1 and 4 depredating whales on a given set resulted in toothfish
CPUEs of 288.50 and 229.69 g.hook−1 (e.g., CPUE reduction of 20.4%),
respectively, when using a hauling speed of 20 hooks.min−1. A further
decrease was observed at 199.48 and 185.07 g.hook−1 (e.g., CPUE re-
duction of 7.2%) when a hauling speed of 50 hooks.min−1 was used
(Fig. 6). The model also estimated that the effect of the number of
sperm whales on the amount of depredated toothfish became negligible
for speeds greater than 60 hooks.min−1 (Fig. 6).

4. Discussion

This study provided evidence that sperm whales specifically remove
Patagonian toothfish from longlines when depredating on fisheries of
the Crozet and Kerguelen EEZs. This depredation varied in space and
time and was influenced by a number of operational variables. The
proportion of depredated sets depended upon the season and the depth
at which longlines were set and was influenced by the distance travelled
by vessels when switching from one fishing ground to another while
trying to avoid depredation. This study also demonstrated that the
amount of Patagonian toothfish depredated by sperm whales varied
with (1) the number of individuals co-occurring around the vessels, (2)
the speed at which longline sets were hauled, and (3) the soaking time
of sets. These findings provide interesting insights to the understanding
of factors that may influence and mitigate sperm whale depredation on
the studied fisheries, as well as for other longline fisheries facing similar
sperm whale interactions.

4.1. Sperm whale depredation levels

The proportions of longline sets hauled in presence of depredating
sperm whales in Crozet (61%) and Kerguelen (41%) are among the
highest ever recorded in the Southern Ocean region and in other de-
mersal longline fisheries experiencing depredation. For example, sperm
whales have been reported depredating on 18–25% of Patagonian
toothfish longline sets in South Georgia (Moir Clark and Agnew, 2010;
Purves et al., 2004; Söffker et al., 2015) and 35% of the sets in the
Falklands (Goetz et al., 2011; Yates and Brickle, 2007). In Alaska,
10–35% of all longline sets were depredated by sperm whales on the
sablefish fisheries (Hill et al., 1999; O’Connell et al., 2015; Peterson and
Carothers, 2013; Straley et al., 2006, 2015; Thode et al., 2015).

The proportions of sets depredated by sperm whale reported here,
which were calculated over the 2008–2015 period, are consistent with
estimates from other studies including years preceding the study period
considered in this work (Gasco et al., 2015; Roche et al., 2007; Tixier
et al., 2010). In addition, no annual trend in the proportion of depre-
dated sets was detected in this study. Together, these results suggest
that the proportion of fishing gear depredated by sperm whales in
Crozet and Kerguelen remains relatively constant over a period of
nearly 13 years.

While sperm whales may naturally forage on other prey items such
as large cephalopods that are not caught on longlines (Clarke and
MacLeod, 1974; Kawakami, 1980), Patagonian toothfish has been ob-
served as being part of their natural diet (Abe and Iwami, 1989;
Duhamel et al., 2005; Gon and Heemstra, 1990; Yukhov, 1972, 1982).
During depredation events, sperm whales primarily removed Patago-
nian toothfish from longlines despite the presence of other species
caught as by-catch. Greater numbers of toothfish on longline sets and its
larger size compared to bycatch species may respectively increase the
probability of sperm whales to encounter toothfish and facilitate its
detection during depredation events, which may therefore contribute to
this selectivity. However, the latter is more likely to be explained by the
optimal energetic intake sperm whales may gain when feeding on this
fish species, which energetic richness is higher than that of other fish
species caught on longlines (Capdeville, 1997; Collins et al., 2010;
Duhamel, 2003; Fertl, 2008; Péron et al., 2016). As selective depreda-
tion towards Patagonian toothfish was also reported for killer whales in
Crozet (Tixier et al., 2016), interspecific competition for the same re-
source can also likely occur when two odontocete species simulta-
neously depredate on the same longline sets.

Decreases in Patagonian toothfish CPUE caused by sperm whale
depredation were detected both in Crozet and Kerguelen (i.e.,
24.72 g.hook−1 and 17.65 g.hook−1 per sperm whale individual, re-
spectively). If multiplied by the number of hooks hauled and the
number of individuals for each of the longline sets hauled in presence of
sperm whales as the only depredating species, such declines in toothfish
CPUE resulted in estimated total losses of 702 tons in Crozet and 2649
tons in Kerguelen for the period of 2008–2015. However, the extent of
this CPUE decrease is likely to be underestimated. First, as the dis-
tribution of sperm whales is often correlated with highly productive
fishing grounds (Gasco et al., 2015; Goetz et al., 2011; Hucke-Gaete
et al., 2004; Purves et al., 2004; Tixier, 2012), simple comparisons
between the CPUE of all sets hauled in the absence and in the presence
of depredating sperm whales are likely to be biased upward. Second,

Fig. 3. Predicted probabilities from
Model 2 outputs of sperm whale de-
predation to occur during hauling of
the second of two successively hauled
sets against the interaction effect be-
tween the distance travelled by vessels
between these two sets and the number
of sperm whales depredating on the
first set in Crozet (a) and in Kerguelen
(b). Each curve corresponds to a given
number of sperm whales simulta-
neously depredating the first set, ran-
ging from 0 (light grey) to 8 (dark
grey).
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Fig. 4. Boxplots of observed CPUE values per longline set for Patagonian toothfish (top) and for the bycatch species groups (Antimora, Grenadier and Skate, bottom)
when sets were hauled without depredation (absence of any odontocete species confirmed – light grey) and with confirmed depredation by sperm whales as the only
depredating species (black) in Crozet (left) and in Kerguelen (right). Points are the outliers of the boxplots. *** indicate a significant difference (P < 0.001) in CPUE
values between sets hauled in absence and in presence of sperm whales (Student t-test comparisons).

Table 3
Numerical outputs from Model 3 testing the effects of the number of sperm whales simultaneously depredating the same set (Nb.ind), the length of longline sets
(Length), the soaking time (SoakingTime), the speed (HaulingSpeed) and the depth (Depth) at which sets were hauled as continuous standardized predictors on the
Patagonian toothfish CPUE. The fishing trip (Trip) was entered in Model 3 as a random term.

CROZET (N=2695 sets) KERGUELEN (N=15080 sets)

Estimate SE t P Estimate SE t P

Intercept 5.20 0.05 97.39 < 0.001 5.49 0.02 305.25 < 0.001
Nb.ind −0.15 0.02 −8.56 < 0.001 −0.07 0.005 −14.09 < 0.001
Length −0.14 0.02 −6.30 < 0.001 −0.08 0.005 −16.63 < 0.001
Depth −0.06 0.02 −2.78 0.005 – – – NS
SoakingTime 0.02 0.02 0.91 0.36 0.05 0.005 9.83 < 0.001
HaulingSpeed −0.09 0.02 −3.74 < 0.001 −0.10 0.006 −16.16 < 0.001
Length:Nb.ind – – – NS – – – NS
Depth:Nb.ind – – – NS – – – NS
SoakingTime:Nb.ind −0.03 0.02 −1.97 0.05 – – – NS
HaulingSpeed:Nb.ind – – – NS 0.02 0.004 3.54 < 0.001

Random intercept: 0.15 Random intercept: 0.02
Residual variance: 0.56 Residual variance: 0.25
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visual monitoring may lead to some depredation events being missed
and unrecorded. The diving behaviour and capabilities of sperm whales
(Jaquet, 1996; Watkins et al., 1985) which allow them to interact with
longline sets at greater depths, may result in individuals remaining at
great distances from the vessels and for longer period of time under-
water.

4.2. Spatio-temporal variations in the proportion of sets depredated

For both Crozet and Kerguelen, the models developed on the pro-
portion of depredated sets indicated that sperm whales were sig-
nificantly less likely to depredate on fishing gear in winter months. This

result was also reported in previous studies (Labadie et al., 2018; Tixier,
2012), and was attributed to the male sperm whale migration patterns
of moving between feeding grounds in cold waters and reproduction
grounds in tropical and sub-tropical waters (Jaquet et al., 2000; Madsen
et al., 2002; Mellinger et al., 2004; Teloni et al., 2008).

The amplitude in the likelihood of sperm whale-fishery interaction
between winter and summer months was lower in Crozet than in
Kerguelen. However, variations in the mean number of sperm whales
simultaneously depredating the same set were greater in Crozet than in
Kerguelen, with increased numbers in summer months in Crozet. These
differences may be explained by the size of the fishing area being
smaller and the density of depredating sperm whales being greater in
Crozet than in Kerguelen. The size of the Crozet fishing area is
20,512 km2, a third of the Kerguelen fishing area (63,200 km2). From
Labadie et al. (2018), the annual number of depredating sperm whales
was estimated to 82 in Crozet and 106 in Kerguelen, which, if divided
by the size of the fishing areas, resulted in 0.0040 sperm whale per
km−2 in Crozet, and 0.0017 sperm whale per km−2 in Kerguelen. As a
result, the likelihood of vessels to be detected and depredated may
remain higher in Crozet than in Kerguelen.

Restricting the fishing activity to winter months is likely to mini-
mize the rate of interaction of sperm whales with vessels, and therefore
the amount of depredated toothfish. A possible evidence of such ap-
plication is the extremely low proportion of sets depredated by sperm
whales in the Australian Patagonian toothfish longline fishery operating
around Heard and MacDonald Island (HIMI), at the Southern border of
the Kerguelen EEZ. Unlike the Kerguelen longlining, which operates all
year round, HIMI demersal longlining has been restricted to the
April–November period. In the latter, the rate of depredation by sperm
whales has remained lower than 5% ever since (CCAMLR, 2015c).
However, this low depredation rate may also be explained by sperm
whale densities being naturally low at the latitudes of HIMI fishing
grounds and/or by the fact that trawling has been the primary fishing
technique used in this area until longlining emerged in recent years.

Different sizes in fishing areas may also explain the fact that the
depth at which longlines were set influenced the proportion of sets
depredated in Kerguelen but not in Crozet. Paired with higher densities
of depredating individuals and steeper bathymetric slopes, vessels are
more likely to be detected and reached more quickly by sperm whales
in the small fishing areas of Crozet than in Kerguelen. As such, the
spatial variations in the proportion of sets depredated may better reflect
the natural distribution of sperm whales in Kerguelen. Increased
probability of depredation on sets hauled at greater depths may indicate
that sperm whales are naturally distributed at the outer edge of the
Kerguelen oceanic shelf, which corresponds to the type of feeding
ground preferentially used by other males in other high latitude areas
(Whitehead, 2003).

4.3. Operational means to mitigate sperm whale depredation

When leaving a given fishing ground where sperm whale depreda-
tion occurred, vessels were significantly less likely to have their next
longline sets depredated if they travelled over large distances, on
average greater than 60 km (i.e., 32 nautical miles) because sperm
whales may lose acoustical detection of vessels (G. Richard, pers.
comm.). While further analysis would be required at the individual
level using photo-identification, this result indicate that sperm whales
do not follow fishing vessels over large distances and could be used as a
mitigation measure to reduce depredation. From previous studies, im-
plementing a “move-on” technique may be an effective strategy to
avoid odontocete depredation (Peterson and Carothers, 2013; Tixier
et al., 2015c). However, as indicated by a lower distance effect on
sperm whale depredation in Crozet than in Kerguelen, this strategy may
be highly dependent upon the size of the fishing areas and the densities
of sperm whales as we explained in the previous section.

In Crozet, the hauling speed had no effect on sperm whale

Fig. 5. Predicted estimates from Model 3 outputs of the interaction effect be-
tween the soaking time of longline sets and the number of sperm whales de-
predating the same set on the Patagonian toothfish CPUE in Crozet. Each curve
corresponds to a given number of sperm whales depredating the same set,
ranging from 0 (light grey) to 5 (dark grey).

Fig. 6. Predicted estimates from Model 3 outputs of the interaction effect be-
tween the hauling speed of longline sets and the number of sperm whales de-
predating the same set on the Patagonian toothfish CPUE in Kerguelen. Each
curve corresponds to a given number of sperm whales depredating the same set,
ranging from 0 (light grey) to 4 (dark grey).
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depredation but increased soaking time of longline sets at the bottom
combined with increased number of depredating sperm whales present
around the vessel resulted in lower toothfish CPUE. Together, these
results suggest that sperm whales may also depredate toothfish caught
on longline sets before hauling. While this assumption remains poorly
investigated, preliminary acceleration/acoustic data indicated that
sperm whales were already present in the vicinity of the fishing gear
prior to hauling and may interact with longlines at the bottom (A. Janc
and G. Richard, pers. comm.). Sperm whales are deep diving animals
and their diving range does overlap with the depths at which longlines
are set (Fiscus, 1982; Jaquet et al., 2000; Jaquet and Gendron, 2002).
As depredation can also occur when sets are soaked, depredation events
can be missed, and therefore underestimated, if this process is only
monitored visually from vessels during hauling operations.

In Kerguelen, the soaking time of sets had no effect on sperm whale
depredation but the increased hauling speed was found to decrease
sperm whale depredation. The extent of this correlation increased with
increasing number of sperm whales simultaneously depredating on
longline sets during hauling. Leaving toothfish caught on hooks in the
water column for a shorter amount of time may prevent the whales
from removing large proportions of toothfish. As a large body size re-
duces its maneuverability (Dial et al., 2008), a faster moving line may
also make depredation more difficult for sperm whales. This assump-
tion is supported by a lower hauling speed threshold above which CPUE
remained unchanged for sperm whales (60 hooks.min−1 – this study)
than for killer whales (80 hooks.min−1 – Tixier et al., 2015c).

Hauling speed and soaking time had different effects on sperm
whale depredation depending on whether vessels operated in Crozet or
Kerguelen. The influence of the soaking time detected in Crozet only
suggests that sperm whales are more likely to depredate during soaking
in this area than in Kerguelen. This difference can be interpreted by
higher densities of sperm whales paired with high depredation by killer
whales in Crozet (Gasco et al., 2015; Guinet et al., 2015; Tixier, 2012;
Tixier et al., 2010, 2016), which are likely to increase both inter- and
intra-specific competition for toothfish caught on longlines. Depreda-
tion on sets on the seafloor, which may be more energetically costly
than depredation at shallow depths during hauling, may be a response
of sperm whales to competition when the number of depredating
odontocetes increases around vessels.

4.4. Conclusions

Together, the findings of this study could be used to develop op-
erational fishing strategies that minimize odontocete depredation on
longline fisheries of the Southern Ocean region. Targeting fishing per-
iods of low depredating sperm whales presence, paired with other
factors such as an increase in distance travelled between fishing
grounds, an optimal depth at which longlines are set, a shorter soaking
time at the bottom and a faster speed at which hooks are hauled may
work as easy-to-implement mitigation measures to avoid or mitigate
response to depredation. However, as these strategies may induce ad-
ditional constraints for fishers (Maccarrone et al., 2014; Peterson et al.,
2014), full bio-socio-economic assessments of the costs and benefits of
changing fishing practices would be needed. For instance, the “move-
on” technique may involve increased non-fishing time and motor-fuel
consumption that can render this fishing strategy less advantageous to
fishers or sustainable to the fishery itself. To increase profitability, these
additional costs should not exceed the benefits gained by minimizing
depredation (Trijoulet, 2016; Trijoulet et al., 2018). Further assess-
ments are also be needed to ensure that these operational adaptive
measures are in agreement with fisheries regulations and resource
management strategies, which is currently one of the key challenges for
various stakeholders (Doyen et al., 2017, 2012; Gourguet et al., 2013;
Nielsen et al., 2018). This study has also emphasized the various gaps of
knowledge on odontocete depredation. For instance, sperm whales in-
teraction with the fishing gear, and more importantly, the possible

occurrence of depredation when lines are still fishing before hauling.
These may have direct implications on various aspects of the issue,
including toothfish stock management, whale population conservation,
and the ecosystem stability. Such information can also provide knowl-
edge on other possible technical means and opportunities that can re-
duce depredation, such as the use of toothfish protecting devices which
are currently receiving a growing attention and may be further devel-
oped in the future.
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