Fisheries Research 271 (2024) 106928

Contents lists available at ScienceDirect — -
Fisheries
"Research

Fisheries Research

journal homepage: www.elsevier.com/locate/fishres

Full length article , 1) :

Check for

Toothed whale and shark depredation and bycatch in the longline fishery of [
French Polynesia

a,b,c,*,

Juliette Aminian Biquet ! Paul Tixier !, Gaétan Richard ¢, Marie Soehnlen ',
Thibaut Thellier, Pamela Carzon *", Eric Clua®", Christophe Guinet®

2 EPHE, PSL Research University, CRIOBE USR3278 EPHE-CNRS-UPVD, Université de Perpignan, 58 avenue Paul Alduy, Bat. R, 66860 Perpignan, France

b Labex Corail, CRIOBE, 98729 Moorea, French Polynesia

¢ Centre d’Etudes Biologiques de Chizé-Centre National de la Recherche Scientifique (CEBC-CNRS), Equipe Prédateurs marins, UMR 7372 CNRS/Université de La
Rochelle, 79360 Villiers-en-Bois, France

4 MARBEC, Univ Montpellier, CNRS, Ifremer, IRD, 87 avenue Jean Monnet, 34200 Sete, France

€ Société d’Observation Multi-Modale de I’Environnement, 38 rue Jim Sevellec, 29200 Brest, France

f Direction des ressources marines, Fare Ute - Immeuble Le caill, 2eme étage - BP 20, 98713 Papeete, Tahiti, French Polynesia

ARTICLE INFO ABSTRACT

Handled by A.E. Punt Marine megafauna feeding on fishery catches (depredation) or being incidentally caught on fishing gear

(bycatch) have become important issues. Their socioeconomic and conservation stakes have been increasingly

Keywords: studied across the world fisheries. They remain understudied in the Pacific Ocean, where longline tuna fisheries
Fisheries ) reported such interactions. In this study, we provide the first assessment of bycatch and depredation by sharks
EDI:IS::;::;Th and cetacean conservation and odontocetes on longlines in French Polynesia between 2000 and 2018, using data from observers reporting,
BySatCh captains’ logbooks, questionnaires and additional monitoring by authors during three fishing trip. We found that
Pacific less than 2% of the catch had been depredated, and that shark depredation was more common than odontocete

depredation. Shark bycatch was important (20,000 sharks annually, 0.5 shark every 1000 hooks) and odontocete
bycatch seemed low (13 occurrences in 18 years), though we identified clear reporting flaws. We discuss the
range of uncertainty associated with our assessment, based on the current reporting systems, and the potential
consequences of depredation and bycatch on tuna fisheries, as well as on shark and odontocete populations in
French Polynesia.

1. Introduction series of baited hooks. It primarily involves both sharks (Gilman et al.,

2008; Mitchell et al., 2018) and toothed whales (Clarke et al., 2014;

Marine megafauna feeding on fishery catch (depredation) or being
incidentally caught on fishing gear (bycatch) have become two major
environmental issues, with high socio-economic and conservation stakes
across the world fisheries (Clarke et al., 2014; Komoroske and Lewison,
2015; Read, 2008; Tixier et al., 2021). Depredation and bycatch are
frequently reported in longlining, a fishing technique using lines with a

Gilman et al., 2006; Lewison et al., 2014; Werner et al., 2015). Depre-
dation is often a causal factor of bycatch, i.e., predators become hooked
or entangled when attempting to feed on catch or bait, potentially
leading to death or injury of depredating individuals (Gilman and
Clarke, 2007; Hamer et al., 2012). The life history traits of sharks and
odontocetes (slow growing, late maturing and long-lived) can make
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effort.
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them especially vulnerable to the impacts of such interactions (Heppell
etal., 2005; Lewison et al., 2004). Indeed, bycatch has been identified as
the main threat to the conservation of endangered shark species (Dulvy
et al., 2021), and is currently a major driver of extinction for several
small odontocete species (Avila et al., 2018).

Depredation and bycatch can have a broad range of ecological and
social impacts (Tixier et al., 2021). Typically, depredation can result in
socio-economic costs for fishers, mainly associated with additional ef-
forts to recoup catch losses (Peterson et al., 2014). It can also generate
uncertainty in fish stock assessments due to the difficulty in estimating
catch losses (Clavareau et al., 2020), and alter trophic interactions,
through changes in the predators’ behavior, diet and population dy-
namics (Schakner et al., 2014; Tixier et al., 2015). Shark and odontocete
bycatch can cause gear loss or damage and can increase the work load of
fishers (Hall et al., 2017; Werner et al., 2015). Overall, bycatch and
depredation often lead to severe human-wildlife conflicts that can affect
the sustainability of marine socio-ecosystems as a whole and, therefore,
require mitigation measures (Guerra, 2019; Snape et al., 2018).

Bycatch and depredation remain difficult to mitigate in many fish-
eries. This is often due to a lack of data and knowledge, either because
the fisheries involved are poorly monitored or because the occurrence of
such interactions are difficult to detect. Pelagic longline fisheries tar-
geting tuna (Thunnus spp.) are highly exposed to bycatch and depreda-
tion (Clarke et al., 2014; Lewison et al., 2014; Oliver et al., 2015). Yet
the (increasing) monitoring effort remains insufficient: fishery observers
coverage is often low (Ewell et al., 2020; Peatman, 2018) and the
logbook data collected by captains lacks accurate and reliable infor-
mation on the extent of bycatch and depredated fish and on the shark
and odontocete species involved (Brown et al., 2021; Molony, 2006). In
an effort to fill these gaps of information, additional approaches have
been used to quantify bycatch and depredation. This includes field-
workers actively collecting data during selected fishing trips, or surveys
conducted across fishers, including questionnaires, interviews, and
participant observation, where scholars get immerged in the ways of
living of the studied social group (NOAA, 2009; Wang et al., 2021).
Asking fishers for their perceptions of the frequency of depredation and
bycatch and the species involved allows for a rapid overview of these
interactions’ costs on their yields (Mitchell et al., 2023), that can be
compared with captains’ logbooks and observer data (Bearzi et al.,
2011). Such information also helps planning future management mea-
sures, by understanding and accounting for local fishers’ responses to
depredation and bycatch events (e.g., travelling away from depredation,
loosing gear in mitigation measures, handling methods of bycaught
animals), which impact their fishing yields and the survival of released
bycatch (Zollett and Swimmer, 2019).

In the tropical waters of the central Pacific Ocean, both depredation
and bycatch of sharks and odontocetes have been reported across
pelagic longline fisheries targeting albacore (Thunnus alalunga), bigeye
(T. obesus) and yellowfin (T. albacares) tunas. These interactions remain
understudied compared to other regions, like the Atlantic Ocean
(Aylesworth, 2009; Clarke et al., 2014; Juan-Jorda et al., 2018; Lawson,
2001; Lewison et al., 2014; Peatman, 2018; Peatman et al., 2023). This is
especially the case for the tuna longline fishery operating in the French
Polynesian Exclusive Economic Zone (EEZ). This fishery started in the
1990 s and has become a major economic activity in French Polynesia.
There were 72 longliners in 2020, for a production of 6000 tons per year
of tuna and other commercial catches, equivalent to USD 25 million
(IEOM, 2021; Gillett, 2016). It is required by the Western and Central
Pacific Fishery Regional Convention (WCPFC) to implement an observer
program and conservation measures for the monitoring and release of
shark species (WCPFC, 2019a). Fishing activities have been monitored
by logbook reports by captains since 2000, supposedly covering all
fishing sets. A national observer program was initiated in 2002 (covering
2 to 6% of days spent at sea, Fig. S1, Table S1). While longline tuna
fisheries can occur throughout the French Polynesian territory, the
entire EEZ was first designated as a sanctuary for marine mammals in
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2002 and for sharks in 2006 which forbids their retention and com-
mercial use (in 2012 for mako sharks; Lallemant-Moe, 2015). In 2018, it
was designated as a Marine Managed Area, with a management plan
including a monitoring and mitigation program of depredation and
bycatch (DIREN et al., 2023). The extent of shark and odontocete
bycatch and depredation, the species involved and the consequences of
these interactions have not yet been examined, though some data from
observers and captains have been collected. Annual reports to the
WCPEC included five bycatch of false killer whales Pseudorca crassidens
and short-finned pilot whales Globicephala macrorhynchus, (Delphini-
dae) caught and released alive (DRM, 2019). Shark bycatch makes about
7% of the total longliners catch (27,000 bycaught individuals in 2019,
81% of which were released alive) and involves vulnerable species such
as the critically endangered oceanic whitetip shark Carcharhinus long-
imanus (Carcharhinidae, Tremblay-Boyer et al., 2019). Though depre-
dation was not studied yet, the same shark and odontocete species
recorded as the most bycaught are likely involved in depredation in the
French Polynesia fishery, as shown in other Pacific tuna longline fish-
eries (Clarke et al., 2014; Mitchell et al., 2018).

Whether bycatch and depredation represent an increasing socio-
economic concern for the industry remains uncertain, in a context
where French Polynesian longliners already face a steady decrease in
tuna Catch Per Unit Effort (CPUE) since 2005 (DRM, 2021). Firstly, the
extent of depredation has yet to be assessed in this fishery. Secondly,
comparing the different reporting sources (logbooks, observers’ reports,
captains’ perceptions) is needed to assess the degree of confidence of the
reported data and to quantify both the level and consequences of
bycatch. This is especially important because the reported data are then
used for policy making by national and international fisheries manage-
ment bodies. Finally, the crews’ responses to bycatch and depredation
remain to be investigated to understand the consequences of these in-
teractions (including economic costs and potential survival of bycaught
animals). It can help the national marine resources department (DRM) to
monitor current and plan future management measures to be put in
place. Together, the high conservation and the socio-economic stakes
associated with the French Polynesian tuna longline fishery raise the
study of shark and odontocete bycatch and depredation as a priority for
its sustainable management in the EEZ.

In this study, we combined long-term fishing data collected by cap-
tains and observers between 2000 and 2018 with questionnaires with
fishermen and onboard observations on three fishing trips by one of the
author to investigate the nature, extent, patterns and consequences of
sharks and odontocetes bycatch and depredation in the industrial tuna
longline fishery of French Polynesia. Specifically, we aimed at i) quan-
tifying bycatch and depredation through standardized metrics, ii)
assessing the potential discrepancies in depredation and bycatch levels
and species involved across the various sources of data, including be-
tween reported, observed levels and levels perceived by the fishermen;
and iii) examining the attitudes of fishermen towards mitigating bycatch
and depredation.

2. Material and methods
2.1. Data used to assess bycatch and depredation

We used fishing data collected within the EEZ of French Polynesia.
The EEZ spans over 5 million km? between 5-31°S and 132-158°W.
French Polynesia is composed of approximately 120 islands grouped
into five archipelagos. Between 50 and 65 longliners of less than 30 m in
length were active in the EEZ every year between 2000 and 2018 (no
foreign fleet has been allowed since 2000). The mean duration of fishing
trips was 20 days, with a mean of 9 sets per trip and a mean of 30
marketable fish per set. Effort and practices were highly heterogenous
(Toromona and CRMMR 2018) and poorly documented. Longines vary
in length from 9 to 180 km, equipped with 1500 to 2500 hooks. Long-
lines were set early in the morning, left to soak for 5 to 7 h, and hauled in
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the afternoon and night. The three crews observed for this study targeted
a maximum depth of 400 m.

We used data reported by captains in their logbooks between 2000
and 2018 (hereafter referred to as the “LOG” data, mandatory report-
ing), and collected by observers between 2002 and 2018 (“NOP” here-
after; see Supplementary material 1 for information on fishing effort,
catch, and observer coverage). Both the LOG and NOP data included
information on the date, time, location, and effort (number of hooks) for
each longline set (Table 1); no photograph of any of the bycatch was
available. Observers were trained in identifying shark and odontocete
species (PIRFO observer certification). They recorded catches (number
and size) for all species, including bycatches of sharks and odontocetes
(per species), their condition (alive, injured, dead; there were no addi-
tional information about the release, e.g. hooks or line removal) and
their fate (retained or discarded). The NOP dataset included data from
4384 sets hauled between September 2002 and January 2018 (3.9% of
the total number of sets for this period) by 80 vessels during 455 fishing
trips (Table 2, Supplementary Material 1). Observers also had a note-
book to record additional onboard observations, which were not
formatted into the database and therefore not used in this analysis
(although a few were consulted). Captains were required to report their
catch per set in logbooks, including the number of fish (commercial
species; list in Table S2), sharks and odontocetes bycaught per set, and
their fate (retained or discarded; Table 1). Captains were provided with
an identification book describing the main species potentially encoun-
tered (birds, reptiles, mammals, fishes and sharks). The LOG dataset
included data from 120,173 sets hauled between January 2000 and
August 2018 by 138 vessels during 14,073 fishing trips.

The species and number of fishes depredated were only recorded in
the NOP dataset (Table 1). Observers established that depredation had
occurred on a longline set from the presence of partially eaten fish on
hooks. They could determine whether it had been depredated by a shark
or an odontocete from the type of bite and shape of the teeth marks on
the fish (Gilman et al., 2006). In the LOG dataset, observations of
odontocetes (with no indication of species, number, or description of the
interactions) made from the vessel have been collected since 2016, but
since they did not solely refer to observations of depredating individuals,
it could not be used to assess depredation in this study (Fig. S4).

In addition to the LOG and NOP datasets, data on shark and odon-
tocete depredation and bycatch were dedicatedly collected by J. Biquet
between May and August, during three fishing trips on two vessels (with
partly-changing crews, 33 sets observed). This data included the number
of catches per species (including all species, pictures were taken to
confirm species identification), the occurrence of depredation, the
number of depredated fish per species and species depredating, the

Table 1

Summary of data sources and available information from captains’ logbook
dataset (LOG), observers dataset (NOP), observations during three fishing trips
(OBS), captains’ answers to the questionnaire (CAP).

Depredation Bycatch
Quantitative IR, GDR, DR NOP BPUE NOP,
indices LOG
Fishing trip IR, Set ~ NOP, Species involved NOP,
DR LOG, LOG,
OBS, OBS,
CAP CAP
Spatial Spatial NOP Spatial NOP,
distribution distribution distribution LOG
Consequences Impact perception CAP Release condition NOP
(alive, injured,
dead)
Fate of depredated ~ NOP Fate of bycaught NOP,
catch (retained, animals (retained, LOG
discarded) discarded)
Responses Response to OBS, Response to CAP,
depredation CAP bycatch OBS
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presence of sharks and/or odontocetes around the vessel, and the cap-
tains’ responses to this presence or to the occurrence of shark and
odontocete bycatch.

Finally, we designed a written questionnaire with both open and
closed questions on depredation and bycatch (Supplementary material
6). Pilot questionnaires were run with one captain, one DRM officer and
the fishery observer program coordinator. We collected answers from 10
captains (17% of all captains working in 2018).

2.2. Indices used to quantify depredation and bycatch levels

We used the NOP dataset to quantify depredation based on three of
the indices defined by Rabearisoa et al. (2018): the interaction rate (IR),
the depredation rate at the set scale (DR), the gross depredation rate at
the global and annual scales (GDR) and the depredation per unit effort
(DPUE). We only considered marketable species to calculate these
indices and excluded depredated catch of non-marketable species (n =
79 catches excluded, Table S2).

The IR was used to assess how often depredation occurred. It was
calculated as the proportion (%) of sets on which fish were depredated
(at least one depredated fish) out of all sets, as follows:

depredated sets

=——————x100 1
total number of sets X M

The DR (set scale) and GDR (global scale) were used to assess the
amplitude of fish damaged by depredation. It was calculated as the
proportion (%) of fish depredated out of the total number of fishes
caught (whether depredated or not), as follows:

depredated catch

GDR ; DR = x100 2)

total number of catch

When depredation occurred on a given set, the DPUE indicated the
amount of fish depredated as a function of the fishing effort expressed as
the number of hooks deployed. For each depredated set i, it was calcu-
lated as the number of fishes depredated for every 1000 hooks deployed,
as follows:

depredated catch;

DPUE; =
hooks;

x 1,000 3)

We separately calculated each index considering shark depredation
(IRsharks GDRshark, DRshark, DPUEghark) and odontocete depredation
(IRodontocete, GDRodontocetes DRodontocetes DPUEodontocete)y and dePredatiOD
by any of these two taxa (IR, GDR, DR, DPUE). For each case, we
calculated all three indices per set (except for GDR), year and overall (i.
e. over the whole period using all data).

To assess if fishermen could, on average, still benefit from depre-
dated catch, we determined the percentage of tuna depredated out of the
total depredated catch and the percentage of discarded or retained for
sale of depredated fish.

We used both the NOP and the LOG datasets to quantify bycatch per
unit of effort (BPUE). The BPUE was calculated as the number of sharks
(BPUEghark) or odontocetes (BPUEqdontocete) bycaught for each 1000
hooks deployed. It was calculated globally (using the total number of
hooks of all sets) and at the scale of each set i:

number of bycaught sharks or odontocetes;
number of hooks;

BPUE,; = x 1,000 4

We conducted generalized linear models to assess the spatial and
temporal trends in depredation and bycatch (together with linear re-
gressions for the temporal trend presented in Fig. 1). The presence/
absence of depredation was modelled using a Binomial distribution
(using a logit link, Zuur et al., 2009):

logit(pi) = o+ Plyeari + B2regioni + i 5)

Where pi is the probability of depredation on a set i is explained by the
year (as a numeric variable, only complete years included, i.e.,
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Table 2
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Summary of the LOG and NOP databases and of depredation and bycatch indices based on both NOP and LOG datasets. The total number of vessels is given for each
dataset with the minimum and maximum annual numbers of vessels in brackets. Each rate is given for sharks, odontocetes and when one or the other occurred (or
both). Depredation and bycatch indices are given at the global scale and as the mean of annual scales ( & SD, IR and GDR are calculated excluding incompletely
monitored years). IR and GDR are given in percentages; BPUE and DPUE in individuals per 1000 hooks.

NOP LOG
Sets 4384 (3454 that could be compared with LOG) 120,173
Vessels 80 vessels, 6 to 28 annually 138 vessels, 50 to 65 annually
Indices IR (%) GDR (%) DPUE BPUE BPUE
Sharks Global 23.0 1.0 0.8+ 0.8 0.1 0.5
Annual 30.0 +10.1 1+0.5 0.7 £ 0.2 0.6 + 0.3 0.5+0.3
Odontocetes Global 6.7 0.5 14+12 0.001 0
Annual 8.7 +6.1 0.4+ 0.5 1.1 +£0.7 0.003 + 0.01 0
Sharks or Odontocetes Global 27.7 1.5 1+1.4
Annual 35.2 +12.0 1.4+ 0.8 0.9 + 0.4
sat value Odontocetes == Shark == Odontocetes or sharks
A, == DR = annual GDR = =annual IR B. = DPUE C. = BPUE
% »” R#: 0.004 f' R 0,004
n; Estimate: 0.08 7 Estimate: 0.02 _
o P-value < 0.001 P i = | Pvalue < 0.001 u
? A / ®# 2
: . \ T R :
<} :r My P e & B
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Fig. 1. Temporal variation in depredation (A. DR, GDR and IR, B. DPUE), and bycatch (C. BPUE) for odontocetes and sharks, based on observers’ reports (NOP)
between 2003 and 2017. For each plot, the dots indicate the indices (DR, DPUE, BPUE) at the set scale and the results of the linear regression (e.g., DR ~ o + p * year)
is shown as a solid line (with the confidence interval displayed) and the results of the test are written. In A., the annual IRs are shown using dashed lines, and the
annual GDRs are shown as thinner solid lines. For readability issues, outliers were removed from the plot (DR >20, n = 35; DPUE >5, n = 29; BPUE >16, n = 39); the

complete dataset was used to conduct the linear regressions.

2003-2017), and region (among the five expanded archipelago polygon,
there were no sets located in the Gambier region; Fig. 3); a is the
intercept, p1, B2 are the coefficients of the predictive variables and &i the
residuals (species depredating are not included as this variable is highly
correlated with the presence of depredation).

Following the same modelling approach, bycatch and depredation
rates (BPUE, DPUE, DR at set scales) were modelled using Gaussian
distributions, and also included the species depredating (no species,
sharks, odontocetes or both on the same set) as an explanatory variable:

DRi; DPUEi; BPUEi = o+ flyeari + f2regioni 4 B3speciesi + €i (6)

We also conducted Wilcoxon pairwise comparison tests (Fig. S3) to
quantify the difference in damages between shark and odontocetes
depredation.

2.3. Comparisons of bycatch and depredation levels between datasets

We compared bycatch and depredation levels from the NOP dataset,
the LOG dataset, the dataset from the dedicated trips on fishing vessels,
and the fishermen questionnaires (Table 1). We used information
available simultaneously in both the NOP and LOG datasets for 372 trips
totaling 3454 sets to assess potential discrepancies in odontocete and
shark bycatch frequencies between the two datasets (Supplementary
material 2). To identify species, captain could use the black and white
shark species drawing in the logbook or the odontocete and shark spe-
cies guide they were previously given (Chapman et al., 2006). It was not

known whether captains used these identification tools to distinguish
shark and odontocete species. They did not provide pictures of bycaught
animals in their reporting. The consistency of species bycaught could be
compared between the NOP and LOG datasets as well as with captains’
questionnaires (captains were asked to score 10 shark species from never
caught to the most commonly caught, and to indicate other species they
caught). Captains have not been trained to identify odontocetes, thus
they were asked in the questionnaire if they knew of the false killer
whale that should be widespread in the EEZ (Laran et al., 2012). As there
is no depredation information in the LOG dataset, NOP information
about depredation was further compared to answers given by fishermen
in the questionnaire on the frequency of depredation (mean numbers of
sets with depredation per fishing trip) and on the amount of fish
depredated by either sharks or odontocetes (mean numbers of fish
depredated per set). Captains were asked what species depredated the
most (several choices possible among sharks, birds, turtles, mysticetes
and odontocetes, and the possibility to specify other species). During the
three onboard trips, J. Biquet reported all bycatch at the species level to
qualitatively compare with the NOP and LOG datasets, as well as the
frequency and species depredated to compare with the NOP dataset and
captains’ answers to the questionnaire.

2.4. Fishermen’s perceptions and attitudes towards bycatch and
depredation

We used the questionnaire to investigate the attitudes of fishermen
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towards the mitigation of depredation and bycatch (Supplementary
material 6). Except for questions about quantifying depredation, cap-
tains could select multiple answers. Captains were asked to choose
among a set of actions describing what they would do with a bycaught
shark, depending on whether the individual was dead or alive (multiple
choices between picking up the hook, cutting the line, hauling the shark
in, recording the catch, checking the species). In an open question,
captains were asked to describe the techniques they use to avoid
depredation. These answers were then compared to the onboard ob-
servations. Closed questions were used to ask them how urgent it was to
mitigate depredation, the consequences of depredation (choosing
among bad yields, damaged gear, bycatch of sharks or odontocetes,
changes in fishing zones or in the fishing trip duration), their strategy
when facing a depredation event (e.g., keeping on fishing, retrieving the
line; at hauling or setting), their will to contribute to scientific studies
and the way they would do so, their will to be trained and on what as-
pects of to improve their practice and mitigation efforts.

We performed all analyses using R (R Core Team 2016, RStudio
version 1.2). All mean values were provided with their standard devi-
ation (SD). All maps were produced with QGIS using spatial cells of
55 km? (QGIS Development team 2014, versions 3.8). EEZ delineations
were extracted from the database provided by the Flanders Marine
Institute (2018). Regions used in the models were created as expanded
polygons of the archipelago polygons extracted from the Te Fenua
geoportal (accessed in December 2023).

Table 3
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3. Results
3.1. Depredation levels

In the NOP dataset, between 2002 and 2018, 1216 sets out of the
4384 sets monitored were affected by depredation, corresponding to an
overall IR of 27.7% (Table 2). The mean annual IR was 35.2% (SD =
12%) of the sets (n = 15 years; ranging from 13.7% in 2008 to 59.9% in
2017) and it has been slightly increasing (Table 3), especially since 2014
(Fig. 1). Observers’ reports included 923 sets with shark depredation
only, 210 sets with odontocete depredation only, and 83 with depre-
dation by both taxa. Together, IRshark Was 23% and IRodontocetes Was
6.7% of all sets (Fig. S3). The mean number of depredated sets per
fishing trip was 2.7 (SD = 2.4, n = 455 trips). The levels of depredation
(described below) were higher in the Marquises compared to other re-
gions (Fig. 3, Table 3).

With a total of 2373 fish depredated by either sharks or odontocetes
out of 163,604 marketable fish, the GDR was 1.5% of the total
marketable fish caught over the study period (Table 2). Sharks depre-
dated a total of 1580 fish (GDRghark = 1%) with a mean of 106.3 (SD =
77.5) fish per year. Odontocetes depredated 793 fish (GDRodontocete =
0.5%) with a mean of 53.7 (SD = 55.4) fish per year (Fig. S3). At the set
scale, the mean DR was 1.5% of the marketable fish per set (SD = 4.4)
and it slightly increased through time (Fig. 1, Table 3). DRodontocete WETe
higher than DRgh,k (Fig. S3).

The mean DPUE was 1 (SD = 1.4) fish per 1000 hooks (n = 1216
sets) and it showed a slight increase over the study period (Fig. 1,

Results of the models (Eqgs. 5 and 6; regions are presented in Fig. 3). The DPUE model does not include the level “No depredation” because they are calculated for sets

with depredation.

Estimate Statistic ~ P-value
Presence of depredation
Presence of depredation (similar to IR, modelled as a binomial) Intercept -64.6 SD = 17.3 -3.8 < 0.001
n = 4384 sets Year 0.03 SD = 0.01 3.8 < 0.001
Region (comparison to the Marquises Australes -0.8SD = 0.2 -4.6 < 0.001
archipelago) Société -0.9SD =0.1 -8.1 < 0.001
Tuamotu -0.8SD = 0.1 -7.3 < 0.001
Level of depredation
DR (modelled as a gaussian) n = 4384 sets Intercept -48.1 SD = 27.2 -1.8 0.08
Year 0.03 SD = 0.01 2.0 0.05
Region (comparison to the Marquises Australes -1.0SD =0.3 -3.3 < 0.001
archipelago) Société -1.1SD =0.2 -5.8 < 0.001
Tuamotu -1.2SD = 0.2 -6.3 < 0.001
Species depredating (comparison to sharks ~ Odontocetes only 4.1SD=0.3 15.0 < 0.001
only) Odontocetes & 6.2 SD = 0.4 15.1 < 0.001
sharks
No depredation -4.2SD =0.1 -31.2 < 0.001
DPUE (modelled as a gaussian) n = 1216 sets Intercept -19.5SD =16.5 -1.2 0.3
Year 0.01 SD = 0.01 1.3 0.2
Region (comparison to the Marquises Australes -1.2SD =0.2 -6.4 < 0.001
region) Société -1.1SD =0.1 -9.8 < 0.001
Tuamotu -1.3SD=0.1 -11.9 < 0.001
Species depredating (comparison to sharks ~ Odontocetes only 0.3SD =0.1 3.7 < 0.001
only) Odontocetes & 2.0SD=0.1 13.9 < 0.001
sharks
Bycatch
BPUE dontocete (Modelled as a gaussian) n = 4384 sets Intercept -0.3SD =0.2 -1.9 0.06
Year 0.0002 SD 1.9 0.06
< 0.001
Region (comparison to the Marquises Australes -0.002 SD -1.1 0.3
archipelago) =0.002
Société -0.002 SD -1.4 0.2
=0.001
Tuamotu -0.001 SD -0.9 0.4
=0.001
BPUE gk (modelled as a gaussian) n = 4384 sets Intercept 5.1SD =10.0 -0.5 0.6
Year 0.003 SD = 0.01 0.7 0.5
Region (comparison to the Marquises Australes -0.7 SD = 0.1 -7.3 < 0.001
archipelago) Société -1.1SD =0.1 -14.6 < 0.001
Tuamotu -1.0SD = 0.1 -14.0 < 0.001
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Table 3). Regardless of the number of hooks, in 67% of the sets, only one
catch had been depredated by either sharks or odontocetes (Table S4),
with a mean of 2 (SD = 2.5) fish depredated per set (n = 1216 sets). The
mean DPUEgontocete (1.4, SD = 1.2 per 1000 hooks, n = 293 sets) was
higher than the mean DPUEg, (0.8, SD = 0.8 per 1000 hooks,
n = 1006 sets; Table 3, Fig. S3). DPUE indices were positively correlated
with CPUEs (Fig. S5).

The majority (84.5%) of the depredated fish was discarded, i.e.,
99.7% of the 793 odontocete-depredated fish and 76.8% of the 1580
shark-depredated fish were discarded. Most depredated fish were tunas
(81.4% of all depredated fish), including 35.6% of yellowfin, 30.8% of
albacore, 10.4% of bigeye, and 4.6% of skipjack tuna (Katsuwonus
pelamis, Scombridae), followed by wahoo (Acanthocybium solandri,
Scombridae, 7.3%) and mahi-mahi (Coryphaena hippurus, Cor-
yphaenidae, 4.3%).

3.2. Bycatch levels

A total of nine odontocetes were documented as bycatch in the NOP
dataset over the 2002-2018 period (n = 4384 sets; BPUEqdontocete =
0.001 per 1000 hooks, mean BPUEgontocete OVer all sets = 0.0001, SD =
0.02), showing no time trend (Table 3, Fig. 1). These all occurred in the
northern part of the EEZ (Fig. S9): three short-finned pilot whales, one
false killer whale, and five small undetailed species (two small Delphi-
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porpoises, Phocoenoides dalli). Only one of these individuals was caught
dead. The three pilot whales and the false killer whale were released and
the crews kept the other five odontocetes (no explanation was provided
in the dataset).

In total, the bycatch of 4947 sharks was recorded in the NOP dataset.
The mean number of sharks bycaught per set was 1.1 (SD = 2, n = 4384
sets, Fig. 2), and the BPUEg,k of 0.1 shark per 1000 hooks (mean
BPUEgpqrk over all sets = 0.6, SD =1.4; Table 2). Annual shark bycatch
reported by observers varied over time, from 162 individuals in 2002 to
609 in 2017, but there is no time trend in BPUEgh,k, i.€., when stan-
dardizing bycatch by fishing effort (Figs. 1 and 2B, Table 3). Sharks were
caught throughout the EEZ but in greater numbers in the Marquises
region compared to the others (Fig. 3B, Table 3). BPUEg,k indices were
positively correlated with CPUEs (but with a large variability, Fig. S11).

Twenty-nine shark species were reported in the NOP dataset as
subjects to bycatch, including rarely observed species such as the velvet
dogfish (Zameus squamulasus, Somniosidae). Four species were most
frequently caught, representing 79.5% of all sharks bycaught (Fig. 2A,
Table S6). They were blue sharks (Prionace glauca, 42.3%), oceanic
whitetip sharks (16.2%), silky sharks (Carcharhinus falciformis, Carch-
arhinidae, 11.2%) and shortfin mako sharks (Isurus oxyrinchus, Lamni-
dae, 9.9%). Observers reported captures of one great white shark
(Carcharodon carcharias, Lamnidae), one bigeye sand tiger Odontaspis
noronhai (Odontaspididae), and several kitefin sharks Dalatias licha

(Dalatiidae, n=6) and bignose sharks Carcharhinus altimus
nidae including one Stenella sp., and three animals recorded as Dall’s
1.00 —
. Alopras pelagicus
- - Alopias superciliosus
£ 0.75 Alopias vulpinus
" Carcharhinus faiciforrmis
__‘f Carcharhinus longimanus
: Carcharhinus melanoplerus
%{J 50 Carcharfunus albimarginatus
£ B carcharhinus amblymynchos
g W Carcharhinus brachyurus
lﬁ.u . Isurus oxynnchus
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Fig. 2. A. Most commonly bycaught species as reported by captains in their logbooks (LOG), by observers (NOP, see Table 1), as observed during three fishing trips
(OBS, 33 sets), and from captains’ answers in the questionnaires (CAP, mean score for each species). B. Annual reports of shark bycatch by captains (LOG, 19 species
reported, rarely caught species are indicated as “other species™) and observers (ROP, 31 species reported). C. Fate of sharks bycaught observed in the LOG (above)
and NOP (below) datasets (retained or discarded) and their condition when discarded (NOP dataset; see Appendix 3 for species details).
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(Carcharhinidae, n = 35).

Out of the 98.7% of bycaught sharks with known fate in the NOP
dataset, 3.6% were retained; the annual number of sharks retained
decreased from 7.5% in 2002 (reaching 11.8% in 2006) to 0.7% in 2017
(Fig. 2C and S5). Every year, a mean of 15.3% (SD = 20.2) of bycaught
sharks were released in unknown condition. Out of sharks released in
known condition, the mean percentage of sharks released annually as
alive and in good condition was 64.6% (SD = 18.8), 11.6% (SD = 13.6)
were alive but injured, 23.8% (SD = 7.4) were dead (Fig. 2C, S7, and S8).

3.3. Comparisons of information on bycatch and depredation across
datasets

During the three trips observed by one of the author for the study, 2.1
(SD =1.4) depredated fish per set with depredation were recorded
(mean = 1, SD = 0.7 depredated fish per 1000). By comparison, in the
NOP dataset, for sets with depredation, a mean of 2 (SD = 2.5) fish were
depredated (mean = 1, SD = 1.4 depredated fish per 1000 hooks), and a
mean of 2.7 (SD = 2.4) sets were depredated per fishing trip. From the
questionnaire, 67% of the captains indicated that shark and/or odon-
tocete depredation occurred on two to five sets per fishing trip and 33%
indicated that depredation occurred on all sets of a trip (Fig. 4 for re-
sponses and sample size for each question of the questionnaire). When

depredation occurred, 70% of the captains indicated that less than five
fish were depredated per set and 20% indicated that more than 20 fish
were depredated per set.

None of the odontocete bycatch reported in the NOP dataset (nine
odontocetes) were found in the LOG dataset. However, the bycatch of
five other odontocetes (BPUEqgontocete = 0) were reported in the LOG
dataset (all in the eastern part of the EEZ; Fig. S10) with no observer on
board. One vessel reported four spectacled porpoises in 2017 (Phocoena
dioptrica, Phocoenidae), another reported a Pacific white-sided dolphin
(Lagenorhynchus obliquidens, Delphinidae) in 2018. In the question-
naires, all surveyed captains but one did not know what false killer
whales were (Fig. 4).

For the same sets, the LOG and NOP datasets showed different
numbers of bycaught sharks reported. We found that 8.3% of sets re-
ported in LOG and NOP showed at least three more sharks reported by
observers compared to captains and 3.9% with at least three more re-
ported by captains (n = 3454, Fig. S2). Over-reporting of blue and silky
shark bycatch by one of the captains was documented by J. Biquet
(difference of 17 sharks over 33 sets, Table S3). Captains reported a
mean of one shark per set and observers reported 1.12 sharks per set. In
the LOG dataset, a total of 122,610 sharks were recorded as bycaught
between 2000 and 2018, with a global BPUE of 0.5 for 1000 hooks
(n = 120,173 sets). The spatial distribution of bycatch closely resembled
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Fig. 4. Questionnaire responses from captains, given in percentage of respondents (additional questions on depredation in Fig. S14). The number of respondents is
given for each question. Captains could give multiple answers for questions displayed with multiple bars. The answer “Other” to the question “Next time in a zone
where you experienced depredation” includes “warning others” and “look around the boat at setting”.

the patterns observed in the NOP dataset (Fig. S10). The number of
shark bycatch reported annually in the LOG dataset increased from 6590
in 2002 to 19,186 in 2017 (Fig. 2B). Among this bycatch, data from the
LOG dataset indicated that the proportion of sharks retained onboard
decreased from 100% between 2002 and 2005 to 0.01% in 2017
(Fig. S5). As in the NOP dataset, blue and oceanic whitetip sharks were
the most commonly caught species reported in the LOG dataset, in the
questionnaires and for the sets with dedicated observers (Fig. 2A,
Fig. S12, Tables S3 and S5). However, the diversity of shark species
reported as bycaught in the LOG dataset (18 species) was lower than that
reported in the NOP dataset (29 species). Before 2014, 84.4% of the
sharks bycatch reported in the LOG dataset were missing information on
the species and 15% were identified as makos, Isurus sp. (Fig. 2B,
Table S6).

3.4. Fishermen'’s perceptions and attitudes towards bycatch and
depredation

When a shark was caught on the line, whether it was dead or alive
when landed on the vessel, all responding captains indicated that they
would cut the line (n = 10 respondents, none stated that they would
remove the hook, Fig. 4). Among these captains, 30% indicated that they
would pay attention to the species of shark caught and 20% stated that
they would record that information in their logbook. When a shark was
caught dead, 30% of the respondents indicated that they would remove
the hook from the animal.

When odontocetes were sighted while setting the line, captains all
indicated that stopping the setting process, retrieving the part of the line
already deployed and moving to another fishing area were practices they
had already implemented (n = 8 respondents). Half of the responding
captains (3 out of 6) indicated that they would not do anything when
sharks were sighted during setting. However, when odontocetes or

sharks were sighted at hauling the line, all respondents indicated that
nothing could be done and did not change their practice (n =5 re-
spondents, Fig. S12). In the fishing areas where depredation was likely
to occur, 78% of the respondents stated that they would fish as usual, but
45% said they would avoid these areas (n = 9 respondents, they could
chose multiple answers; Fig. 4). Sixty-seven percent felt that depredation
had been rather constant over the years, 22% felt that it had been
increasing, and 11% felt that it had been both constant and increasing
(n = 9 respondents). Shark and odontocete depredation was considered
as an issue impacting the fishing yield by 50% of the respondents and the
fishing equipment by 63% of them (n = 8 respondents, Fig. 4). Forty-
three percent stated that it was not important to address this issue,
and 15% saw it as a priority (n = 7 respondents).

Eighty-eight percent of the respondents expressed their will to learn
more about this marine ecosystem and ways of protecting it (n = 8 re-
spondents) and 88% expressed their will to be trained on improving
bycatch release practices (n = 7 respondents). Seventy-eight percent of
the respondents indicated that they were eager to get involved in efforts
to mitigate bycatch and depredation, through the testing of new solu-
tions for 78% of them and a better reporting of these interactions for
34% of them (n = 9 respondents, Fig. 4).

4. Discussion

In this study, we compared bycatch and depredation as reported in
captains and observers databases, that proved incomplete (low observer
coverage, lack of reporting of depredation in logbooks, species
misidentification), and a high uncertainty therefore remains. We found
that while shark or odontocete depredation has frequently occurred
(about 1/3 of the sets deployed) in the pelagic longline fishery targeting
tuna in the EEZ of French Polynesia between 2002 and 2018, a low
proportion of fish were damaged during these interactions, rendering
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them unsellable (less than 2% of the total catch). As shown in other
fisheries through differences in DPUEs between the two taxa, sharks
damaged less fish than odontocetes when depredating on a given set (e.
g., Rabearisoa et al., 2018). We found no clear trend in depredation,
though both GDR and IR indices were increasing in the last years, the
annual DPUEs vary strongly. It was not clear from the captains’ ques-
tionnaires whether depredation was increasing (though damage rates
seemed to increase in the recent years) or was an urgent issue to tackle.

The mean DPUE (1 per 1000 hooks) described in our study was lower
than previously described in the Western Central Pacific (often by a
factor of 10; Lawson, 2001, Mitchell et al., 2018). Depredation rates are
likely underestimated due to the low observer coverage and because fish
completely removed from the hook cannot be accounted for (similar
biases likely occur in most studies). It was also half of the DPUEs
described by the Chinese fleet over the Pacific (Wang et al., 2021), or in
the similar socio-ecosystem of Hawai’i (Gilman et al., 2008). Given the
results from the NOP dataset, the mean observer coverage, and the mean
weight of tuna caught by the fishery, approximately 1000 tons of tuna
may have been depredated by sharks and odontocetes on longlines over
this period (considering a mean weight of 22 kg, based on lengths re-
ported in the NOP dataset and the weight/length relationship from
Bertrand, 1999). Based on the market price of tuna in French Polynesia,
which ranges between USD 4 and USD 12 per kg, this could represent up
to USD 6400,000 for the fleet between 2002 and 2018, and USD 384,000
per year (DRM, 2018; ISPF, 2022). This would be much lower than the
last assessment in the Hawai’i tuna longline fishery, estimated to one
million USD annually (Fader et al., 2023).

Increased risk of bycatch is a main impact of depredation on sharks
and odontocetes. With nearly 20,000 sharks bycaught annually and an
overall BPUE of 0.5 sharks per 1000 hooks deployed, the level of shark
bycatch might affect their populations in French Polynesia, even though
it is smaller than bycatch rates of other longline Pacific fisheries (Car-
valho, 2019; Gilman et al., 2008; Gilman and Clarke, 2007; Li et al.,
2020; Wang et al., 2021). In French Polynesia, shark bycatch was
associated with high mortality, as one shark out of five was reported
dead when discarded, and a large proportion of sharks discarded alive
might not survive (WCPFC, 2019b, the handling practices affecting their
survival are largely unknown at the scale of the fleet, but as captains
stated, sharks are released without removing the hook). This mortality is
a major threat for heavily caught species at global scale (Pacoureau
et al., 2021), and in the Western-Central Pacific where at least one
million of sharks are estimated to be caught each year (Peatman, 2018;
Peatman et al., 2023). This is especially true for species of high con-
servation concern such as the oceanic whitetip (Tremblay-Boyer et al.,
2019) and the silky sharks (Clarke et al., 2018, both species should not
be retained under the WCPFC conservation measures, WCPFC, 2022), as
well as for the recovering blue shark populations (Neubauer et al.,
2021).

We found that the reported levels of odontocete bycatch in the
French Polynesian longline fishery were significantly lower than those
of sharks, with less than 15 observed occurrences between 2000 and
2018 considering both LOG and NOP datasets. For example, the bycatch
rate was similar to the bycatch described by Chinese longlines operating
in the Pacific Ocean (Wang et al., 2021) but was lower compared to pilot
whale bycatch rates in the US longlines in the Atlantic Ocean (Stepanuk
et al., 2018). Given that observers monitored less than 4% of the re-
ported sets and that captains likely underreported this bycatch (none of
observers’ reports were found in the LOG data), this is likely an un-
derestimation of the potential odontocete bycatch in this fishery. Given
the observers’ coverage, an estimated 13 odontocetes might have been
caught each year, if extrapolating to 100% of the fishing sets (i.e. a total
of 195 odontocetes bycaught between 2003 and 2017). The mortality
rates are highly uncertain and the risks and reasons for crews to retain
odontocetes are unknown. This level of odontocete bycatch would be
considered as problematic for false killer whales in the Hawaiian long-
line fisheries (Fader et al., 2021). However, it is difficult to understand

Fisheries Research 271 (2024) 106928

the consequences of this bycatch in French Polynesia, as several
bycaught odontocetes were not identified at the species level and the
knowledge of odontocete populations throughout the EEZ remains
limited (Laran et al., 2012). A comprehensive monitoring of short-finned
and false killer whales’ populations in French Polynesian waters, the two
species mostly involved in depredation events, could allow an estima-
tion of biological references to adapt fisheries management (Gilman
et al., 2022).

We also identified major accuracy issues in the data on odontocete
and shark depredation and bycatch when comparing observers and
captains data. Firstly, the data collected by observers included all in-
formation needed to monitor bycatch and depredation, but the coverage
was too low for reliable assessments and accurate understanding (4% of
the reported sets). This issue is not inherent to French Polynesia but was
reported for the majority of pelagic longline fisheries operating
throughout the Pacific Ocean (Peatman, 2018). Secondly, information
on depredation were not collected by captains, as there were no dedi-
cated fields in the standardized logbooks. Thirdly, despite an apparent
improvement in the captains’ reporting over the years, our findings
suggested that there were still concerns regarding the reliability of the
data. Indeed, captains reported less bycatch of sharks and odontocetes
than observers per set. While observing only 4% of the sets over a shorter
time period, the observers reported almost twice as many odontocetes as
the captains. This under-reporting was also illustrated by the fact that
only a third of the captains in the questionnaires stated that they would
report shark bycatch. The most commonly caught species reported by
both observers and captains corresponded to expected species in the EEZ
(DIREN and creocean, 2015). However, some species recorded had
never been reported in the EEZ, i.e. great white, bigeye sand tiger,
kitefin and bignose sharks (Siu et al., 2017), but the observations have
not been verified and no photographs (for none of the bycatch) were
provided. Lastly, we found that both captains and observers likely
misidentified bycaught odontocetes. Indeed, the data included species
such as spectacled and Dall’s porpoises, and Pacific white-sided dolphins
that were never (and unlikely to be) documented in French Polynesia
given their ecology and distribution (Perrin et al., 2009; Shirihai and
Jarret, 2007). Difficulties to identify odontocete species was made even
more apparent from the results of the questionnaire, with most captains
indicating that they did not know about false killer whales, one of the
species likely involved in depredation in the region (Carzon and Portal,
2012; Hamer et al., 2012; Laran et al., 2012). The monitoring can be
easily improved by offering species identification tools and training, and
by adding new fields in logbooks for captains to record the bycatch of
odontocetes, the occurrence of depredation and the number of fish
depredated, as we showed captains would be willing to participate in
such monitoring. Photo documentation by captains and the imple-
mentation of electronic monitoring (through cameras, as it was trialed
on five French Polynesian longliners in 2022) should also be considered
(Emery et al., 2019; Gilman et al., 2019; Stahl et al., 2023). Additional
formatting of observers’ reports (as they report more information in a
notebook), supplementary training on species identification, debriefing
with observers (notably in case of odontocete bycatch) can quickly
improve the quality of bycatch data (species bycaught, handling
practices).

Depredation and bycatch could impact the entire trophic chain,
including the behaviors and diet of odontocetes and sharks (Mitchell
et al., 2018; Tixier et al., 2021). Mitigation recommendations or regu-
lations should be considered for the fishery ecosystem-based manage-
ment. DRM started working on these issues, notably because of the
Marine Stewardship Council certification and WCPFC requirements and
guidelines, creating posters and offering training courses on bycatch
avoidance and release methods. This could increase the survival of the
individuals bycaught (Poisson et al., 2016; Zollett and Swimmer, 2019).
For the reporting quality to improve, captains should also be trained to
identify species. For bycatch, additional measures could include the
temporal or spatial closures of certain fishing areas, increased
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collaboration between fishermen (e.g. communicating observations of
predators), the use of different gears to reduce bycatch rates (Gilman
et al., 2006; Hamilton and Barry Baker, 2019; Pons et al., 2022; Swim-
mer et al., 2020). For depredation, some of these longliners are already
trialling an ‘interactive dolphin deterrent’ (Sieben and Daxboeck, 2020).
Its effectiveness should be monitored, because such devices showed
limited effectiveness in other regions (Hamilton and Barry Baker, 2019).
Other mitigation devices or measures could be investigated through
collaborations between fishermen, scientists, and fishery managers with
a full assessment of the socio-economic costs and benefits of imple-
menting these measures, such as avoiding areas of high risks of depre-
dation and reducing fish discards or vessel noise (Hart and Collin, 2015;
O’Keefe et al., 2014; Richard et al., 2021; Werner et al., 2015).

In conclusion, both monitoring and mitigation of bycatch and
depredation of sharks and odontocetes need management actions to be
taken in years to come for the French Polynesian longline fishery. These
actions are especially urgent for this fishery firstly because bycatch in-
volves large numbers of individuals from species of high conservation
concern in the EEZ of French Polynesia. The EEZ is a sanctuary for both
sharks and odontocetes and the 2023-2027 management plan of the
EEZ-wide Marine Managed Area sets up an action plan to monitor and
mitigate depredation and bycatch, notably through the dissemination of
good practices and increase of observer coverage (DIREN et al., 2023).
The plan to double offshore fisheries production in the EEZ by 2027 also
raises environmental concerns, as it involves a substantial increase in
fleet size and the spatial expansion of fishing activities (IEOM, 2021),
including in areas of higher densities of sharks and odontocetes, like the
Marquises Islands (this study, Gannier, 2009, DIREN and creocean,
2015).
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