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1 | INTRODUCTION

Abstract

Minimising the unintended capture of fish, marine mammals, reptiles, seabirds and
other marine organisms is an important component of responsible fisheries manage-
ment and for stabilising declines and rebuilding populations of threatened species.
The analyses presented were designed to establish the first quantitative baseline of
historical catches, catch rates and species composition for the dominant tuna fisher-
ies operating in the western and central Pacific, the world's largest in terms of tuna
catch. Using records from 612,148 fishing events collected by independent ‘at sea’ ob-
servers, estimates for finfish, billfish, elasmobranchs, marine mammals and sea turtles
show that the composition and magnitude of catches varied considerably by fishery
type and practice for the period 2003-2019. Simulations indicated that precision in
longline estimates would be improved by monitoring a proportion of fishing sets from
all fishing trips rather than full coverage from a proportion of all fishing trips. While
attributing reasons for temporal trends in estimated bycatch was difficult due to the
confounding impacts of changing abundances and fishing practices, the trends identi-
fied the nature of potential relationships for species that are not accurately quanti-
fied, or not covered, by fishing vessel logbooks. The trends in catch estimates, and
the catch rate models, have utility in identifying species which may require targeted
additional analyses and management interventions, including species of conservation
interest (either due to their threatened status or vulnerability to fishing) such as elas-
mobranchs and sea turtles. Moreover, the estimates should support future evalua-

tions of the impact of these industrial-scale fisheries on bycatch species.

KEYWORDS
elasmobranch, finfish, observer coverage, sharks, threatened species, turtles

of responsible fisheries management (FAO, 1995, 2011) and for sta-

bilising declines and rebuilding populations of threatened species

Minimising the unintended capture of fish, marine mammals, rep- (Jennings & Kaiser, 1998). After capture, animals deemed bycatch

tiles, seabirds and other marine organisms by fishing gear (defined are typically discarded due to regulatory constraints or for economic

by the term bycatch; Davies et al., 2009) is an important component reasons; those discarded animals may be either dead or alive (Brooke
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et al., 2012; Crowder & Murawski, 1998). The ecological impacts of
this mortality on the population dynamics of bycatch species are of
increasing concern (Kelleher, 2005; Pérez Roda et al., 2019; Sala &
Knowlton, 2006), with negative impacts demonstrated at the species,
population and ecosystem levels (Hall et al., 2000; Kelleher, 2005;
Lewison, Crowder, et al., 2004; Lewison, Freeman, & Crowder, 2004;
Read et al., 2006). Unintended capture and mortality has been im-
plicated as a threat to approximately half of global marine mammal
and seabird species, the majority of elasmobranch species (Zydelis
et al., 2009) and all seven sea turtle species (Wallace et al., 2010).
Furthermore, overfishing has been identified as a threat for all elas-
mobranch species listed as threatened in the International Union for
the Conservation of Nature Red List of Threatened Species (hereaf-
ter IUCN Red List; Dulvy et al., 2021), and captures of sharks in tuna
fisheries has been linked to large declines in oceanic elasmobranch
populations (Juan-Jorda et al., 2022; Pacoureau et al., 2021).

Quantifying the magnitude of bycatch is an important first
step for prioritising policy making to minimise bycatch (Alverson
et al., 1994; Lewison et al., 2005; Pauly et al., 2002). Once an un-
derstanding is obtained on the magnitude by taxa, fishery, gear
type and region, strategies to monitor and mitigate risks can be
developed and implemented (Gilman, 2011; Gilman et al., 2019;
Wilcox & Donlon, 2007). However, estimating levels of commercial
fisheries bycatch can be challenging due to a lack of observer cov-
erage (Kennelly, 2020; Lewison et al., 2014; Lewison, Freeman, &
Crowder, 2004). While reporting by the vessel on the quantity of re-
tained catch of commercially important species is a requirement for
many fisheries (FAO, 2020) the requirement to report on discarded
(or minor retained) species is often a duty of independent observers
(Gilman et al., 2014). Observer coverage rates, however, are typi-
cally low and often not representative of the fishery effort (Nicol
et al., 2013). Despite such challenges global estimates of bycatch
and discarding have been attempted (Gilman et al., 2020; Pérez Roda
et al., 2019; Zeller et al., 2018). Comparing across fishery types and
regions, these analyses indicate that discarding rates for fisheries
targeting tunas and pelagic fish are lower than for other fisheries
(Gilman et al., 2020) and that discard rates in the western and central
Pacific Ocean are lower in comparison to neighbouring regions and
other ocean basins (Zeller et al., 2018).

The global tuna catch in 2020 has been provisionally estimated
at just over 4.4 million tonnes, with the fisheries of the western and
central Pacific Ocean accounting for 56% of this catch (Williams &
Ruaia, 2022). Longline and purse seine fisheries account for 80%
of the catch in the western and central Pacific Ocean (Williams &
Ruaia, 2022). The stocks of the western and central Pacific Ocean
are typically wide ranging and transboundary and are consequently
managed by international agreement under the auspices of the
Western and Central Pacific Fisheries Commission (WCPFC), which
has 26 members, 7 participating territories and 9 co-operating non-
members. The longline and purse seine fisheries of these fishing
nations that operate in the WCPFC Convention Area (Figure 1) are
known to interact with 7 species of sea turtles (Chelonioidea), 35
species of seabird (Procellariiformes, Suliformes, Phaethontiformes,

Stercorariidae, Laridae, Sternidae, Alcidae), 38 species of marine
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mammal (Cetacea and Pinnipeds), 61 species of sharks and rays
(elasmobranch) and numerous species of non-target finfish (tele-
osts; Pacific Community Data Holdings). However, the magnitude
and temporal trend of these interactions is largely unknown or not
accurately quantified.

The Western and Central Pacific Fisheries Commission has re-
quired all Purse seine fishing activity undertaken within the area
bounded by 20°N and 20°S (excluding trips with fishing activity
within the national jurisdiction of a single coastal state) to be inde-
pendently observed and reported upon since 2010 (WCPFC CMM
2008-01). It has also required that at least 5% of longline fishing
activity on vessels >24m in length is observed since 2012. In prac-
tise, coverage rates of available observer data for longline and purse
seine fisheries in the WCPFC Convention Area have often been
lower than the mandated minimum rates, and in the case of longline
fisheries have varied markedly between fleets (Panizza et al., 2022).
The observer data were used to estimate catch rates, which were
then applied to reported effort data from vessel logbooks to obtain
catch estimates for the period 2003 to 2019. Estimates for 2020
and 2021 were not included due to the reduced levels of observer
coverage caused by the COVID-19 pandemic. The derived estimates
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FIGURE 1 The western and central
Pacific Ocean. Indicative exclusive
economic zone boundaries are provided
(white polygons with thin black
boundaries), along with the boundary of
the WCPFC Convention Area (thick black
line).
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provide the first whole of jurisdiction analyses on the magnitude and
catch trends of bycatch associated with the industrial tuna fisheries

operating in the WCPFC Convention Area.

2 | METHODS

2.1 | Data—longline fisheries

The analysed longline observer data set included data from the
WCPFC Regional Observer Programme, as well as additional data
held by the Pacific Community (SPC). The data set included 184,655
fishing events from 2003 through to 2019, from 10,991 observer
trips. Sea surface temperature (SST) was combined with the longline
data sets, in order to allow SST to indirectly account for spatial vari-
ation in catch rates. SST was taken from the National Oceanic and
Atmospheric Administration's Optimum Interpolation Sea Surface
Temperature data set (version 2; Reynolds et al., 2002).

The Western and Central Pacific Fisheries Commission's ag-
gregated catch and effort data set provided total hooks deployed,
and the numbers of individuals caught for selected tuna and billfish
species, for longline fisheries in the WCPFC Convention Area. The
aggregated catch and effort data have a resolution of year, month,
flag-fleet and 5° grid. The aggregated catch and effort data are based
on vessel logbooks, raised to account for incomplete coverage of
available logbook data. We refer to this data hereafter as reported
catch and effort data. K-means clustering was applied to reported
longline catch data, to group longline effort with similar reported
species compositions. The clustering analysis was applied to propor-

tions (by number) of albacore (Thunnus alalunga, Scombridae), bigeye

200

220

(T.obesus, Scombridae), yellowfin (T.albacares, Scombridae), swordfish
(Xiphias gladius, Xiphiidae) and sharks, with the number of clusters de-
termined by identifying the point of inflection in variance explained as
the number of cluster increases. The assigned cluster was used as an
explanatory variable in longline catch rate models, allowing apparent
targeting behaviour to inform estimated species compositions.
Hooks between floats (HBF) provides a proxy for the fishing
depth of a longline set, which is available for both the observer and
reported effort data sets, though fishing depths are influenced by
a range of other variables (Bigelow et al., 2006). Reported HBF-
specific aggregated catch and effort data are available for longline
fisheries in the WCPFC Convention Area, with coverage rates of
28% of total effort (hooks) from 2003 to 2006, increasing to 85%
for the period 2014 to 2019. We used random forest classification
models fitted using the R package ‘randomForest’ (Liaw & Wiener,
2002) to predict HBF for reported effort data with no HBF in-
formation, trained on reported HBF-specific catch and effort
(following Ducharme-Barth & Vincent, 2020; Tremblay-Boyer &
Neubauer, 2019; Supporting Information). Set depth was inferred
from HBF, with a HBF <10 defined as shallow set and a HBF > 10
defined as deep set, to allow for separation of estimated longline

catch estimates by set depth.

2.2 | Data—purse seine fisheries

The analysed purse seine observer data set included data from the
WCPFC Regional Observer Programme, as well as additional data
held by the Pacific Community. The modelled data set included
427,493 fishing events covering 2003 to 2020, from 17,836 observer
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trips. Sea surface temperature was combined with the purse seine
data sets, in order to allow for SST to indirectly account for spatial
variation in catch rates.

The Western and Central Pacific Fisheries Commission's aggre-
gated catch and effort data set provided total sets and catches of se-
lected tuna species for purse seine fisheries operating in the WCPFC
Convention Area, which are held at a resolution of year, month, flag-
fleet, set type and 1° grid. The aggregated catch and effort data are
based on reported data from vessel logbooks, raised to account for
incomplete coverage of available logbook data. We refer to this data
hereafter as reported catch and effort data. Set types include sets on
free schools, and schools associated with anchored fish aggregating
devices (FADs), drifting FADs, logs and other natural floating objects,
whale sharks (Rhincodon typus, Rhincodontidae) and whales (Cetacea).
Set type has been demonstrated to have a strong effect on catch rates
and compositions in purse seine fisheries (Amande et al., 2010; Pilling
et al., 2015). Intentional setting on schools associated with whales
and whale sharks has been prohibited since 2013 (WCPFC CMM
2011-03).

2.3 | Catch estimation groups

Catch estimates were generated for species, or groups of species,
referred to as estimation groups. The estimation groups covered
all finfish, elasmobranch, marine mammal and sea turtle spe-
cies with observed captures. Seabird bycatch was not included
but separate estimates of captures and mortalities are available
(Peatman et al., 2019). Estimation groups were defined separately
for longline and purse seine, with consideration of the frequency
of observed captures and the likely robustness of species-level
identification. Species-specific estimation groups were used
where appropriate for species of conservation interest: WCPFC
‘key shark species’ (WCPFC CMM 2019-04)—blue shark (Prionace
glauca, Carcharhinidae), silky shark (Carcharhinus falciformis,
Carcharhinidae), oceanic whitetip shark (Carcharhinus longimanus,
Carcharhinidae), longfin and shortfin mako shark (Isurus paucus
and I. oxyrinchus, respectively, Lamnidae), thresher sharks (Alopias
species, Alopiidae), porbeagle shark (Lamna nasus, Lamnidae),
selected hammerhead sharks (winghead—Eusphyra blochii,
scalloped—Sphyrna lewini, great—S. mokarran and smooth—S.
zygaena, Sphyrnidae) and whale shark; sea turtles; marine mam-
mals. Estimation groups were not mutually exclusive, with for
example, species-specific estimation groups for some sea turtles,
as well as an estimation group covering other species as well as
unspecified sea turtles (sea turtles—Chelonioidea). Observed
catches were mapped to estimation groups using the most de-

tailed available taxonomic classification.

2.4 | Longline catch rate and catch estimation

Reported catches from vessel logbooks were used for alba-

core, bigeye, yellowfin and skipjack tuna (Katsuwonus pelamis,

Scombridae), and for billfish species, and were assumed to be
known without error. For the remaining 34 estimation groups,
Generalised Estimating Equations were fitted to observer data and
used to model longline catch rates (Table 1). Models were fitted
using the R package ‘geepack’ (Hgjsgaard et al., 2006) in R v4.1.1 (R
Core Team, 2021). Poisson-like error structures were used where
possible, with a two-stage delta-lognormal modelling approach
implemented where necessary to account for zero-inflation (see
Table 1). An ‘exchangeable’ working correlation structure was as-
sumed, where residuals from observations from the same observer
trip are correlated, with a shared correlation parameter for all ob-
server trips. It was not possible to fit models with exchangeable
correlation structures for all estimation groups, in which case in-
dependence between residuals within trips was assumed (Table 1).

The specification of the Poisson-like models was
E[Yy] = uy Var[Yy] = duy

In p;=1In(thooks;) + By + By cluster; + B, flag;
+f; (year;) +f,(HBF;) +f5(SST;)

where subscripts i and j refer to observer trip and set number, respec-
tively, Yij denotes observed catch rate (individuals per thousand hooks),
f, represent natural cubic splines and ¢ is a variance inflation param-
eter. Explanatory variables included: categorical variables for flag
(flagﬁ), and the species composition cluster from reported catch data
(cluster,.j); year (yearU), included as a cubic spline to prevent overfitting
to temporal variation, and, sea surface temperature (SSTU.; Reynolds
et al., 2002) and hooks between floats (HBFU), included as cubic splines
to account for potentially non-linear relationships with catch rates.
For the delta-lognormal modelling approach, the specification of

the presence-absence model was

E[Py] = vy Var[Py] = dyi(1~v;)

Vi
In< 1 _inj > = o + B cluster; + B, flag; +f, (vear;) + fo (HBF;) + f5(SST;)

where Pil. denotes whether individuals of the estimation group were
present/absent in observed catches from observer trip i and set j. The
catch-when-present component of the delta-lognormal modelling ap-

proach was specified as

E[Ny| =n; Var[Ny| = ¢o

In(n;) = Bo + Pycluster;; + poflag; + fy (year;) + fo(HBF;) + f3(SST;)

where Nﬁ denotes the observed catch rate (numbers per '000
hooks). The estimated mean catch rate for the delta-lognormal mod-
els, {j is then {y =y ;.

Estimates of catch were generated at a resolution of year, SST,
HBF, catch composition cluster, flag and region, where region was
defined as ‘north’ (210°N), ‘tropical’ (210°S and <10°N) and ‘south’

(<10°S). SSTs were mean monthly values per 5° grid (Reynolds
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TABLE 1 Estimation groups for longline catches and their corresponding species type, estimation approach and assumed correlation
structures (ind.=indendence, exch.=exchangeable).

Common name
Skipjack

Albacore
Yellowfin

Bigeye

Wahoo
Lancetfishes
Longsnouted lancetfish
Pomfrets

Mahi mahi
Escolars
Lampriformes nei
Opah

Sunfish

Slender sunfish
Scombrids

Great barracuda
Barracudas
Marine fishes
Indo-Pacific sailfish
Black marlin

Blue marlin
Shortbill spearfish
Striped marlin
Swordfish

Bigeye thresher
Thresher sharks
Silky shark
Qceanic whitetip shark
Elasmobranchs
Shortfin mako
Longfin mako
Mako sharks
Porbeagle shark
Mobulid rays

Blue shark

Pelagic stingray
Hammerhead sharks
Marine mammals
Loggerhead turtle
Green turtle

Sea turtles
Leatherback turtle
Hawksbill turtle
Olive ridley turtle

Scientific name

Katsuwonus pelamis
Thunnus alalunga
Thunnus albacares
Thunnus obesus
Acanthocybium solandri
Alepisauridae
Alepisaurus ferox
Bramidae

Coryphaena hippurus
Gempylidae
Lampriformes

Lampris guttatus
Molidae

Ranzania laevis
Scombridae

Sphyraena barracuda
Sphyraenidae

Teleosts

Istiophorus platypterus
Makaira indica

Makaira nigricans
Tetrapturus angustirostris
Tetrapturus audax
Xiphias gladius

Alopias superciliosus
Alopiidae

Carcharhinus falciformis
Carcharhinus longimanus
Elasmobranchii

Isurus oxyrhinchus
Isurus paucus

Isurus spp

Lamna nasus
Mobulidae

Prionace glauca
Pteroplatytrygon violacea
Sphyrnidae

Cetacea & pinnipeds
Caretta caretta
Chelonia mydas
Chelonioidea
Dermochelys coriacea
Eretmochelys imbricata

Lepidochelys olivacea

Species type
Tropical tuna & albacore
Tropical tuna & albacore
Tropical tuna & albacore
Tropical tuna & albacore
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Other finfish
Billfish

Billfish

Billfish

Billfish

Billfish

Billfish
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Elasmobranchs
Marine mammals
Sea turtles

Sea turtles

Sea turtles

Sea turtles

Sea turtles

Sea turtles

Estimation approach

Reported catches
Reported catches
Reported catches
Reported catches
Delta-lognormal
Poisson
Delta-lognormal
Delta-lognormal
Delta-lognormal
Delta-lognormal
Poisson
Delta-lognormal
Poisson
Delta-lognormal
Delta-lognormal
Delta-lognormal
Poisson
Delta-lognormal
Reported catches
Reported catches
Reported catches
Reported catches
Reported catches
Reported catches
Delta-lognormal
Delta-lognormal
Delta-lognormal
Delta-lognormal
Delta-lognormal
Poisson

Poisson

Poisson
Delta-lognormal
Poisson
Delta-lognormal
Delta-lognormal
Delta-lognormal
Poisson

Poisson

Poisson

Poisson

Poisson

Poisson

Poisson

Correlation
structure
ind.—exch.
exch.
exch.—exch.
exch.—exch.
exch.—ind.
exch.—exch.
exch.
exch.—exch.
exch.
exch.—ind.
exch.—exch.
ind.—exch.
exch.
exch.—ind.
ind.—exch.
exch.—ind.
exch.—ind.
exch.—ind.
exch.—exch.
exch.

exch.

exch.
ind.—ind.
exch.
ind.—exch.
exch.—exch.
exch.—exch.
exch.

exch.

exch.

ind.

exch.

exch.

exch.

Note: Correlation structures for delta-lognormal models are provided for the delta component, then the lognormal component. Rows are ordered by
species type and then alphabetically by scientific name.
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et al., 2002), rounded to the nearest %°C to reduce the number of
strata. For each catch rate model, 1000 random draws of parameters
were taken from the multivariate normal distribution defined by the
vector of mean parameter values B and their covariance matrix X,
N, (B, X), where k is the number of estimated parameters. The ran-
dom draws of parameter values were then used to generate 1000
estimated catch rates for each record of effort. Estimated catches
were then obtained by taking the product of the catch rates and
the effort. Porbeagle shark catch rates and catches were estimated
using data south of 20°S as the species is likely absent north of this
latitude in the Pacific Ocean (Francis et al., 2008). The unit of esti-
mated longline catch was individuals for all estimation groups, that is

the unit used by observers when recording the catch.

2.5 | Purse seine catch rate and catch estimation
Reported catches from vessel logbooks were used for skipjack, yel-
lowfin and bigeye tuna. For the remaining 45 estimation groups
(Table 2), observer data were used to estimate catch rates for un-
observed sets. Presence/absence models were fitted to observer
data using Generalised Estimating Equations using the R package
‘geepack’ (Hgjsgaard et al., 2006) in R v4.1.1 (R Core Team, 2021).
A quasi-binomial error structure was assumed, with a logit link func-
tion. An ‘exchangeable’ working correlation structure was used for
all models. Explanatory variables included in the models were: cubic
splines for year (yearij) and sea surface temperature (SSTij—ReynoIds
et al., 2002); a categorical variable for quarter (quarterij—Jan to Mar,
Apr to Jun, Jul to Sep and Oct to Dec); a categorical variable for set
type (type,-j—free school, log, whale, whale shark, anchored FAD and
drifting FAD), and, a categorical variable for vessel flag (flag;).

The specification of the presence/absence models was:

E[Py] = vy Var[Py] = dr;(1-7;)

In(iL) = By + Byquarter; + Bytype; + Baflag; + fy (vear;) +f,(SST;)

-7

where subscripts i and j refer to observer trip and set number,
respectively, Pij denotes whether captures of the estimation group
were observed, f, represent natural cubic splines and ¢ is a variance
inflation parameter.

The fitted presence/absence models were used to estimate the
probability of presence for a given estimation group and strata, with
strata defined as combinations of year, quarter, flag and set type. Sea
surface temperature was set at the catch-weighted mean for each
strata. Uncertainty in the presence/absence of catch was generated
by taking 1000 random draws of parameters from the multivariate
normal distribution defined by the vector of mean parameter values
B and their covariance matrix X, N, (8, X ). The random draws of pa-
rameter values were then used to generate 1000 estimates of the
probability of presence for each strata.

Attempts to model catch when present were unsuccessful, with
covariates explaining minimal variation in catch volumes and clear

violation of model assumptions. Instead, the volume of catch when

present was estimated by taking 1000 bootstrap samples from sets
with observed captures, stratified by set type. 1000 estimates of the
overall catch rate were then obtained for each estimation group and
strata by taking the product of the probability of presence and the
volume of catch when present. The estimated catch rates were then
applied to the number of unobserved sets in each strata, to calculate
unobserved catch. The estimates of unobserved catch were then
combined with recorded catch from observed sets to give estimates
of total catch.

The unit of estimated purse seine catch varied between esti-
mation groups (Table 2), with individuals used for billfish, elasmo-
branchs, marine mammals and sea turtles, and metric tonnes used
for finfish. These catch units were most commonly used by observ-
ers when recording purse seine catch volumes of the respective spe-
cies and were considered to provide the most accurate data set of
observed catch volumes.

For strata where observed sets exceeded those reported in
loghook data, we drew random samples without replacement from
the observer data set such that the effective number of observed
sets matched the number of reported sets. Whale and whale shark-
associated sets are recorded more frequently by observers than in
vessel logbook data (Neubauer et al., 2018). To mitigate downwards
bias in catch estimates, whale and whale shark sets were treated as
free school sets when estimating catch rates and catches of whale
sharks and marine mammals, both in the observer and reported ef-

fort data set.

2.6 | Coverage of catch estimates

The catch estimates cover longline and purse seine fishing in the
WCPFC Convention Area (Figure 1), including the region overlap-
ping the Inter-American Tropical Tuna Commission Convention
Area. The estimates do not cover domestic longline and purse
seine fisheries of the Philippines, Vietnam and Indonesia, and purse
seiners operating in temperate waters off Japan and New Zealand,
due to limited representative observer data in Pacific Community
data holdings. Additionally, former shark-targeted longline fish-
eries in the exclusive economic zones of Papua New Guinea and
the Solomon Islands were not included, as these fisheries are also
not contained within the reported effort data held by the Pacific
Community. Purse seine fisheries covered by our analysis contrib-
uted 86% of total reported purse seine catch of skipjack, yellowfin
and bigeye in the WCPFC Convention Area for the period 2003-
2019. Longline fisheries covered by our analysis accounted for 88%
of total reported longline catch of albacore, yellowfin and bigeye in

the WCPFC Convention Area over the same period.

2.7 | Post-processing of catch estimates
Estimated catches were summed across relevant strata to obtain es-
timates at more aggregated resolutions, for example, annual totals.

Estimates of total catch were generated for different ‘species types’
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