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Drifting Fish Aggregating Devices (dFADs) are a major fishing mode for tropical tuna purse seine fisheries worldwide. However, the extent of
dFAD use remains poorly understood. We present novel approaches for estimating annual dFAD deployments and number of dFADs monitored
by individual vessels, using empirical data and robust estimation procedures. We leveraged observer and logbook data, combined with new
dFAD tracking data from the Western and Central Pacific Ocean (WCPO) purse seine fishery, the largest tuna fishery in the world, to evaluate
trends in dFAD use across the entire WCPO between 2011 and 2019. Average estimates ranged between 20 000 and 40 000 deployments per year,
depending on the methodology, with the total number of deployments appearing relatively stable over the last decade. The median number of
active buoys monitored per vessel per day ranged from 45 to 75 depending on the year, well below the current management limit of 350. Our
results contrast with other oceans, having fewer buoys monitored per vessel, a unique stable trend, but overall number of deployments two times
higher than any other ocean. This study provides a basis for improved monitoring and management of dFAD use in the WCPO, with applicability

for other regions.

Keywords: Fish Aggregating Device, monitoring, purse seine fishery, tuna, Western Central Pacific Ocean

Introduction

Fishers have always exploited the natural aggregating behaviour of
marine species around floating objects to locate and catch fish in
the open ocean (Castro et al., 2001). In the tropical tuna purse
seine fishery, natural floating objects, especially logs, have been
used by fishers globally since the development of the fishery in the
1980s (Fonteneau et al., 2000). Since the 1990s, fishers have con-
structed and deployed their own drifting Fish Aggregating Devices
(dFADs). Constructed dFADs are typically made of a bamboo raft
with a 50-70 m tail of old netting and other miscellaneous mate-
rials (Dagorn et al., 2013b). Fishing on dFADs, both natural (i.e.
logs) and constructed, has increased considerably since the 2000s,
and with the introduction of satellite tracking and sonar technology

to the dFAD buoys, has become a major fishing mode for catch-
ing tropical tuna worldwide (Fonteneau et al., 2013; Maufroy et al.,
2017).

Globally, many issues linked to the extensive use of dFADs have
been raised. Sets on dFADs often have higher bycatch rates rel-
ative to “free school” sets (i.e. sets on tuna schools not associ-
ated with a floating object), including catch of vulnerable species
such as sharks and sea turtles (Dagorn et al., 2013b). These species
may also become entangled in the netting of a dFAD’s underwa-
ter appendages (Filmalter et al., 2013). In addition, dFADs aban-
doned or lost by fishers, may continue to pose a risk of entangle-
ment; strand in coastal areas and potentially damage coral reefs; or
disintegrate at sea leading to pollution (Maufroy et al., 2015; Davies
et al., 2017; Escalle et al., 2019). DFADs may also have detrimen-
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tal interactions with tuna stocks. For example, dFADs may dis-
rupt natural behaviours and distribution patterns of tuna (Hal-
lier and Gaertner, 2008; Dagorn et al., 2013a; Fonteneau et al.,
2015) or cause tuna school fragmentation when deployed exten-
sively (Sempo et al., 2013). Of particular concern is the higher catch
of small bigeye (Thunnus obesus) and yellowfin (Thunnus albacares)
tuna on dFAD sets, which has implications for the sustainability of
the stocks of these species in some areas (Dagorn et al., 2013b; Mat-
sumoto et al., 2016; Tolotti et al., 2020).

In the Western and Central Pacific Ocean (WCPO), the purse
seine fishery, with a recent annual tuna catch of approximately 2
million tons (dominated by skipjack tuna, Katsuwonus pelamis), is
presently the largest tuna fishery in the world, accounting for 70%
of the tuna catch in the WCPO (Williams et al., 2020b). In this re-
gion, dFAD fishing increased, along with overall purse seine fish-
ing effort and harvest, until approximately 2009 (see Figure S1), at
which point catch and effort stabilized and has remained relatively
consistent over the last decade (Williams et al., 2020a). The num-
ber of sets on constructed dFADs has exceeded the number of sets
on natural logs for the last 10 years and dFAD sets have accounted
for more than 35% of total purse seine sets and more than 40% of
total purse seine catch in recent years (Williams et al., 2020a). The
sharp increase in the use of dFADs in the 1990s and 2000s was influ-
enced by the arrival of new technological developments (Lopez et
al.,2014; Tidd et al., 2017), such as satellite buoys to track and locate
dFADs, and more recently the use of echo-sounder satellite buoys to
estimate and remotely transmit information on the quantity of tuna
aggregated below them (Fonteneau et al., 2013; Lopez et al., 2014;
Escalle et al., 2020a). In 2009, the increased use of dFADs, and the
potential impacts on the bigeye stock, in particular, led the Parties
to the Nauru Agreement (PNA, comprising Federated States of Mi-
cronesia, Kiribati, Republic of the Marshall Islands, Nauru, Palau,
Papua New Guinea, Solomon Islands and Tuvalu, Figure S2) and
the Western and Central Pacific Fisheries Commission (WCPFC) to
implement an annual three to 5 month dFAD closure during which
all dFAD-related activities (e.g. fishing, deploying, servicing) are
prohibited (subject to some exemptions, see WCPFC, 2018). This
coincided with the 2009 implementation of the Vessel Day Scheme
(VDS) by the PNA (https://www.pnatuna.com/vessel-day-scheme-
texts/purse-seine-vds-text), which sets a total allowable effort in
fishing days per year across the main purse seine fishing grounds
in the WCPO.

The PNA VDS and the dFAD closure measure were imple-
mented, in part, to manage the number of dFAD sets made by limit-
ing total effort and reducing purse seine dFAD fishing during some
months of the year. In the period following the implementation of
these measures, the number of dFAD sets and associated catch has
remained relatively stable (Leroy et al., 2013; Williams et al., 2020a).
However, while the number of sets on dFADs has stabilised, as typi-
cally sets on dFADs are only productive around dawn in the WCPO,
the number of dFADs deployed annually in the WCPO remains
unknown. While it is likely that the number of dFADs deployed
would have increased concomitantly to the number of dFAD sets
until 2009, when the daily effort limits came into effect, the trend
since then is less clear. We hypothesise that there are advantages
and incentives to deploy more dFADs because greater availability of
dFADs equipped with echo-sounder sounder capability per vessel
affords a skipper more opportunities to locate a productive dFAD
to set on.

Recently, WCPFC members adopted a Conservation and Man-
agement Measure (CMM) to limit the number of active dFAD
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buoys, at any given time, to 350 per vessel (WCPFC, 2018). How-
ever, data and analyses to evaluate this management limit and its ef-
fectiveness are lacking. While the need to quantify and monitor the
number of dFADs used per vessel, and at the scale of the WCPO,
has been highlighted, access to adequate data for analysis has been
a limiting factor. This is largely due to the confidential nature of
the information (Fonteneau et al., 2015; Lennert-Cody et al., 2018).
However, the PNA recently obtained access to a large number of
trajectories from satellite buoys deployed on dFADs in the WCPO
and provided these to the Pacific Community (SPC) through their
dFAD tracking programme. This programme was implemented in
2016 to provide information to improve management of dFADs in
PNA waters, and the wider WCPO, and is beginning to provide
valuable data on dFAD use (Escalle et al., 2020b). While very de-
tailed, the dataset is incomplete, in particular due to dFAD trajec-
tories outside PNA waters being removed (hereafter referred to as
“geofencing”) prior to submission to PNA; or some trajectories not
being reported at all (Escalle ef al., 2020b). These data are comple-
mented by those from the Pacific Islands Regional Fisheries Ob-
server Programme (PIRFO) for the tuna purse seine fleets operat-
ing within the WCPO, which includes records made by observers
on-board purse-seiners for all dFAD-related activities. Since 2011,
the quantity of dFAD-related data recorded by observers has greatly
increased, due to the 100% observer coverage requirement in the
WCPO (implemented in 2010 between 20°N and 20°S; WCPEC,
2008; Williams et al., 2020a). However, one crucial data element, i.e.
the unique buoy identification number, remains difficult to record
by observers in the field or is not provided by the skipper, and is of-
ten missing. This number is required to assess the number of dFADs
used and to readily match observer data with dFAD trajectories in
the PNA dFAD tracking database. Therefore, while available data
related to dFADs to guide management in the WCPO are unique
in terms of quantity, quality and type of information compared to
most ocean basins, and allow new estimation techniques to be de-
veloped, they remain incomplete.

Other difficulties with quantifying dFAD use relate to the com-
plexity of dFAD fishing strategies (Lennert-Cody et al., 2018). A di-
verse array of vessels and fleets operate in the WCPO; some vessels
rely heavily on a large array of their own dFADs, while others fish
more often on free schools or rely on logs and dFADs found and
appropriated at-sea. Several types of measurements are therefore
needed to quantify the number of dFADs used per vessel at the scale
of the WCPO (Fonteneau et al., 2015). For example, to quantify the
total number of dFADs drifting at sea, and characterize their impact
on catch rates, both monitored (i.e. with an active buoy) and un-
monitored dFADs need to be estimated. However, no data are cur-
rently available for unmonitored dFADs; alternative methods, such
as simulations, or ongoing monitoring and management, should
therefore be investigated (Escalle et al., 2019). Similarly, to investi-
gate impacts of dFADs on the ecosystem, the number of dFADs de-
ployed annually, the number recovered, and the overall changes to
the quantity and local densities of floating objects (including logs)
(Dagorn et al., 2013a) are important. Finally, the number of buoys
monitored by a vessel is crucial information to quantify effort.

Generally, a high degree of uncertainty exists around the total
number of dFADs deployed in the WCPO. The only previously
available estimates were based upon publicly available data, indus-
try consultations and strong assumptions on dFAD use per vessel
size and flag (Gershman et al., 2015). That study estimated the num-
ber of deployments in the WCPO to be between 30 000-50 000 in
2013. There is, therefore, a need for more comprehensive and robust

1202 dunp 2z uo 1sanb Aq 08€20€9/91 L qesy/swisaol/e601"01/10p/a[oIe-20UeApE/SWIS30l/WO09"dNO"0lWaPED.//:SA)Y WOy PAPEOjUMOd


https://www.pnatuna.com/vessel-day-scheme-texts/purse-seine-vds-text

Quantifying drifting Fish Aggregating Device use by the world’s largest tuna fishery

analyses, based on fishery data, to estimate the number of dFADs
deployed and used in the WCPO, and to provide a basis for on-
going monitoring and management. This lack of information on
dFAD use, as well as implications for tuna stocks, tuna behaviour
and the marine environment, are key uncertainties for the sustain-
able management of dFAD use and tuna fisheries (Dagorn et al,
2013b; Davies et al., 2014; Evans et al., 2015). Indeed, better knowl-
edge on dFAD use is important for various research activities to
guide management, including better estimates of fishing effort (Vi-
dal et al., 2020) and capacity of the dFAD fishery (Fonteneau et
al., 2015); purse seine catch-per-unit-effort (CPUE) standardiza-
tion (Vidal et al., 2020); and tuna school behaviour (Leroy et al.,
2013; Scutt Phillips et al., 2019b).

While taking into account the incomplete nature of available
dFAD activity data and the different measurements linked to the
number of dFADs that could be compiled, the aim of this paper
is to provide the best available estimates of recent dFAD use in the
WCPO. Notwithstanding the data deficiencies noted above, this pa-
per aims to estimate (i) the total number of buoys or dFADs cur-
rently deployed per vessel, as well as across the entire WCPO per
year, and, (ii) the number of active buoys (on constructed dFADs or
logs) monitored by individual vessels over certain periods of time.
Analyses are performed over the 9 years from 2011-2019. This pe-
riod allows an investigation of recent trends and provides a baseline
against which to measure future changes in dFAD usage.

Methods

Data

We used complementary datasets combining three fishery data over
the 2011-2019 period: observer data, operational logsheet data, and
Vessel Monitoring System (VMS) data; and the 2016-2019 PNA
dFAD tracking data (Escalle et al., 2020b) (See Table 1 for the de-
scription of the four available data types). Observer data include
information on dFAD deployments, visits to dFADs, dFAD sets per
vessel and associated catch, as well as the origin of dFADs encoun-
tered by a vessel at sea. The origin of dFADs and logs was recorded
by observers in 23% of the records and corresponded to (i) deploy-
ment from the same vessel (53.8%); (ii) a vessel of the same com-
pany or another vessel with consent (14.9%); (iii) another vessel
without consent or unknown origin (27.8%); or (iv) a support ves-
sel (3.5%) (Table S1). Since 2010, there has been a goal for 100%
observer coverage; however, annual data availability (considered in
this document as observer data coverage) is at 65-78% of the fishing
trips (see Table 1 for annual observer data coverage), because some
data have not yet been received for recent years or some observer re-
ports are excluded/never received for some trips (see Williams et al.
2020a). Operational logsheet data are required for all fishing trips
(available logsheet data coverage was 91% of trips), are recorded by
vessel captains and include estimates of catch per species at the set
level. VMS data (100% coverage) were used to obtain the number
of days at-sea per vessel and, by comparing with the number of ob-
server days at-sea, to estimate annual observer data coverage (i.e.
considered here as the amount of observer data received and pro-
cessed by the SPC) per vessel. Finally, the PNA dFAD tracking data
comprised transmitted locations and time stamps from buoys at-
tached to dFADs between 1 January 2016 and 31 December 2019
(see Escalle et al. 2020a for details of the data compilation proce-
dure and database characteristics). Each transmission included the
unique buoy identification number, location, time and the owner of

Table 1. Main statistics of logsheet, observer, VMS, and FAD tracking data from the WCPO for the 2011-2019 period.

2012 2013 2014 2015 2016 2017 2018 2019

2011

282
282

293 314 322 307 286 281 282
318 306 285 282

286

268
257

No. of vessels in observer and logsheet data

280

306

No. of vessels used in clustering analysis (vessels with

No. of vessels in observer

missing length and weight removed)
% of vessels with observer data coverage < 10%

and logsheet data

3.9%
271

5.3%
267

4.3%

268

13.0%
248

9.8%

276

13.2%
276

14.4%
262

7.0%

266

5.4%
243

No. of vessels used in matching analysis (vessels with

observer data coverage < 10% removed)

2427
729

2304
86.5

2061 2131 2320 2215 2127 2135
733 85.5 83.1 87 85.4 64.7

1827
66.9

Estimated no. of trips from VMS data

Overall trip data coverage

Observer data coverage

16 490
16 341

18381
18 259

13216
12969

13960
13457

15497
14993

20170
19005

20 147
19 110

19008
18353

20143
19 646

Raw no. of deployments in observer data

Observer and logsheet

Raw no. of deployments in observer data (vessels with

observer data coverage < 10% removed)

No. of fishing sets in logsheet data

data

14131 13100 13430 10771 10735 14587 16010 12508

14573

197 202 194

186

No. of vessels in FAD tracking data
% of vessels in FAD tracking data

No. of active buoys

68.8%
20531
0.7%

71.6%
22710
6.1%

70.1%
20779
10.5%
21566

65.0%
13916
17.6%
18229

FAD tracking data

% active buoys without known vessel owner

No. of buoy (re)deployments

18 838

21904
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each dFAD buoy. The dFAD tracking data used for the analyses pre-
sented in this paper corresponds to a subset of buoy deployments
(13916-22 710 per year) and active buoys (18 229-21 904 per year)
for most vessels fishing in PNA waters (from 65 to 72% of vessels)
covering the 2016-2019 period (Table 1).

Identification of vessels groups with similar dFAD fishing
strategy

A clustering analysis was performed to identify groups of vessels,
ranging from 268 to 322 vessels depending on the year (Table 1)
with similar dFAD fishing strategies, which was then used to de-
velop a range of metrics of annual deployments (in this manuscript,
dFAD refers to both constructed and natural (i.e., logs) dFADs).
This was important given that most vessels did not have 100% ob-
server data coverage for all the years considered. The vessel clusters
were then used to raise the observed number of deployments to ac-
count for unobserved trips.

A hierarchical clustering analysis (hclust function in R; R De-
velopment Core Team, 2017), based on Ward’s minimum variance
(Murtagh and Legendre, 2014), was used to group vessels by year
based on their dFAD fishing strategy. Vessels vary in terms of dFAD
reliance, with some vessels focused almost entirely on fishing free
schools, while others are dependent on a large array of dFADs. Clus-
tering was at the vessel and year level and based on: vessel length;
number of associated sets (dFAD and logs) recorded in operational
logsheet data; number of days at-sea derived from VMS data; per-
centage of associated sets (dFAD and logs) over the total number of
all sets from operational logsheet data; and origin of all dFADs set
on, serviced or investigated at sea from observer data. Vessels with
missing information regarding length were removed, resulting in
257-308 vessels being available for the clustering analysis (Table 1).
The output of the clustering consists of a dendrogram and several
diagnostic statistics (e.g. cubic clustering criteria, C-index, DB in-
dex, Hubert index, and Dunn Index) that were used to select the
appropriate number of clusters.

Estimated number of dFAD or buoy deployments using
fishery data

In this analysis, a deployment is defined as an initial or repeat de-
ployment at sea of a dFAD with a buoy (55.8% of all deployments
recorded by observers); a buoy only either on alog or dFAD already
drifting (10.5%); or a dFAD only due to the buoy deployment not
being recorded by the observer (33.7%). Estimates are calculated on
an annual basis, as this corresponds to the main temporal variabil-
ity in the WCPO due to the EI Niftlo-Southern Oscillation (ENSO)
cycle, with seasonal variability being relatively low (Lehodey et al.,
2020; Williams et al., 2020a).

First, the raw estimates of deployments per vessel v and year y
(Dy,y), as recorded by observers, were compiled alongside the ob-
server data coverage per vessel (OC,,,; i.e. proportion of total VMS
fishing days with observers) (Table 2). Overall trip data coverage
varied between 64.7 and 78.0% (Table 1). Events where a buoy was
deployed at the same time as a dFAD were only counted once. Data
from vessels with observer data coverage of < 10% of their fishing
days each year were deemed too imprecise and removed from the
analysis, resulting in removal of 4-13% of vessels per year, and 243
276 vessels remaining available (Table 1).

Escalle et al.

Second, the total number of dFAD deployments per vessel v and
per year y (Dtot,,,,,) was estimated using a “scaled-vessel metric”
calculated as follows:

Scaled—vessel metric : Dtot,,, = D,,/0C,,, (1)

and an estimate of the total number of dFAD deployments across
all N, vessels included in the analysis in year y is given by

Ny

Dtot, = Y Dtoty,,. (2)

v=1

In order to provide alternative metrics of annual deployments
for robust comparison, to account for the unknown number of
deployments during the unobserved trips (i.e. 13-35% of trips,
Table 1) and the different vessel clusters, and to obtain a plausi-
ble estimate of the range of the total number of deployments per
year, three additional estimates of the total number of deployments
per vessel v and per year y (Dtot, ;s Dtots,,y; Dtoty,,.,,) were
calculated (see below and Table 2). These drew on the results of
the clustering analysis, where estimates of the number of deploy-
ments for the unobserved trips were derived from the 0.1 quantile
(Dtot 410,c,y), mean (Dtotyean,c,y), and 0.9 quantile (Dtotye,,,) val-
ues of total number of deployments (Dtot;), calculated previously
using the scaled-vessel metric, and recorded per vessel cluster c. This
corresponds to

QIO cluster — based metric:  Dtoty ., = D, + Dtotgi.c, * (1 — OC,,)
Mean cluster — based metric : Dtot3 ., = D, + Dtotyean.cy * (1 — OC, ;)
Q90 Cluster — based metric :  Dtoty ., = D, + Dtotg.c, * (1 — OC,,)

(3)

and the corresponding estimate of the total number of
dFAD deployments across all vessels in year y is given
by

8 Ney

Dtotyy =Y Y " Dtotyc,,

c=1 v=1

Ney

8
Dtotsy =Y ) " Dtots e,

c=1 v=1

8 Ny

Dtotyy =YY Dtotyc,, 4)

c=1 v=1

where N, , is the number of vessels in cluster c in year y. The quantile
range of 0.1 to 0.9 provides an 80" -percentile range of uncertainty
for the mean estimate.

Finally, to estimate the total number of dFAD deployments
made in the whole WCPO per year, we included estimates
of the deployments from vessels with no observer data cover-
age (assigned to a vessel cluster based on logsheet data), us-
ing the average total number of deployments per cluster and es-
timation metric (i.e. mean of Dtot,,,,, Dtot,,,,, Dtots,.,, and
Dt0f4,v'c,},).
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Table 2. Methods used to estimate the number of deployments made per vessel and per year in the WCPO.

Method Metric Abbreviation Data used Time period
Fishery data only Scaled vessel Dtot; — Raw observer record of number of deployments per 2011-2019
vessel and year
— Annual observer data coverage
Cluster-based
-q10 Dtot, — Total number of deployments per vessel and year
from scaled vessel metric
- mean Dtot; - 0.1 quantile, mean and 0.9 quantile of the number of
deployments per cluster of vessel and year from
scaled- vessel metric
-q90 Dtot; — Annual observer data coverage
Combined dFAD tracking Tracking-observer Dtoty-obs — Raw observer record of deployments per year (buoy 2016-2019

and observer data

ID number, position and date/time)
— Deployments from the dFAD tracking database
(buoy ID number, position and date/time)

This leads to the overall estimates per year calculated as follow:

Ny Oy
Dtot,, = » Dtoti,y+ Y Dioty,,
v=1 v=1
8 Ney Ocy 7]

DtOtZY}, = Z

c=1

> Dtoty,cy+ Y Diob,
v=1 1

V=

8 _Nc,y Oc.y

Dtot;y =Y | Y Dtots .y + Y Dioks,
v=1 v=1

c=1

8 [ Ney Ocy

Dt0t4‘y = Z Z Dt0t4,v,c,y + Zm
v=1 v=1

(5)

c=1

where O, is the number of vessels in cluster ¢ in year y for which
OC < 10%.

Estimated number of buoy deployments using combined
dFAD tracking and observer data

Estimates combining both dFAD tracking and observer data could
only be made for the 2016-2019 period and were developed con-
sidering the following features of the data: (i) submission of dFAD
tracking data to the PNA is mandatory for vessels when fishing in
PNA waters, but not the whole WCPO (see Figure S2 for the map
of the PNA and the WCPO); (ii) most dFAD trajectories in the
PNA dFAD tracking data have been geofenced by fishing compa-
nies prior to submission, with dFAD positions outside PNA waters
removed; (iii) the data correspond to an unknown fraction of the
total number of dFADs in the WCPO, with some vessels not submit-
ting any dFAD trajectories (65-72% of vessels of all vessels found as
FAD owners in the dFAD tracking database, Table 1); iv) the vessel
owner of a dFAD (buoy owner) was sometimes not provided (17.6;
10.5; 6.1 and 0.7% of active buoys in the database in 2016-2018 and
2019, respectively, Table 1); (v) a set made on a given dFAD can
be performed by a vessel that is not the owner of the dFAD, or a

dFAD can be deployed by another vessel of the same company as
the owner; and (vi) deployments in the PNA dFAD tracking data
correspond to buoys, which may be deployed, picked-up, then re-
deployed several times (Table 1, Escalle et al., 2018b, 2020b).

Given the complexity and incompleteness of the dFAD tracking
data, it was necessary to match observer data on a given dFAD de-
ployment to a dFAD trajectory (Table 2). At-sea positions from the
dFAD tracking data were matched with buoy and dFAD deploy-
ment positions from observer data (see Table 1 for available data in
both databases) using; (i) buoy identification number; or (ii) match-
ing fishing company and date, and plausible speed between posi-
tion/time of deployments in dFAD tracking and the observer data
(i.e., vessel cruising speed <15 knots). Deployment positions on the
border of a PNA country and not preceded by several on-board po-
sitions, were removed, as these likely resulted from the geo-fencing
of the data and therefore were not actual deployments.

The total number of deployments per year (Dfotyi..ps) Was
estimated by adding the number of matched deployments (D
matched) with the number of non-matched deployments in the
dFAD tracking database (D track non-matched) and the number
of non-matched deployments in the observer database (D obs non-
matched) (see Table S2 for the annual contribution of each part to
Dtotyi.ops). Note that D used in the estimates using fishery data only
(section 2.3) corresponds here to D matched + D obs non-matched.

Tracking—observer metric : Dtol_ops,v,y
= Dmatched,,, + Dtrack non matched,,),

+ Dobs non matched,,,,. (6)

Note that not all vessels were listed as buoy owners in the PNA
dFAD tracking data;186 vessels were listed as buoy owners in 2016,
197 in 2017, 202 in 2018 and 194 in 2019, out of a total of 286, 281,
282, 282, respectively, in the WCPO. Estimates for the unlisted ves-
sels were either (i) based on observer records only or (ii) raised from
the estimates based on observer records using the ratio of the mean
total number of deployments per year and cluster (T,,) for vessels
with tracking data to the mean total number of deployments per
year for vessels with no tracking data (U.,,). The raised estimates
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Figure 1. Boxplots by cluster and year (2011-2019) of the number of dFAD sets in logsheet data (top left-hand panel), the percentage of dFAD
sets from logsheet data (top right-hand panel); the number of days at-sea per vessel derived from VMS data (bottom left-hand panel); the
percentage of owner dFADs (i.e. belonging to the vessel) visited or set on by a vessel from observer data (bottom right-hand panel). The median
(horizontal black lines), and lower (q1) and upper (g3) quartiles (box limits) are shown for each vessel cluster and year. Upper whiskers
represent the smaller of the maximum value and q3 + 1.5 x interquartile range, and lower whiskers are the larger of the minimum value and
q1-1.5 x interquartile range. Circles are data points outside these ranges.

(Dtot yiops), for vessels with no tracking data vyr, are as follows:

Ty
= Dobs non matched,, x ; )

cy

DtOt”k,

obs, vNT.Y

In addition, total estimates of deployments also included those
from the PNA FAD tracking data with no vessel owner declared
(Table S3).

Estimated number of buoys monitored per vessel

The number of buoys, inclusive of instrumented logs and dFADs,
monitored per vessel over different time periods was investigated
for the top 50 vessels with the highest number of estimated deploy-
ments per year for the methods with fishery data only and with
combined dFAD tracking and observer data.

For the scaled-vessel metric, the top 50 vessels were used to in-
vestigate the number of buoys monitored. The sum of the num-
ber of buoy-only deployments from observer data (raw numbers)
over a certain period is considered a proxy for the number of ac-
tive buoys at any given time. The assumption was made that each
buoy deployed at a given time would remain active for a certain
period, called the “survival period” (see Figure S3). Three survival
periods were chosen, 4 months, corresponding to the mean at-sea
time of buoys before re-deployments; 6 months, the average ac-
tive time of buoys; and one year as an extreme (Figure S3, Escalle
etal.,2018).

For the tracking-observer metric, the top 50 vessels per year
were defined as those with the highest number of deployments es-
timated by this metric and that were present in the PNA dFAD

tracking data. The maximum number of active buoys monitored
(Bmax) at any given time t per vessel v was investigated by rais-
ing the raw number of active buoys (B) from the PNA dFAD track-
ing data, then using a raising factor derived from the relationship
between raw number of deployments from the PNA dFAD track-
ing data and the total number of deployments estimated per ves-
sel and per year. The raising factor (RF) used, and the maximum
number of active buoys (Bmax) are calculated according to the
following:

Dmatched,,, + Dtrack non matched,, , + Dobs non matched,,,
Dmatched,,, + Dtrack non matched,,,

)

Bmax,; = By x RF. (8)

The raw and raised number of active buoys per vessel was investi-
gated per day and per month and at monthly and annual time-steps.
Differences between years and months were assessed using Kruskal
Wallis tests and ad hoc Wilcoxon pairwise comparisons. All statis-
tical analyses were performed using R 3.4.0 (R Development Core
Team, 2017).

Results

Clustering by vessel and year

For each year, vessels were divided into eight groups (see Table
S$4 for statistics used to determine the optimum number of clus-
ters and Figure S4 for the dendrograms each year) of similar dFAD
fishing strategy, discriminated on the basis of both fishing and ves-
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sel characteristics (Figures 1 and S4). These were classified as clus-
ters A-H in decreasing order of the number of dFAD sets recorded
in logsheets (Figure 1 and Figure S5). Similarly, the percentage of
dFAD sets also generally decreased from cluster A-H (Figure 1).
Vessel length and vessel speed were relatively consistent among
clusters B-D, but significantly smaller/slower for cluster H and
larger/faster for cluster A in 2011 and 2012, indicating the presence
of large vessels that subsequently left the fishery (Figure S5). The
number of days at-sea was highly variable depending on the clus-
ter considered, but was generally high for clusters A to C-E. These
clusters were associated with vessels that made higher numbers of
dFAD sets annually (A to C or D), typically set on and investigated
dFADs they deployed and owned, or another vessel’s dFAD with its
consent based on knowledge of the observer, for example a dFAD
from a vessel of the same fishing company that shares information
with other company vessels. These clusters therefore correspond to
vessels with a large array of available dFADs. These findings were
similar for cluster H, mostly because these vessels made very few
associated sets, but mostly on their own dFADs (Figure 1). Vessels
in the rest of the clusters operated on their own dFADs for less than
50% of the time.

Generally, vessels in clusters A and B were the largest vessels;
fished most of the year; had a fishing strategy oriented toward
dFADs, with more than 50-75% of their sets being on dFADs and
with a large array of their own dFADs (Figures 1 and S5). Vessels in
clusters C and D were intermediate, in that they also showed high
rates of dFAD sets and days at sea, but they relied on both their own
dFADs and other dFADs found and appropriated at sea. Clusters
E-G represented relatively opportunistic vessels, having less than
20-50% of their sets on dFADs and included smaller vessels (e.g.
domestic fleets of Pacific Island nations). Finally, cluster H included
very small vessels, conducting very few dFAD sets that were mostly
on their own dFADs. Most vessels were classified in the same clus-
ter for more than one year over the whole study period (84.6% of
vessels), with 36.6% of vessels classified in the same cluster for at
least 4 years.

The raw number of deployments per vessel recorded by ob-
servers shows a general decrease from vessel cluster A-H. This is
broadly in line with our observations based on logsheet data, even
if a higher number of deployments was detected in some years for
clusters F and H (Figure 2); high variability between vessels within
a cluster was also detected.

Estimated number of dFAD or buoy deployments using
fishery data

The cumulative total number of deployments per vessel and year,
estimated using the scaled-vessel and cluster-based metrics, is shown
for vessels with observer data coverage in Figures 3 and S6. This was
compiled to assess the proportion of deployments accounted for by
a specific fraction of the fleet. Based on the scaled-vessel estimates,
for all years, 14-25% of vessels were responsible for 50% of the de-
ployments, with a decrease in the number of vessels responsible in
recent years (Figures 3 and S6). This suggests that, recently, fewer
vessels are responsible for more deployments (e.g. 14-17% of vessels
responsible for 50% of deployments since 2017; Figures 3 and S6).
For the cluster-based metrics, 17-27% of vessels were responsible
for 50% of deployments in the q10 metric; compared to 20-30% of
vessels in the mean metric; and 20-32% of vessels in the 90 metric
(Figure S6).

Very few vessels in the WCPO undertook more than 350 deploy-
ments per year, based either on the scaled-vessel metric: 4% in 2011,
2018, and 2019, and 1-2% for the other years, or the cluster-based
metrics: 0-4% of vessels (Table 3 and Figure S7). For all the estima-
tion metrics, most vessels deployed less than 250 dFADs per year,
with 0-11% of vessels deploying more than 250 (except for 2011
when this percentage was 19% for the g90 cluster-based metric and
15% for the scaled-vessel metric; Table 3 and Figure S7). In general,
more than half of the vessels deployed less than 150 dFADs per year.

The number of estimated deployments in the WCPO was com-
piled for vessels with observer data coverage > 10% (numbers in-
dicated on Figure 3 and Figure S7) and for all vessels by adding av-
erage number of deployments per cluster for vessels with observer
data coverage < 10% (Figure 4). Estimates using the scaled-vessel
(i.e. Dtot;) and the mean cluster-based metric (i.e. Dtot;) showed
very similar results, with the total number of buoy or dFAD de-
ployments varying between 21 000-31 000 per year (Figure 4). Us-
ing all the estimation metrics, including the q10 and 90 cluster-
based metrics, the range of total number of deployments estimated
per year varied between 23 000-39 500 in 2011 and 17 400-23 800
in 2016, including 11-42 vessels per year with no observer data
coverage.

Estimated number of buoy deployments using combined
dFAD tracking data and observer data

The tracking-observer metric estimated that the number of buoy de-
ployments per vessel varied between 1 and 598 (mean = 98) in 2016;
1 and 845 (mean = 114) in 2017; 1 and 699 (mean = 135) in 2018;
and 1 and 700 (mean = 120) in 2019 (Figure 5). Similar to estimates
from the previous method, very few vessels deployed/redeployed
more than 350 buoys per year (1-4% of vessels, Figure 5 and Table 3)
and more than half of the vessels typically deployed less than 150
dFADs, with only 13-17% of vessels deploying more than 150 buoys
per year (Table 3). Cumulative numbers of deployments per vessel
per year showed that 18-19% of vessels (i.e. around 50 vessels) were
responsible for 50% of the deployments (Figure 5).

Using the tracking-observer metric, the total number of estimated
buoy deployments was 31093 in 2016, 34 140 in 2017, 39521 in
2018, and 35 207 in 2019, including deployments not linked to any
vessel owner declared in the PNA FAD tracking data (Figure 4 and
Table S3). This represents a level of deployment that is similar to
the q90 cluster-based metric for 2011-2015. The raised number of
estimated buoy deployments accounting for vessels with no avail-
able FAD tracking data was 36 951 in 2016, 39 582 in 2017, 46 937
in 2018 and 42 623 in 2019 (Figure 4 and Table S4).

Investigating the number of active buoys per vessel

The number of deployments per vessel per year estimated in pre-
vious sections is different from the actual number of buoys moni-
tored at any given time by a vessel, which has been limited to 350
since 2018 (WCPFC, 2018). Most of the top vessels (57%) were only
classified accordingly for 1 or 2 years, while a core group of ves-
sels (17%, i.e. 30 vessels) appears to be regularly deploying more
dFADs than others (in 5 to 7 years out of 9). Under the assump-
tion that all buoys remained active for a 4-month survival period,
the median number of buoys monitored for the top vessels was
50, the maximum number was 250 and 50% of the vessels moni-
tored 25-75 dFADs at any particular time (Figure 6). This increases
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Figure 2. Raw number of dFAD and/or buoy deployments, recorded by observers, per vessel cluster and year. All other information as for

Figure 1.
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Figure 3. Cumulative estimated number of deployments per vessel per year (2011-2019) using the scaled-vessel metric. Estimates of the total
number of dFADs in the WCPO (for vessels with observer data coverage < 10%), by year, are indicated on the right-hand side of each curve.
Horizontal dotted lines correspond to 50% of the number of deployments per year and vertical dotted lines to the corresponding number of

vessels (range added on the x-axis) having deployed 50% of the dFADs.

to a median of 50-75 buoys for survival periods of 6 months and
100-150 for survival periods of one year (Figure 6). Longer sur-
vival periods result in a higher number of monitored dFADs be-
cause it was assumed that all buoys remained active for the whole
period.

An alternative method investigated the number of active buoys
per vessel at any given time using data from the PNA dFAD tracking
programme only. To do so, the top 50 vessels with the highest num-
ber of estimated buoy deployments present in the dFAD tracking
database were selected (tracking-observer metric). The raised num-
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Table 3. Estimates of the percentage of vessels with more than 150, 250, and 350 dFAD deployments per year depending on the estimation metric used*.

% vessels with > 250 deployments % vessels with > 350 deployments

% vessels with > 150 deployments

Tracking
observer

Scaled
vessel

Tracking
observer

Scaled
vessel

Tracking
observer

Scaled

Cluster based

Cluster-based

Cluster-based

vessel

Year

Mean q90

q10

q90

Mean

q10

q90

Mean

q10

19

15

49
26
18
24
10

29
18
13
16

17
14

30
n

21

201

2012

14
17

2013

14

2014

2015

15
13
17
15

2016

24
26
33

n
17
18

13
18
16

2017

12

2018

2019

*Scaled-vessel estimates; cluster-based estimates (mean; 0.1 quantile “q10”; and 0.9 quantile ‘g90”) and tracking-observer estimates.

ber of active buoys ranged between 0 and 330 per vessel per day
(Figure 7) and between 0 and 400 per vessel per month (Figure S8).
A general increasing trend was detected through time, with a me-
dian raised number of active buoys of 45 per vessel per day in 2016
compared to 75 in 2019 (Figure 7). Significant differences between
years were found using a Kruskal-Wallis test (** = 6299.7; and
256.4 for the raised number per day and per month respectively, df
=3;p < 0.001) and all years presented a significantly different num-
ber of buoys with the exception of 2017 and 2018 (multiple com-
parison tests with significance criterion of p < 0.05). No monthly
trend was detected, with a median of 50-60 active buoys per vessel
per day and 75-80 per vessel per month (Figure 7; Kruskal-Wallis
test p>0.05).

Discussion

Novel advances and continued challenges for dFAD
deployment estimates

This paper presents the first estimates of dFAD deployments in the
largest tuna purse seine fishery in the world and offers novel ap-
proaches for robust empirical estimation of dFAD use. It also high-
lights the current challenges in estimating and monitoring the to-
tal number of dFAD deployments and the numbers of active buoys
on dFADs being monitored by individual vessels at any particu-
lar time. The methods developed in this study, using various data
sources and considering vessel-level fishing strategies, provide a
way to monitor the use of dFADs at the ocean basin scale of the
WCPO, where the size and complexity of the fishery, as well as data
availability, have previously limited our ability to compile robust es-
timates. It should be noted that the contributions of sub-regional
management groups, in particular, the PNA, to both improving data
collections and making data available has been critical, and will
continue to be essential to improve the monitoring of dFAD use.
The improved data on dFAD use will in turn contribute to other
research on dFAD influences on tuna catch rates and ecosystem in-
teractions more generally in the WCPO. The estimation approaches
we have developed using different combinations of available data,
should be applicable in other oceans and fisheries to improve as-
sessments of dFAD use globally.

The purse seine fishery in the WCPO covers approximately 20
million km? (10°S-10°N and 130°E-150°W) primarily spanning
the Exclusive Economic Zones (EEZs) of 15 different countries and
territories. The number of purse seine vessels has remained stable
at around 250-300 since 2010 (excluding small domestic vessels in
Indonesia, Philippines and Vietnam; Williams et al., 2020b), cov-
ering more than 15 fleets. While such complexity presents chal-
lenges for scientific analyses and management, the fishery data
available are of a high standard. For data related to dFADs, this in-
cludes the requirement for 100% observer coverage since 2010, with
records of deployments, sets and any other dFAD related activities
(WCPFC, 2008; Williams et al., 2020b). This coverage level exceeds
that used in other studies to estimate dFAD use (e.g. 5-10% cover-
age; Maufroy et al., 2017). Additional detailed data have also been
made available through the PNA’s dFAD tracking programme initi-
ated in 2016 (Escalle et al., 2020b). While these data present the best
insight into dFAD usage by purse seiners in PNA waters, this dataset
is still incomplete. Thus, many uncertainties around dFAD use re-
main. Regarding observer data, the time lag before near-complete
observer data are available precludes precise estimation for recent
years and therefore the comparison with the dFAD tracking data
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Figure 4. Estimates of the total number of deployments per year in the WCPO for all vessels. Different estimating metrics were used based on
fishery data only (black line) and a combination of PNA dFAD tracking and observer data (orange line). Estimates using fishery data only
consisted of five metrics (D = raw vessel; D,,;; = scaled vessel metric; Dy, = using 0.1 quantile by vessel cluster; D3 = using mean by vessel
cluster; Dyors = using 0.9 quantile by vessel cluster). For all metrics, the raw data only was used for vessels with observer data

coverage < 10%. Estimates using a combination of PNA dFAD tracking and observer data (tracking-observer metric Dtotyy.ops) included
deployments with no vessel owner declared in the PNA FAD tracking database. For vessels missing in the PNA FAD tracking data, estimates
from raw (Dtoty.ps) OF raised (Dtoty.ops raised) observer data only were used.

estimates should be treated with some caution. In addition, deploy-
ments not documented by observers, performed by supply vessels,
or made in the EPO and then transported to the WCPO by the
general westward current circulation in the tropical Pacific (Scutt
Phillips et al., 2019a) would not be accounted for. To overcome these
challenges and increase confidence in estimates, two complemen-
tary approaches were used in this paper.

Perspectives on deployment estimates, estimation
methods, and global comparisons

The results from the scaled-vessel, cluster-based and tracking-
observer metrics suggest that the total number of dFADs de-
ployed/redeployed each year in the WCPO has an 80™ percentile
range of 16 000-47 000 for the 2011-2019 period (mean of 20
000-30 000 using fishery data only and 30 000-40 000 using FAD
tracking and observer data). These numbers are similar to the 30
000-50 000 deployments estimated based on industry declaration
in 2013 by Gershman et al. (2015). In addition, the annual num-
ber of total deployments estimated in the WCPO is the highest
of all the oceans, with estimated maxima of 15000 in the Indian
Ocean; 18 000 in the Atlantic Ocean; and 19 000 in the EPO in
2013 (Fonteneau et al., 2015; Gershman et al., 2015; Maufroy et al.,
2017); compared to our estimates of 20 000-30 000 for the WCPO
in 2013. This is not surprising given the scale of the WCPO fishery,
and within region differences are not surprising as the data used
for this study exceed those used in the past (i.e. Gershman et al,
2015), combined with the more robust estimation procedures used
here.

With the exception of a decrease in the 2015-2017 period, a sta-
ble trend through time in the total number of deployments in the
WCPO was detected using the scaled-vessel and cluster-based met-
rics. This is likely due to delays in observer data availability in re-
cent years, rather than any “real” decline in dFAD deployment rates.
When results from all methods are compiled together, higher num-
ber of deployments are detected in 2018 and 2019. Hence, results
from this paper and comparison with previous estimates (Gersh-
man et al., 2015) tend to indicate that the number of dFAD de-
ployments has remained stable over the last decade, or has recently
increased. This is consistent with trends in the number of dFAD
sets and associated catch that, after a continuous increase from the
mid-1990s, has remained relatively consistent over the last decade
(Leroy et al., 2013; Williams et al., 2020a).

The stability, or recent increase, in the WCPO differs from the
sharp increases detected in other oceans at least up until 2013.
Studies of dFAD trends in the Atlantic and Indian oceans were,
however, based on fishery data from specific fleets only and with
limited observer coverage (Fonteneau et al., 2015; Maufroy et al,
2017); or based on assumptions and generalisations in the other
oceans (Baske et al., 2012; Gershman et al., 2015). Since then, to our
knowledge, there is no scientific paper or report indicating trends in
the overall number of dFAD deployments per year, although fleet-
specific trends in buoy use have been reported. The French fleet has
seen a continued increase in number of active buoys per day, reach-
ing 4000 and 1500 in 2019 in the Indian and Atlantic oceans, re-
spectively (Floch et al., 2019a, 2019b). If we consider an active buoy
survival period of 6 months, this could correspond to more than
8000 and 3000 buoy deployments/redeployments per year, respec-
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Figure 5. Estimated number of deployments per year in 2016 to 2019 (left-hand panel) and estimated cumulative number of deployments per
year between 2016 and 2019 (right-hand panel) based on the tracking-observer metric. Individual data points represent individual vessels.
Horizontal dotted lines, on the right plot, correspond to 50% of the number of deployments per year and vertical dotted lines to the
corresponding number of vessels having deployed 50% of the dFADs. Estimates of the total number of dFADs deployments in the WCPO,
excluding deployments with no vessel owner declared in the PNA FAD tracking database, by metric, are indicated on the right-hand side of

each curve, on the right-hand plot.

tively. However, with numerous dFAD exchanges and buoy swaps
during a dFAD’s at-sea life, it is difficult to assess trends in an-
nual dFAD deployments from the number of active buoys moni-
tored. Similarly, for a buoy survival period of 6 months in the In-
dian Ocean, it is estimated that 12 500-14 800 buoys are monitored
per month by the entire purse seine fleet (IOTC, 2020a), potentially
indicating an increase from the 15000 annual dFAD deployments
estimated by earlier studies (Gershman et al., 2015; Maufroy et al.,
2017).

The relatively stable trend over the study period detected with
the available data in the WCPO might be explained by the sub-
stantial changes in dFAD use that had already occurred in the
decade preceding the initiation of the data collection that supported
this study (2000-2010) (Tidd et al., 2017). These aforementioned
changes in the fishery include the introduction of the PNAs VDS,
FAD closure periods, and the uptake of dFAD buoy technologies
by fishers (Lopez et al., 2014). The more recent period considered
in this study is concomitant with the arrival and increased use of
dFAD buoys with tracking and acoustic capabilities (Lopez et al.,
2014). These technologies have likely increased operational effi-
ciency through easier location of dFADs and monitoring of asso-
ciated biomass both in historically productive fishing grounds, as
well as marginal areas. It is thought that this has allowed the geo-
graphic extension of the fishery (T. Vidal, pers. comm.). In general,
alarger array of echosounder-equipped dFADs gives fishers greater
choice and flexibility to choose the best aggregations, at convenient
distances from their positions at sea or base ports (Lennert-Cody et
al., 2018).

The stable trend since 2011 may suggest that an optimal num-
ber of dFADs has been reached under the current operational con-
straints, at least by some companies. Another explanation might be
that the limitations of the available data over the 2011-2019 period
biased our assessment to some extent. Indeed, as mentioned ear-
lier, the data recorded by observers used in the analyses included

any deployments of dFADs with buoys or the addition of buoys
to a dFAD or log found at-sea, but will not include those unno-
ticed by observers for reasons explained above. It is possible that
increased deployments by non-purse seiners (cargo, longliner or
support vessels) might explain the recent decrease in the number
of vessels responsible for more than 50% of the deployments. These
deployments would not be recorded by observers but would still
appear in the PNA dFAD tracking data which, while incomplete,
remains the most useful dataset to estimate the number of deploy-
ments in the WCPO. When raising the estimates for vessels absent
from the FAD tracking data, an increasing trend is detected in the
number of deployments since 2017, which highlights an apparent
underestimation when directly using the currently available data.
Generally, it can be considered that all the limitations mentioned
(i.e. geo-fencing and incomplete nature of the dFAD tracking data,
lack of full observer data coverage at this time, deployments un-
noticed by observers) will likely lead to an underestimation of the
active buoy numbers and deployments described in this paper. Ac-
cessing a longer time series of buoy trajectory data would there-
fore be important to more precisely assess the number of dFADs in
use and the trends over time. This will be particularly important
for a number of research questions, such as the impact of dFAD
density on catch rates; better understanding of effort dynamics, in-
cluding effort creep; standardization of purse seine CPUE; and tuna
behavioural responses (Leroy et al., 2013; Vidal et al., 2020). In gen-
eral, a comprehensive understanding of the number of dFADs being
deployed and strategies of dFAD fishing will be a critical element for
compiling reliable estimates of purse seine fishing effort for use in
stock assessments (Fonteneau ef al., 2015).

Based on the overall number of deployments in the WCPO esti-
mated here, and considering an average number of 280 purse seine
vessels operating per year (Williams et al., 2020a), each vessel would
deploy an average of 107-142 dFADs per year. This estimate is lower
than reported in other studies (Scott and Lopez, 2014; Fonteneau
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Figure 6. Number of active buoys per vessel, derived from observer data using three buoy survival periods: 4 month, 6 month and 1 year, for
the top 50 vessels deploying the highest number of dFADs. All other information as for Figure 1.
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Figure 7. Annual (left-hand panel) and monthly (right-hand panel) variability in the raised number of active buoys per vessel and per day in the
PNA dFAD tracking vessel for the top 50 vessels deploying the highest number of dFADs. All other information as for Figure 1.

et al., 2015; Lennert-Cody et al., 2018; Floch et al., 2019a, 2019b).
However, this may in part relate to the limitations of the data avail-
able to the other studies. Estimates per vessel per year derived here
using two alternative methods showed that in most years only a
small proportion of vessels deployed more than 150 dFADs. If we
consider an average buoy survival period of 6 months Escalle et al.,
2018), less than 150 buoys would be actively monitored by a vessel.
This was confirmed by estimation of the number of active buoys per
vessel at any given time. Vessels deploying the highest number of
buoys in the WCPO per year had a median number of active buoys

per day ranging from 45 in 2016 to 75 in 2019. Generally, an increas-
ing trend was detected from 2016 to 2019 in terms of the number of
active buoys, which suggests an increase in the number of dFADs
monitored per vessel at a particular point in time by some fleets.
This trend is supported by echosounder buoy adoption, which al-
lows remote monitoring of fish aggregations below dFADs. This is
different from the stable trend detected in the overall number of de-
ployments in the WCPO. This difference could be explained in part
by increased dFAD sharing within a company, despite a regulatory
change that now requires dFADs to be registered to a given vessel
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rather than a fishing company (B. Vanden Heuvel, pers. comm.).
There may be benefits associated with strategic deployments if mul-
tiple vessels can monitor the same buoys, thereby increasing relative
fishing capacity without scaling up total deployments. Interestingly,
no monthly trend was detected, and fishers did not appear to mon-
itor fewer dFADs during the FAD closure period. This could be due
to the monitoring by fishers of the aggregation behaviour of tuna
around their array of dFADs, as an additional guide for free school
fishing during the closure, or to plan fishing after the closure period.

Global dFAD fishing strategies

While the overall number of deployments per year estimated in the
WCPO is the highest of all the oceans, the number of buoys de-
ployed per vessel estimated in this paper is the lowest of all ocean
basins, indicating less dependence on dFADs in the WCPO com-
pared to other oceans. For example, 40% of the WCPO purse seine
catch in 2019 was on floating objects, compared to approximatively
60, 70 and 80% in the EPO, Atlantic Ocean and Indian Ocean, re-
spectively (Pascual-Alayon et al., 2019; IOTC, 2020b; Lopez et al.,
2020; Williams et al., 2020a). In the EPO, it was also found that a
certain portion of the fleet relied more heavily on dFADs and de-
ployed higher numbers, ranging between 150-400 dFADs per year
for those vessels deploying the highest numbers (Lennert-Cody et
al., 2018). In the Atlantic Ocean, the number of dFADs deployed
per vessel has been estimated to have reached more than 500 for
the Spanish fleet (Fonteneau et al., 2015; Maufroy et al., 2017) and
250 for the French fleet (Floch et al., 2019b). In the Indian Ocean,
90% of the French purse seine sets are made on floating objects,
with an estimated 315 dFADs deployed per vessel each year (Floch
et al., 2019a). This peak was reached after a very sharp increase in
dFAD deployments between 2007 and 2013 (Fonteneau et al., 2015;
Maufroy et al., 2017).

Differing rates of dFAD loss, e.g. drifting out of the fishing area,
might also explain why some oceans show higher dFAD deploy-
ment rates per vessel, with higher loss rates being compensated for
by greater levels of deployment per vessel. Alternatively, some fish-
ing companies may decide to manage fewer dFADs, but keep them
within the spatial range of their purse seiners, to avoid large dFAD
loss. This would be influenced by local oceanographic currents and
the expanse of the fishing area. While information on rates of dFAD
loss is not available for other oceans, loss rates of 42.1% have been
estimated for the WCPO based upon dFAD tracking data in 2016
2020 (Escalle et al., 2020b). For other oceans, this could be inves-
tigated in further detail using appropriate data (detailed observer
data and dFAD tracking data) and/or simulation based on oceano-
graphic data (Imzilen et al., 2016; Scutt Phillips et al., 2019a).

dFAD management strategies

In the other oceans, management measures are in place to limit the
number of active buoys at 70-450 (depending on vessel size) in the
EPO (IATTC, 2020), 300 in the Indian Ocean (IOTC, 2019) and
300 for the Atlantic Ocean (ICCAT, 2020). However, except for the
Indian Ocean, there are no limits on total annual deployments. In
the Indian Ocean, where the number of sets on dFADs has reached
more than 80% of all sets performed (Floch et al., 2019a; Béez et al.,
2020), the number of buoys monitored at any given time for Spanish
and Seychelles vessels decreased from almost 600 to less than 300
following the initial implementation and subsequent decrease in the
limit on active buoys (Santiago et al., 2017; Chassot et al., 2019). The

opposite has been observed for the French fleet in the same ocean,
where the IOTC limit replaced a self-imposed buoy limit by the fish-
ing companies, and the number of buoys monitored per vessel in-
creased from approximately 200 per month in 2012 to more than
300 by 2016 (Maufroy and Goujon, 2019). This highlights the need
for reliable monitoring of the number of dFADs used per vessel at
the scale of each ocean basin.

For more than a decade, the management of the dFAD purse
seine fishery in the WCPO has mostly relied on an annual dFAD
closure period (prohibition of dFAD-related activities for three to
five months depending on the EEZ or high seas area; WCPFC,
2018). The dFAD closure was primarily initiated to reduce the im-
pact of dFAD fishing on bigeye tuna stocks, due to high catch rates
of small bigeye in dFAD sets. However, it is also likely contributing
to the stabilisation of the number of dFAD sets since 2010 (Leroy
et al., 2013; Williams et al., 2020a). The number of sets that can be
performed in a year by a vessel is limited by the characteristics of
the aggregation and vertical distribution of tuna at dFADs. Notably,
tunas aggregate more tightly to the dFAD and closer to the surface
just before sunrise (Scutt Phillips et al., 2019b). This means that only
one dFAD set per day is commonly performed in the WCPO. Fur-
ther, while the PNAs VDS management system would constrain the
number of dFADs sets that can be conducted through a limit on the
number of fishing days, the number of dFADs deployed by a vessel
may have increased. Thus, resulting in an expansion of the array of
dFADs with echo-sounder satellite buoys available to fishers, and
hence allowing greater opportunity to maintain or increase daily
catch rates. Therefore, more recently, WCPFC also adopted another
CMM to limit the number of active dFADs (i.e. a dFAD with an ac-
tivated satellite buoy), at any given time to 350 per vessel (WCPFC,
2018). However, this was not based on scientific data and if all ves-
sels (~250-280) were to reach this level, the number of annual de-
ployments could be above 85 000. As such, this limit would not be
considered a conservation measure. This paper shows that currently
this maximum level is rarely, if ever, reached in the WCPO. How-
ever, the increasing trend in the number of active buoys detected
from 2016 to 2019 is noteworthy.

In addition, a measure restricting the number of active buoys
per vessel, at any given time, cannot take into account the fact that
buoys are commonly deactivated (i.e. satellite transmissions are ter-
minated) when dFADs are considered lost by fishers or after an op-
timum period at sea. This approach is therefore likely insufficient
for limiting the overall number of dFADs and floating objects at sea
and mitigating their impact on tuna behaviour and distribution or
on the marine ecosystem more broadly (e.g. entanglement of sensi-
tive species, pollution, beaching). However, we note the implemen-
tation of non-entangling designs and encouragement of the use of
biodegradable dFADs is a proactive area of current research and
development by industry. While the ratio between dFAD deploy-
ments and active dFADs remains generally unknown, deployments
are higher than the number of active dFADs used by a vessel ev-
ery year, as dFADs are often redeployed several times by the owner
or other vessels (Fonteneau et al., 2015; Lennert-Cody et al., 2018).
Therefore, incorporating a limit on the number of deployments per
year may be a more effective approach than relying solely on limits
on the number of active dFADs.

Recommendations for improved dFAD monitoring
While current levels of dFAD use remain challenging to deter-
mine with high certainty worldwide, the long-term management of
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dFADs could benefit from a better understanding of the optimum
number of dFADs to maximize profitability while limiting impacts
on tuna stocks and ecosystems. Results from this study could pro-
vide baseline data to monitor dFAD use and impact in the WCPO,
with application of these methods in other oceans. However, to
improve the ability to estimate potential dFAD levels (e.g. deploy-
ments, dFAD density, active buoys), the collection of additional in-
formation is suggested. For example, to better understand the to-
tal number of dFADs in the water and the number of dFADs used
per vessel, the provision of: (i) the number of new dFADs deployed
per year per vessel or fleet; (ii) the average daily or total number
of active dFADs per vessel per month; and iii) the number of de-
activated dFADs per month, would enhance these efforts. Some of
these data are already being collected by some Regional Fisheries
Management Organisations (Baez et al., 2020). This could also be
achieved through complete submission of dFAD trajectories, which
in turn will be a key addition to scientific studies on dFAD den-
sity (Restrepo and Justel-Rubio, 2018); impacts on catch rates, and
tuna behaviour (Scutt Phillips et al., 2019b). The PNA FAD tracking
database, through the compilation of local dFAD density will allow
for such additional studies on the impacts of dFADs on tuna ecology
to be performed. New FAD logsheets have been launched in 2020 in
the WCPO by the PNA and will require captains to fill in any dFAD
related information, including the unique buoy identification num-
ber, which will improve some of the issues with the data currently
collected. In addition, given the connectivity between the WCPO
and the EPO and the general westward trend in currents, collabora-
tion between scientists working in both these Pacific regions should
be encouraged. Additional data sources could also be considered
(e.g. dFAD marking with fishery-independent autonomous satel-
lite devices; data collection of dFADs reaching coastal areas). This
could help to better assess other environmental impacts, such as
dFAD loss, marine pollution, and beaching, or to follow individ-
ual dFADs instead of the satellite buoy attached to it which may be
swapped several times. Overall, the compilation of these data would
allow better scientific analyses and advice on the optimum manage-
ment strategies for sustainable use of dFADs by the purse seine fleets
in the WCPO and other ocean basins.

Supplementary Data
Supplementary material is available at the ICESJMS online version
of the manuscript.
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