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A B S T R A C T

Fish Aggregating Devices (FADs) are man-made floating objects deployed by fishers to aggregate tuna and 
facilitate their catch. Currently, more than half of the global tropical tuna purse-seine catches occur at FADs. The 
fast development of the purse-seine fisheries operating on drifting FADs (DFADs) has raised concerns regarding 
their impacts on tuna populations, on non-target species like sharks, as well as on the pelagic and coastal 
habitats. Consequently, the management of DFAD fisheries is a priority for all tuna regional fisheries manage
ment organizations. Due to the little availability of science-based advice to support management decisions, 
resolutions on DFADs have been mainly based on precautionary principles. In this study we propose a science- 
based framework for the management of DFADs, relying on indicators and operating models. A set of models and 
indicators that help evaluate the ecological impacts of DFADs is presented, considering the case study of DFAD 
fisheries management in the Indian Ocean. The objective of this framework is to assess and predict the effects of 
DFADs on coastal and pelagic ecosystems, in order to support and/or evaluate past, present and future man
agement actions.   

1. Introduction

Tuna fisheries are among the world’s most important fisheries in
terms of global yields and economic value [1]. In 2020, the catch of 
major commercial tunas reached 4.9 million tonnes, of which around 
95% correspond to tropical tuna catches [2], with skipjack tuna (Kat
suwomus pelamis) exceeding 2.8 millions tonnes in 2020 and being the 
third top marine species in terms of total yield, only after the Peruvian 
anchoveta and Alaska pollock [1]. Tropical tuna species manifest an 
associative behavior with floating objects (FOBs), forming large 
multi-species aggregations around them [3]. Both artisanal and indus
trial fisheries worldwide take advantage of this associative behavior by 
deploying man-made floating objects, called Fish Aggregating Devices 
(FADs). Anchored FAD arrays (AFADs) are generally exploited by the 
artisanal/semi-industrial fisheries of coastal countries (e.g. trollers, 
handliners, small purse-seiners and pole-and-line vessels) [4-6], 
whereas drifting FADs (DFADs) are deployed offshore by the industrial 
purse seine fleets in all oceans [7]. In recent years the catches of tropical 
tuna at DFADs have peaked to more than 50% of the total tropical tuna 
catch [8,9,2,7]. The increasing DFAD-based fishing efficiency that 

characterizes the industrial purse-seine tuna fisheries is linked to the 
development of novel technologies that equip DFADs, such as instru
mented buoys with GPS beacons and, more recently, echosounders. 
These satellite-linked devices facilitate their location and provide 
remote estimates of the abundance of fish underneath the DFAD 
[10-14]. The use of DFADs has direct effects on:  

i. Target species, i.e. skipjack, yellowfin (Thunnus albacares) and
bigeye tuna (T. obesus): by increasing their catchability and by
shifting the purse-seine fishing effort on juveniles (for yellowfin
and bigeye tuna) [8,9,15,16];

ii. Non-target (bycatch) species: by increasing their catchability,
with major concerns for some Endangered, Threatened and Pro
tected (ETP) species, such as the silky shark (Carcharhinus falci
formis) and the oceanic whitetip shark (C. longimanus) [17] but
also through ghost fishing of DFADs when their design causes
entanglements of sharks [18];

iii. Habitats: the increased number of floating objects at sea leads to
modifications of surface marine habitats, with unknown conse
quences on the fitness and physiological condition of tuna and
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associated species [19,20], DFAD stranding on sensitive ecosys
tems (e.g. coral reefs) [21,22], and increased marine pollution 
when built up using non-biodegradable materials [23]. 

Accordingly, the use of DFADs has raised concerns about their sus
tainability [8,9,15,16,24] and has led all tuna regional fisheries man
agement organizations (RFMOs) to establish limits to the number of 
instrumented buoys attached to DFADs (e.g.: Indian Ocean: IOTC 
Res.23/02 [25]; Atlantic ocean: ICCAT Rec 22–01 [26]; Eastern Pacific 
Ocean: IATTC C-21–04 [27]; Western and Central Pacific Ocean: WCPFC 
CMM 2021–01 [28]). Other management measures have also been 
adopted for purse seiners by tuna RFMOs to reduce the impact of DFAD 
fishing, such as time-area closures (e.g., ICCAT Rec 21–01; WCPFC CMM 
2021–01) and discard bans (e.g., IOTC Res.19/05). Furthermore, spe
cific regulations have imposed the use of fully non-entangling DFADs 
made without netting material (IOTC Res. 23/02 [25] or 
non-entanglement risk DFADs (ICCAT Rec.19–02 [29], IATTC Res. 
C-19–01 [30], and WCPFC CMM 2021–01 [28]) to reduce shark mor
tality and avoid the entanglement of other marine megafauna (e.g. sea 
turtles). In parallel to these DFAD management measures, a series of 
mitigation measures have been voluntarily adopted by certain 
purse-seine fleets to reduce the impacts of the use of DFADs, including 
changes in the design of DFADs to reduce shark entanglements [31], the 
transition towards biodegradable materials [31,32], the development of 
DFAD recovery programs [33] and the implementation of best practices 
for releasing sharks and other bycatch species [34-36]. 

Options to reduce the impacts of DFAD fishing are regularly dis
cussed within dedicated RFMOs technical FAD working groups, Scien
tific Committees and RFMOs Commission meetings, where ultimately 
management measures are adopted [37]. However, due to the lack of 
quantitative science-based advice for DFADs management and empirical 
evidences, it is difficult to ascertain the effectiveness of those adopted 
management measures. Similarly, the mitigation measures adopted by 
the fishing industries to reduce the impacts of DFADs are often ques
tioned, because either the measures are not considered efficient enough 
or due to their lack of enforcement [38-40]. More globally, the partici
pation of increasingly diverse stakeholders in RFMO technical scientific 
working groups, where scientific advice for fisheries management is 
developed, often leads to deviate discussions from a scientific perspec
tive towards an advocacy and political angle. Therefore, it is paramount 
to clarify the role of the scientific advice in the development of DFAD 

management measures. 
This study presents a framework for a science-based management of 

DFAD fisheries, relying on operating models and indicators to support 
the development and implementation of management measures within 
tuna RFMOs. The main focus of this study are DFADs, although the same 
framework can also be applied to the management of AFAD fisheries. 

2. Definition of a science-based DFAD management framework 

The conceptual framework of a science-based DFAD management 
scheme proposed in this study consists in a feedback-loop process, going 
back and forth from stakeholders to policymakers (Fig. 1). Similar to the 
process used in the Management Strategy Evaluation (MSE), the global 
aim of this scheme is to identify a management strategy that will allow 
achieving the adopted management objectives [41]. The role of scien
tists lies at the heart of this loop and aims to provide ecological 
knowledge and advice to: (i) support the formulation of novel man
agement and mitigation measures, depending on the management ob
jectives (ii) provide feedback information on the effectiveness of past 
management measures that may cause the management decision
s/objectives to be revised. 

This conceptual framework is headed by the definition of manage
ment objectives and Target Reference Points (TRPs) (Fig. 1). Defining 
and prioritizing clear management objectives is an essential step for 
fisheries management [42]. Currently, management objectives driving 
the decision-making process, such as controlling the fishing capacity or 
reducing ecosystem impacts of DFADs, have either not been set, or not 
been prioritized [39]. The same holds for the definition of specific TRPs, 
i.e., target indicators’ levels related to DFAD fisheries to be achieved 
through management measures. The definition of management objec
tives and TRPs should be agreed at Commission level taking into account 
different considerations (e.g., socioeconomic impacts, sustainability, 
etc.) raised by all stakeholders. For example, a clear management 
objective that has been recently identified by tuna RFMOs is reducing 
the risk of entanglement of sharks at DFADs, for which specific man
agement measures have already been adopted. However, the effective
ness of shark entanglement mitigation measures at DFADs is still largely 
debated when fully non entangling DFADs are not used. In this respect, a 
TRP related to shark entanglement risks, such as reducing them of a 
given percentage with respect to a reference year, has not been defined 
yet. 

Fig. 1. Schematic view of a science-based approach for FAD management relying on indicators and operating models.  
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A clear definition of objectives and TRPs can guide the provision of 
scientific advice, the science underpinning management decisions and 
the adoption of management measures. Once management objectives 
and TRPs are agreed, scientists can develop a set of indicators and 
performance metrics to quantitatively evaluate the management options 
against the agreed management objectives and TRPs. For example, if the 
objective is to reduce shark entanglement, it is necessary to monitor 
individual shark entanglement rates and estimate which levels would be 
acceptable from a management perspective (see [18] and Section 2.1 for 
further details). Performance metrics would consist in analyzing how far 
are these indicators from TRPs. Furthermore, other indicators than those 
specifically addressing the management objectives themselves can be 
produced by scientists, in order to evaluate additional impacts of man
agement decisions. Indeed, management measures aimed at reducing 
fishing mortality on one stock can induce a change in fishing strategies 
and produce unintended impacts on target species, non-target species 
and habitats. For example, a recent study [43] demonstrated that the 
rebuilding plan for yellowfin tuna adopted by the Indian Ocean Tuna 
Commission (IOTC Res. 16/01) was followed by an increase on the 
number of DFAD sets and fishing effort, resulting in higher by-catch of 
silky sharks (see more details in Section 2.1). In summary, within the 
proposed science-based FAD management framework, the direct and 
indirect impacts of management decisions would be assessed using 
multiple indicators. 

Indicators alone lack predictive capabilities to test candidate man
agement options. Therefore, another important building block of the 
proposed science-based framework, requires the development of oper
ating models (OM). Numerical models constitute an essential, comple
mentary tool to support decision-making. In fisheries science, OMs 
simulate the past and future dynamics of the fish stocks and the fisheries 
to evaluate the consequences of different management procedures (MP, 
also referred to as harvest strategies) on exploited fish populations. The 
use of OMs is widespread in fisheries management within MSE frame
works [44,41,45], where OMs can be used to test different FAD man
agement strategies and the resultant performance metrics for each 
management option will estimate the probability of achieving man
agement objectives and TRPs. To date, most applications of MSE have 
focused on evaluating MPs that define input and output controls (e.g., 
effort and catch limits). As a consequence, within tuna RFMOs, the OMs 
considered in the MSE frameworks developed so far account for the 
population dynamics of tuna species and their associated fisheries [41]. 
From a more general perspective, the main scope (and challenge) of an 
OM is to describe the main population and fisheries processes that are 
relevant to fisheries management. In the case of DFAD fisheries man
agement, OMs certainly need to account for the stocks dynamics of target 
species, which allow understanding at which level the catches at DFADs, 
are sustainable (subsection 2.2.1). However, other dimensions need to 
be considered too. Namely, OMs accounting for the fish and fleets 
behavior can predict the trends of DFAD catches of tuna and non-target 
species as well as their sustainability according to different manage
ment measures and DFAD densities (subsection 2.2.2). Second, ac
counting for the spatio-temporal dynamics of the DFADs themselves 
using OM that simulate FOB drifts is key to predict DFAD stranding and 
loss events, as well as changes in surface habitats (number of FOBs) 
according to different management strategies (subsection 2.2.3). Within 
such OM-based approach, the uncertainty related to the biology and 
behavior of target and non-target species can be characterized, 
providing a quantitative framework for the application of the precau
tionary approach [46]. 

In summary, indicators and performance metrics will allow evalu
ating how well the different management options tested using the OMs 
perform, to achieve the agreed management objectives and TRPs. The 
development of OMs, as well as testing/evaluating candidate/past MPs 
through indicators and performance metrics, is carried out by scientists 
in technical scientific working groups. The performance of those 
candidate management options is then presented and discussed in joint 

dialogue meetings among scientists, stakeholders and managers. Ulti
mately, depending on the management objectives, managers will adopt 
a set of “best” FAD management measures, which are tailored to 
achieve the agreed objectives, during tuna RFMO Commission meetings. 
These management measures can also be complemented with technical 
mitigation measures developed by the fishery itself on a voluntary 
basis [31,34-36,32]. The key aspect of a science-based management 
relies on the fact that the selection of management/mitigation measures, 
as well as the evaluation of their effectiveness and global impacts on 
marine ecosystems, can draw on indicators and OMs’ outputs provided 
by scientists separating clearly the role of science and managers. 

In the following sections specific indicators and OMs that can help 
evaluating the ecological impacts of DFADs are presented. The effect of 
past management decisions (e.g., total limits on the number of opera
tional buoys, but also management measures that are not strictly related 
to DFADs, like the introduction of quotas) is discussed, by evaluating the 
trends of the indicators that can be built from the available information, 
considering the Indian Ocean as a case study. 

2.1. Indicators 

In order to quantitatively evaluate the ecological impacts of DFADs 
and support management decisions, a number of indicators can be set up 
considering (i) target species, (ii) non-target species and (iii) coastal and 
pelagic habitats (Table 1). In the following sections, for each set of in
dicators, an example describing the data requirements/availability and 
a rationale of their relevance for DFAD management is provided. 

2.1.1. Target tuna species 
Tuna catches (by species) harvested at FOBs (i.e., any natural and 

artificial floating objects) by purse seiners can be obtained from logbook 
data and are generally available within all tuna RFMOs for stock as
sessments and other scientific purposes. Generally, the logbook catches 
of tuna by species are corrected considering port sampling data [47], in 
order to account for possible bias related to the difficulty to identify 
species for logbook declarations, and/or observer sampling [48]. This 
correction is conducted separately for FOB-associated schools and 
free-swimming schools (not associated), because their corresponding 
species and size composition differ. The timeline of total catches of 
FOB-associated tuna can provide useful insights on the effects of past 
DFAD management measures on the fishery. Of course, discussing catch 
trends on the light of past management measures alone should be taken 
with precaution, because the tuna catches depend both on the tuna 
abundance, their catchability and the fishing effort as well as catch/
effort of other gears. However, catch trends still remain a straightfor
ward indicator that can inform on the evolution of the fishery through 
time. 

For example, in the case of the Indian Ocean, the timeline of total 
catches of FOB-associated tuna obtained from the main purse-seine 
fleets that exploit DFADs (Fig. 2) demonstrates increasing trends for 
skipjack tuna until 2018, with a clear decrease in 2019 and 2020. The 
catches of yellowfin and bigeye tuna followed similar trajectories but 
increased to a minor extent in the period prior to 2018. Despite the 
difficulty to disentangle the reasons of the observed trends in relation to 
the above-mentioned factors (changes in tuna abundance, catchability 
and fishing effort), the first DFAD management plans adopted in the 
IOTC (Res. 15/08; Res. 17/08) which limited the number of instru
mented buoys that could be used by the purse seine fleets, did not seem 
to alter the global increasing trends of FOB-associated catches. The 
recent DFAD management plan (Res. 19/02), that entered into force in 
January 2020, occurred after a significant decrease in tuna catches, 
which could be explained by the entry into force of the new rebuilding 
plan for yellowfin tuna adopted in October 2018 (Res.18/01). 

A second indicator related to target tuna species concerns their 
physiological conditions. The so-called “ecological trap hypothesis” 
considers that FADs can alter tuna movements and retain them in less 
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productive regions, with potential negative consequences for their 
fitness [20]. In order to evaluate to which extent the physiological 
condition of tuna has been affected by the increase on the number of 
DFADs deployments, it is necessary to elucidate the link between the 

number of FADs and tuna biological condition (e.g. development of 
gonads, thorax girth, size etc.). So far, only ad-hoc studies, focusing on 
restricted zones and time periods, have tried to address this issue in 
different oceans [49-53]. Regular data collection should be conducted to 

Table 1 
Possible ecological indicators to monitor the impacts of DFADs on target tuna species, non-target species and coastal and pelagic habitats.  

Fig. 2. Timeline of purse seine catches of FOB- 
associated tuna in the Indian ocean (YFT: yel
lowfin tuna; BET: bigeye tuna; SKJ: Skipjack 
tuna; TOTAL: sum of the catches of the three 
species). Only the tuna catches for the main 
purse-seine fleets exploiting DFADs have been 
considered: EU-Spain, EU-France, Seychelles, 
Mauritius and Korea. Resolutions related to 
DFAD management plans are indicated with 
black vertical dotted lines (AB= limit for the 
number of active buoys per vessel; BY= limit in 
the total number of buoys purchased yearly per 
vessel). Other relevant resolutions affecting the 
DFAD fisheries are indicated in red. All resolu
tions are indicated considering their date of 
entry into force in the abscissa. 
Data Source: Indian Ocean Tuna Commission 
(https://www.iotc.org/WPTT/23AS/Data/05- 
CESurface).   
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provide temporal and spatial trends of tuna biological and physiological 
indicators, considering the evolution of the number of DFADs as a 
co-variable. The role of DFAD density on tuna condition relative to other 
environmental variables (e.g., sea-surface temperature and chlorophyll) 
could also be evaluated, since these variables can also change through 
time and affect tuna physiology [54]. 

2.1.2. Non-target species 
Indicators on non-target species should primarily focus on ETPs of 

major concern such as the silky shark, which constitute the main shark 
bycatch species caught at DFADs and is listed as Vulnerable by the In
ternational Union of Conservation of Nature (IUCN), and the oceanic 
whitetip shark, considered as Critically Endangered according to the 
IUCN [55-58,17,59]. A straightforward way to evaluate the effective
ness of any management measures that aim to reduce shark bycatch 
consists in developing a timeline of the overall number of sharks caught 
at DFADs. The information on the catch per set of sharks originates from 
observers’ data. Scientific observers on-board purse seiners report the 
number of sharks caught for each observed set. The data is gathered by 
tuna RFMOs and can be made available to scientists, in aggregated 
forms. Extrapolation factors are generally applied in the case of partial 
observer’s coverage, considering the shark catch per set of the observed 
DFAD sets and the overall number of purse seine sets operated on DFADs 
in the same period/region. Because sharks are often released by 
purse-seiners after the catch, trends on the overall number of sharks 
caught at DFADs should be further refined to account for actual mor
tality. This could be done by considering at-vessel and post-release 
mortality rates from dedicated studies that also consider release prac
tices. A few independent studies estimated mortality rates for silky 
sharks caught by purse seine vessels in the Pacific, Atlantic and Indian 
oceans [60,61,35,62]. These studies estimate total mortality rates be
tween 60% and 80%, even when individuals are released following good 
practices. This is mainly due to the high at-vessel mortality rate, as most 
silky sharks are already dead by the time they reach the deck. The best 
way to incorporate the results of the different studies into total mortality 
estimates needs to be discussed, since they vary depending on the 
implementation of good release practices, that could be vessel or fleet 
specific. Because these practices can also evolve with time, such dedi
cated post-release survivorship studies should be periodically updated. 

In the Indian ocean, catches of silky sharks (Fig. 3 and Supplemen
tary Material S1) attained a maximum in 2016 and remained relatively 

stable in the subsequent years. However, this indicator’s trend should be 
considered with care. Indeed, information on the total number of DFAD 
sets was not readily available from IOTC Form 3FA and one issue with 
using national reports (see details in Supplementary Material S1) is that 
the information on the number DFAD sets is not georeferenced. There
fore, total silky shark catches can only be derived globally and not by 
area as is in Tolotti et al. [43]. Furthermore, further improvements of 
this indicator should include at-vessel and post-release mortality rate. 

In addition to the indicator shown in Fig. 3, a dedicated indicator 
providing the temporal evolution of shark entanglement risks should be 
produced to evaluate this additional source of mortality. A first study 
[18], quantified the extent of shark entanglement within the underwater 
structure of DFADs in the Indian Ocean. Since this study unveiled this 
issue, mitigation measures such as changes in the design of DFADs were 
voluntarily adopted by the purse seine fleets to reduce the risk of 
entanglement [63]. Resolutions for the adoption of fully non-entangling 
DFADs without netting [25] and with low entanglement risk have also 
been adopted across RFMOs [29],[30],[28] with the objective of 
reducing the risk of shark entanglement. The assessment of shark 
entanglement at DFADs relies on pop-up satellite electronic tags and 
scientific diving data that inform respectively on the vertical behavior of 
silky sharks (by which entanglement events can be detected) and on the 
number of sharks observed entangled in the DFADs’ underwater struc
ture [18,61,35,36]. Observers can report entanglements when vessels 
lift DFADs out of the water, but decomposed carcasses may detach from 
the DFAD before emerging from the water. To the purpose of monitoring 
the temporal evolution of shark entanglement risks and the effectiveness 
of management measures, regular scientific cruises should be conduct
ed. Electronic tagging of sharks could also be performed by trained 
observers on board purse-seiners. 

Finally, similar to tuna, the physiology of other associated species 
like sharks can also be affected by increasing DFAD densities. Recent 
electronic tagging studies conducted on both tuna and non-tuna species 
found around DFADs demonstrated that silky sharks spend significant 
amounts of time associated with FADs [64] with a similar associative 
dynamics as tunas (i.e., comparable residence times) [65]. Therefore, if 
the “ecological trap” scenario is proven, it could equally be applied for 
these species. Future data collection and research effort should be 
dedicated to evaluating shark physiological condition and their trends 
relative to changes in the DFAD density. No data is currently available to 
build this indicator in the Indian Ocean. 

Fig. 3. Estimated purse seine catches of silky 
sharks at DFADs (number of individuals) by the 
main fleets operating in the western Indian Ocean 
(Spain, France and Seychelles). Resolutions related 
to FAD management plans are indicated with black 
vertical dotted lines (AB= limit for the number of 
active buoys per vessel; BY= limit in the total 
number of buoys purchased yearly per vessel). 
Other relevant resolutions affecting the DFAD 
fisheries are indicated in red. All resolutions are 
indicated considering their date of entry into force 
in abscissa.   
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2.1.3. Habitats 
Indicators on the impacts of DFADs on coastal and pelagic habitats 

aim at assessing how management actions affect the number of DFAD 
stranding events, the amount of marine litter, pollution and habitat 
damages caused by DFADs, as well as changes in the number of floating 
objects found at the sea. The main data sources to build such indicators 
consist in GPS data transmitted by the satellite-linked buoys which equip 
all DFADs [66,21,67,22] as well as observers’ and logbook data [19]. 
Furthermore, in-situ observations can provide useful information on 
materials and size of the DFADs, as well as their environmental impacts 
(e.g. coral reef damage) [68]. 

Stranding events correspond to DFADs stranded in coastal environ
ments. Their impacts are particularly critical for coral reef areas, since 
the DFAD structure can damage these sensitive habitats [40]. The per
centage of DFAD stranding events can be assessed from satellite-linked 
buoys data [66];[21,22]. However, in order to evaluate the ecological 
impacts of DFADs on marine habitats, assessing the trends in the total 
number of DFAD stranding events is necessary. Namely, a stable percent
age of DFAD stranding events can still imply higher/lower numbers of 
stranded DFADs (and therefore higher/lower ecological impacts) if the 
number of DFAD deployments increases/decreases through time. To this 
purpose, disposing of reliable data on the number of DFAD deployments 
is key. In the Indian ocean, using satellite-linked buoys data provided by 
the French purse seine fleet, Imzilen et al. [21] highlighted a steady 
increase in the percentage of DFAD stranding events (from 3.5% in 2008 
to nearly 20% in 2013), followed by a stabilization (between 15% and 
20% in the period 2013–2017). On the other hand, so far no study has 
been conducted for other purse seine fleets operating in the Indian 
Ocean, to evaluate whether similar trends have occurred over the same 
period. Furthermore, the IOTC Secretariat recommends caution when 
analyzing DFAD deployment data provided through Form 3FA [69]. 
Given these uncertainties and data limitations on the total number of 
DFADs deployed available at the IOTC level, to date, a reliable timeline 
of the number of DFAD stranding events cannot be built for the Indian 
ocean. 

DFAD stranding events are not the only possible fate of DFADs. 
Indeed, DFADs can also sink in the open ocean. Secondly, when a DFAD 
drifts out the fishing zones, its echosounder buoy can be deactivated by 
the vessels. The deactivation of a buoy implies that its position and 
echosounder data is not received any more by its end users. Conse
quently, the DFADs whose buoys are deactivated are considered lost or 
abandoned by the vessel. This practice can be encouraged by resolutions 
setting limits on the number of operational buoys (i.e., buoys actively 
transmitting information to their end users): in order to comply with the 
authorized limits, purse-seiners can deactivate buoys that depart from 
their fishing grounds. Despite this practice can be restricted by the limits 
in the annual purchase of instrumented buoys and the total number of 
buoys in stock per vessel (e.g., Resolution 23/02 in the case of the Indian 
Ocean), the actual effect of past and current management measures on 
this practice remain to be assessed. Finally, the retrieval of the 
echosounder buoy by another fishing vessel, a common practice in all 
oceans, may be another issue of DFAD loss if it is not replaced by another 
buoy. More generally, this practice makes the DFAD traceability more 
complex, since a single DFAD can be associated to more than one 
instrumented buoy during its lifetime. Indicators accounting for the 
number of DFAD stranding/sinking events should include these addi
tional and unknown sources of DFAD losses. Because DFADs also include 
non-biodegradable materials for the raft frames, floats, and subsurface 
structure, all these DFAD-loss events can be a source of marine pollution 
and should be monitored [70]. In this respect, the amount of plastics lost 
into the oceans should be quantified through a specific indicator ac
counting for the DFAD design (weight and composition of their con
stituent materials) [71]. This indicator would also allow quantifying the 
effectiveness of management and mitigation measures promoting the 
shift towards biodegradable materials for some of the DFAD components 
[23,70], as well as designing adequate DFAD recovery programs [67]. 

Finally, changes in the surface habitats induced by the deployment of 
DFADs can be monitored considering the temporal evolution of the 
number of DFADs relative to the number of natural floating objects 
(NLOGs), which constitute a natural component of the pelagic habitat 
[8,9,19]. In the western Indian Ocean, such indicator can be built from 
observers’ data, which report the position and type of floating objects 
encountered by the fishing vessels. A recent study suggests that the ra
tios between the number of DFADs and the number of NLOGs have 
increased in recent years (2014–2018) relative to 2007–2008. The entire 
western Indian Ocean has been affected, with DFADs representing more 
than 85% of the overall FOBs for the period 2014–2018, NLOGs less than 
10%, and other floating objects originating from human-induced 
pollution corresponding to 5% (e.g., land-based pollution, as well as 
pollution resulting from lost fishing equipment and gears other than 
FADs) [19]. 

2.2. Operating models 

An ensemble of operating models can be developed to support 
management decisions aiming at mitigating the ecological impacts of 
DFADs (Table 2). 

2.2.1. Stocks dynamics OM 
The issue of the increased catch of juveniles of yellowfin and bigeye 

tuna on floating objects and the relative reduction of sets on free- 
swimming schools targeting adult individuals is a major concern of 
the DFAD fisheries [15,16,72]. Understanding the consequences of this 
shift in the exploitation of the juvenile component of yellowfin and 
bigeye stocks on the yield-per-recruits is key to ensure the sustainability 
of the DFAD fisheries. However, considering the DFAD catches alone 
may not be sufficient to draw conclusions: it is necessary to account for 
the whole stocks and fisheries dynamics, including the catches of juve
niles by other gears and adults from other fisheries (e.g., longline fish
eries). To this purpose, OMs similar to those currently used in stock 
assessment and in the MSE framework [45], should be used to quantify 
the impacts of increased fishing mortalities of juvenile yellowfin and 
bigeye tunas on the yield-per-recruit and stock biomass in conjunction 
with the impact on fishing in the adult component. These models can be 
run considering the main sources of uncertainty on tropical tuna stocks’ 
dynamics. Simulations can be conducted considering different 
fishing-mortalities-at-age to identify the best 
total-allowable-catch-at-age options for the stock rebuilding plans. 
However, this implies catch allocation rules between gears which are 
beyond the scientific discussion and involves managers’ decisions. 
Fishery impact analysis [73] can be done by analyzing how the popu
lation spawning potential has been impacted, historically and at present, 
by major fishery types over years. Fishery impact analysis is done by 
estimating the spawning biomass dynamics over time that would have 
occurred in the absence of historical fishing. The reduction in spawning 
biomass potential induced by a particular fishing gear is estimated, so 

Table 2 
List of operating models focusing on target tuna species, non-target species and 
coastal and pelagic habitats.  

Category Operating 
model 

Output/Prediction 

Target species Stocks dynamics Optimal catch and catch-at-age options for 
maintaining the stock on the target reference 
points and rebuilding tuna stocks 
Fishery impact plots per fishing gear 

Target/ 
non-target 
species 

Fish and fleets 
behavior 

Catch trends for variable DFAD densities 

Habitats FOB drifts Number of DFAD stranding and sinking events 
Changes in the density of floating objects 
(DFADs and NLOG inside and outside the 
fishing grounds)  
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that the relative fishery impact on Spawning Stock Biomass (SSB) by 
major gear type can be compared (see figure 46 in [73]). As such, fishery 
impact plots could inform managers on the relative contribution of each 
gear to the stock status. In the Indian ocean, this topic is particularly 
important in relation to the rebuilding plans of overfished stocks, such as 
the yellowfin tuna (IOTC Res. 16/01; Res. 18/01; Res. 19/01; Res. 
21/01). 

2.2.2. Fish and fleets behavior OM 
Another ensemble of OMs is necessary to assess how increasing 

DFAD densities affect the catches of tuna and associated species, 
including ETP species such as silky sharks. Previous studies already 
demonstrated that increasing DFAD densities do not necessarily imply 
larger associated populations [74] or a higher number of DFAD sets 
[75], revealing that the relationship between number of DFADs and tuna 
catches can be non-linear and/or non-monotonic. In order to provide 
scientific advice on DFAD MPs, operating models that can predict tuna 
and ETP species catch trends for variable DFAD densities should be 
developed. These models should account for both the associative dy
namics of tuna/non-target species at DFADs and the purse seine fishing 
practices at DFADs (number of DFAD sets). Indeed, for a given DFAD 
density, the amount of catches of each species depends on both their 
associative dynamics (i.e. the proportion of time spent associated with 
DFADs and, hence, the proportion of the population which is vulnerable 
to the fishery [76]) and fishers’ behavior (which affects the number of 
DFAD sets) [75]. Building and conditioning such models requires 
combining information from multiple data sources: logbook/observers’ 
data (which inform on catches per set and number of DFAD sets), 
echosounder buoys data (which inform on the presence/absence of tuna 
at DFADs as well as on DFAD densities), and on electronic tagging data 
(which inform on the amount of time that tagged individuals spent at 
and away from DFADs), see Supplementary Material S2 (Tables S1 and 
S2). Recently, in the Indian ocean, progress in the developments of such 
OM have been made [77]. The model of Dupaix et al. accounts for tuna 
associative behavior obtained from electronic tagging data, allowing to 
assess changes in the time spent by tuna between two associations as a 
function of the DFAD density. Combined with information on DFAD 
densities obtained from buoys data provided by the IOTC secretariat 
(Form 3BU), this model has been used to quantify for the first time the 
proportion of FOB-associated tuna population within the fishing 
grounds exploited by the purse-seine fisheries in the Western Indian 
Ocean [77]. Further developments of this model, coupling tuna behavior 
with models of fleets behavior accounting for the number of DFAD sets 
as a function of the DFAD densities, will allow predicting the evolution 
of FOB-associated tuna catches, and fishing mortalities, for different 
DFAD densities. Uncertainties related to the behavioral processes setting 
the aggregation dynamics (e.g., the role of schooling behavior [78]) 
could also be accounted for in this OM. 

2.2.3. FOB drifts OM 
Models of FOB drifts, capable of predicting the trajectories of FOBs 

from their release location and the local surface currents can be used to 
assess the risks of DFAD stranding [66,79] and changes in the surface 
habitats [19]. These models, building on previous results showing that 
FOBs drift similarly to oceanographic drifters [80] simulate FOB tra
jectories using Lagrangian simulations [81]. Model inputs include (i) 
FOBs numbers and initial positions (ii) ocean surface currents (iii) the 
average lifetime of FOBs. To account for uncertainties in the modeled 
FOB trajectories, a random walk component of particles motion can be 
considered within the Lagrangian model [79]. However, the models 
could be further validated when using observed FOB trajectories that are 
being submitted to various tuna RFMOs (e.g., IATTC C-21–04, IOTC Res. 
23/02). FOB lifetimes also constitute a source of uncertainty and FOB 
drift OMs run considering different lifetimes allow to assess the sensi
tivity of results [19]. 

3. Discussion 

This study proposes a science-based framework, based on an 
ensemble of OMs and indicators, to support the development of FAD- 
fisheries management plans. We show ways to evaluate the effective
ness of DFAD management measures by providing specific examples of 
indicators related to the ecological impacts of DFADs and their trends, 
considering the Indian Ocean as a case study. 

Some of the indicators proposed in this study are available in the 
literature and have been presented to tuna RFMOs [8,9,38,19,82,21,75, 
83]. However, scientific studies generally provide only a snapshot over a 
given time window where the studies were conducted or consist of 
one-time studies [18]. Here, a continuous monitoring of such indicators 
is proposed, in order to provide scientific advice and adapt management 
if necessary. Depending on the management objectives, some indicators 
could be spatialized and considered on a quarterly basis to allow for 
spatio-temporal management decisions. Derived indicators, that are 
drawn from the former, can also be built (for example, the ratio between 
the DFAD catches of target and non-target species), depending on the 
management objectives. 

Other indicators which include data from other fishing gears and 
techniques should complement those currently proposed: indicators 
showing the target and non-target relative catch of DFADs compared to 
other gears, or, for the purse seine fisheries only, indicators comparing 
the catches conducted at DFADs and free-swimming schools. Global 
catches of non-target species and discard rates could also be considered. 
Furthermore, data collection of in-situ observations of stranded DFADs 
[68] will allow building new indicators on environmental impacts of 
DFADs (e.g., coral reef damaged) on coastal habitats. Economic in
dicators would also be key to weight the interests of all parties and 
evaluate the impacts of management decisions beyond the ecological 
aspects. For example, the implications of total retention of non-target 
species in coastal countries, where long-distance fisheries ports are 
based, could be measured by monitoring fish prices and sales in local 
markets, or indicators related to the creation of employment due to 
canneries. Moreover, indicators accounting for cultural, political and 
social implications of DFAD use could be defined. Finally, indicators 
monitoring the purse seine carbon emissions evolves with time and are 
affected by management decisions could also be used [84] and 
compared with other types of gears. 

Due to the complexity of the relationship between number of DFADs, 
tuna abundance, tuna associative dynamics, the fishing strategies 
adopted by purse seiners, and the catches of target and non-target spe
cies, it is difficult to predict the effects of management measures from 
indicators alone. For this reason, the use of OMs should complement the 
proposed indicators. In the current framework, an ensemble of operating 
models is proposed, each aiming to provide science-based advice on a 
specific ecological impact of DFADs on target species, non-target species 
and habitats. So far, OMs developed within the MSE approach have been 
used to support management decisions for single species stocks man
agement [85]. Remarkably, although the approach discussed in this 
paper follows the same spirit as the MSE, it substantially differs 
regarding its targets and objectives, since it is devoted to the manage
ment of a fishing tool rather than a fish stock. In conjunction with the 
management of other fishing tools/gears, this approach will contribute 
to the sustainability of tuna fisheries and, more globally, the good health 
of marine ecosystems. 

The scientific advice that can be produced through the proposed 
indicators and operating models is within the scope of the ecosystem- 
based for fisheries management (EBFM). Several studies advocated the 
adoption of an integrated EBFM in RFMOs [86-92]. However, so far very 
little applications of an EBFM can be found within tuna RFMOs, where 
management decisions are most often taken considering single species 
management approaches. In the case of DFAD fisheries, similar to other 
fishing practices and gears, whose impacts involve not only target tuna 
species, but also non-target species, coastal and pelagic habitats, 
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adopting an integrated EBFM and overcoming the limits of 
single-species management approaches is an essential step. In this 
respect, this study offers new pathways towards the implementation of 
an EBFM. Similarly, the use of OMs allows accounting for uncertainties 
on biological and behavioral processes, which is a pre-requisite of the 
Precautionary Approach framework [46]. 

Both indicators and OMs rely on catch-dependent and independent 
data provided by fisheries monitoring programs, scientific surveys and 
stakeholders such as fishers. The synergy between data collection pro
grams and the development of models and indicators is a key aspect of 
the proposed framework. In this respect the number of deployments and 
density of DFADs are undoubtedly a key input for building and inter
preting the proposed indicators for monitoring the ecological impacts of 
DFADs. Until recently, instrumented buoys data (buoy daily position 
data and/or echosounder raw acoustic biomass data) were provided to 
national scientists through specific agreements which concerned only 
national fleets. These data have certainly proven to be useful for scien
tists [10,11,13,93], but their partial coverage has so far hindered ac
curate estimations of total DFAD densities. Nowadays, specific 
resolutions have been adopted to request all contracting parties using 
DFADs to provide buoys position data to tuna RFMOs (e.g. IOTC Res 
23/02) and buoy daily position data and biomass data (IATTC CMM 
21–04). These new datasets allow estimating the density of operational 
buoys (i.e., the buoys which are transmitting their data remotely), which 
can be used as a proxy of the DFAD density. However, as mentioned 
before, buoys can currently be deactivated or retrieved while at sea. As a 
result, the density of operational buoys can only be considered as a 
lower bound for the actual number of DFADs floating in the ocean. More 
importantly, depending on the buoy deactivation practices (which may 
change with time depending on the limits imposed on the maximum 
number of operational buoys allowed by tuna RFMOs) the gap between 
the number of operational buoys and DFADs could vary, further biasing 
the estimates of the total number of DFADs at sea estimated based on 
operational buoy numbers. To cope with this issue, buoys data should be 
complemented with additional information allowing a higher trace
ability of the fate of DFADs. First, the information on the number of 
deactivated buoys should be made available at the same scale as the 
operational buoys’ position data. Second, the number of DFAD de
ployments and retrievals should accurately be provided to tuna RFMOs 
and scientists. Moreover, DFAD should be associated with unique 
identifiers and their encounters (since the time of deployment) should be 
recorded within dedicated DFAD logbooks. 

Since January 2020, in the Indian ocean, due to the entry into force 
of IOTC resolution 19/02, the buoys GPS positions are provided to the 
IOTC Secretariat at a daily scale by the member countries, to support the 
monitoring of compliance with the limitation established by the same 
resolution. The IOTC secretariat can currently deliver this data in an 
aggregated form, at a 1◦/monthly scale. This novel data availability 
constitutes a big step forward, because the information on the overall 
density of echosounder buoys (and not only the buoys of a single purse- 
seine fleets delivered through specific agreements with national scien
tists) is key to evaluate DFAD densities and their ecological impacts. 
However, the unavailability of fine-scale buoy data (i.e., daily GPS po
sitions of the buoys) still limits its exploitation for scientific purposes. 
Indeed, the operational information exploited by skippers has much 
higher resolutions with data being transmitted every few hours (e.g., 
6–12 h in default mode, depending on the buoy model). Similarly, both 
tuna and shark species respond to the local number of FADs at time 
scales of the order of few days [65]. In order to build and condition 
operating models accounting for the behavior and catchability trends of 
tuna and associated species for variable FAD densities, making these 
data available to scientists at a finer scale will be necessary. 

Finally, the data related to FOB-associated catches of tuna species 
provided by tuna RFMOs generally include the aggregated tuna catches 
conducted both on NLOGs, DFADs or other floating objects. Manage
ment decisions promoted by tuna RFMOs can set limits in the number of 

DFADs but cannot apply to other types of floating objects such as the 
NLOGs. However, the latter can also show variable densities through 
time, due to natural and anthropogenic factors, such as extreme weather 
events or climate change. Reporting separately the tuna catches con
ducted on NLOGs and DFADs is key to discern the specific effects of 
management decisions devoted to set DFADs limits from other sources of 
variability in the total number of FOBs that are independent from 
management. 

4. Conclusion 

This study presents a new science-based framework to evaluate op
tions for the management of DFADs built upon operating models and 
indicators. The operating models can support scientists and decision- 
makers alongside a set of indicators obtained from both fisheries- 
dependent and independent FAD-related data, towards a science-based 
approach for the management of FAD fisheries. The operating models 
and indicators proposed in this study can also be considered as part of 
adaptive management strategies. In this respect models and indicators 
can be used to build performance measures and to understand the 
effectiveness of past, present and future management actions. The same 
approach can be applied to other fisheries, including the science-based 
management of AFAD fisheries by coastal states. The use of DFADs is 
currently the source of conflicting debates. Recent discussions on FADs 
in tuna RFMOs have gone through at the point of turning scientific and 
technical groups into political debates. As a result, scientific evidence 
and advice have lost its importance to provide management advice and 
mainly the political position of interest groups has prevailed in the 
discussions and scientific groups. With the approach suggested here, 
science can be put back at the forefront of the subject to provide the 
DFAD fishery management advice. 
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