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a  b  s  t  r  a  c  t

Fish  aggregating  devices  (FADs)  are  floating  objects  used  by fishers  to  aggregate  pelagic  fish  such  as
tunas,  and enhance  the  catch  of  these  species.  Because  this  is so  important  for  tuna  fisheries,  nearly
100,000  FADs  are  deployed  by fishers  every  year  in  the  world’s  tropical  oceans.  Fishers  use  geo-locating
buoys  to  track and  maintain  these  FADs  by visiting  them  regularly,  reinforcing  them  if  they  are  weak  or
replacing  them.  Many  of  these  buoys  are  now  equipped  with  echo-sounders  in order  to  provide  remote
information  on the  aggregated  biomass.  FADs  are  currently  only used  for  fishing  purposes  but  they  can
also serve  scientific  objectives.  In  this  paper,  we investigate  the  potential  of  these  data  for  improving  our
knowledge  on  the ecology  of  tunas  and  other  pelagic  animals  as  well  as  to  obtain  fishery-independent
indices of distribution  and  abundance.  These  FADs also  represent  platforms  for  scientists  to  deploy  sci-
entific  instruments,  such  as electronic  tag  receivers,  cameras  and  hydrophones.  Because  FADs  naturally
bundance
coustic tags
elagic ecosystem
ishing technology

aggregate  several  pelagic  species  other  than  tuna, these  instrumented  FADs  can  be  a  unique  opportu-
nity  to  observe  pelagic  ecosystem  dynamics  that  are  not  possible  from  conventional  research  vessels.
The  amount  of  cost-effective  data  that they  can  provide  would  make  a significant  contribution  to  the
scientific  understanding  of  pelagic  ecosystems.  This  information  is vital  for improved  conservation  and
management  of pelagic  fisheries.

© 2015  Published  by  Elsevier  B.V.
. Introduction

Marine governance strategies must be supported by rigorous
nd relevant scientific data obtained from both fishery-dependent
nd independent sources. The vastness of the open ocean is
n intrinsic hindrance to the collection of useful information
t the scales needed to understand the ecology of this ecosys-
Please cite this article in press as: Moreno, G., et al., Fish aggreg
http://dx.doi.org/10.1016/j.fishres.2015.09.021

em. As a consequence, we do not currently know enough about
ow pelagic ecosystems are influenced by human exploitation
f marine resources, such as industrial fishing activities. Man-
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agement systems for the pelagic ecosystem still rely, to a large
degree, on fisheries-dependent data. As such, the stock assess-
ments of the main commercial pelagic fish species are currently
based on standardized catch-per-unit-of-effort (CPUE), (Maunder
and Punt, 2004). This method relies on having a consistent, stan-
dardized measure of effort, which is necessary for the relative
CPUE to be considered as a proxy for abundance, and used in
the stock assessment. The rapid technological changes in the fish-
ing industry make it difficult to quantify effort consistently and
highlight the urgent need for new scientific methodologies in
marine resource management. This is particularly the case for the
tropical tuna purse seine fishery, where the metric (search time)
traditionally used to reflect nominal effort does not account for
technological or fishing strategy changes, which may mask stock
ating devices (FADs) as scientific platforms. Fish. Res. (2015),

abundance changes (Fonteneau et al., 2013). Furthermore, there
is no evaluation of the uncertainty associated surrounding the
assumption that CPUE is truly a proxy for abundance. Additionally,
stock assessments based on catch statistics generally focus on the
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arget species and neglect the impact of the fisheries on the rest
f the pelagic ecosystem. Thus there is an urgent need for alter-
ative, fishery-independent methods of determining the status
f the many non-commercial/non-targeted species (the so-called
y-catch species) that are accidentally caught during the fishing
perations and whose catches are often underreported. In order to
ove towards an ecosystem based fishery management approach,

t is necessary to go beyond the mono-specific stock assessment
f target species based solely on catch data. Even for the target
pecies, the lack of uniform reporting standards and variability in
he quality of the official catch and effort data provided by dif-
erent management agencies compromise the results of current
tock assessments. Thus, for several reasons, there is a need for new
lternative methods capable of assessing the status of the pelagic
cosystem on a multi-specific basis and for quantifying the impact
f pelagic fisheries on both target and by-catch species.

A specific case that clearly illustrates how a rapidly evolving
shery can outpace scientific understanding is the massive global
xpansion in the use of drifting fish aggregating devices (DFADs)
y purse seiners targeting tropical tunas. The DFAD fishing strat-
gy has greatly increased this fishery’s efficiency. DFADs are drifting
bjects floating at or near the ocean surface. Originally, these DFADs
ere natural objects such as logs but the rapid expansion of the
shery has depended on large scale deployments of man-made
tructures. Fishers monitor the location of each of these objects by
ttaching a satellite linked geolocating buoy to each DFAD (Moreno
t al., 2007a; Lopez et al., 2014). Much of the concern surround-
ng DFAD fishing (which yields nearly half of the world catch of
ropical tunas—i.e., skipjack Katsuwonus pelamis, yellowfin Thunnus
lbacares and bigeye Thunnus obesus),  comes from the uncertainty
round their impact on tuna stocks and on the pelagic ecosystem
f which they are a part. Specific concerns relate to the potential
ffects on the catch of small tuna (i.e., yellowfin and bigeye), on tuna
opulations, the alteration of the natural movements and behav-

or of tunas (i.e., the ‘ecological trap’; Marsac et al., 2000) and the
ossible impact on the biodiversity of the supporting ecosystem
Dagorn et al., 2012; Leroy et al., 2013). Oceanic megafauna (e.g.,
harks, billfishes, turtles, cetaceans) are also taken as by-catch in
urse seine fisheries (as well as other pelagic fisheries such as long

ining) (Hall et al., 2000). Biological and fisheries data are severely
imited for most of these non-target stocks (Anonymous, 2014) and
he impact of DFAD fishing on these species is unknown. An historic
ack of dedicated attention to these species has now resulted in the
eed for immediate compensation through quantitative and effec-
ive scientific approaches. Strong conservation strategies for target
nd non-target pelagic fauna require the collection of large-scale
ata on their spatial dynamics and distribution and on their inter-
ction with the fishing gear (defined here as both the purse seine
ets and the FADs).

The economic and human costs of research cruises and
utonomous scientific platforms (e.g., buoys and gliders) limit their
se. Recently, an increasing proportion of DFADs are equipped with
cho-sounder buoys that provide fishers not only with accurate
eolocation information for the DFAD but also rough estimates of
ggregated biomass (Lopez et al., 2014). That is, they detect the
ssemblage of various pelagic species that has become associated
ith the FAD. These FADS and buoys represent a powerful tool that

ould autonomously collect continuous streams of data on pelagic
ife at an oceanic scale, which cannot be achieved by other scien-
ific means. Just as DFADs provide fishers with easier access to fish,
hese objects can provide access to data for scientists.

This paper aims to highlight the potential of DFADs, if correctly
Please cite this article in press as: Moreno, G., et al., Fish aggreg
http://dx.doi.org/10.1016/j.fishres.2015.09.021

anaged, to meet the needs of scientists and fisheries managers by
aking the specific object of interest (FADs) also serve as the key

bservational component of the investigation. We  present and dis-
uss the concept of using FADs as scientific platforms and describe
 PRESS
arch xxx (2015) xxx–xxx

the conceptual underpinnings of FADs as automated observatories
of the pelagic ecosystem. Furthermore, we highlight the capabilities
that such devices should have and discuss whether the available
technology and their current fishery context consigns this con-
cept to no more than a dream or realistic opportunity for future
development.

2. Pertinence of DFADs as scientific platforms

2.1. Biological relevance

At least 333 fish species (80% of these in early life history or
juvenile stages) have been observed around floating structures
(Castro et al., 2002). However, only 25–40 of these species are reg-
ularly encountered in FAD aggregations (Romanov, 2002; Taquet
et al., 2007). Non fish species such as sea turtles, sea birds and
marine mammals also aggregate around FADs (Amandè et al., 2010;
Brehmer et al., 2012; Capietto et al., 2014). Through their aggre-
gating effect on pelagic species, FADs increase their availability to
observe and thus facilitate access to large numbers of the diverse
species that inhabit the vast open ocean. Since fish consider arti-
ficial DFADs as natural floating objects, they display a natural
behaviour around them, in such a way that, as with prominent
habitat features such as seamounts or shelf breaks, FADs repre-
sent mini hotspots within the pelagic ecosystem and should thus
be optimally exploited for scientific purposes.

Tropical tunas have been observed to remain associated with
anchored FADs for several days at a time (Ohta and Kakuma, 2005;
Dagorn et al., 2007a; Mitsunaga et al., 2012; Robert et al., 2012) with
records of 64 days at a single FAD also being reported (Dagorn et al.,
2007a). The limited number of experiments conducted at DFADs
have also revealed that tropical tunas, as well as other species such
as silky sharks and dolphinfish, could remain associated for periods
spanning several days to weeks (Dagorn et al., 2007a; Taquet et al.,
2007; Filmalter et al., 2011). Besides attracting numerous species,
these floating objects retain fish in great numbers (Kingsford, 1993),
which provides insight into the potential that they hold for study-
ing pelagic biodiversity which, in their absence, would be virtually
impossible.

FADs therefore represent a “sampling tool” of open ocean bio-
diversity, comparable to fishing, and could be used as such. To be
considered as sampling tools, they should provide data that are sim-
ilar to that currently collected through fishing: species composition
and estimates of abundance. The main difference would be the fact
that fishing represents a snapshot in the trajectory of the DFAD,
a single point of data on fish biomass and the information is fish-
ery dependent. Conversely, the data provided by the echo-sounder
buoys at DFADs would provide biomass evolution throughout the
DFAD’s deployment, which could range from several weeks up
to a year. In addition to being sampling tools, FADs can also be
considered as preferred passage points, and can be used to moni-
tor distribution and movements of animals. Finally, because some
species can remain associated with FADs for extended periods, they
can be used for collecting behavioral information.

2.2. A large scale array of drifting platforms deployed and
maintained by fishers

Large marine fauna make extensive use of the pelagic realm,
as do the resource users who  exploit them. The international purse
seine fleet maintains approximately 50,000–100,000 DFADs world-
ating devices (FADs) as scientific platforms. Fish. Res. (2015),

wide at any point in time (Baske et al., 2012). The annual production
estimated for the five major tracking buoy companies that supply
this fishery has been estimated between 47,500–70,000, further
corroborating these estimates. Additional estimates have put the

dx.doi.org/10.1016/j.fishres.2015.09.021
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Fig. 1. Deployment of DFAD structure w

umber of FADs active at any one time in the Indian Ocean to be
etween 3750 and 7500 (Filmalter et al., 2013) while others have
stimated this number to be 5700 in 2013 (Maufroy et al., 2014).
he behavioral ecology of large pelagic fish species involves mul-
iple temporal and spatial scales that can span several orders of

agnitude, from the meter to thousands of kilometers. In order
o improve our knowledge on the key processes occurring over
his wide range of scales, it is necessary to expand the current
patio-temporal coverage and rates of data acquisition. Using fish-
rsı́ networks of autonomous buoys that are already deployed on
FADs can provide scientists with the operational tools to reach

uch a goal. The deployment of DFADs by industrial purse seiner
eets covers large portions of the equatorial and tropical waters of
he world’s oceans (Fig. 2). There are areas such as the equatorial
acific where the predominant westward flux of the surface water
asses, propelled by the North Equatorial Current and South Equa-

orial Current, is efficiently used by fishers to maintain a network
f DFADs covering this vast expanse. Pacific Equatorial fishers try
o deploy their DFADs near the eastern boundary of their fishing
rounds, let them drift naturally by the NEC and SEC and revisit
hem once they are further west. This way the entire equatorial
acific is permanently covered by arrays of DFADs. Equatorial and
ropical oceanic areas of the Indian and Atlantic oceans are similarly
wept by the FADs of purse seine vessels following the predominant
ceanic currents.

While these extensive arrays of DFADS, which are generally
iewed simply as fishing tools for enhancing exploitation with
etrimental impacts on the ecosystem, they simultaneously har-
our immense observational power. A single DFAD can remain at
ea for months and even years (Moreno et al., 2007a; Lopez et al.,
014) and can drift for thousands of kilometers, including into areas
ar beyond the fishing grounds, thus constituting ideal monitoring
tations for pelagic species that associate with DFADs as well as the
nvironment. Fishers regularly deploy new DFADs in specific areas
epending on the season so that they drift, at least for some period,
hrough productive waters to aggregate tunas (Fig. 1). After a given
ime adrift, they revisit these DFADs to assess the size of the aggre-
Please cite this article in press as: Moreno, G., et al., Fish aggreg
http://dx.doi.org/10.1016/j.fishres.2015.09.021

ation and to capture the associated tunas (Moreno et al., 2007a).
uring these visits, DFADs’ structures are carefully examined and

einforced if necessary, ensuring that they withstand extended
eriods at sea. Likewise, tracking buoys are either replaced or the
 echo-sounder buoy from a purse seiner.

batteries changed so that they can continue transmitting informa-
tion throughout the lifespan of the DFAD. This activity is constantly
performed to maintain the network of DFADs, as this is essential
for the fishing success of the majority of tropical tuna purse seine
vessels. Some purse seine companies have auxiliary vessels that
are dedicated to work on their DFADs. Such vessels help to main-
tain the integrity and spatial coverage of the networks of FADs by
deploying new DFADs, reinforcing old DFADs, and replacing buoys
where necessary. Scientists could benefit for this enormous effort
that is constantly carried out by fishers.

3. Using FADs to derive fishery-independent indices of
abundance

The use of DFADs by fishers to find and catch tropical tunas has
significantly modified the measure of effort, and as standardized
effort is essential for assuming a proportional relationship between
CPUE and abundance, the relationship between local biomass and
CPUE has become obscured. (Fonteneau et al., 1999). Currently, the
discussion on how to properly define an “effort” for the purse-seine
FAD fisheries is playing a disproportionately large role in stock
assessments of tropical tuna. This is largely due to CPUE data being
relatively inexpensive and easy to collect compared to other stock
assessment inputs (Branch and Hilborn, 2006; Anonymous, 2012).
The challenge for scientists is to improve the standardization of
purse seine fishing effort given the dynamics of the use of FADs
as well as to develop fishery-independent indices of abundance of
tropical tunas.

While some coastal fisheries benefit from fishery-independent
stock abundance data derived from acoustic or aerial surveys, these
techniques are generally only applicable for species that occur
in shallow coastal waters or have fairly predictable distributions.
These techniques have been applied to species such as capelin, her-
ring and sardinella (Fréon and Misund, 1999) and bluefin tuna when
they occur in coastal regions (e.g. Royer et al., 2004) but these meth-
ods are not practical for tropical tunas. The immensity of tropical
ating devices (FADs) as scientific platforms. Fish. Res. (2015),

tuna habitat, their highly vagile behaviour and the fact they are
not frequently near the surface has precluded the use of fisheries-
independent assessment approaches for these species. We  consider
that FADs could be used to provide fishery-independent estimates

dx.doi.org/10.1016/j.fishres.2015.09.021
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Fig. 2. Spatial coverage of fisher’s echo-sounder buoys from data received duri

f abundance of tropical tunas as well as of other FAD associated
pecies.

Fishers are currently using echo-sounder buoys that provide
nformation on aggregated biomass at DFADs. One of the major
ontributions of DFADs as scientific platforms would be obtain-
ng direct, near real time abundance estimates for the population
ssessment of pelagic fish species that associate with floating
bjects. Following the results of recent research projects and
hrough the joint effort of scientist and buoy manufacturers these
uoys will provide estimates of tuna species composition at FADs in
he near future. The echo-sounder buoys data already collected by
shers from DFADs could allow for the estimation of the spatio-

emporal evolution of the biomass associated with the DFADs
ver their full lifespan. Furthermore, this information can provide

nsight into the evolution of the species composition of the DFADs
ggregations through time and space (Table 1).

Owing to a combination of cost efficiency and utility, instru-
ented buoys currently used by fishers on DFADs are commercially
ature and well-established products. They contain low-cost,

utonomous echo-sounders, powered by solar panels, which scan
he water column to detect the presence of fish. The raw data are
ntegrated within the buoy, simplified into depth layers in order
o be transmitted via satellite in the form of a brief data series
ummarizing the detected signal. Currently, there are 5 differ-
nt buoys types with integrated echo-sounders on the market for
AD-fishing purposes. They provide heterogeneous outputs due to
heir unique operating frequencies, ranges, coverages and spatio-
emporal resolution (Lopez et al., 2014). Only one manufacturer
laims to provide relative biomass estimates in tons, while others
rovide numbers representing the percentage of the beam that is
ccupied by fish. The large variability of outputs provided by the
ifferent buoy manufacturers complicates the harmonious integra-
ion of data across the various brands. Inter-calibrating the different
uoys could help in obtaining a comparable magnitude and hence
shery-independent abundances using all buoy types at sea.

One of the challenges that scientist are faced with when trying
o use fishersı́ echo-sounder buoys to estimate relative abundance
Please cite this article in press as: Moreno, G., et al., Fish aggreg
http://dx.doi.org/10.1016/j.fishres.2015.09.021

s the quality control of the data provided by the large array of
uoys (estimated from 50,000–100,000) that drift at sea. Most
uoy manufacturers calibrate 100% of their buoys at origin using
 month from 49 purse seiners operating in Indian, Atlantic and Pacific Oceans.

a standard target. Currently there are joint efforts between buoy
manufacturers and research institutes to determine the relation-
ship between acoustic backscatter from buoys and biologically
relevant quantities. These research projects are working on simul-
taneous comparisons between purse seine catches at FADs, EK60
scientific echo-sounder data and the acoustic backscatter provided
by the different buoy brands from the same aggregation. The coop-
eration between manufacturers and scientist is already established
and should allow the development of routines or protocols for
buoys calibration in the near future. However, considering the large
number of buoys, and the spatial coverage that scientist and man-
ufacturers need to cope with, calibration strategy, data mining and
quality control of data should be guaranteed through a pilot study,
in order to facilitate a global comparison of acoustic data. For the
model proposed in this paper (see below) relative abundance esti-
mates are required, due to the great number of buoys, calibrating
a subset of each batch appears more feasible, although such a pilot
project should explore various calibration strategies and assess
biases to achieve the data quality needed.

Echo-sounder buoy technology is evolving rapidly and manu-
facturers, through collaboration with scientists, have already begun
to solve the challenges associated with acoustic measurements on
autonomous platforms, such as energy requirements and remote
target classification. As Handegard et al. (2013) stated, one of
the major constraints when dealing with remote devices is the
lack of biological sampling for verifying taxonomic composition
and validating the conversion of acoustic backscatter into biolog-
ically relevant measures such as biomass. In this regard, some
buoy manufacturers have begun to integrate multiple frequencies
into their echo-sounder buoys. This should allow for increased
success in species discrimination capability, especially between
swim-bladder (Yellowfin and Bigeye tunas) and non-swim bladder
(skipjack) tunas (Table 1).

As FADs tend to aggregate most of the fish in a radius of
400–500 m (Cillaurren, 1994; Moreno et al., 2007b), the restricted
vertical ‘view’ of the echo-sounder is also being improved by man-
ufacturers by adding horizontal transducers. This modification will
ating devices (FADs) as scientific platforms. Fish. Res. (2015),

significantly improve biomass estimations of DFAD-associated fish.
In order to exploit the data from echo-sounder buoys for deriv-

ing quantitative indices of abundance for FAD associated species,

dx.doi.org/10.1016/j.fishres.2015.09.021
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Table  1
Summary of data needs, type of autonomous instrumets that can be used to observe pelagic fauna and end users of the data.

Data Type of instruments Operational Developed but need
testing for this specific
application

Fishers Scientist

Species Underwater cameras x x x
Identification Multi-frequency echo-sounders for tunas x x x
Species Underwater cameras for sharks x x x
Abundance Echo-sounders x x x
Species association time and movements Acoustic receivers (with or without satellite link) x x
Biology & behaviour Coded tags x x

CHAT tags x
Biological Echo-sounders x x
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Fig. 3. Schematic diagram of the nodes that would f

larifying the relationship between the associated biomass and
he overall local population is key. Recently, Capello et al. (2013)
roposed an integrated modelling approach that uses data col-

ected around DFADs to derive relative and absolute abundance
ndices. This approach relies on measuring association times of fish
t DFADS as well as the duration between consecutive associations,
nd couples this information with knowledge of the associated
iomass at the DFADs (Fig. 3).

The area of the ocean populated with FADs is extensive in the
ropical waters of all oceans. A scientific program alone could not
chieve such spatio-temporal coverage, which underpins the con-
ept presented in this paper. In our vision, this coverage is key, and

 prerequisit for any scientific project that aims to monitoring the
elagic realm, and particularly the populations of large pelagic fish
pecies. The key point in our approach is not controlling the num-
ers (therefore densities) of FADs (or keeping them constant) but
ather knowing these numbers exactly, and the dynamics of the
ADs at a fine spatio-temporal scale, in order to precisely charac-
erize the densities of FADs. For this reason the cooperation with
shers, together with the quantification of the associative behavior
f fish, is crucial.

In terms of areas not covered by FADs, the abundance estimates
ould follow the assumption of a single stock per ocean, as is the

urrent practice in stock assessment approaches. Therefore, the
bundance estimated in the region occupied by FADs would be
irectly related to the overall tuna abundance in each ocean. The
ub-regions where the assessment of tuna populations through
Please cite this article in press as: Moreno, G., et al., Fish aggreg
http://dx.doi.org/10.1016/j.fishres.2015.09.021

ADs will be operated would be determined by their FAD densi-
ies, since the number of FADs is a key factor in the abundance
ndicator. These sub-regions will potentially be different from the
he observational network: buoys and tagged fauna.

geographic sub-regions currently used in classical fisheries-based
stock assessment.

The spatio-temporal variability in the DFAD array may  also
affect the associative behavior of tuna and consequently the ratio
between the associated and total biomass. For this reason, the par-
allel monitoring of individual associative behavior of tuna through
electronic tagging is necessary to guarantee scientifically-sound
abundance indicators. When the fish behavior and the DFAD den-
sities, as well as their variability, are jointly known and quantified,
there is no bias in the derivation of the abundance index.

The technology to measure residency times of fish at FADs,
as well as time between two associations, exists (Table 1). These
variables can be collected by instrumenting individual fish with
coded acoustic tags and equipping FADs with acoustic receivers,
as demonstrated by Dagorn et al. (2007a) and Robert et al. (2013).
While the measures of residency time at FADs does not necessitate
the exhaustive instrumentation of all FADs in an area with acous-
tic receivers (see Ohta and Kakuma, 2005; Mitsunaga et al., 2012),
measuring the time between two  associations requires constrain-
ing protocol (Dagorn et al., 2007a; Robert et al., 2013). Because
purse seiners often service their FADs, it is possible to use regu-
lar acoustic receivers that archive the acoustic detection data and
can be downloaded when retrieved. In other cases, it is possible to
use satellite-linked acoustic receivers (Dagorn et al., 2007b).

Alternatives exist when a species displays a vertical behaviour
that significantly differs between periods of association and non-
association. Such distinctions in behavioural patterns appear to be
ating devices (FADs) as scientific platforms. Fish. Res. (2015),

evident in the case of the bigeye tuna (Schaefer and Fuller, 2010).
For these species, the use of archival tags (or pop-up archival tags)
allows scientists to avoid having to attach acoustic receivers to

dx.doi.org/10.1016/j.fishres.2015.09.021
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very DFAD. However, for species that do not display such FAD-
ependent vertical behaviour, or are too small to carry archival
ags, it is essential that all FADs within an area are equipped with
coustic receivers.

However, due to the lack of full coverage of DFADs equipped
ith acoustic receivers, such coverage should be ensured during

ilot studies, at least at the level of small areas, in order to assess
he order of magnitude and the variability of duration of the non-
ssociated phase of tuna. Such pilot studies, coupled with models,
ill allow for the estimation of the uncertainties due to the lack of

ull coverage. For example, models may  produce different scenarios
f tuna abundance, by considering variable amounts of time spent
way from FADs.

Further technical developments based on the so-called ‘business
ard tags’ (Holland et al., 2009) (see next section), where tags would
ecord the unique ID code emitted by other tags (that could be
ttached to buoys), may  allow overcoming the full instrumentation
f buoys through acoustic receivers.

. Using FADs to monitor the movements of pelagic animals

An important advantage of DFADs as scientific platforms is
hat field data on the local associated population, fish movements
nd the environment can be simultaneously collected. Brill and
utcavage (2001), clearly showed the importance of understand-
ng the effect of the environment on fish behavior which is critical
or robust population assessment, especially for the highly mobile
op predators. Similarly, Soria et al. (2009) and Capello et al. (2011)
emonstrated the importance of schooling behavior and social

nteractions in the spatio-temporal dynamics of fish around FADs.
ne of the major questions therefore concerns determining the
ffects of the environment, the conspecifics and allospecifics on the
resence of fish at FADs, their residence times and their propensity
o aggregate. In other words, under which conditions are tuna and
ther species found at DFADs? Do we find tunas associated with
FADs under very specific conditions, and if so, what are they?

Classically, scientists have used conventional dart tags to inves-
igate the movements of pelagic species. However, although this

ethod provides information on thousands of individuals, it only
rovides two points in the trajectory of the fish, and requires
hat each tagged individual is recaptured to collect the data. The
mergence of archival tags, including archival pop-up tags, has rev-
lutionized the investigation of large-scale movements of pelagic
nimals. However, the size of these tags currently prevents scien-
ists from investigating the large-scale movements of small pelagic
ndividuals (<100 cm FL for pop-up tags, and <60-cm FL for archival
ags). Acoustic tags can be smaller and can be implanted in small
ndividuals, such as small tunas, juvenile sharks, or species such as
ceanic triggerfish and Rainbow runners, which are major bycatch
pecies of the purse seine fishery. Large-scale arrays of demer-
al acoustic receivers (usually on the bottom of the sea) exist in
oastal areas (see the Ocean Tracking Network), but not in remote
ceanic zones. Extending the large array of DFADs, by electronically
agged large pelagic fauna could address questions that remain
nanswered regarding the movements of both tuna and non-tuna
pecies. The concept would be the collection of complementary
ata on the spatio-temporal distribution of marine biodiversity
hrough the development of new tags that can interact with and
elay information to fisher’s instrumented buoys (Fig. 3). These
echnologies generally function independently of fisheries but we
elieve that integrated systems, where tags and buoys interact,
re key for assessing the spatial distribution of pelagic predators
Please cite this article in press as: Moreno, G., et al., Fish aggreg
http://dx.doi.org/10.1016/j.fishres.2015.09.021

Fig. 3). Thus, this approach represents a significant added obser-
ational capacity to the currently adopted separate view, where
shing platforms and tagged fish provide different, unrelated and

imited information sets.
 PRESS
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Simple coded ID tags could be used to provide the individual’s
identity. This could be scaled-up with the use of ‘business card’
concept, whereby the tag combines a small acoustic receiver to
detect and record other tags during the migrations of the animals.
The information stored in the tags could be relayed back to the buoy
using acoustic communications (CHAT tag), a technology that has
existed since the 1990’s but not fully explored in this application.

The use of passive acoustic telemetry, i.e., receivers, to detect
and collect data from electronically tagged animals would be a key
aspect in the instrumented DFADs. Existing experience in pelagic
acoustic telemetry could be customized, in order to scale up to an
extensive large-scale acoustic detection network. To do this, the
pivotal element would be the inclusion of acoustic receivers with
the capacity to not only (i) detect the identity of the transmitter,
that is the individual, but also (ii) to communicate with the tag (with
a transducer) and receive stored information from it (including the
identity of other tags collected by that tag). This would represent a
very significant advancement in the current capacity of electronic
tagging in providing a quantitative, large-scale detection network
at the population level.

5. Using FADs to monitor the fish diversity of the pelagic
realm

Fishers need to know the biomass and species composition at
their DFADs, as accurately as possible. This is because their strategy
consists of carefully planning which DFADs, from their ocean-wide
network of DFADs to visit. The loss of time and cost of fuel (some-
times navigating for 2 days or more to a given DFAD) is high when
reaching an unproductive DFADs. Thus, several years ago fishers
began to show interest in having “eyes” at DFADs. Ideally these
systems would provide them with information on the species com-
position of tunas, as well as the presence of other species that are
not detected by an echo-sounder, such as sharks and other by-catch
species that occupy the blind zone of the transducers. Just as they
promoted the use of echo-sounder buoys in the past, they are also
now focusing on the possibility of integrating cameras to identify
species composition at DFADs.

Scientist would also benefit from visual observations at DFADs.
Underwater visual census at FADs (anchored and drifting) by sci-
entific divers have been successfully used to describe diversity of
assemblages (Deudero et al., 1999; Dempster, 2005; Addis et al.,
2006; Gaertner et al., 2008). Gaertner et al. (2008) advocated that
sampling diversity at FADs was a suitable fisheries independent
method for monitoring and study the diversity of pelagic fish com-
munities. DFADs thus represent a unique opportunity to study
pelagic fish diversity at a large scale. However traditional sam-
pling techniques (UVC, Underwater visual census) or (fishing) are
too labor intensive and are thus inappropriate to answer long
term and large-scale questions concerning diversity patterns at
an ocean scale. Recently, pelagic stereo-BRUVS (Baited Remote
Underwater Video Stations) were used as a monitoring technique
to study the effect of spatial area closures on pelagic fish assem-
blages (Santana-Garcon et al., 2014). While this sampling technique
proved to be effective the experiment required considerable logisti-
cal effort as the units had to be deployed and recovered by scientist
on a regular basis to collect the data. It is clear that technologi-
cal advances are required to make such remote underwater video
systems autonomous so that they can be used at a larger scale.
The inclusion of automated remote underwater video systems to
DFADs will allow the identification of associated species, their size
ating devices (FADs) as scientific platforms. Fish. Res. (2015),

and abundance. While echo-sounder buoys appear to be appropri-
ate for collecting biomass of tunas aggregated at FADs, they would
not provide abundance estimates for other associated species such
as sharks, which are of major concerns for the sustainability of

dx.doi.org/10.1016/j.fishres.2015.09.021
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his fishery. There is currently no buoy that facilitates the assess-
ent of the number of sharks associated with a FAD, some sharks

hould be detectable by an echo-sounder, especially when using
ulti-frequency systems, but such research has not yet been con-

ucted on sharks found at FADs. These measures could be achieved
y developing robotic cameras that can work from the buoys to
bserve the fauna beyond their immediate vicinity (Table 1).

This observation technique is complementary to echo-sounder
uoy data in its ability to (i) distinguish species present at the FAD
nd (ii) provide the means to observe species that are otherwise dif-
cult to observe using acoustics (e.g., sharks). Further technological

mprovements could include automated cameras equipped vehi-
les that can detach from the buoys to observe the fauna beyond the
FADs immediate vicinity in order to have a larger sampling area.
he automated cameras equipped vehicles could also be triggered
y specific sounds (e.g., cetaceans) or biomass threshold recorded
y other sensors.

Studies investigating the fish diversity in pelagic ecosystems
ainly used fisheries dependent datasets (Worm et al., 2003;

rebilco et al., 2011). While fisheries dependent data remain
ssential, fisheries independent methods are needed to better char-
cterize the patterns of fish diversity in these ecosystems (Murphy
nd Jenkins, 2010).

. Conclusion

The main challenge currently faced in marine science is the
ollection of large amounts of data and the development of new
ethods and models to assess the effects of climate change

nd anthropic pressure on the oceans. This challenge concerns
sheries scientists who are looking for new data on exploited
pecies to complement traditional fisheries derived data in order
o improve stock assessment (in particular for large predators
uch as tunas, sharks and billfishes) and find methods to miti-
ate adverse impacts of fisheries. It also concerns marine biologists
nd ecologists who study the pelagic biodiversity which remains
oorly investigated, mainly due to the difficulties in accessing these
cosystems. Using scientific-observer records from pelagic longline
sheries in the Atlantic and Pacific oceans, Worm et al. (2003) could

dentify that individual hotspots for large marine predators corre-
pond to prominent habitat features such as reefs, shelf breaks, or
eamounts. Due to their capacity to attract and concentrate many
arine species, DFADs should be added to this list of open ocean

otspots. The use of these DFADs as scientific platforms for studying
elagic ecosystems would represent a radical departure from the
lassic data collection methods that have proven to be increasingly
ncapable of providing pelagic realm data at the temporal and spa-
ial scales necessary to address key questions. FADs are currently
nly used for fishing purposes but we consider that they can also
erve for meeting the needs of scientists and fisheries managers.

There are already existing instruments, some of them with
emote capabilities that could transform FADs into scientific plat-
orms (see Table 1) and there is an opportunity to associate fishers
o the challenges faced by scientists. Fishers already deploy, moni-
or and maintain large arrays of drifting FADs in all tropical oceans.
hey already equip their DFADs with echo-sounder buoys. Just
s DFADs provide fishers with easier access to fish, these objects
an provide access to data for scientists. The rapid technological
dvances that have occurred during recent years now make it pos-
ible to design and implement systems that can bridge the existing
ata gap and provide the critical fishery-independent data nec-
Please cite this article in press as: Moreno, G., et al., Fish aggreg
http://dx.doi.org/10.1016/j.fishres.2015.09.021

ssary for the sustainable management and conservation of the
ceanic biodiversity.

The economic and human costs of research cruises and
utonomous scientific platforms (e.g., buoys and gliders) limit
 PRESS
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their use. As an example, GOOS (Global Ocean Observing System)
which is the oceanographic component of GEOSS (the Global Earth
Observing System of Systems), maintains roughly 1250 drifting
buoys and 200 moorings to collect oceanographic data worldwide.
The estimates of the number of DFADs 50–100.000 (Baske et al.,
2012) deployed and maintained by the purse seine fleet shows
the great potential that FADs offer in terms of floating platforms
dedicated to the observation of the ocean. Existing technology and
ongoing research projects aimed at reducing the current knowledge
gaps in species identification, make the use of DFADs as scientific
platforms realistic possibility in the near future. Through an appro-
priate collaborative scheme between fishers, scientists and buoy
manufacturers, and through pilot projects aimed at establishing
calibration standards, sound design of data flows as well as the
development of models to couple with acoustic data, scientists can
now envisage large arrays of scientifically equipped DFADs that can
provide unique data on pelagic animals and fish biodiversity of the
open ocean. Fishers can become observers of the open ocean.
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