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Abstract

Floating objects drifting in the surface of tropical waters, also known as drifting fish aggregat-
ing devices (DFADs), attract hundreds of marine species, including tuna and non-tuna spe-
cies. Industrial tropical purse seiners have been increasingly deploying artificial man-made
DFADs equipped with satellite linked echo-sounder buoys, which provide fishers with infor-
mation on the accurate geo-location of the object and rough estimates of the biomass aggre-
gated underneath, to facilitate the catch of tuna. Although several hypotheses are under
consideration to explain the aggregation and retention processes of pelagic species around
DFADs, the reasons driving this associative behavior are uncertain. This study uses infor-
mation from 962 echo-sounder buoys attached to virgin (i.e. newly deployed) DFADs
deployed in the Western Indian Ocean between 2012 and 2015 by the Spanish fleet (42,322
days observations) to determine the first detection day of tuna and non-tuna species at
DFAD and to model the aggregation processes of both species group using Generalize
Additive Mixed Models. Moreover, different seasons, areas and depths of the DFAD under-
water structure were considered in the analysis to account for potential spatio-temporal and
structure differences. Results show that tuna species arrive at DFADs before non-tuna spe-
cies (13.518.4 and 21.7+15.1 days, respectively), and provide evidence of the significant
relationship between DFAD depth and detection time for tuna, suggesting faster tuna coloni-
zation in deeper objects. For non-tuna species, this relationship appeared to be not signifi-
cant. The study also reveals both seasonal and spatial differences in the aggregation
patterns for different species groups, suggesting that tuna and non-tuna species may have
different aggregative behaviors depending on the spatio-temporal dynamic of DFADs. This
work will contribute to the understanding of the fine and mesoscale ecology and behavior of
target and non-target species around DFADs and will assist managers on the sustainability
of exploited resources, helping to design spatio-temporal conservation management mea-
sures for tuna and non-tuna species.
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Introduction

Floating objects in the surface of the tropical and subtropical oceans, also known as drifting
fish aggregating devices (DFADs), tend to aggregate pelagic species underneath, including
main commercial tropical tuna species (i.e. skipjack Katsuwonus pelamis, yellowfin Thunnus
albacares, and bigeye Thunnus obesus) but also non-target species (e.g. rainbow runner Elaga-
tis bipinnulata, silky shark Carcharhinus falciformis, dolphinfish Coryphaena hippurus, sailfish
Istiophorus platypterus, green turtle Chelonia mydas) [1]. Generally, DFADs are composed by
a floating structure (e.g. bamboo rafts with purse seiner corks) and an underwater part sus-
pended below the floating object (e.g. nets, often tied into “sausages”, ropes, palm leaves,
weights). The length of the underwater structure, which is ocean and fleet-specific, is used to
reduce the drifting speed of the FAD [2] and is thought to act as a shelter for some of the asso-
ciated non-tuna species [3-5]. The reasons driving this associative behavior are not fully
understood, although several hypotheses are under consideration to explain the aggregation
and retention processes of pelagic species around floating objects. The two most accepted
hypothesis for tuna aggregation behavior are the “indicator-log” [6] and the “meeting point”
hypothesis [7]. The first is based on the assumption that tuna may use floating objects as a
result of an evolutionary process, since natural objects could historically be accumulated in
rich waters and frontal zones and thus, be indicators of productive areas. The latter relies on
the social behavior of tuna and suggests that floating objects could act as meeting points, to
form and re-structure schools of tuna in an otherwise visually-void environment.

Taking advantage of this associative behavior, the industrial tropical tuna fisheries have
been increasingly using DFADs in the Indian Ocean since the mid-1980s to improve catches
of target species [8, 9]. The industrial purse seine catches represent around 64% of global tropi-
cal tuna catches [10]. Currently, around 50% of purse seiner total tuna catches are caught on
DFADs, exceeding 70% in some years in the Indian Ocean [11, 12]. DFAD fishing represent
certain notorious advantages when comparing with fishing on unassociated schools (also
called free-swimming schools, FSC). For example, in the Indian Ocean the proportion of suc-
cess on FAD-sets was 94% while the proportion of successful FSC sets was 58% for the Spanish
fleet over the period 1990-2015 [13] and the time devoted to search for tuna schools is also
reduced [8, 14]. However, DFADs may also have potential negative effects [15-17], such as
higher bycatch ratios of certain species or the increase of small bigeye and yellowfin tuna catch
[18], which may affect the yield per recruit. Moreover, the use of DFADs could alter the natural
movements of the species associated with the objects (i.e. Ecological Trap [16]) [11, 19].

Although several works have attempted to characterize the ecology and behavior of species
at DFADs [20-24], there is little information about the factors driving the mechanisms behind
the aggregation process. Understanding how tuna and non-tuna species aggregate at DFADs
could help to make the fishery more selective and provide information to derive bycatch miti-
gation, conservation and management measures. For example, it is known that fishing on
larger schools can reduce the bycatch ratio [25].

Today, DFADs are equipped with satellite linked echo-sounder buoys [14], which remotely
provide fishers in near real time with accurate geolocation of the object and a rough estimate
of the biomass underneath. In recent years the potential use of DFADs as scientific platforms
has been highlighted by the scientific community [26, 27]. This acoustic information could
allow scientists to better understand the aggregation process of tuna and non-tuna species at
DFADs.

This study aims to investigate the aggregation process of virgin (i.e. newly deployed)
DFADs in the Western Indian Ocean using the biomass acoustic records provided by fishers’
echo-sounder buoys. For this purpose, we determine the first detection day of tuna and non-
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tuna species at DFAD and identify the potential differences in the aggregation patterns in rela-
tion to the depth of the underwater structure of the DFAD. Also, to better understand the
potential factors involved in the aggregation process of different species groups, we examine
the spatio-temporal dynamics of their biomass. All this information could contribute to
develop specific management measures with the objective of reducing bycatch and, hence,
assist tuna Regional Fisheries Management Organizations (t-RFMO) in the sustainable man-
agement of the DFAD fishery.

Materials and methods
Data collection

The acoustic data were collected through Satlink buoys (SATLINK, Madrid, Spain, www.
satlink.es), which were deployed at sea by a Spanish purse seine fishing company (Echebastar
fleet). The buoy contains a Simrad ES12 scientific echo-sounder that transmits the estimated
amount of biomass (in tons, t) underneath the object by an Inmarsat satellite connection.
Beam angle is 40°. The depth observation range extends from 3 to 115 m, with a blanking zone
between 0 and 3 m to avoid the potential near field effect of sampling, and it is composed of
ten homogeneous layers with a resolution of 11.2 m. The echo-sounder operates at a frequency
of 190.5 kHz with a power of 140 W and is programmed to operate for 40 seconds. During this
period, 32 pings are sent from the transducer and an average of the backscattered acoustic
response is computed and stored in the memory of the buoy. Satlink buoys convert raw acous-
tic backscatter [28] into biomass in tons, using exclusively an empiric algorithm based on the
target strength and weight of skipjack tuna, which is the main target species of the DFADs
purse seine fishery. Based on experimental evidence from tagging and acoustic surveys around
DFADs in the Indian Ocean [29-34], we established a virtual vertical depth limit in 25 meters
as the potential boundary between non-tuna species and tuna species. Although overlap may
exist between these two groups, a clear separation between tuna and non-tuna species under
the DFADs have been identified at around in previous studies conducted in the Indian Ocean
using a variety of information sources (i.e. tagging, scientific acoustic surveys, visual surveys)
[33-35]. Thus, signals corresponding to depths shallower than 25 m (i.e. the sum of the first
two layers) were assumed to correspond to non-tuna species and those deeper than 25 m (i.e.
the sum of the third to the tenth layer) were assumed to be tuna. Moreover, other scientific
studies using the same echo-sounder buoy in the Indian Ocean have also used similar depth
limits to separate tuna and non-tuna species [24, 36]. Also, the buoy has an internal detection
threshold of 1 ton of estimated tuna biomass.

Aside the acoustic information, buoy dataset includes the identification code, spatial infor-
mation (i.e. latitude and longitude), and the date and GMT hour of the sampling. All this
information was available for 7,514 buoys (994,065 biomass acoustic samples), which were
active in the Indian Ocean from January 2012 to May 2015. Data cleaning was carried out fol-
lowing the next steps: i) remove data with invalid positions (e.g. positions on land or in other
oceans); ii) remove duplicate records; iii) remove data with speed values higher than 3 knots
(kn; likely representing onboard positions); iv) remove possible false positives produced by the
detection of the DFAD underwater structure (i.e. several layers give the maximum value that a
layer can have; 63t); v) remove data in the continental shelf (i.e. shallower than 200 m) as
acoustic samples in < 200 m waters could provide false positives. The number of buoys and
acoustic records available after the cleaning process was 5,167 and 522,964, respectively. If
more than one acoustic record was available for the same buoy and day, we selected the maxi-
mum biomass acoustic signal from the buoy to avoid possible measuring variability and sam-
pling constraints as well as obtain the best representation of daily community size.
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Identification of virgin DFADs

FAD and fishing logbooks were collected for the vessels that deployed the DFADs and the
period considered in the present study. FAD logbooks provided information on the activity
associated to the DFAD (i.e. deployment, fishing, visit, etc.), the object characteristics (i.e.
structure dimensions, depth of the underneath part, materials, etc.), as well as buoy identifica-
tion code, location and time of the activity on the DFADs. DFADs can be newly deployed (i.e.
virgin FADs), transplanted (i.e. change of buoy) or re-deployed (i.e. returned to the water after
a set or retrieved and deployed in another location). Only newly deployed DFADs were con-
sidered in this study, which were identified in the FAD logbooks and linked to our initial buoy
database based on buoy identification code and date. This first match identified 1622 new
deployments. Buoys that were deployed on natural objects were excluded from the study as
these objects were previously in the water and their time at sea could not be accurately deter-
mined. As such, a total of 962 deployments of virgin DFADs with their posterior trajectories
and biomass information were finally identified and considered.

Buoy data and FAD and fishing logbook information were crossed to assure that no fishing
activity occurred in our virgin DFAD. Potential fishing sets were identified on the logbooks
based on the information of buoy code, position and date. If a particular fishing set was identi-
fied to occur during the DFAD trajectory, the buoy information after the set was eliminated.
Accurately, 15 sets were made on the available deployments. Also, and because fishers deacti-
vate and change the buoy when encounter a not-owned DFAD of interest (regular fishing
strategy of the purse seine fleets operating in the Indian Ocean), we can assume that the con-
sidered DFADs were not fished by vessels of other companies during our data acquisition
period. If that would happen, the original buoy associated to the virgin DFAD will stop emit-
ting information and, then, it will not be included in our analysis.

Although at the beginning a maximum limit of 180 days was established for the analysis
based on the regular DFADs lifespan in the area [23] a preliminary data distribution analysis
showed that after 60 days only ~50% of the objects were available for analysis (Fig 1). As we
want the modeled data to be representative of the general processes occurring at DFADs, the
study was limited to the first 60 days of the DFAD trajectory.

Data analysis

FAD logbooks contained information on the depth and material used to construct the under-
water part of 776 DFADs. According to the FAD logbook, all the underwater parts of the
DFADs were constructed with fishing nets and the depths ranged between 10 and 60 meters.
These figures are in agreement with the regular depths used by the fleet in the Indian Ocean
[37], although the most common average and depth for underwater parts is 15-20 m in the
area [37]. Because it is believed that the DFAD structure may influence the detection capabili-
ties and aggregation process of tuna and non-tuna species, DFADs were grouped in two cate-
gories: (i) shallow (i.e. < 20 meters) and (ii) deep DFADs (i.e. > 20 meters).

Although the French fleet shows a strong seasonal pattern on deployment areas in the
Indian Ocean [38], this was not observed in our data (Fig 2). Therefore, and due to the marked
Indian Ocean monsoon system, the deployments were grouped according to the four different
regimes that affect the oceanography and production in the region: (i) winter monsoon from
December to March, (ii) spring intermonsoon from April and May, (iii) summer monsoon
from June to September and (iv) autumn intermonsoon from October to November [39].
Moreover, to account for potential spatial differences in the aggregation process we applied
the models by areas. The regions were based on the ZET (zones d’echantillonnage thoniére)
areas defined by Petit, Pallarés [40]: (i) Somalia, (ii) NW Seychelles and (iii) SE Seychelles.
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Fig 1. Percentage of DFADs available over 180 days for all DFADs (black line) and for DFADs deployed in different
seasons (grey lines).
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This spatio-temporal segregation of the data would help identifying possible differences in the
aggregation process of the DFADs by area and season.

It is noteworthy the absence of deployments in Mozambique Channel. Although DFADs
are used in this area, none of our identified deployments were in this area. This is due to sev-
eral reasons (i.e. the higher proportion of natural objects in this area, inability to identify the
buoy id, not being a first deployment of the object, etc).

The first day of detection, defined as the first day the buoy emits a non-zero signal for each
species group, was also investigated to detect significant changes in the aggregation process. U
Mann-Whitney tests were used to examine significant differences in the detection days for
tuna and non-tuna species as well as by object depth category. Kruskal-Wallis H Tests followed
by Dunn s tests were used for multiple comparisons and to elucidate whether the first detec-
tion day differed between seasons.

Generalized additive mixed models (GAMMs) [41] with a Gaussian error distribution and
identity link function, were established to analyze the trend of biomass over 60 days in virgin
DFADs. The independent variable (i.e. days at sea) was included as the main parameter to con-
struct the smooth term of the GAMM. The argument “by” within the splines was included to
account for potential differences among periods, area and DFAD depth categories in the mod-
els. This implementation resulted in one independent smooth function being fitted for each
monsoon period by area and for each DFAD depth category. Similarly, buoy identification
code was included in the models as a random-effect term to address the dependency structure
of the data (i.e. biomass abundance is collected repeatedly by the same buoy for each DFAD).
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In order to avoid model overfitting, maximum degree of freedom (k) was limited to k = 4 [42,
43]. Thus, the following notation was used to establish the final GAMM models:

Y ~ s(days at sea, k = 4, by = "area” /" depth category”) + random =~ (1 | ID.DFAD)

Where Y is the biomass of a fish group (i.e. tuna and non-tuna), s represents a penalized
thin plate regression spline type smoother for days at sea, k is the maximum degrees of free-
dom allowed to the smoothing function and random = ~ (1 | ID_DFAD) is an ad hoc way of
accounting for the autocorrelation structure of the data set in GAMMs.

GAMM:s models were fitted using the gamm4 package [44] in RStudio [45]. The rest of sta-
tistical analysis were conducted using the package dunn.test [46].
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Results
First detection day

In general, the average period for the arrival of fishes to the DFADs (i.e. first day that the echo-
sounder detected biomass) was 12.2+7.7 days. Tuna seemed to arrive at DFADs in 13.5+8.4
days whereas non-tuna species presence was recorded in 21.7+15.1 days, being differences sig-
nificant between them (Mann-Whitney U test, U = 213980, N; = 962, N, = 962, P < 0.001)
(Fig 3, Table 1).

The depth of the underwater part of the DFADs has species-specific effects. While for tuna
species the depth of the underwater part of the DFADs was significant for an earlier detection
(Mann-Whitney U test, U = 84334, N; = 436, N, = 340, P < 0.001), this difference was not sig-
nificant for non-tuna species (Mann-Whitney U test, U = 36524, N, = 436, N, = 340,
P=0.318) (Fig 4, Table 1).

The first detection day was also compared by monsoon period and species group (Fig 5,
Table 1). Tuna was detected before non-tuna species in all cases. Significant season-specific
differences were found for the first tuna detection day (Kruskal-Wallis test, H, = 10.36,
P<0.05). The Dunn s Test confirmed a significant difference (P <0.05) between the winter
monsoon and summer monsoon and spring/autumn intermonsoon periods. Non-tuna species
also presented significant differences by periods (Kruskal-Wallis test, H, = 15.45, P<0.05) and
in this case, Dunn s Test confirmed a significant difference (P <0.05) between winter mon-
soon and summer monsoon and autumn intermonsoon periods. Similarly, differences were
found between spring intermonsoon period and summer monsoon and autumn intermon-
soon periods.

Aggregation dynamics

The general models for the biomass aggregation of tuna and non-tuna species at DFADs
appear to be similar (Fig 6). In both cases a clear increase in biomass was detected until
approximately day 30. The biomass reaches a peak earlier in the case of non-tuna species,
around day 30, while for tuna the peak is reached around day 40. After this period, both tuna
and non-tuna biomass remained steady. Table 2 presents a summary of the GAMMs and their
parameter coefficients as well as the significance of the term days at sea for tuna and non- tuna
species.

When modeling the tuna biomass according to the depth category of the object (Fig 7) the
GAMM showed that deep objects reach the biomass peak almost 10 days earlier than shallow
objects. Also, deep objects showed a biomass decrease after the peak while, in shallow objects,
biomass remains stable after reaching the maximum. Table 3 presents a summary of the
GAMM and its parameter coefficients as well as the significance of the term days at sea by
depth category for tuna species. For non-tuna species the aggregation dynamics on the first 60
days are very similar.

Fig 8 shows a clear tuna biomass increase in all periods. Although there is not a great differ-
ence in the aggregation process by areas within a specific monsoon season, especially during
the summer monsoon and autumn intermonsoon, the biomass aggregation process in the SE
Seychelles area is slightly different during the winter monsoon and spring intermonsoon. In
these seasons, a continuous increasing trend is observed during the first month followed by a
strong decrease from day 30 onwards in SE Seychelles. In the same area, from day 40 onwards
while there is a small decrease during the winter monsoon it stabilized during the autumn
intermonsoon. In the case of Somalia and NW Seychelles, biomass trends are quite similar,
with the exception of the spring intermonsoon, where NW Seychelles has a continuous
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Whitney U test (* p < 0.05; ** p < 0.01; *** p < 0.001; NS not significant).
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increase while we find a biomass peak (i.e. day 25) in Somalia. In addition, the biomass trend
shows a small decrease in the Somalia area after the first month in all periods. In the case of
NW Seychelles, a stabilization around day 40 is shown from October to March, while from
April to September it shows an increasing trend during the 60 days. Table 4 presents a sum-
mary of the GAMM and its parameter coefficients as well as the significance of the term days
at sea by season and area for tuna species.

For non-tuna species (Fig 9), models also shown an increasing biomass trend over the 60
days but much smoother than in the case of tuna. In this case, SE Seychelles also shows the
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Table 1. Mean and standard deviation of first detection day of tuna and non-tuna species according to DFAD
depth and season (n = number of samples).

n MEAN+SD
TUNA NON-TUNA
General 962 13.49+8.34 21.69+15.06
Depth < 20m 436 14.57+8.41 21.75%14.52
Depth > 20m 340 11.87+7.63 20.70+14.78
Winter Monsoon 304 12.26+8.08 19.92+14.50
Spring Intermonsoon 139 13.56+8.62 18.08+13.11
Summer Monsoon 366 14.01+8.37 23.13+£14.86
Autumn Intermonsoon 138 14.77+8.40 25.18+16.70

https://doi.org/10.1371/journal.pone.0210435.t001

most different biomass aggregation trend, with a biomass peak at 25 days during the winter
monsoon. Somalia and NW Seychelles models show a constant linear increasing trend. Table 5
presents a summary of the GAMM and its parameter coefficients as well as the significance of
the term days at sea by seasons and area for non-tuna species.

Discussion

Many studies have investigated the behavior of tuna [22, 36, 47-51] and non-tuna species [29,
32] at different spatio-temporal scales around FADs but few of them have investigated the
aggregation process of species in detail [4, 24, 34, 52]. This is the first-time, to our knowledge,
that fishery independent data provided by fishers” echo-sounder buoys have been used to
explore at a fine- and meso-scales the aggregation processes of species at virgin DFADs in the
Indian Ocean. The effect of the DFAD depth was assessed in relation to the first detection day

601

401

<20 m

>20 m <20 m >20 m

Fig 4. Boxplot of first detection day to the object of (a) tuna and (b) non-tuna species for the different depth category of DFADs. Asterisks indicate the
significance levels of differences following Mann-Whitney U test (* p < 0.05; ** p < 0.01; *** p < 0.001; NS not significant).

https://doi.org/10.1371/journal.pone.0210435.g004
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https://doi.org/10.1371/journal.pone.0210435.9005

and the aggregation dynamics, finding significant differences for tuna and not-significant
effects for non-tuna species. The aggregation dynamics of tuna and non-tuna species generally
showed an increasing trend during the first 30 days after deployment, but also showed specific
seasonal and area differences per group. These differences suggest that tuna and non-tuna spe-
cies may have different associative behaviors.

In recent years the potential use of DFADs as scientific platforms has been highlighted by
the scientific community [26, 27]. Indeed, echo-sounder buoys represent a very powerful tool
to continuously and automatically collect and stream information on thousands of DFADs in
a very cost-effective manner. Considering that around 100,000 objects may be deployed annu-
ally worldwide [37, 53, 54], these devices can provide acoustic data on the biomass of tuna and
non-tuna species underneath them from all tropical oceans on a regular and effective basis.
Fishers echo-sounder buoys have been very useful for the investigation of the aggregation pro-
cess of tuna and non-tuna species at DFADs, so these data could also allow scientists to better
assess several issues of scientific relevance related to DFADs, for example they could investi-
gate the spatio-temporal distribution in relation to environmental parameters or could pro-
duce a fishery independent abundance index for stock assessment [55], among others.

The echo-sounder buoys used in this study provide a single biomass value without deter-
mining the species or size composition of the fish underneath the DFAD. Tuna are well
known to engage in both horizontal and vertical movements around DFADs [51, 56-58] and,
although overlap may exist in the vertical range of the three species of tuna, tagging data sug-
gest differences in depth preferences between the species and the different sizes of these spe-
cies. Skipjack tuna schools tend to remain in shallower waters, as do small yellowfin and
bigeye tuna that are found occupying similar depth ranges as skipjack. However large individ-
uals of bigeye and yellowfin tuna are found at greater depths. This potential segregation has
also been observed in the Indian Ocean by dedicated surveys around DFADs using scientific
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Table 2. Summary of GAMM models for tuna and non-tuna species.

TUNA NON-TUNA
Parametric coefficients Estimate SE z-value p-value Estimate SE z-value p-value
Intercept 1.78 0.09 18.71 <0.001*** 0.18 0.01 15.41 0.001%**
Approximate significance of smooth terms edf F-value p-value edf F-value p-value
s(Days at sea) 2.87 152.6 <0.001"** 2.85 75.02 0.001%**

edf: effective degrees of freedom
“** Highly significant; s(), non-parametric smoother.

https://doi.org/10.1371/journal.pone.0210435.t1002

echo-sounders [33]. In addition to this segregation by species and sizes, the vertical distribu-
tion of tuna at DFADs may vary depending on different factors, including oceanographic con-
ditions (e.g. thermocline depth or surface and subsurface currents) [51, 56], total associated
fish biomass or number and size of species present at DFADs [36]. Recent acoustic research
[59] has found a different frequency response for skipjack compared to bigeye and yellowfin
tuna when analyzed simultaneously using multiple acoustic frequencies, based on anatomical
differences (i.e. the skipjack does not have a swim bladder while bigeye and yellowfin tuna do).
Incorporating multi-frequency technology in echo-sounder buoys could help in more effective
tuna species discrimination at DFADs, with obvious advantages for science and management.
Having specific composition information before the fishing set could help to mitigate, for
example, the catch of small bigeye, which is one of the most important concerns associated
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Fig 7. Functional shapes of the non-parametric relationship between tuna biomass and days at sea with 95% confidence intervals (dashed lines), according to the
depth category of the object.

https://doi.org/10.1371/journal.pone.0210435.9007
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Table 3. Summary of GAMM models for tuna species according to the depth category of the object.

Parametric coefficients

Intercept

Approximate significance of smooth terms
s(Days at sea depth <20m)

s(Days at sea depth >20m)

edf: effective degrees of freedom

Estimate SE z-value p-value
1.82 0.11 16.98 <0.001***
edf F-value p-value
2.59 87.58 <0.001***
2.84 50.18 <0.001"**

“** Highly significant; s(), non-parametric smoother.

https://doi.org/10.1371/journal.pone.0210435.t003

with DFAD fisheries in tunaRFMOs [18], thereby contributing to a more sustainable exploita-
tion of the resources. Future studies should consider improved methodologies and buoy tech-
nologies to effectively discriminate between the three species of tropical tuna so that species-
specific aggregation processes can be better understood.

In addition to this spatial competence by tuna species and sizes, overlap may also exist
between tuna and non-tuna species that occupy different depth layers depending on the time
of day or the area. To take this consideration into account, several options were considered
during preliminary analyses to choose the time at which the acoustic signal is more representa-
tive of the biomass around the DFAD. For example, model the diel biomass estimated by the
echo-sounder using general additive models and choose the maximum biomass value between
the peak hours. Another option was to choose the sample with maximum biomass value
around sunrise (between 3 a.m. and 8 a.m.), since this is the time when tuna and other species
are supposed to be more closely aggregated under the DFADs [60-63]. However, due to sam-
pling constraints (i.e. sampling frequency is not hourly), using these options would consider-
ably limit the number of samples available in this study. Future studies with more data should
consider the use of the above-mentioned options and compare results with current findings.
Also, the position of the fish in relation to the echo-sounder beam and its detectability is some-
thing to be considered. Some bycatch species are known to be more strongly and tightly
attached to the DFAD (intranatant/extranatant species, see [64]) than tuna species (circumna-
tant) and thus, may be more easily detected. Besides, some species like tuna make longer
excursions out of the DFAD when compared to most non-tuna species [24, 31, 34]. However,
the cone shape of the beam of the echo-sounder, with a larger area with increasing depth, com-
pensates the detectability of tuna individuals. Ideally, future studies should combine echo-
sounder buoy sampling around DFADs with dedicated tagged and monitored fauna to infer
detectability rates per species and size and assist in acoustic signal interpretation.

First detection day

Our research shows that, in general, the average first detection of fish at DFADs occurs at
around 1-2 weeks (~12.2+7.7 days). Previous studies in the field have shown different results.
Some works observed a faster colonization of DFADs by tuna, generally in less than a week
[52] while others have suggested similar aggregation periods. For example, fishers working
with anchored FADs (AFADs) in the Philippines wait 11 days after the first deployment before
checking for biomass aggregation [49]. AFADs may be easier to detect and colonize as they are
fixed reference points located in areas close to the coasts. In general, the first group to be
detected by the echo-sounder appear to be the tuna. Some authors, based on interviews with
fishers and other investigations, have stated that non-tuna species may arrive first at DFADs
[1, 4, 23]. For example, fishing masters of the purse-seine fleets working in the Western Indian
Ocean suggested that 1-3 weeks are necessary to colonize virgin DFADs by non-tuna species
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Table 4. Summary of GAMM models for tuna species.

Estimate+SE edf z-value F-value p-value
Winter monsoon Intercept 2.38+0.22 10.8 <0.001***
s(Days at seagomalia) 2.66 38.73 <0.001***
s(Days at seanw seychelles) 2.63 29.07 <0.001***
s(Days at seagg, seychelles) 2.96 30.70 <0.001***
Spring intermonsoon Intercept 1.64+0.20 7.16 <0.001***
s(Days at seasomalia) 1.00 7.71 0.005**
s(Days at seanw seychelles) 2.65 12.12 <0.001***
s(Days at seagg seychelles) 2.78 4.35 0.009**
Summer monsoon Intercept 1.44+0.12 11.19 <0.001***
s(Days at seagomalia) 1.00 77.60 <0.001***
s(Days at seanw seychelles) 2.64 54.04 <0.001***
s(Days at seagg seychelles) 2.61 5.58 <0.001***
Autumn intermonsoon Intercept 1.74+0.23 7.86 <0.001***
s(Days at seagomalia) 1.78 3.34 0.02*
s(Days at seanw seychelles) 2.46 6.85 <0.001%**
s(Days at seag seychelles) 2.35 18.91 <0.001***

edf, effective degrees of freedom

*Significant

** Moderately significant

“** Highly significant; s(), non-parametric smoother.

https://doi.org/10.1371/journal.pone.0210435.1004

[23]. However, for tuna, half of them said that aggregation process may not be time-depen-
dent, and the other half said that at least one month is needed. Our results, using fishery-inde-
pendent data from continuously monitoring DFADs since their first deployment, showed that
this time may be shorter than expected. A possible explanation for this is that at the time of the
interviews (i.e. 2007) they had just started working extensively with DFADs equipped with
echo-sounders and, hence, were not able to accurately interpret echo-sounder buoy informa-
tion in general, and in particular related to the aggregation process. Another possible explana-
tion is that non-tuna species may be easier to observe than tuna when fishers approach the
object, as non-tuna species are strongly associated with DFADs [65] showing less frequent
excursions out of DFAD [23-25, 34]. Future studies should consider consulting fishers again
on this issue in order to determine whether their beliefs have changed through time due to the
extensive use of these technological devices or fishing strategy changes. Indeed, fishing strategy
changes may have been occurring in recent years in the Indian Ocean (i.e. smaller soak times
before first setting) to try to reduce the potential steal rate of DFADs, and consequently,
catches.

Although our results for the first detection day slightly differ from some of the previous
works, the differences could be partially explained by the minimum detection threshold of
around one ton that buoys have. If the amount of fish aggregated under the DFADs is lower
than one ton (as for the conversion done by the manufacturer) during the first few days the
object is at sea, the echo-sounder may not be indicating biomass presence, potentially biasing
the analysis. This limitation may be significant in the case of non-tuna species, since bycatch
species are normally found in lower amounts than tuna species at DFADs (i.e. in a range
between 1-5 tons [25, 66, 67]). However, we do not expect this to have implications for the
final results as tuna usually swim in large schools [68].Moreover, Satlink buoys use a method
that converts raw acoustic backscatter into biomass using an empiric algorithm based on the
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Table 5. Summary of GAMM models for non-tuna species.

Estimate+SE edf z-value F-value p-value
Winter monsoon Intercept 0.21+0.03 8.54 <0.001***
s(Days at seagomalia) 2.26 11.54 <0.001***
s(Days at seanw seychelles) 1.70 418 0.01*
s(Days at seagg, seychelles) 2.97 69.96 <0.001***
Spring intermonsoon Intercept 0.19+0.02 8.36 <0.001***
s(Days at seasomalia) 2.51 6.69 <0.001***
s(Days at seanw seychelles) 1.00 20.73 <0.001***
s(Days at seagg seychelles) 2.13 0.87 0.56
Summer monsoon Intercept 0.19+0.02 8.45 <0.001***
s(Days at seagomalia) 2.41 12.09 <0.001***
s(Days at seanw seychelles) 243 59.95 <0.001***
s(Days at seagg seychelles) 2.36 5.09 0.005**
Autumn intermonsoon Intercept 0.14+0.02 5.62 <0.001***
s(Days at seagomalia) 1.00 0.05 0.83
s(Days at seanw seychelles) 1.00 0.55 0.45
s(Days at seagg seychelles) 2.54 10.51 <0.001***

edf, effective degrees of freedom

*Significant

** Moderately significant

“** Highly significant; s(), non-parametric smoother.

https://doi.org/10.1371/journal.pone.0210435.t005

target strength and weight of skipjack tuna, which is the main target species of the DFADs’
purse seine fishery. Whereas the skipjack tuna does not have a swim bladder, the majority of
bycatch species do. Swim bladder species normally produce a much higher echo than bladder-
less ones since this hydrostatic organ, when present, is responsible for 90-95% of the backscat-
tering energy [69]. Accordingly, one ton of the skipjack-based algorithm biomass may not
necessarily represent the same amount of non-target species, but probably less, and thus the
one ton threshold may not weaken the results and conclusions of this work. Still, it would be
very useful to be able to work without this detection threshold. To overcome this, there is a
need to propose collaborations between buoy companies, fishers and scientists to develop a
process for a routine, continuous, confidential and RFMO-supported raw data transfer, with
reasonable delays, between the purse seine industry and research centers. Access to these raw
data would provide scientists information without the threshold limitation, which could help
in the investigation of sustainability and the management of the exploited resources.

Influence of DFAD structure on the aggregation process

DFADs’ characteristics can vary between fleets and oceans but in general they are composed of
araft and an underwater part hanging below the object [2, 70]. The depth reached by the struc-
ture ranges from 15 to 80-100 meters and is ocean-specific (15-20m in the Indian Ocean, 80-
100m in the Atlantic Ocean and around 30m in the Eastern Pacific Ocean) [37], although in
recent years a trend toward deeper objects in all the oceans has increased [71]. The study has
suggested a significant relationship between object depth and faster tuna aggregation. For
non-tuna species, on the contrary, this relationship appeared not to be significant. These dif-
ferences may be related to the vertical distribution of the species under DFADs. As non-tuna
species usually occupy shallower waters (<25 meters) [34] the depth of the underwater part
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may not affect their detection ability, and consequently, the aggregation process. It may hap-
pen, however, that the shape or material of the floating part would be more important than the
hanging structure in the aggregation of non-tuna species. Similar works should study non-
tuna species aggregation process differences on DFADs with different features of the floating
structure. By contrast, tuna are usually found in deeper waters (i.e. > 25m) [34, 50, 51, 72, 73],
and thus, deeper objects might be easier to detect visually. Indeed, the eye is considered the
main sense organ of tuna which is better adapted to low light [74, 75]. However, other senses
may also help in detecting the object (e.g. sound, chemical) [76, 77]. Although the results of
this study may suggest that the depth of the underwater structure could play an important role
in the aggregation of tuna at DFADs, further studies should investigate in detail the aggrega-
tion-segregation phenomenon in relation to sensory cues, as understanding the key drivers of
the associative behavior is crucial for the adequate management of exploited resources.

During the first 30 days of the object at sea, the tuna biomass follows the same biomass
increasing trend for both DFAD depth categories. However, from that point onwards, there is
a decrease of the tuna biomass in deep DFADs. The reasons causing the loss of tuna biomass
in deeper objects after the first month are difficult to determine, as there is little evidence and
information on the factors driving fish to leave the DFAD. Several hypotheses have been gen-
erated by the scientific community to explain why tuna and non-tuna species associate with
DFADs [1, 6, 7] but none to elucidate why fish leave them. The interviews conducted by
Moreno et al. (2007) with fishers in the Indian Ocean, pointed out a change in the speed or
direction of the drifting object, the presence of large predators, or DFADs entering the conti-
nental shelf as the main reasons for fish to leave a DFAD. Future research should combine
echo-sounder buoy data along the trajectory of the object with environmental information to
investigate the drivers of biomass dynamics around DFADs.

To our knowledge, this is the first time that the depth of the net hanging down has been
related to the aggregation process. So far, the effect of the depth has been investigated in rela-
tion to the tuna catch species composition. Lennert-Cody and Hall [78] and Lennert-Cody,
Roberts [79] found that the species composition of the catch varied with the depth of the net
hanging down, suggesting there could be more successful bigeye and yellowfin sets on objects
with deeper structures in the Eastern Pacific Ocean. However, similar works in the western
Pacific Ocean [80] did not find such a positive relationship for bigeye tuna. Related to these
investigations, the Inter-American Tropical Tuna Commission considered the possibility of
limiting the depth of the underwater part hanging below the FAD [81] in order to reduce the
bigeye bycatch, although the measure was not ultimately adopted and it is not being imple-
mented by the fleet. Therefore, since in this study we have found evidence that the depth of the
object’s underwater part affects the aggregation of tuna, further studies should be proposed to
help to design specific management measures for tuna species.

Aggregation process by periods and areas

The large quantity of data available for this work (42,322 daily biomass observations) provides
a high spatio-temporal resolution to study the aggregation process across different seasons.
The Indian Ocean is characterized by strong environmental fluctuations associated with mon-
soon regimes that affect ocean circulation and biological production [39]. Changes in biophys-
ical factors associated with seasonality (i.e. chlorophyll, temperature, salinity, dissolved
oxygen) may play an important role in the aggregation dynamic of tuna and non-tuna species.
Our first detections were consistent for all the monsoon periods analyzed (i.e. tuna were always
detected earlier than non-tuna species at DFADs). The first detection days of tuna species at
DFADs were statistically different across seasons, with a maximum difference of 2.5 days.
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Despite this result, when the analysis was made between seasons, we only found differences for
arrival time among the winter monsoon and summer monsoon and autumn intermonsoon
periods. In relation to the aggregation dynamics, the maximum biomass is reached later (i.e.
after 40 days at sea) in summer and autumn periods in comparison to other seasons. These dif-
ferences may be related to changes in productivity between periods. A strong upwelling occurs
in the Western Indian Ocean in the summer monsoon season [82], where cold and highly
saline waters with a high nutrient content are pumped up, producing an increase of primary
production along the coast of Somalia [83, 84] which can spread more than 500 km offshore
[85]. This productivity increase may make floating objects less attractive for tuna as enough
prey concentration may be available in the surface environment. On the other hand, produc-
tivity is significantly lower during the winter monsoon [86], where not only both tuna and
non-tuna species arrive earlier at the DFADs in comparison to other seasons, but the biomass
also peaks earlier compared to the summer and autumn periods. It is known that the distribu-
tion of large predators, like tuna, is affected by productivity [87], but the relationship between
productivity and DFAD attractiveness remains unclear. This work hypothesizes that produc-
tivity and DFAD attractiveness may be inversely related. Future research at different spatio-
temporal scales should link acoustic information with remote sensing variables, including
chlorophyll-a, to analyze whether, and how, environmental conditions are related to the aggre-
gation dynamics of tuna and non-tuna species at DFADs.

It is important to highlight the different trends that have been observed in the SE Seychelles
from December to April-May, while for the rest of the year all areas showed similar trends.
During the winter monsoon the fishery is usually located in the SE Seychelles and Chagos
areas in search of FSC [88], where schools of yellowfin and bigeye tuna happen to be feeding
or spawning in surface waters [89]. The difference in the observed aggregation dynamics in
the SE Seychelles area coincides with the FSC fishery season, which could affect the species
composition in the area and, hence, the aggregation dynamics around DFADs.

In addition to environmental features, other factors could also affect the aggregation pro-
cess of tuna and non-tuna species at DFADs, such as the density and abundance of the popula-
tion and of the DFADs. Robert, Dagorn [36] suggested that social interactions underlie
aggregation processes. Because tuna biomass seems to increase after the deployment of a
DFAD, we could interpret this to mean that tuna associative behavior may be dependent on
fish density [90], and thus, an increasing abundance of fish at DFADs could lead to stronger
attraction and retention behaviors [24]. Moreover, an overall saturation point observed after
approximately 30-40 days may indicate that after a certain specific period, the aggregation of
tuna could be compromised. Therefore, DFADs could contribute to the formation of large
schools and the optimal school size [91] during the first 30-60 days at sea.

Conclusions

Fishing around DFADs has become the main strategy used by tropical tuna purse seiners in
recent years [11]. The concern surrounding DFAD fishing generally comes from the uncer-
tainty about the impacts it produces (e.g. a higher level of bycatch, alteration of tuna move-
ments, impacts on the habitat, etc.). To consider new and alternative management options, it
is necessary to improve our knowledge of the key factors driving the species aggregation-segre-
gation processes with floating objects. This study contributes to better understanding of the
tuna and non-tuna aggregation mechanisms in relation to both the DFAD structure and
deployment seasons. In summary, the first detection day of fish at DFADs was around 1-2
weeks and differed significantly between tuna and non-tuna species. Although fishers consider
that deeper DFAD may favor faster and larger fish aggregations [2], this aspect has never been
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investigated in detail in relation to the aggregation processes. The analysis showed a significant
relationship between object depth and colonization of tuna, suggesting a faster tuna coloniza-
tion for deeper objects. For non-tuna species this relationship appeared not to be significant.
The Indian Ocean is characterized by strong environmental fluctuations associated with mon-
soon regimes and seasonal variability in fishing grounds [92] and catch [93]. Therefore, ana-
lyzing the aggregation process in different periods could help with designing spatio-temporal
management measures for tuna fisheries. The aggregation dynamics differed between mon-
soon periods in both tuna and non-tuna species. These differences could be explained by
changes in the biophysical environment associated with seasonality, although there may be
other social factors affecting the aggregation process of tuna and non-tuna species at DFADs,
such as the density and abundance of the local tuna population or DFADs. The results of this
research can be used to assist in working for the sustainability of tuna fisheries and may help
to design management measures for tuna and non-tuna species, such as optimization of fish-
ing activities.

Acknowledgments

The authors would like to thank the Basque purse seine fishing company Echebastar who
kindly agreed to provide the acoustic data from their echo-sounder buoys used in the present
study. This paper is contribution number 891 from AZTI-Tecnalia.

Author Contributions

Conceptualization: Blanca Orue, Gala Moreno, Hilario Murua.

Data curation: Blanca Orue.

Formal analysis: Blanca Orue, Jon Lopez.

Funding acquisition: Blanca Orue, Gala Moreno, Hilario Murua.

Investigation: Blanca Orue, Jon Lopez, Gala Moreno, Hilario Murua.
Methodology: Blanca Orue, Jon Lopez.

Project administration: Gala Moreno, Hilario Murua.

Resources: Josu Santiago, Maria Soto, Hilario Murua.

Software: Blanca Orue.

Supervision: Jon Lopez, Gala Moreno, Josu Santiago, Maria Soto, Hilario Murua.
Validation: Blanca Orue, Jon Lopez, Gala Moreno, Josu Santiago, Maria Soto, Hilario Murua.
Visualization: Blanca Orue.

Writing - original draft: Blanca Orue.

Writing - review & editing: Blanca Orue, Jon Lopez, Gala Moreno, Josu Santiago, Maria
Soto, Hilario Murua.

References

1. Castro J, Santiago J, Santana-Ortega A. A general theory on fish aggregation to floating objects: an
alternative to the meeting point hypothesis. Rev Fish Biol Fish. 2002; 11(3):255-77.

2. MuruaJ, ltano D, Hall M, Dagorn L, Moreno G, Restrepo V. Advances in the use of entanglement-
reducing Drifting Fish Aggregating Devices (DFADs) in tuna purse seine fleets. ISSF Technical Report
2016-08 International Seafood Sustainability Foundation, Washington, DC, USA. 2016.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210435 January 15, 2019 20/24


https://doi.org/10.1371/journal.pone.0210435

®PLOS | one

Aggregation process of DFADs, ascertained through fishers’ echo-sounder buoys

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Gooding RM, Magnuson JJ. Ecological significance of a drifting object to pelagic fishes. Pac Sci. 1967;
21(4):486-97.

Hunter JR, Mitchell CT. Association of fishes with flotsam in offshore waters of Central America. United
States Fish and Wildlife Service Fishery Bulletin. 1967; 66(1):13-&.

Rountree RA. Association of fishes with fish aggregation devices: effects of structure size on fish abun-
dance. Bull Mar Sci. 1989; 44(2):960-72.

Hall M, Lennert-Cody C, Garcia M, Arenas P, editors. Characteristics of floating objects and their attrac-
tiveness for tunas. In: Scott, MD, Bayliff, WH, Lennert-Cody, CE and Schaefer, KM (eds), Proceedings
of the International Workshop on the Ecology and Fisheries for Tunas Associated with Floating Objects,
February 11—13, 1992, Inter-American Tropical Tuna Commission Special Report 11, 396-446 La
Jolla, California; 1992.

Dagorn L, Freon P. Tropical tuna associated with floating objects: a simulation study of the meeting
point hypothesis. Can J Fish Aquat Sci. 1999; 56(6):984—93.

Fonteneau A, Chassot E, Bodin N. Global spatio-temporal patterns in tropical tuna purse seine fisheries
on drifting fish aggregating devices (DFADs): Taking a historical perspective to inform current chal-
lenges. Aquat Living Resour. 2013; 26(1):37-48.

Hallier J-P, Parajua J. Review of tuna fisheries on floating objects in the Indian Ocean. International
Workshop on the Ecology and Fisheries for Tunas Associated with Floating Objects and on Assess-
ment Issues Arising fom the Asociation of Tunas with Floating Objects Edited by M Hall Internal Report,
Inter-Anerucab Tropical Tuna Commission, San Diego, California. 1992.

ISSF. Status of the world fisheries for tuna. Feb. 2017. ISSF Technical Report 2017-02. Seafood Sus-
tainability Foundation,Washington, DC, USA. 2017.

Dagorn L, Holland KN, Restrepo V, Moreno G. Is it good or bad to fish with FADs? What are the real
impacts of the use of drifting FADs on pelagic marine ecosystems?. Fish and fisheries. 2012. https://
doi.org/10.1111/faf.12007

Béez JC, Fernandez F, Pascual-Alayén PJ, Ramos ML, Abascal F. Updating the statistics of the EU-
Spain purse seine fleet in the Indian Ocean (1990-2016). IOTC-2017-WPTT19-INFO5. 2017.

Soto M, Fernandez F. Statistics of the purse seine Spanish fleet in the Indian Ocean (1990-2015).
I0TC-2016-WPDCS12-INF04, 2016.

Lopez J, Moreno G, Sancristobal |, Murua J. Evolution and current state of the technology of echo-
sounder buoys used by Spanish tropical tuna purse seiners in the Atlantic, Indian and Pacific Oceans.
Fish Res. 2014; 155.

Fonteneau A, Pallares P, Pianet R, editors. A worldwide review of purse seine fisheries on FADs. Pro-
ceedings of the Conference on Péche thoniére et dispositifs de concentration de poissons, Martinique,
15-19 October, Edited by JY Le Gall, PCayré and MTaquet, IFREMER edition pp 15-35; 2000.

Marsac F, Fonteneau A, Menard F, editors. Drifting FADs used in tuna fisheries: an ecological trap?
Proceedings of the Conference on Péche thoniere et dispositifs de concentration de poissons, Marti-
nique, 1519 October, Edited by JY Le Gall, P Cayré and M Taquet, IFREMER, Actes de colloques no
28, pp 537-552; 2000.

Essington TE, Schindler DE, Olson RJ, Kitchell JF, Boggs C, Hilborn R. Alternative fisheries and the
predation rate of yellowfin tuna in the eastern Pacific Ocean. Ecol Appl. 2002; 12(3):724-34.

Leroy B, Phillips JS, Nicol S, Pilling GM, Harley S, Bromhead D, et al. A critique of the ecosystem
impacts of drifting and anchored FADs use by purse-seine tuna fisheries in the Western and Central
Pacific Ocean. Aquat Living Resour. 2012; 26(1):49-61.

Hallier J, Gaertner D. Drifting fish aggregation devices could act as an ecological trap for tropical tuna
species. Marine Ecology Progress Series. 2008; 353:255-64.

Le Gall J-Y, Cayré P, Taquet M. Mechanisms and effects of the aggregation of tuna by Fish Aggregating
Devices (FADs). Aquat Living Resour. 2000; 13(4):181-2.

Dagorn L, Josse E, Bach P, Bertrand A. Modeling tuna behaviour near floating objects: from individuals
to aggregations. Aquat Living Resour. 2000; 13.

Leroy B, Itano DG, Usu T, Nicol SJ, Holland KN, Hampton J. Vertical behavior and the observation of
FAD effects on tropical tuna in the warm-pool of the western Pacific Ocean. Tagging and Tracking of
Marine Animals with Electronic Devices: Springer; 2009. p. 161-79.

Moreno G, Dagorn L, Sancho G, Itano D. Fish behaviour from fishers” knowledge: the case study of
tropical tuna around drifting fish aggregating devices (DFADs). Can J Fish Aquat Sci. 2007; 64.

Lopez J, Moreno G, Ibaibarriaga L, Dagorn L. Diel behaviour of tuna and non-tuna species at drifting
fish aggregating devices (DFADs) in the Western Indian Ocean, determined by fishers’ echo-sounder
buoys. Mar Biol. 2017; 164(3):44.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210435 January 15, 2019 21/24


https://doi.org/10.1111/faf.12007
https://doi.org/10.1111/faf.12007
https://doi.org/10.1371/journal.pone.0210435

®PLOS | one

Aggregation process of DFADs, ascertained through fishers’ echo-sounder buoys

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

48.

Dagorn L, Filmalter J, Forget F, Amandé MJ, Hall MA, Williams P, et al. Targeting bigger schools can
reduce ecosystem impacts of fisheries. Can J Fish Aquat Sci. 2012; 69.

Moreno G, Dagorn L, Capello M, Lopez J, Filmalter J, Forget F, et al. Fish aggregating devices (FADs)
as scientific platforms. Fish Res. 2015; 178:122-9.

Lopez J, Moreno G, Boyra G, Dagorn L. A model based on data from echosounder buoys to estimate
biomass of fish species associated with fish aggregating devices. Fish Bull. 2016; 114(2).

Maclennan DN, Fernandes PG, Dalen J. A consistent approach to definitions and symbols in fisheries
acoustics. ICES J Mar Sci. 2002; 59(2):365-9.

Taquet M, Dagorn L, Gaertner J-C, Girard C, Aumerruddy R, Sancho G, et al. Behavior of dolphinfish
(Coryphaena hippurus) around drifting FADs as observed from automated acoustic receivers. Aquat
Living Resour. 2007; 20(4):323-30.

Dagorn L, Pincock D, Girard C, Holland K, Taquet M, Sancho G, et al. Satellite-linked acoustic receivers
to observe behavior of fish in remote areas. Aquat Living Resour. 2007; 20(4):307—12.

Govinden R, Dagorn L, Filmalter J, Soria M. Behaviour of Tuna a ssociated with Drifting Fish Aggregat-
ing Devices (FADs) in the Mozambique Channel. IOTC-2010-WPTT-25, 2010.

Filmalter JD, Dagorn L, Cowley PD, Taquet M. First descriptions of the behavior of silky sharks, Carch-
arhinus falciformis, around drifting fish aggregating devices in the Indian Ocean. Bull Mar Sci. 2011; 87
(3):325-37.

Moreno G, Josse E, Brehmer P, Ngttestad L. Echotrace classification and spatial distribution of pelagic
fish aggregations around drifting fish aggregating devices (DFAD). Aquat Living Resour. 2007; 20
(4):343-56.

Forget FG, Capello M, Filmalter JD, Govinden R, Soria M, Cowley PD, et al. Behaviour and vulnerability
of target and non-target species at drifting fish aggregating devices (FADs) in the tropical tuna purse
seine fishery determined by acoustic telemetry. Can J Fish Aquat Sci. 2015; 72(9):1398-405.

Taquet M, Sancho G, Dagorn L, Gaertner J, Itano D, Aumeeruddy R, et al. Characterizing fish commu-
nities associated with drifting fish aggregating devices (FADs) in the Western Indian Ocean using
underwater visual surveys. Aquat Living Resour. 2007; 20(4):331—41.

Robert M, Dagorn L, Lopez J, Moreno G, Deneubourg J-L. Does social behavior influence the dynamics
of aggregations formed by tropical tunas around floating objects? An experimental approach. J Exp Mar
Biol. 2013; 440:238—43.

Scott GP, Lopez J. The use of FADs in tuna fisheries. European Parliament Policy Department B: Struc-
tural and Cohesion Policies: Fisheries. 2014;|P/B/PECH/IC/2013-123:70p.

Maufroy A, Chassot E, Joo R, Kaplan DM. Large-Scale Examination of Spatio-Temporal Patterns of
Drifting Fish Aggregating Devices (dFADs) from Tropical Tuna Fisheries of the Indian and Atlantic
Oceans. PloS one. 2015; 10(5):e0128023. https://doi.org/10.1371/journal.pone.0128023 PMID:
26010151

Schott FA, McCreary JP. The monsoon circulation of the Indian Ocean. Prog Oceanogr. 2001; 51(1):1-
123.

Petit C, Pallarés P, Pianet R. New sampling and data processing strategy for estimating the composition
of catches by species and sizes in the European purse seine tropical tuna fisheries. 2000.

Wood S. Generalized additive models: an introduction with R: CRC press; 2006.

Giannoulaki M, Iglesias M, Tugores MP, Bonanno A, Patti B, De Felice A, et al. Characterizing the
potential habitat of European anchovy Engraulis encrasicolus in the Mediterranean Sea, at different life
stages. Fisheries Oceanography. 2013; 22(2):69-89.

Jones A, Hosegood P, Wynn R, De Boer M, Butler-Cowdry S, Embling C. Fine-scale hydrodynamics
influence the spatio-temporal distribution of harbour porpoises at a coastal hotspot. Prog Oceanogr.
2014; 128:30-48.

Wood S, Scheipl F. gamm4: Generalized additive mixed models using mgcv and Ime4. R package ver-
sion 0.2—2, URL http://CRAN.R-project.org/package=gamm4; 2013.

R Development Core Team. R: A language and environment for statistical computing. R.Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 2017.

Dinno A, Dinno MA. Package ‘dunn. test’. 2017.

Capello M, Deneubourg JL, Robert M, Holland KN, Schaefer KM, Dagorn L. Population assessment of
tropical tuna based on their associative behavior around floating objects. Sci Rep. 2016; 6:36415. Epub
2016/11/04. https://doi.org/10.1038/srep36415 PMID: 27808175

Dagorn L, Holland KN, Itano DG. Behavior of yellowfin (Thunnus albacares) and bigeye (T. obesus)
tuna in a network of fish aggregating devices (FADs). Mar Biol. 2007; 151(2):595-606.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210435 January 15, 2019 22/24


https://doi.org/10.1371/journal.pone.0128023
http://www.ncbi.nlm.nih.gov/pubmed/26010151
http://CRAN.R-project.org/package=gamm4
https://www.R-project.org/
https://doi.org/10.1038/srep36415
http://www.ncbi.nlm.nih.gov/pubmed/27808175
https://doi.org/10.1371/journal.pone.0210435

®PLOS | one

Aggregation process of DFADs, ascertained through fishers’ echo-sounder buoys

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

Macusi EDM, Abreo NAS, Babaran RP. Local ecological knowledge (LEK) on fish behavior around
anchored FADs: the case of tuna purse seine and ringnet fishers from Southern Philippines. Frontiers in
Marine Science. 2017; 4:188.

Matsumoto T, Satoh K, Toyonaga M. Behavior of skipjack tuna (Katsuwonus pelamis) associated with a
drifting FAD monitored with ultrasonic transmitters in the equatorial central Pacific Ocean. Fish Res.
2014; 157:78-85.

Schaefer KM, Fuller DW. Simultaneous behavior of skipjack (Katsuwonus pelamis), bigeye (Thunnus
obsesus), and yellowfin (T. albacares) tunas, within large multi-species aggregations associated with
drifting fish aggregating devices (FADs) in the equatorial eastern Pacific Ocean. Mar Biol. 2013; 160
(11):3005-14.

Bard F-X, Stretta J-M, Slepoukha M. Les épaves artificielles comme auxiliaires de la péche thoniere en
océan Atlantique: quel avenir? La peche maritime. 1985:655-9.

Baske A, Gibbon J, Benn J, Nickson A. Estimating the use of drifting Fish Aggregation Devices (FADs)
around the globe. PEW Environmental group, discussion paper, 8p. 2012.

Gershman D, Nickson A, O'Toole M. Estimating the use of FADs around the world: An updated analysis
of the number of fish aggregating devices deployed in the ocean. PEW Environmental group, discussion
paper, 19 p. 2015.

Santiago J, Murua H, Lépez J, Quincoces |. Buoy derived abundance indices of tropical tunas in the
Indian Ocean. IOTC-2017-WGFADO01-13.2017.

Fuller DW, Schaefer KM, Hampton J, Caillot S, Leroy BM, Itano DG. Vertical movements, behavior, and
habitat of bigeye tuna (Thunnus obesus) in the equatorial central Pacific Ocean. Fish Res. 2015;
172:57-70.

Govinden R, Jauhary R, Filmalter J, Forget F, Soria M, Adam S, et al. Movement behaviour of skipjack
(Katsuwonus pelamis) and yellowfin (Thunnus albacares) tuna at anchored fish aggregating devices
(FADs) in the Maldives, investigated by acoustic telemetry. Aquat Living Resour. 2013; 26(1):69-77.

Weng JS, Hung MK, Lai CC, Wu LJ, Lee MA, Liu KM. Fine-scale vertical and horizontal movements of
juvenile yellowfin tuna (Thunnus albacares) associated with a subsurface fish aggregating device
(FAD) off southwestern Taiwan. J Appl Ichthyol. 2013; 29(5):990-1000.

Moreno G, Boyra G, Rico |, Sancristobal |, Filmater J, Forget F, et al. Towards acoustic discrimination
of tuna species at FADs. IATTC. 2015;SAC-07-INF-C.

Brill R, Block B, Boggs C, Bigelow K, Freund E, Marcinek D. Horizontal movements and depth distribution
of large adult yellowfin tuna (Thunnus albacares) near the Hawaiian Islands, recorded using ultrasonic
telemetry: implications for the physiological ecology of pelagic fishes. Mar Biol. 1999; 133(3):395-408.

Josse E, Dagorn L, Bertrand A. Typology and behaviour of tuna aggregations around fish aggregating
devices from acoustic surveys in French Polynesia. Aquat Living Resour. 2000; 13:183-92.

Moreno G, Dagorn L, Sancho G, Itano D. Fish behaviour from fishers” knowledge: the case study of
tropical tuna around drifting fish aggregating devices (DFADs). Can J Fish Aquat Sci/J Can Sci Halieut
Aquat. 2007; 64:1517-28.

Harley S, Williams P, Hampton J. Analysis of purse seine set times for different school associations: a
further tool to assist in compliance with FAD closures? Western and Central Pacific Fisheries Commis-
sion. 2009;WCPFC-TCC5-2009/IP-02.

Fréon P, Dagorn L. Review of fish associate behaviour: toward a generalisation of the meeting point
hypothesis. Reviews in Fish Biology and Fisheries. 2000; 10:183-207.

Parin NV, Fedoryako BI. Pelagic fish communities around floating objects in the open ocean. Fishing for
Tunas associated with floating Objects, International workshop Inter-American Tropical Tuna Commis-
sion. 1999(11):447-58.

Romanov EV. Bycatch in the tuna purse-seine fisheries of the western Indian Ocean. Fish Bull. 2002;
100(1):90-105.

Romanov EV. Bycatch and discards in the Soviet purse seine tuna fisheries on FAD-associated schools
in the north equatorial area of the Western Indian Ocean. Western Indian Ocean J Mar Sci. 2008;
7:163-74.

Block BA, Stevens ED. Tuna: physiology, ecology, and evolution: Gulf Professional Publishing; 2001.

Foote KG. Importance of the swimbladder in acoustic scattering by fish: a comparison of gadoid and
mackerel target strengths. J Acoust Soc Am. 1980; 67(6):2084-9.

Itano D, editor. Documentation and classification of fishing gear and technology on board tuna purse
seine vessels. 16th Sixteenth Meeting of the Standing Committee on Tuna and Billfish (SCTB16), held
in Mooloolaba, Queensland, Australia; 2003.

Hall M, Roman M. The fishery on fish aggregating devices (FADs) in the Eastern Pacific Ocean. IATTC,
SAC-07 03e. 2016.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210435 January 15, 2019 23/24


https://doi.org/10.1371/journal.pone.0210435

®PLOS | one

Aggregation process of DFADs, ascertained through fishers’ echo-sounder buoys

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

Dagorn L, Bach P, Josse E. Movement patterns of large bigeye tuna (Thunnus obesus) in the open
ocean, determined using ultrasonic telemetry. Mar Biol. 2000; 136(2):361-71.

Schaefer KM, Fuller DW, Block BA. Vertical movements and habitat utilization of skipjack (Katsuwonus
pelamis), yellowfin (Thunnus albacares), and bigeye (Thunnus obesus) tunas in the equatorial eastern
Pacific Ocean, ascertained through archival tag data. Tagging and Tracking of Marine Animals with
Electronic Devices: Springer; 2009. p. 121-44.

Kawamura G, Nishimura W, Ueda S, Nishi T. Vision in tunas and marlins. MemKagoshima Univ
ResCenter SPac. 1981; 2(1):3-47.

Ishibashi Y, Honryo T, Saida K, Hagiwara A, Miyashita S, Sawada Y, et al. Atrtificial lighting prevents
high night-time mortality of juvenile Pacific bluefin tuna, Thunnus orientalis, caused by poor scotopic
vision. Aquaculture. 2009; 293(3):157-63.

Ghazali SM, Montgomery JC, Jeffs AG, Ibrahim Z, Radford CA. The diel variation and spatial extent of
the underwater sound around a fish aggregation device (FAD). Fish Res. 2013(0).

Dempster T, Kingsford MJ. Homing of pelagic fish to fish aggregation devices (FADs): the role of sen-
sory cues. Marine Ecology Progress Series. 2003; 258:213-22.

Lennert-Cody C, Hall M, editors. The development of the purse seine fishery on drifting Fish Aggregat-
ing Devices in the eastern Pacific Ocean: 1992—-1998. Péche thoniére et dispositifs de concentration de
poissons, Caribbean-Martinique, 15—19 Oct 1999 15—19 octobre 1999; 2000.

Lennert-Cody CE, Roberts JJ, Stephenson RJ. Effects of gear characteristics on the presence of bigeye
tuna (Thunnus obesus) in the catches of the purse-seine fishery of the eastern Pacific Ocean. ICES J
Mar Sci. 2008; 65(6):970-8.

Satoh K, Okamoto H, Takeuchi Y, Shono H, Matsumoto T, Watanabe K, et al. Effects of depth of under-
water structures of FADs on catch of bigeye tuna (Thunnus obesus) in the tropical waters of the western
Pacific Ocean. WCPFC Scientific Committee, fourth regular session. 2008;WCPFC-SC4-2008/FT-WP-
1:20.

IATTC I-ATTC. FAD-related research. Western and Central Pacific Fisheries Commission, fourth regu-
lar session of the Scientific Committee, Aug. 11-22, 2008, Port Moresby, Papua New Guinea. WCPFC-
SC4-2008/FT-IP-3. 2008.

Schott FA, Xie SP, McCreary JP. Indian Ocean circulation and climate variability. Reviews of Geophys-
ics. 2009; 47(1).

Veldhuis MJ, Kraay GW, Van Bleijswijk JD, Baars MA. Seasonal and spatial variability in phytoplankton
biomass, productivity and growth in the northwestern Indian Ocean: the southwest and northeast mon-
soon, 1992—-1993. Deep Sea Research Part I: Oceanographic Research Papers. 1997; 44(3):425—49.

Hitchcock GL, Key EL, Masters J. The fate of upwelled waters in the Great Whirl, August 1995. Deep
Sea Res Part 2 Top Stud Oceanogr. 2000; 47(7):1605-21.

Wiggert J, Murtugudde R, Christian J. Annual ecosystem variability in the tropical Indian Ocean: Results
of a coupled bio-physical ocean general circulation model. Deep Sea Res Part 2 Top Stud Oceanogr.
2006; 53(5):644-76.

Wiebinga CJ, Veldhuis MJ, De Baar HJ. Abundance and productivity of bacterioplankton in relation to
seasonal upwelling in the northwest Indian Ocean. Deep Sea Research Part I: Oceanographic
Research Papers. 1997; 44(3):451-76.

Longhurst A, Pauly D. Ecology of Tropical Oceans. Elsevier, 407. 1987.

Davies TK, Mees CC, Milner-Gulland E. The past, present and future use of drifting fish aggregating
devices (FADs) in the Indian Ocean. Marine Policy. 2014; 45:163-70.

Marsac F. Outlook of ocean climate variability in the west tropical Indian Ocean, 1997—2008. Working
document for IOTC Indian Ocean Tuna Commission. 2008.

Doray M, Petitgas P, Nelson L, Mahévas S, Josse E, Reynal L. The influence of the environment on the
variability of monthly tuna biomass around a moored, fish-aggregating device. ICES J Mar Sci. 2009; 66
(6):1410-6.

Pitcher T, Parrish J. Functions of shoaling behaviour in teleosts. Pages 363—439in Pitcher TJ, ed.
Behaviour of teleost fishes. Chapman and Hall, London; 1993.

Davies TK, Mees CC, Milner-Gulland E. Modelling the spatial behaviour of a tropical tuna purse seine
fleet. PloS one. 2014; 9(12):e114037. https://doi.org/10.1371/journal.pone.0114037 PMID: 25462165

Kaplan DM, Chassot E, Amandé JM, Dueri S, Demarcq H, Dagorn L, et al. Spatial management of
Indian Ocean tropical tuna fisheries: potential and perspectives. ICES Journal of Marine Science: Jour-
nal du Conseil. 2014; 71(7):1728-49.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210435 January 15, 2019 24/24


https://doi.org/10.1371/journal.pone.0114037
http://www.ncbi.nlm.nih.gov/pubmed/25462165
https://doi.org/10.1371/journal.pone.0210435

