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Abstract

Background: Aggregation sites represent important sources of environmental heterogeneity and can modify the
movement behavior of animals. When these sites are artificially established through anthropogenic actions, the
consequent alterations to animal movements may impact their ecology with potential implications for their fitness.
Floating objects represent important sources of habitat heterogeneity for tropical tunas, beneath which these
species naturally aggregate in large numbers. Man-made floating objects, called Fish Aggregating Devices (FAD),
are used by fishers on a massive scale to facilitate fishing operations. In addition to the direct impacts that fishing
with FADs has on tuna populations, assessing the effects of increasing the numbers of FADs on the ecology of tuna
is key for generating sound management and conservation measures.

Methods: This study investigates the effects of increasing numbers of FADs (aggregation sites) on the movements
of tunas, through the comparison of electronic tagging data recorded from 146 individuals tunas (yellowfin tuna,
Thunnus albacares, and skipjack tuna, Katsuwonus pelamis) tagged in three instrumented anchored FAD arrays
(Mauritius, Oahu-Hawaii and Maldives), that differed according to their distances among neighboring FADs. The
effect of increasing inter-FAD distances is studied considering a set of indices (residence times at FADs and absence
(travel) times between two visits at FADs) and their trends.

Results: When inter-FAD distances decrease, tuna visit more FADs (higher connectivity between FADs), spend less
time travelling between FADs and more time associated with them. The trends observed for the absence (travel)
times appear to be compatible with a random-search component in the movement behaviour of tunas. Conversely,
FAD residence times showed opposite trends, which could be a result of social behavior and/or prey availability.

Conclusion: Our results provide the first evidence of changes in tuna associative behavior for increasing FAD
densities. More generally, they highlight the need for comparing animal movements in heterogeneous habitats in
order to improve understanding of the impacts of anthropogenic habitat modifications on the ecology of wild
animals.
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Introduction
Animals evolve in a heterogeneous environment with
which they interact through physiological and/or
behavioral responses. As a result of habitat fragmenta-
tion, barrier effects, or resource changes, animal move-
ments can change at multiple scales [35] and their
migration routes can be altered [47]. Anthropogenic
activities leading to modification in habitats can also
result in changes in the way animals use and move
through their environment. Currently, little is known
about the behavioral plasticity of animals when envir-
onmental conditions change [45]. In the terrestrial
habitat, waterholes represent important sources of
habitat heterogeneity for several species [36, 48], as do
floating objects for several fish species, in the pelagic
habitat of the world’s oceans. Indeed, many pelagic
fish, including tropical tunas (yellowfin tuna, Thunnus
albacares, bigeye tuna, T. obesus and skipjack tuna,
Katsuwonus pelamis), form large multi-specific aggre-
gations around floating objects [6, 17]. Naturally oc-
curring, floating objects include debris from trees and
logs, which enter the ocean via river months or from
the coast. Our understanding of the reasons that lead
to such aggregations remains limited [6, 17]. Two
main hypotheses have been formulated: the “meeting
point” and the “indicator-log”. The “meeting point”
hypothesis suggests that floating objects can be meet-
ing points for tunas, facilitating the formation of larger
schools [10, 17], which provide benefits to these social
species. The “indicator-log” hypothesis asserts that
tunas use floating objects as indicators of rich envi-
ronments, as natural floating objects typically originate
from highly productive areas (i.e., river mouth, man-
groves) [21]. For centuries, fishers have used this asso-
ciative behavior to their advantages [14], first targeting
natural floating objects and then deploying man-made
floating devices called Fish Aggregating Devices
(FADs) in order to attract tunas and enhance the effi-
ciency of their fishing effort [16, 34]. About, 40% of
the world’s tropical tuna catch consists of fish associ-
ated with floating objects [8]. Coastal anchored FADs
are generally deployed near shore to support artisanal
tuna fisheries while drifting FADs are utilized offshore
by industrial purse seine fisheries. The increasing use
of FADs since the 1990’s has resulted in thousands of
artificial floating objects being deployed in the open
ocean on a regular basis, changing the pelagic habitat
[1, 8, 9, 32]. Such modification has led to concerns re-
garding the impacts of FADs on the ecology of tunas
[8, 9, 22, 31], as FADs could act as ecological traps
(see [2, 44]). These studies highlighted the need for an
improved understanding of the effects of increasing
numbers of FADs on the behavior of tunas. The
model developed by Sempo et al. [46] demonstrated

that, for social fish species, increasing the number of
floating objects could lead to fragmentation of fish
schools. However, an evaluation of the effects of in-
creasing numbers of FADs on tuna behaviour, through
field-based experiments, is yet to be conducted. Both
anchored and drifting FADs alter the natural environ-
ment, but anchored FADs are easier to access and
study owing to their close proximity to the coast and
fixed location. As such, understanding tuna behavior
around anchored FADs can improve the general un-
derstanding of tunas behavior in relation to drifting
floating objects [11]. Many studies have investigated
the behavior of tuna at anchored FADs, using active
tracking [4, 7, 23, 30, 43] or passive acoustic telemetry
[12, 19, 37, 41, 42]. FAD associations were observed
to last from a few minutes to several weeks [12, 19,
37, 41, 42], clearly illustrating that FADs are able to
retain tuna. Fitting survival curves to acoustic telem-
etry data showed that the behavioral process driving
the time that tuna spend at FADs is independent of
time [41, 42]. Using passive acoustic telemetry in the
Oahu FAD array, Dagorn et al. [12] found that 17% of
the observed travel times of tagged tuna between two
FAD associations were short enough to be coherent
with straight line movements. This was in line with
results from several active tracking studies which
observed tunas making “straight-line” movements be-
tween FADs [4, 7, 13, 23, 30]. Analysing these move-
ments, Girard et al. [18] demonstrated that tunas are
capable of oriented movements towards FADs from 4
to 17 km away, while for larger distances, tuna move-
ments seemed to be driven by random-walk dynamics.
From these studies, it is possible to hypothesize that
tuna movements in a FAD array could be broken
down into two components (or processes): (i) tuna
move randomly as long as they do not perceive the
presence of a FAD and (ii) they orient towards a FAD
when they detect its presence, which could occur from
4 to 17 km from the FAD, follow the results of Girard
et al. [18]. Finally, none of these studies have focused
on the role of FAD densities on tuna behavior for a
particular species and size class.
The main objective of our study was to investigate the

effects of increasing the number of aggregation sites on
the movement behavior of animals. For this purpose we
used the FAD associative behavior of tunas as a case
study, as this is currently a major conservation concern
for fisheries management bodies ([25]; ISSF: [40]). Our
methodological approach was to compare the behavior
of tuna (characterized through the detection of tagged
individuals by receivers attached to FADs) among three
different instrumented anchored FAD arrays in
Mauritius and the Maldives in the Indian Ocean and
Oahu-Hawaii in the Pacific Ocean, each with different
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distances between neighboring FADs (i.e. different FAD
densities).

Materials & methods
FAD arrays
We used data collected from studies conducted around
three anchored FAD arrays located around (i) the island
of Mauritius [42] in the Western Indian Ocean (ii) the
island of Oahu [41], within the Hawaiian archipelago, in
the Central Pacific Ocean and (iii) the Maldivian archi-
pelago [19] in the central Indian Ocean (Fig. 1). All
FADs were moored in water between 1000 and 2500 m

deep. FADs from the same array all had the same design,
but designs differed slightly between arrays. The design
of FADs, however, has never been identified to have an
effect on the attractiveness of the floating objects, as
tunas have been found around all types of floating object
(see [17]). The Mauritian FAD array was composed of 9
FADs located on the western side of the island [42]. The
Hawaiian array consisted of 13 FADs moored around
the island of Oahu [41]. In the Maldives the array con-
sisted of 54 FADs moored around the entire archipelago
[19] (Table 1). The protocol for the three field studies
was to exhaustively instrument all FADs of the same

Fig. 1 Location of the three anchored FAD arrays. The positions of anchored FADs are represented by a black dot when they were equipped
with an acoustic receiver, and by a black cross when they did not have acoustic receivers
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array (Hawaii) or sub-array (Mauritius, Maldives) (Fig.
1), in order to observe all movements between FADs lo-
cated in the same area.
These three anchored FAD arrays were chosen as they

each have different FAD densities, i.e., they offer differ-
ent inter-FAD distances. Both the nearest-neighbor and
next-nearest neighbor distances (Fig. 2a and b) were sig-
nificantly different between the three instrumented FAD
arrays (Dunn post hoc test, p-value< 0.05), see Fig. 2,
and followed an increasing gradient from Mauritius –
Hawaii – Maldives.

Acoustic tagging database
During dedicated acoustic telemetry experiments, the
three anchored FAD arrays were instrumented with
acoustic receivers which detect the presence of tagged
fish within a given detection range. Details of the telem-
etry experiments are described in Govinden et al. [19],
Robert et al. [41] and Rodriguez-Tress et al. [42]. The
available data sets collected during these experiments
consisted of acoustic detections from 49, 92 and 52 trop-
ical tunas tagged in the FAD arrays of Mauritius, Hawaii
and the Maldives, respectively. The movements of tunas
within the instrumented FAD arrays were monitored for
between 38 and 50 days in Mauritius, from 3 months to
1 year in the Maldives and for more than 1 year in
Hawaii.
The available detection data were grouped into cohorts

according to species, size category and FAD array (Add-
itional file 1). Additional file 2 provides the detailed num-
bers of tagged tuna within each category. To allow for the
comparison of tuna behavior between different FAD
arrays, only cohorts present in at least two FAD ar-
rays, with at least 9 tagged individuals, were selected
for the analysis (Additional file 2). This resulted in
three species-size categories: yellowfin tuna of ~ 70
cm (YFT-70; fork length ranges: 60–80 cm), yellowfin
tuna of ~ 50 cm (YFT-50; fork length ranges: 40–60
cm) and skipjack of ~ 50 cm (SKJ-50; fork length
ranges: 40–60 cm). In total 146 tagged individuals
were retained for the analysis. The YFT-70 category
allowed for comparison between the Mauritian and
Hawaiian FAD arrays with 14 and 56 individuals, re-
spectively. The SKJ-50 category allowed for

comparison between the Mauritian and the Maldivian
FAD arrays with 15 and 22 individuals, respectively.
The YFT-50 category was the only one where the
comparison among the three FAD arrays was possible
with 11, 9 and 19 tuna from Mauritius, Hawaii and
the Maldives, respectively (Table 2).

Data analysis: associative and movement behavior
For each category, the time that tuna spent at (residence
time), or away from (absence time) FADs was calculated.
The residence times corresponded to the Continuous
Residence Times (CRT) [5, 12, 37], which reflected the

Table 1 Characteristics of the three instrumented FAD arrays

Mauritius Hawaii Maldives

No. FADs 9 13 54

No. FADs equipped 7 13 8

Nearest-neighbor distance (km) 6 (3.0) 15 (4.1) 38 (7.0)

Next-nearest neighbor distance (km) 13 (2.7) 24 (9.3) 60 (13)

For the distances: mean values (standard deviation). No. FADs equipped
denotes the number of FADs equipped with acoustic receivers

Fig. 2 Inter-FAD distances of each study area. a nearest neighbor
inter-FAD distances. b next-nearest neighbor inter-FAD distances.
Dunn post hoc test with p-values adjusted by the Holm method: ***
indicates p < 0.001, ** p < 0.01, and * p < 0.05
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duration within which a tagged fish was continuously de-
tected at the same FAD without day-scale (> 24 h) ab-
sences and without being detected at any other FAD in
the array. The time that tuna spent away from FADs
was defined as the Continuous Absence Times (CAT)
[5, 19]. A CAT corresponded to the time interval be-
tween two consecutive CRTs. The times spent away
from FADs were separated into two categories: (i) ab-
sences with returns to the same FAD of origin
following periods longer than 24 h or, (ii) movements
between different FADs in the array. Accordingly, the
nature of consecutive CRTs (two consecutive visits to
the same FAD or at different FADs) resulted in two dif-
ferent types of CATs: CATreturn(s) and CATdiff(s).
The durations of CRT, CATreturn and CATdiff, were

compared between FAD arrays for each species-size cat-
egory, using the data recorded during the full study
period for each array. When only two arrays were com-
pared, a Mann-Whitney test [29] was performed. Where
the three AFAD arrays were compared, a pairwise ap-
proach was used and a Kruskal-Wallis test [28] applied,
followed by a Dunn post hoc test [15] with a p-value ad-
justed by the Holm method [24].
Finally, the number of return movements (NCATreturn)

and the number of movements between different FADs
(NCATdiff), as well as the total number of residences
times (NCRT) were also compared between FAD arrays
for each species-size category. The total number of
movements and residence times recorded over the full
monitoring period within each array is shown in Add-
itional file 3. To allow for comparison between study
areas, each with different monitoring durations, only the
number of residence times and movements recorded
during the first 38 days of observation for all tuna tagged
in all three FAD arrays were considered (Additional file
3). This duration is the shortest observation time re-
corded for a tuna in the three FAD arrays (it was

recorded for a 50-cm YFT in the Mauritian array). Fur-
thermore, NCATreturn, NCATdiff and NCRT were di-
vided by the number of tuna tagged for each FAD array,
to account for differences in tagging effort (Table 2 and
Additonal file 5). The trends of these indices (CRT,
CATreturn, CATdiff, NCRT, NCATreturn and NCATdiff)
were then compared with the output of a simple
random-walk simulation, without any orientation nor re-
tention component, for which all details are provided in
Additional file 4.
All analyses were conducted using the R software (R

Core Team 2018 version 3.4.4). Mann-Whitney tests
were performed with the function “wilcox.test” (two-
sample) in the “stat” package, Kruskal-Wallis tests were
performed with the function “kruskal.test” in the “stat”
package and Dunn tests were performed using the func-
tion “posthoc.kruskal.dunn.test” in the “PMCMR” pack-
age [39].

Results
Residence times
For the two YFT species-size categories, CRTs decreased
significantly with increasing inter-FAD distances (Mann-
Whitney test: p-value< 0.05 for YFT-70 and Dunn post
hoc test p-value< 0.05 for YFT-50, Fig. 3a and b) and
differences for SKJ were marginally significant (Mann-
Whitney test: p-value = 0.067, Fig. 3c). In other words,
the closer the FADs, the more time tuna spent in
continuous association with the same FAD without
interruption from visits to other FADs, or long excur-
sions (> 24 h). The same significant decrease was ob-
served for the number of CRTs for the three species-size
categories (Mann-Whitney test: p-value< 0.05, Add-
itional file 5), except for YFT-50 between Mauritius and
Hawaii (Dunn post hoc test: p-value = 0.829, Add-
itional file 5F). The average duration and number of

Table 2 Indices for each species-size category and FAD array

YFT-70 YFT-50 SKJ-50

Mauritius Hawaii Mauritius Hawaii Maldives Mauritius Maldives

Ntuna 14 56 11 9 19 15 22

CRT (days) 7.8 (8.8) 5.7 (11) 15 (15) 5.8 (7.5) 2.5 (4.4) 2.5 (4.4) 1.4 (2.6)

CATreturn (days) 2.6 (2.9) 9.8 (22) 1.7 (0.53) 3.9 (3.6) – 3.0 (2.6) –

CATdiff (days) 0.79 (0.98) 3.9 (6.7) 0.64 (0.11) 11 (15) – 2.8 (8.9) –

NCRT 3.2 (2.5) 2.1 (2.3) 1.5 (0.52) 1.7 (0.87) 1 (0) 2.9 (2.2) 1 (0)

NCATreturn 0.77 (1.0) 0.48 (1.1) 0.40 (0.70) 0.11 (0.33) 0 (0) 0.87 (1.5) 0 (0)

NCATdiff 1.5 (1.9) 0.7 (2.1) 0.20 (0.42) 0.67 (1.1) 0 (0) 1.1 (1.3) 0 (0)

Mean values (standard deviation). Number of tuna (Ntuna), number and mean duration (in days) per individual for each species-size category and FAD array. A
CRT corresponds to the residence time at one FAD, a CATdiff corresponds to the time between two consecutives visits at two different FADs and a CATreturn
corresponds to the time between two visits to the same FAD with an absence longer than 24 h. The mean number of CRTs, CATreturn and CATdiff were calculated
for the first 38 days of tracking of each tuna, while the mean duration of CRT, CATreturn and CATdiff were calculated over the entire observation time. The inter-FAD
distances increase in order of Mauritius-Hawaii-Maldives

Pérez et al. Movement Ecology            (2020) 8:47 Page 5 of 10



CRTs per tagged individual for each species-size cat-
egory and FAD array is shown in Table 2.

Absence times
The mean numbers and durations of CATdiff and CATre-

turn recorded for each species-size category and FAD
array are shown in Table 2. For YFT-70, the durations of

CATdiff and CATreturn showed a significant increasing
trend between Mauritius and Hawaii (Mann-Whitney: p-
value< 0.05, Fig. 3d and g). This finding suggests that the
greater the inter-FAD distances, the more time tuna
spend away from FADs. Remarkably, no CAT (neither
CATdiff nor CATreturn) was recorded in the Maldivian
array (Table 2 and Fig. 3), which had the largest inter-

Fig. 3 Duration of the CRT, CATdiff(s) and CATreturn(s) for the experimental data for each AFAD array and specie-size category. YFT-70 (a, d and
g), YFT-50 (b, e and h) and SKJ-50 (c, f and i). Mann-Whitney test, except for YFT-50 where a Dunn post hoc test with p-values adjusted by the
Holm method was performed: *** indicates p < 0.001, ** p < 0.01, and * p < 0.05

Pérez et al. Movement Ecology            (2020) 8:47 Page 6 of 10



FAD distances. This absence of CATs was significantly
different from the number of CATs recorded in the
other FAD arrays (see Additional file 5).

Discussion
Habitat heterogeneity can play a crucial role in the
movement ecology of marine animals. Relatively small
structures can significantly impact animal movements
either by inducing an attractive or retentive effect, or
a combination of the two, resulting in animals spend-
ing a disproportionate amount of time in their prox-
imity. Modifying the abundance of such structures
can alter the movements of an animal, but very few
studies have investigated the mechanisms by which
such changes could result in alterations to animal be-
haviour [3, 27, 38]. Floating objects represent a key
source of habitat heterogeneity for tropical tunas and
other pelagic species, although the exact role played
by these objects in the ontogeny or ecology of many
species remains uncertain. While objects floating on
the ocean’s surface were historically only of natural
origins (e.g. logs), the number of artificial floating ob-
jects (e.g., FADs) has increased considerably in recent
decades, surpassing the number of natural floating
objects in some areas [9]. This addition of artificial
objects to the pelagic environment is due to the sig-
nificant fishing advantages that these devices afford.
While concerns were raised more than two decades
ago over the potential impacts these artificial objects
could have on the ecology of tunas [31], no study has
yet investigated, at a fine-scale, the effects of increas-
ing the distances between floating objects on the
movements of tunas. For the first time, the current
study undertook a comparative analysis of the associa-
tive behavior of tunas with FADs, across multiple an-
chored FAD arrays with differing inter-FAD distances,
in order to investigate how this factor could influence
tuna movements.

Absence time
The observed trends of CATdiff and CATreturn, which in-
creased with inter-FAD distances, were similar to those
found for the random walker (Fig. 4 and see Additional
file 4). Knowing that CATdiff(s) and CATreturn(s) corres-
pond to periods when tagged fish are undetected, the sig-
nificant absence of CATdiff in the Maldives for all species
and size categories may be interpreted as tuna performing
excursions away from FADs longer than the observation
time, as was observed in the random-walk simulations
(see Additional file 4). The absence of CATreturn(s) in the
Maldivian FAD array may also be compatible with the
random-walk trends observed in the simulations for finite
observation times. Indeed, the simulated total number of
CATreturn(s) is expected to decrease at large inter-FAD
distances and is likely to be very small for finite observa-
tion times (less than one CATreturn per simulated individ-
ual for inter-FAD distances larger than 30 km, see
Additional file 4, Figure S2).
Despite the observed trends being compatible with

those found for the simple random-walk model, the in-
creased duration of movement between two different
FADs (CATdiff) when inter-FAD distances increase may
also be explained by tunas swimming in a straight line
(oriented movement) from one FAD to another. With
such oriented movements, the duration is proportional
to the distance, and shorter than for movements with
random components. Indeed, for a 50-cm individual
with a speed of one body length per second, these dura-
tions would be 3.3 h, 8 h and 21 h for the Mauritian,
Hawaiian and Maldivian array, respectively (mean neigh-
boring inter-FAD distance of 6, 15 and 38 km, respect-
ively, see Table 1). However, our analysis shows (Table
2) that durations of inter-FAD movements for 50-cm
yellowfin tuna correspond in average to 0.6 (±0.11) days
(±) and 11 (±15) days in the Mauritian and Hawaiian
FAD arrays, respectively, while no CATdiff were recorded
in the Maldivian array. These values are larger than

Fig. 4 Summary of trends of three indices of movement behaviour. Trends are shown when inter-FAD distances increases. The first column
shows the results of the random-walk simulations; the third column shows the results from the telemetry data analysis (MAU.: Mauritius, OAH.:
Oahu, MAL.: Maldives)
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those expected for straight line movements between
FADs. Previous studies of Girard et al. [18] found that
tuna movements between FADs consist of two compo-
nents: (i) oriented movements towards FADs at short
distances and (ii) a random-walk dynamics at large dis-
tances. Adding an additional directed movement to
FADs within a given radius to the random-walk behav-
iour will not change the trends in CATdiff and CATreturn

found for the simple random walk model. However,
fitting a model that accounts for both this directed
movement component and for the actual geometries of
the FAD arrays (including the presence of the islands)
on the field data is key for testing the hypothesis of a
random-walk component in tuna movements more
quantitatively.

Residence time
Conversely, our results show that the evolution of CRT
with increasing inter-FAD distances does not follow the
trends found for the simple random-walk model (Fig. 4).
This result outlines that the observed trends cannot be
ascribed to the modified array of acoustic receivers but
are a true signal of a change in tuna behavior (see Add-
itional file 4). While possible effects of FAD densities in
line with those predicted by the random-walk model
cannot be excluded, the observed trends in CRT for in-
creasing FAD distances indicate that the association time
is driven by other processes. In this respect, the ‘meeting
point’ [17] may explain a significant decrease of CRT for
increasing inter-FAD distances. This hypothesis states
that tunas could use FADs as meeting points to form
larger schools. In simple terms, tunas could remain asso-
ciated with FADs until the aggregation is large enough,
then leave the FAD. When FADs are very numerous,
under certain circumstances the local tuna population
could be evenly distributed among FADs [46]. In such
cases, the higher the FAD density, the smaller the sizes
of the tuna aggregations under each FAD, and the longer
they would stay at FADs in order to wait for their school
to be large enough to leave (according to the ‘meeting
point’). This effect may be amplified for increasing sizes
of the tuna population in an area. As such, a large tuna
population would imply larger aggregation sizes and
thus shorter residence times. Considering that the
Maldives has one of the largest anchored FAD fisheries
in the world [19], significantly greater than in Mauritius
and Hawaii, their (transient) local tuna population is
certainly larger than those in the two other arrays. Con-
sequently, under the meeting point hypothesis, the
shorter recorded CRTs in the Maldivian array could be
explained by the fastest formation of large tuna aggrega-
tions around FADs, due to both the low FAD density
and the higher density of tuna within the array. This in-
terpretation is valid when comparing the Mauritian and

Maldivian arrays, as well as the Hawaiian and Maldivian
arrays, but there is insufficient evidence to conclude that
there is a difference in tuna density between the Maur-
itian and the Hawaiian arrays.
Ultimately, the trends in CRTs may also be explained by

the availability of prey in the three anchored FAD arrays,
as proposed in previous studies [37, 41]. Indeed, several
studies demonstrated that tuna feed primarily on species
that do not associate with FADs [20, 26, 33]. Since FADs
do not have an important trophic function for tuna, indi-
viduals likely feed during their excursions away of FADs.
The local availability of prey within the anchored FAD
arrays may therefore affect the amount of time tuna spend
at FADs. Consequently, longer residence times at FADs
could correspond to higher prey abundance (and/or
higher accessibility) in the Mauritian anchored FAD array
than in the Hawaiian and Maldivian arrays.

Conclusion and perspectives
The trends observed from tagging data for the absence
times (travel time between two associations) appear to
be consistent with the existence of a random search
component in the behavior of tuna within a FAD array,
in addition to the oriented component of the move-
ments observed when tunas are a few kilometres from
the FADs [18]. Conversely, the observed trends in FAD
residence times appear to be driven by more complex
processes involving, for instance, inter-individual inter-
actions at the FADs, such as those suggested by the
meeting point hypothesis, or due to prey availability. As
our study is the first to focus on the role of FAD dens-
ities (inter-FAD distances) on tuna behavior for a par-
ticular species and size class, further studies on different
FAD arrays would be necessary to strengthen our con-
clusions. However, we find the same trends for the three
specie-size categories for the three arrays, knowing that
one category compares the three arrays (YFT-50:
Mauritius, Hawaii and the Maldives), and the two other
compare two different arrays (YFT-70: Mauritius and
Hawaii; SKJ-50: Mauritius and the Maldives).
Considering that when the FAD density increases, the

connectivity between FADs increases (more FADs are
visited), tuna spend shorter times un-associated and ex-
hibit longer residence times, then the total time tunas
spend in the FAD array will likely increase. Dedicated
research is needed to quantify such change, for instance
through a model of the behavior of tuna combining a
random walk component with an oriented component.
The increase of the number of floating objects in the

ocean would lead to increases in the time tuna spend at
FADs, which would increase their vulnerability to fisher-
ies. Such consequence can be extended to all species
that associate with floating objects, including bycatch
species such as dolphinfish (Coryphaena hippurus) or
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silky sharks (Carcharhinus falciformis), a vulnerable
species. Consequently, understanding the effects of in-
creasing the density of FADs on tuna behavior is clearly
a major research objective for generating sound manage-
ment and conservation measures to ensure the sustain-
ability of this fishing practice.
In a broader context, this study can be extended to all

wild animals that present an associative behavior with
specific structures. We can cite for instance the import-
ance of waterholes for terrestrial wild animals. The
number and location of waterholes impact the space use
by wild animals and their movement, as well as the via-
bility of their populations, as for example if waterholes
are inside or outside of protected areas [36, 48]. Changes
of the number and/or location of waterholes may be
caused by drought due to climate change [36] or caused
by agriculture (livestock) [48]. In this respect, this study
could open novel perspectives for comparing animal
movements in a changing environment and improve
knowledge on the impacts of global change on their
ecology.
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