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Abstract – The pole and line tuna fishery in the Maldives relies heavily on an array of 45 anchored fish aggregat-
ing devices (FADs), making it one of the largest anchored FAD-based tuna fisheries in the world. We examined the
behaviour of skipjack (Katsuwonus pelamis) and yellowfin (Thunnus albacares) tuna around anchored FADs (1 000 to
2 000 m deep) in the Maldives using passive acoustic telemetry. Eight neighbouring FADs (distance range: 30 to 95
km, average: 50 km) were equipped with automated acoustic receivers in January 2009, for a period of 13 months. A
total of 40 skipjack (37−54 cm FL) and 21 yellowfin (35−53 cm FL) tuna were tagged with Vemco V13 transmitters in
January (start of the northeast monsoon, dry season) and November (end of the southwest monsoon, wet season) 2009
and released at the two central FADs within this instrumented array. No movement between FADs was observed for any
acoustically-tagged tuna in the instrumented FAD array. These results suggest that FADs in the Maldives may act inde-
pendently. The maximum time a tagged skipjack remained associated with a FAD was 12.8 days in January but only one
day in November. In addition, residence times at FADs were found to differ with time (month) and space (FAD location)
for skipjack tuna, suggesting that external biotic factors (e.g., prey, conspecifics or predators) might influence the time
this species spends at FADs. In November, the residence times of yellowfin tuna (maximum observed time: 2.8 days)
were three times greater than those of skipjack tuna at the same FADs. This specific difference could be explained either
by the two species responding to different factors or by the species’ responses being dependent on the same factor but
with different thresholds. No particular preference for time of departure from the FADs was observed. Some monospe-
cific and multispecific pairs of acoustically-tagged individuals were observed leaving the FADs simultaneously. Thus,
this study indicates a high degree of complexity in the behavioural processes driving FAD associations.

Keywords: Behaviour / Fish Aggregating Devices / Passive acoustic telemetry / Skipjack tuna / Yellowfin tuna / Indian
Ocean

1 Introduction

The association of tropical tunas (skipjack Katsuwonus
pelamis, yellowfin Thunnus albacares, bigeye T. obesus) and
several other pelagic fishes with floating objects has been well
documented. The movement behaviour of tuna species around
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anchored FADs has been investigated using conventional tag-
ging methods (Kleiber and Hampton 1994; Itano and Holland
2000), active acoustic tracking (Holland et al. 1990; Cayré
1991; Cayré and Marsac 1993; Marsac and Cayré 1998; Brill
et al. 1999; Dagorn et al. 2000a; Schaefer and Fuller 2005)
and, more recently, by passive acoustic tracking (Klimley and
Holloway 1999; Ohta and Kakuma 2005; Dagorn et al. 2007a;
Mitsunaga et al. 2012; Robert et al. 2012). These studies have
provided useful insights into the behaviour of tunas at an-
chored FADs. However, we still do not understand why tunas
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associate with FADs and what factors determine their resi-
dence times at FADs (Fréon and Dagorn 2000; Castro et al.
2002). Skipjack tuna was the first tuna species to be tracked us-
ing acoustic telemetry (Yuen 1970; Dizon et al. 1978). Cayré
and Chabanne (1986) and Cayré (1991) actively tracked this
species around anchored FADs in the late 1980s. However, the
only subsequent research done on skipjack tuna at a moored
FAD was conducted by Schaefer and Fuller (2005) around
a single offshore oceanographic buoy. The majority of be-
havioural studies have primarily focused on yellowfin tuna
(and to a lesser extent on bigeye tuna) in the Pacific Ocean.
This clearly indicated the need for further research on yel-
lowfin tuna in other areas of the world to facilitate compar-
ative research on yellowfin and other tuna species such as
skipjack tuna, the main species captured around FADs world-
wide (Bromhead et al. 2003; Miyake et al. 2010; Dagorn et al.
2012).

Many countries in the Indian Ocean, such as the Maldives,
Mauritius, Comoros and La Réunion, use anchored FADs to
catch pelagic fishes. The Maldives have one of the largest an-
chored FAD fisheries in the world and Maldivians have been
catching tuna for over 700 years, mainly around “oivaali”, the
local name for drifting objects (Shiham 2004). Deep-water
anchored FADs (approximately 20 km offshore of the atolls
and in water 1 000−2 000 m deep) were first introduced in the
early 1980s (Naeem and Latheefa 1994). By 1990, there were
10 FADs deployed around the Maldives, with the national tuna
catch increasing from 30 000 t in 1980 to 70 000 t in 1990.
Tuna catches in the Maldives peaked in 2006 with a catch of
166 000 t (138 000 t of skipjack tuna and 23 000 t of yellowfin
tuna), the majority of which came from anchored FADs. How-
ever, in 2010 the tuna catches plummeted to 77 000 t (59 000 t
of skipjack tuna and 13 000 t of yellowfin tuna) (Maldives
Ministry of Fisheries and Agriculture 2010, www.fishagri.gov.
mv). Due to its success, the Maldives currently maintain an
array of about 45 FADs, making it the largest anchored FAD
array in the Indian Ocean (Shainee and Leira 2011).

To date, no investigation of the behaviour of skipjack tuna
has been reported using passive acoustic telemetry in an ar-
ray of anchored FADs. Furthermore, the detailed behaviour of
tunas at FADs in the Maldives has never been investigated,
even though Maldivian fishery relies heavily on FADs and
knowledge on key behavioural parameters is necessary for
sound science-based fishery management. Several investiga-
tors have adopted passive acoustic telemetry to study the be-
haviour of tunas at FADs (Klimley and Holloway 1999; Ohta
and Kakuma 2005; Dagorn et al. 2007a; Mitsunaga et al. 2012;
Robert et al. 2012). In the present study, both skipjack and
yellowfin tuna around the Maldivian FADs were tagged with
acoustic transmitters. The following specific questions were
addressed:

• Do tunas move between anchored FADs?
• How long do tunas remain associated with the anchored

FADs?
• Are the durations of association species-specific, do they

vary in time and are they FAD-specific?
• Is there a preferred time of departure; do associated tunas

leave the FADs at the same time?

2 Materials and Methods

2.1 Instrumented FAD array

The 45 anchored FADs are moored around 26 natural atolls
that make up the 1200 islands of the Maldives. Automated
acoustic receivers (VR2W, Vemco, Halifax, Canada) were de-
ployed on eight neighbouring anchored FADs on the eastern
side of the archipelago to monitor movement between FADs
(Fig. 1). Distances between the eight FADs equipped in this
way ranged from 30 to 95 km, and the total extent of the in-
strumented array was 300 km. The acoustic receivers were at-
tached directly to the FAD mooring lines using the following
method. Firstly, a stainless steel U-bolt and heavy-duty snap-
clip were secured to the line 10 m below the surface. The
acoustic receiver was then clipped onto this system and se-
cured firmly to the mooring line using heavy-duty plastic cable
ties. Acoustic receivers were orientated with the hydrophone
facing downwards. The receivers were in place from January
2009 to January 2010.

2.2 Tagging

Acoustic tagging was conducted around two FADs (re-
ferred to as FAD1 and FAD2)in the middle of the instrumented
network, during two different periods. The distance between
these two FADs is 40 km (Fig. 1). The first tagging period was
conducted between January 29 and February 1, 2009 (start of
the northeast monsoon, dry season), while the second was con-
ducted between November 17 and November 19, 2009 (end
of the southwest monsoon, wet season). For simplicity, “Jan-
uary” and “November” will be used to differentiate between
these two periods throughout the remainder of the text. Tunas
were caught using two different techniques: trolling around the
FADs using artificial lures with barbless hooks to minimise in-
jury to the fish (January), and traditional pole and line fishing
using barbless hooks (November). Tuna identified for tagging
were carefully transferred onto a “V” shaped tagging table,
where a hose supplying sea water was inserted into the tunas’
mouths to oxygenate the gills and the hook was carefully re-
moved. The eyes of the fish were covered using a wet artificial
chamois material. Only healthy fish with no apparent injury or
significant bleeding were tagged. The fork length (FL) of each
fish was measured to the nearest cm using a measuring ruler.

The transmitters (Vemco V13-1L-R64K, 69 kHz, 50−130 s
delay, estimated battery life 878 days) were surgically im-
planted into the tunas following standard fish tag implanta-
tion techniques (e.g., Meyer et al. 2000; Schaefer and Fuller
2002). A sharp scalpel was used to make a 1−1.5 cm inci-
sion in the abdominal musculature, approximately 2−3 cm
proximal to the anus. A transmitter was then inserted into
the peritoneal cavity and the incision closed with two inde-
pendent monofilament nylon non-absorbable sutures. To fa-
cilitate identification of the fish in the case of recaptures, all
fish were also tagged with external plastic dart tags (PDT) in-
serted through the pterygiophores of the second dorsal fin. All
fish were released within 300 m of the anchored FAD of cap-
ture. Large variations in detection range are known to occur
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Fig. 1. Map of the Maldives showing locations of anchored fish ag-
gregating devices (FADs). Black dots indicate FADs. Open circles
indicate the FADs where fish were tagged: FAD1 and FAD2. Black
dots surrounded by open circles indicate FADs equipped with listen-
ing stations.

and these are typically attributed to fluctuations in local con-
ditions, such as wind, sea temperature, depth of the thermo-
cline, salinity, turbidity, presence of vessels, etc. (Pincock and
Voegeli 1990). As such, obtaining an understanding of the de-
tection range requires lengthy experiments to incorporate such
environmental variations. The practical difficulties and cost
of conducting such experiments at offshore anchored FADs
precluded us from completing a thorough range test. Instead,

Table 1. Acoustic tagging summary: anchored FAD of release, tag-
ging periods and number of tunas tagged.

FAD of Periods of Number of
release tagging skipjack-yellowfin

tunas tagged
1 29 Jan.–1 Feb. 2009 13-0
2 29 Jan.–1 Feb. 2009 10-0
1 17–19 Nov. 2009 5-10
2 17–19 Nov. 2009 12-11

we provide the theoretical ranges estimated using the range
calculator provided by Vemco (www.vemco.com) for V13-1L
tags (147 dB re 1 μPa @ 1 m): 282 m (for 30−34 knots) and
539 m (depth).

A total of 40 skipjack tuna and 21 yellowfin tuna equipped
with internal acoustic transmitters were released at the two an-
chored FADs, FAD1 and FAD2 (Fig. 1, Table 1). During Jan-
uary 2009, only skipjack tuna were tagged; during November
2009, however, both skipjack and yellowfin tuna were tagged.

2.3 Data analysis

The residence time of tagged tunas at a FAD was investi-
gated at two temporal scales. First, the continuous residence
time (CRT), defined by Ohta and Kakuma (2005) as “the du-
ration in which a tagged tuna was continuously monitored
without day-scale (> 24 h) absences” was calculated. How-
ever, CRTs mask the short excursions that tunas are known
to make when associated with FADs (Holland et al. 1990).
Hence, the fine-scale residence time (FCRT), defined as the
duration over which a tagged tuna was monitored without a
one-hour absence, was also calculated to investigate the fine-
scale behaviour of tagged tunas.

Following the same analytical procedures used by Robert
et al. (2012), survival curves of CRTs and FCRTs were com-
pared using the Cox proportional hazards regression model
(Cox 1972) to examine whether differences existed between
species, between the two study periods, between the two FADs
and between two size classes for both skipjack and yellowfin
tuna. The size classes for skipjack tuna were < 40 cm and
� 40 cm FL, whilst for yellowfin tuna, they were < 50 cm
and � 50 cm FL. Due to lack of data, this comparison was
only possible in January for skipjack tuna and in November for
yellowfin tuna using the FCRT data. The 40 cm FL threshold
chosen for skipjack tuna corresponds to the size at first matu-
rity for this species (Stéquert and Ramcharrun 1996). The size
threshold chosen for yellowfin tuna was 50 cm FL, as Graham
et al. (2007) and Robert et al. (2012) reported differences in
the ecology and behavioural patterns of FAD-associated yel-
lowfin tuna at this size. The Wald statistics of the Cox regres-
sion model were used to test the null hypothesis that the sur-
vival curves were identical.

We calculated the hourly frequency of departures from
FADs using the FCRT data to assess whether the tuna left
the FADs at regular times. Diurnal differences in the departure
events were investigated by comparing the number of depar-
tures occurring during daytime (06:00−17:59) and night-time
(18:00−05:59), using a Mann-Whitney U test.

www.vemco.com
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To investigate whether some tunas left the FADs at the
same time, we calculated the difference in time between suc-
cessive departures of tagged tunas from the same FAD. How-
ever, to define the time window that could be considered as
a simultaneous multiple departure event, we must consider
both the time intervals between two acoustic transmissions of a
given transmitter, and the possible collisions between acoustic
signals coming from different transmitters emitting at the same
time (Heupel et al. 2006). The transmitters are set to transmit
a signal every 50−130 s. Using the Vemco collision estimator
tool (www.vemco.com), 19 min are required to detect all tags
when 15 tags (maximum numbers of tagged tunas present at
any point during the experiment) are present. Therefore, a syn-
chronous departure was defined as two or more tuna leaving a
FAD within 15 min of each other. This analysis was conducted
using the fine-scale residence time dataset (FCRTs).

All statistical tests were carried out using the statistical
package R (2.13.0). A significance level of α = 0.05 was used
throughout the analyses.

3 Results

3.1 Acoustic tagging

Of the 28 fish released at FAD1 (January and Novem-
ber combined), one skipjack tuna was never detected and
three skipjack tuna were detected only once (single detec-
tions). Moreover, of the 33 tuna released at FAD2 (January
and November combined) two skipjack and one yellowfin tuna
were never detected, whilst two skipjack tuna were detected
only once. The size of skipjack tuna tagged in January ranged
from 37.0 to 46.0 cm FL (mean 39.9 cm; SD 2.7 cm). Skip-
jack tuna tagged in November ranged from 37.0 to 54.0 cm FL
(mean 46.3 cm; SD 4.5). Yellowfin tuna tagged in November
ranged from 35.0 to 53.0 cm FL (mean 47.5 cm; SD 0.9 cm)
(Fig. 2).

Movements between FADs: no acoustically-tagged tunas
were detected by receivers at FADs other than the ones from
which they had been released.

3.2 Residence times at FADs

3.2.1 Continuous residence time (CRT, no day-scale
absence)

All the acoustically-tagged tuna remained associated with
the anchored FAD from which they were released, without un-
dertaking any excursions greater than 24 h until they left the
FAD permanently. The CRTs therefore also correspond to the
total time of association and, as no movement was observed
between FADs, the CRTs are also equivalent to the residence
time of acoustically-tagged tuna in the instrumented FAD ar-
ray. Skipjack tuna remained associated with FADs for signifi-
cantly longer periods in January than in November (Wald test,
p < 0.01) (Figs. 3a,b, Table 2). Within the month of January,
no difference was found between the durations of association
at the two FADs where skipjack tuna were tagged (Wald test,
p = 0.75) (Figs. 3a,b, Table 2). During November, skipjack

Fig. 2. Length frequency distribution for: (a) skipjack tuna (SKJ)
acoustically-tagged in January and (b) skipjack and yellowfin (YFT)
tuna acoustically-tagged in November.

tuna stayed around the FADs for approximately a third the
length of the time that yellowfin tuna did (Wald test, p < 0.01)
(Figs. 3c,d, Table 2). Within the same month, no difference
was observed between the association times of yellowfin tuna
at the two FADs (Wald test, p = 0.926).

3.2.2 Fine-scale continuous residence time (FCRT,
no hour-scale absence)

In January, 33 FCRTs were measured from 17 skipjack
tuna, of which only seven showed a total of 16 excursions of
more than one hour (Figs. 3a,b). In November, 17 FCRTs were
measured from 15 skipjack tuna, with only two of them show-
ing two excursions of more than one hour (Figs. 3c,d). Within
the same month, 26 FCRTs were measured from 20 yellowfin
tuna, of which only three displayed a total of six excursions of
more than one hour (Figs. 3c,d).

All comparisons of FCRTs followed the same trend as that
observed with CRTs (Table 2). Skipjack tuna remained as-
sociated for longer (almost 12 times longer) in January than
in November (Wald test, 1.83 × 10−5), residence times of
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Fig. 3. Residency times for: (a) 10 skipjack tuna at FAD1 in January, (b) 7 skipjack at FAD2 in January, (c) 10 yellowfin tuna and 4 skipjack at
FAD1 in November and (d) 10 yellowfin and 11 skipjack at FAD2 in November. Black (skipjack tuna) and grey (yellowfin tuna) bars correspond
to the fine-scale continuous residence times (FCRTs) and white bars represent absences of an hour or more.

yellowfin tuna were longer (by approximately three times) than
those of skipjack tuna in November (Wald test, p = 0.015) and
no difference between the FCRTs of yellowfin tuna at FAD1
and FAD2 was observed (Wald test, p = 0.365). The only dif-
ference observed was for skipjack tuna, which remained as-
sociated for longer (approximately double the time) at FAD1
than at FAD2 when the FCRTs were examined (Wald test,
p = 0.025). No such difference was observed for CRTs.

We also compared the FCRTs between the two size classes
for both skipjack and yellowfin tuna. No effect of fish size
was observed for either species over the entire study (skip-
jack tuna < 40 cm FL and � 40 cm in January; yellowfin tuna
< 50 cm FL and � 50 cm in November) (Table 2).

3.3 Departure time and synchronous departure

In January, skipjack tuna left the FADs throughout the
day and night (no difference between day and night, Mann-
Whitney U test, p > 0.05), but a minor peak in departures was
observed between 09:00 and 11:00 h (Fig. 4a). In contrast, in
November, 82% of departure events of skipjack tuna occurred
between 12:00 and 18:00 h (Fig. 4b), resulting in a signifi-
cant difference in the numbers of departures between day and

night (Mann-Whitney U test, p = 0.02). Yellowfin tuna did not
show any temporal pattern in departure events, with no differ-
ence between day and night (Mann-Whitney U test, p > 0.05)
(Fig. 4b).

The majority of departure events (84%) corresponded to
an acoustically-tagged tuna leaving the FAD alone, i.e., with-
out any other tagged tuna (Fig. 5). At most, two tagged tunas
were observed to leave together: 5% of departures were pairs
of skipjack tuna, 7% were pairs of yellowfin tuna and 4% com-
prised a skipjack and a yellowfin leaving together. The ma-
jority of synchronous departures (75%) occurred at FAD2 in
November.

4 Discussion

Acoustically-tagged yellowfin tuna have been observed to
move between anchored FADs (Holland et al. 2000; Ohta and
Kakuma 2005; Dagorn et al. 2007a; Mitsunaga et al. 2012;
Robert et al. 2012); however, within the array of FADs in the
Maldives, no such movements were observed for either yel-
lowfin or skipjack tuna. In a previous large scale conventional
tagging study in the Maldives, only 7 of the 104 recaptured
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Table 2. Results of the Cox Regression models used to compare different distribution of continuous residence time (CRT) and fine-scale
residence time (FCRT) of skipjack and yellowfin at the two FADs. Descriptive statistics of CRT and FCRT for each of the indices are given for
comparison.

Global test Estimated parameters of Descriptive statistics of indices
the Cox model

N Test name p-value Exp(coef) Se(coef) Min Mean Max SD
Continuous residence time (CRT)

SKJ Jan. 17 Wald 4.43 × 10−5 7.62 0.50 0.09 3.55 12.80 3.69
SKJ Nov. 15 < 0.01 0.20 1.02 0.24
SKJ Nov. 15 Wald 0.006 0.35 0.38 < 0.01 0.20 1.02 0.24
YFT Nov. 20 0.05 0.66 2.79 0.72
SKJ Jan. FAD1 10 Wald 0.75 1.18 0.52 0.09 3.75 12.80 4.34
SKJ Jan. FAD2 7 0.25 3.27 7.05 2.79
YFT Nov. FAD1 10 Wald 0.926 1.04 0.48 0.05 0.70 2.79 0.93
YFT Nov. FAD2 10 0.13 0.61 1.46 0.49

Fine-scale continuous residence time (FCRT)

SKJ Jan. 33 Wald 1.83 × 10−5 5.90 0.41 < 0.01 1.79 8.96 2.02
SKJ Nov. 17 < 0.01 0.15 0.46 0.12
SKJ Nov. 17 Wald 0.015 0.43 0.35 < 0.01 0.15 0.46 0.12
YFT Nov. 26 < 0.01 0.48 2.79 0.64
SKJ Jan. FAD1 14 Wald 0.025 2.34 0.38 0.09 2.65 8.96 2.47
SKJ Jan. FAD2 19 < 0.01 1.15 4.69 1.36
YFT Nov. FAD1 10 Wald 0.365 1.49 0.44 0.05 0.67 2.79 0.94
YFT Nov. FAD2 16 < 0.01 0.35 1.25 0.35
SKJ Jan. 35−39 cm 22 Wald 0.187 1.66 0.38 < 0.01 1.39 4.86 1.63
SKJ Jan. > 40 cm 11 0.09 2.59 8.96 2.52
YFT Nov. < 50 cm 16 Wald 0.196 0.57 0.44 < 0.01 0.60 2.79 0.78
YFT Nov. � 50 cm 10 0.03 0.28 0.82 0.26
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Fig. 4. Percentage number of departures in each hour of the day for: (a) skipjack tuna in January and (b) skipjack and yellowfin tuna in
November, n: number of departure events.

yellowfin tuna (7%) and 51 of the 803 recaptured skipjack tuna
(6%) were caught at a different FAD than the one where they
were tagged (Jauhary 2011). The absence of observed inter-
FAD movement by our acoustically-tagged tunas and the few
inter-FAD movements observed in the conventional tagging
project tend to suggest that FADs in the Maldives are relatively
independent. One possible explanation for the differences in
inter-FAD movements observed between our results and those

obtained from other FAD arrays could be the distance be-
tween FADs. In previous studies where inter-FAD movements
were recorded, FADs were typically close to one another, e.g.,
10−20 km apart in Hawaii (Dagorn et al. 2007a), while in
the studied FAD array in the Maldives the average distance
between FADs is 50 km. However, this is quite surprising
as tunas are known to travel long distances and their swim-
ming speed (e.g., average swimming speeds of 47−55 cm FL
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yellowfin tuna range from 2.6 to 6.5 km h−1, Girard et al. 2004)
would easily allow them to go from one FAD to the other in
less than a day. Inter-FAD movements could instead be linked
to the distance from which tuna could orientate to the FADs.
Girard et al. (2004) determined that yellowfin tuna could ori-
entate towards a FAD when they were within a radius of 10 km
from it. Future studies should investigate the behaviour of tu-
nas within arrays that have very different inter-FAD distances.

The CRTs observed for 35−53 cm FL yellowfin tuna
around FADs in the Maldives (mean 0.66 days) were shorter
than those observed in any other study on anchored FADs, ir-
respective of size: 3−4 days for 19−31 cm FL yellowfin tuna
in the Philippines (Mitsunaga et al. 2012), 4.0 days for yel-
lowfin tuna < 50 cm and 1.6 days for yellowfin tuna > 50 cm
in Hawaii (Robert et al. 2012), 8.0 days for yellowfin tuna
59−95 cm FL in Hawaii (Dagorn et al. 2007a), 12.8 days
and 6.4 days for 45−85 cm FL and 86−120 cm FL yellowfin
tuna in Japan, respectively (Ohta and Kakuma 2005). Robert
et al. (2012) demonstrated that the residence times of yellowfin
tuna at FADs can be affected by their size. The only study
with yellowfin tuna of a comparable size (Robert et al. 2012)
has demonstrated that the CRTs were approximately 6 times
longer than those observed in the present study. The effects of
fish size on residence times could only be tested using FCRTs
due to the limited sample size in this study. No difference was
observed either for yellowfin tuna (50 cm FL threshold) or
skipjack tuna (40 cm FL threshold). However, a larger sample
size will be needed before conclusions can be drawn regard-
ing the effect of fish size on the residence times of tuna asso-
ciated with FADs in the Maldives. In Hawaii, Graham et al.
(2007) and Robert et al. (2012) observed differences in the
trophic ecology and behaviour of yellowfin tuna at FADs for
size classes smaller and larger than 50 cm FL. Future work in
the Maldives should focus on similar investigations to deter-
mine whether these size effects are universal.

We found that skipjack tuna remained associated with
FADs for an average of 3.5 and 0.2 days (CRTs) in January and
November 2009, respectively. The same trend was observed
when the data were examined at a finer scale (FCRTs). The
lack of other passive acoustic tracking studies on this species
at anchored FADs prevents us from making any comparison.

On drifting FADs in the Indian Ocean, Dagorn et al. (2007b)
observed a mean CRT of 0.9 days. We have shown that individ-
uals of the same size and same species (skipjack tuna) can dis-
play different CRTs at the same FAD at different times. Hence,
it is very likely that the conditions around FADs directly influ-
ence the residence times of skipjack tuna. Ohta and Kakuma
(2005) were unable to demonstrate any relationship between
the residence times of yellowfin tuna at FADs and various
oceanographic factors; therefore, we believe that biotic factors
are likely to be the main drivers of residence times. Such fac-
tors may include the presence/absence of predators, local prey
availability and local density of tunas around FADs. Ohta and
Kakuma (2005) reported cases where a scientist observed the
occurrence of a school of spinner dolphins and a false killer
whale that coincided with short-term absences of monitored
tunas. The presence of predators of tuna could explain some
of the absences from the FADs, but monitoring such activity
is not possible. The residence time of fish is also known to be
influenced by local prey abundance (Pitcher and Parrish 1993).
Schaefer and Fuller (2010) considered that the occurrence or
absence of prey organisms within the night-time deep scat-
tering layer (DSL) are likely to influence tuna behaviour and,
thus, the length of time that they remain associated with FADs.
Unfortunately, no automatic recording tool currently exists for
monitoring the abundance of prey around FADs. Finally, the
number of tunas around a FAD could have an effect on the res-
idence times of individuals (Soria et al. 2009; Capello et al.
2011). Tropical tuna purse seiners use echosounder buoys to
assess the amount of tuna around drifting FADs (Dagorn et al.
2012). Two of these buoys were attached to FADs 1 and 2 dur-
ing the tagging experiment in January 2009. Unfortunately,
both buoys were vandalised after a couple of days, prevent-
ing us from investigating a possible relationship between resi-
dency time and abundance.

In November 2009, yellowfin tuna stayed at the FADs three
times longer than skipjack tuna at both scales of observation
(FCRTs and CRTs). This suggests that the two species have
different behaviours when associated with the same anchored
FADs under the same conditions. This observed difference
could be the result of two independent processes: either by the
two species responding to different factors or by the species’
responses being dependent on the same factor but with differ-
ent thresholds.

When examining the behaviour at a fine scale, we observed
that skipjack tuna stayed longer at FAD1 than at FAD2 in Jan-
uary 2009 (the dataset was too small to compare the FCRTs at
the same FADs in November 2009). However, when the same
comparison was conducted on CRTs, no differences were ob-
served. This could be explained by different factors influencing
the fine-scale and longer-term associative behaviour of skip-
jack tuna. In November 2009, the residence times of yellowfin
tuna at the two FADs were similar at both scales. The local
conditions at both FADs in November 2009 may also have
been similar.

Skipjack tuna were found to leave the FADs more reg-
ularly in the afternoon (1200−1800 h) in November 2009,
whilst in January no such trend was observed. For yellowfin
tuna, no temporal pattern in departures was ever observed.
This contradicts results from Ohta and Kakuma (2005), who
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observed distinct patterns in the time at which departures oc-
curred for some individuals, but could not provide interpreta-
tions for these patterns. More data are required to draw defini-
tive conclusions, but the absence of regular temporal patterns
in our study suggests that the decision to leave a FAD does
not depend on temporally regular processes. This supports the
notion that non predictable variables control the departure of
tunas from FADs. These variables may include the previously
mentioned factors, such as prey, predators and conspecifics.

Tagged tunas were never observed to all leave a FAD at
exactly the same time, a result which is similar to those of
Dagorn et al. (2007a). Nonetheless, some pairs of tagged indi-
viduals displayed synchronous departures, i.e., within 15 min.
As no direct periodicity of departures (i.e., many fish respond-
ing to the same regular external environmental stimuli) was
observed, these synchronous departures could possibly repre-
sent fish leaving the FAD in the same school. The multispecies
composition of some pairs of tagged fish could even suggest
the existence of mixed schools. The method used in the present
study does not provide conclusive evidence that fish depart-
ing from a FAD within 15 min of one another were physi-
cally in the same school. Nevertheless, our results do highlight
the need for further studies to specifically address the fine-
scale behaviour of several fish simultaneously in the future.
Studies of this nature could be conducted using alternative
acoustic telemetry techniques (Espinoza et al. 2011; Capello
et al. 2012), although performing such experiments around
offshore anchored FADs represents a significant technological
challenge.

To date, passive tracking experiments around FADs have
only been conducted in Japan (Ohta and Kakuma 2005),
Hawaii (Dagorn et al. 2007a; Robert et al. 2012) and the
Philippines (Mitsunaga et al. 2012). These studies have pri-
marily focused on yellowfin tuna, making it essential to extend
research into the behaviour of other associative tuna species
(e.g., skipjack tuna), especially when the catch ratios of the
species are taken into consideration. Furthermore, considering
the wide use of anchored FAD arrays throughout the world’s
tropical and sub-tropical regions, there is a clear need for fur-
ther research of this kind to be conducted at other locations. To
optimise our understanding of the behaviour of these species,
we also recommend that standardised methods for compari-
son be adopted, to ultimately provide a worldwide perspec-
tive on the behaviour of these species at FADs. Moreover, we
strongly recommend that all neighbouring FADs in the study
area are equipped with acoustic receivers in order to investi-
gate the effect of distance between FADs on the movement
behaviour of tuna, as has been done in Hawaii (Dagorn et al.
2007a; Robert et al. 2012), in the present study, and on small
pelagic fish (Soria et al. 2009). The use of the CRT (24 h)
in all previous studies has thus far allowed comparisons to
be drawn and, as such, should remain a critical variable to be
reported. However, through the adoption of the FCRT, future
studies could increase our understanding of this behaviour by
providing more details. Finally, and most importantly, future
research should include methods that allow for the simultane-
ous monitoring of biotic and abiotic variables around FADs;
these could include the measurement of prey density, pres-
ence and abundance of conspecifics, presence and abundance

of predators, oceanographic conditions and levels of fishing
activity. Such information is required to better understand and
explain changes seen in the associative behaviour of tuna with
FADs.
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