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Abstract — Several pelagic fish species are known to associate with floating objects. However, quantitative information
on the main factors that drive this associative behaviour is still lacking. Small pelagic fish offer a particularly interesting
case study for this phenomenon, since the small spatial scales involved in their association with floating objects allow
experimental data to be collected at a fine scale. Here, we monitored twelve acoustically-tagged bigeye scads, Selar
crumenophthalmus (Carangidae), (mean fork length 16.4 cm, SD 2.1 cm) around a floating object moored in shallow
water (15 m depth) playing the role of a coastal fish aggregating device (FAD). To quantify the role played by variations
in current and daylight, we calculated the speed distribution, pair correlation function and group polarization for the
tagged fish hourly, from midday to dusk (13:00—18:00), for varying current strengths and daylight conditions. We
found that the current induced a shift in the position of the aggregation upstream of the FAD, at distances that increased
with the current strength. We found evidence of an expansion and a higher coordination in the aggregation at dusk, with
increasing speed, distance among conspecifics and alignment. We discuss possible scenarios in which group polarization
increases at dusk and suggest complementary measurements for future experiments that could confirm our findings.

Keywords: Acoustic telemetry / Small pelagic fish / Moored FAD / Fish aggregation / Behaviour / Daylight effects /

Rheotaxis / Indian Ocean

1 Introduction

Some pelagic fish species are known to associate with ob-
jects floating at the surface of the ocean (Hunter and Mitchell
1967). Although this phenomenon is largely exploited by fish-
ers, who use floating objects (usually called fish aggregat-
ing devices - FADs) to enhance their catch of various species
(mainly tropical tunas), there is no scientific consensus on the
origins of this behaviour (Fréon and Dagorn 2000; Castro et al.
2002). With the increasing use of drifting FADs by indus-
trial purse seiners all over the world, the scientific commu-
nity has questioned the effects of FADs on the behaviour of
fish (Marsac et al. 2000; Hallier and Gaertner 2008). So far,
most behavioural studies have been conducted on tropical tu-
nas mainly Thunnus albacares, but also Katsuwonus pelamis
and Thunnus obesus (Dempster and Taquet 2004) and their
movements within FAD arrays (Klimley and Holloway 1999;
Ohta and Kakuma 2005, Dagorn et al. 2007). However, stud-
ies on smaller species around shallow coastal FADs (Soria
et al. 2009; Capello et al. 2011) have recently revealed the
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potential of using fine-scale data (often difficult to obtain on
larger species in the open ocean) to understand behavioural
processes.

Fish aggregations could depend on several factors, such
as the intrinsic characteristics of the floating object, oceano-
graphic characteristics or the abundance of prey, predators or
conspecifics. The problem is complex due to the high likeli-
hood of confounding these multiple factors and the difficulty
of conducting accurate field-based measurements capable of
quantifying them. Using fine-scale acoustic tagging data on a
small pelagic fish around a single FAD, a recent study quan-
tified the main factors shaping the zone of aggregation for
bigeye scads, Selar crumenophthalmus (Carangidae) (Capello
etal. 2011). Results showed that the degree of sociability of in-
dividuals, as well as their swimming speed, strongly affects the
radius of the aggregation. These findings came from observa-
tions in a 1-hour temporal window, during which the variabil-
ity of the environmental conditions were negligible. Neverthe-
less, external factors, such as current and daylight variation,
could affect the behaviour of fish when they were associated
with a FAD. Although empirical observations made by fishers
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assessed the importance of these quantities (in particular the
effect of current on the position of fish in relation to the float-
ing object) and sun-synchronous space-use patterns have been
recently identified in other species (Hitt et al. 2011), so far no
studies have been able to quantify their effects on fish aggre-
gations around FADs.

The bigeye scad is a small coastal pelagic fish, common
in tropical and subtropical waters. Around La Reunion Island,
bigeye scads are very abundant in the north western waters,
where they approach the coastline in the period from March
to October (Roos et al. 2007). Previous studies showed that
bigeye scads mainly feed during the night (Roux and Conand
2000) and are associated with FADs during the day (Soria et al.
2006; Capello et al. 2012). In this paper, we investigated the ef-
fects of current and daylight variation on the behaviour of big-
eye scads associated with a floating object. Experiments were
conducted during the daytime and were designed to examine
associative behaviour with respect to fine-scale environmental
changes.

2 Materials and methods
2.1 Experimental setting

Experiments were conducted in Saint Paul’s bay (21°00” S,
55°16" E), Reunion Island (South Western Indian Ocean).
Forty bigeye scads (mean fork length 16.4 cm, SD 2.1 cm)
were caught using hand lines, transported in baskets and main-
tained in tanks at the Aquarium de La Reunion for ten days to
acclimate. They were fed, and treated with a solution of methy-
lene blue and copper sulfate to kill bacteria and prevent the
growth of fungi. The tagging operation was carried out on the
1 May 2003. We retrieved twelve individuals from the tank and
gastrically implanted them with acoustic tags by ingurgitation.
The HTI™ acoustic tags (Model 795) used are 7 mm diame-
ter, 17 mm length and weigh 1.5 g in water. This weight was
less than 0.1% of the mean fish weight and did not affect their
buoyancy (Almeida et al. 2007). In situ tests led us to choose a
pulse duration of 4 ms. The tag repetition rate, which was pro-
grammed to be different for each tagged fish, ranged between
1.43and 1.16 57!,

The HTI™ Acoustic Tag Tracking System (Model 290)
set up was composed of five hydrophones connected by cables
to the Acoustic Tag Receivers system, which was installed on
a boat of 12 m length and fixed at 17 m depth by five anchors
to prevent any movement. Four hydrophones were positioned
around the boat in a square of approximately 100 m width.

The fifth hydrophone was located in the centre of the
square. The cables connecting the hydrophones to the boat
formed a vertical submerged structure whose position was
taken as our FAD position. With this set-up, a signal emitted by
the tag within the square of detection was received by the dif-
ferent hydrophones and the reception time recorded. The dif-
ference in detection times among the receivers was then used
to estimate the tag location through triangulation, see details
in Capello et al. (2011).

The twelve tagged fish were released on 3 May 2003 at
12:00 in the vicinity of the boat, anchored in Saint Paul’s Bay,
in the vicinity of the fishing location. Because bigeye scad is

an obligate schooling fish species (Soria et al. 2007), we re-
leased the 12 tagged fish with 28 non-tagged conspecifics so
they could immediately form small schools. The 3D tracking
of each tagged fish (one position every second with sub-metre
resolution) was possible within a radius of approximately 50 m
from the FAD. All tagged fish stayed within the zone of detec-
tion until 19:00, with very few excursions outside the range of
detection.

At the time the experiment was conducted, sunset was at
17:30. Current was measured using an Aanderaa RMC 9 Self
Recording Current Meter, which was fixed under the boat (at
5 m depth) in order to record the horizontal current speed and
direction.

More details on the experimental setting can be found in
Capello et al. (2011).

2.2 Methods for data processing and analysis

Data processing involved two steps. First, the acoustic
record of each tag on each of the five hydrophones was man-
ually checked using HTI™ Mark Tags Software to exclude
acoustic noise. Second, files were processed in HTI™ Acous-
tic Tag program to track acoustic echoes and calculate fish po-
sitions through triangulation. The accuracy of the estimated
position of fish in the monitoring network ranged from 0.1 to
0.3 m the horizontal plane. In the vertical direction, the accu-
racy was lower (around 1 m).

Due to the system geometry, where the FAD was asso-
ciated with a submerged vertical structure reaching the sea-
bottom, data analysis focused on the xy plane, neglecting the
vertical dimension. This approach was supported by previous
acoustic survey measurements (Josse et al. 2000; Doray et al.
2006; Moreno et al. 2007), where the fish spatial distribution
along z was not affected by the presence of the FAD but instead
depended on the fish species.

Because we had detailed spatial information concerning
several individuals, we calculated the pair-distribution func-
tion g(r) (Cavagna et al. 2008, 2010) among synchronous fish.
This quantity gives information on the probability of finding
a pair of individuals at distance r from each other. We took
synchronicity intervals of 1 second because this time frame
was sufficient to observe a large number of synchronous fish.
We considered the time-averaged fish pair-correlation function
g(r) at different hours of the day, which can be written as:

2. 0(r = rij(1)

(Lt
9(r) = <N(t) 2nrdr >’ M

where N(t) is the number of coplanar pairs of fish detected in
the temporal interval of one second [z, 7+ 1s] and r;;(¢) is the
planar distance among synchronous fish i and j. Coplanarity
was established when two fish were within 1 m in the z di-
rection, according to our experimental accuracy in the vertical
direction. The delta function selects fish pairs at planar dis-
tance in the range [r — dr, r], with dr = 0.3 m, and the brackets
denote the time average over one hour.
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Fig. 1. Fish trajectories in the xy plane at different hours of the day, from 13:00 (a) to 18:00 (f). Each colour represents a different fish. The

black diamond corresponds to the position of the FAD.

Another quantity that we calculated was the tagged-fish
group polarization in the xy plane:

=(lve 2

where the sum runs over the N(¢) fish detected in the temporal
interval [¢, # + 1s], v; is the planar speed vector of fish i and
|v;| denotes its modulus and the brackets denote the time av-
erage over one hour. This quantity provides information about
the degree of alignment among individuals in the group and is
equal to 1 if all fish swim in the same direction in the xy plane.

Finally, we characterized the individual fish dynamics
through the calculation of the swimming speed (ground speed)
and the turning angle distribution at the different hours.

For the following analysis, we denoted the time intervals
of one hour h:min (for example 13:00 refers to the time in-
terval between 13:00 and 14:00). We compared the swimming

7
[vi]

)

speed and turning angle distributions at subsequent hours us-
ing two-sample Kolmogorov-Smirnov tests (R Development
Core Team 2011), testing the null hypothesis of equality be-
tween two distributions. Moreover, we used the same test to
compare the distribution of fish-group polarization at subse-
quent hours, testing the null hypothesis that the cumulative
density function of the group polarization at h+1:min was
larger than at h:min.

3 Results

The fish trajectories in the xy plane showed clear differ-
ences according to the hour of the day (Fig. 1). In order to
characterize this variability, we calculated the position of the
tagged-fish centre of mass and compared it with the average
value of the current strength for each hour, see Fig. 2. We
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Fig. 2. (a) Mean centre of mass displacement (squares, right axis) and
average value of the current (circles, left axis), calculated over time
intervals of 1 hour, from 13:00 to 18:00. Bars indicate the standard
error of the mean; (b) position of the fish centre of mass in the xy plane
at different hours of the day. Arrows indicate the current direction,
with their length being proportional to the current strength. The black
diamond indicates the FAD position.

found that higher (or lower) current strengths led to increas-
ing (or decreasing) distances between the tagged fish and the
FAD (Fig. 2a), in the direction upstream of the FAD (Fig. 2b).
However, the increase of the current strength at 14:00 did not
reflect a significant displacement of the tagged-fish centre of
mass, until 15:00.

For all hours, the pair correlation g(r) (Eq. (1)) showed a
maximum around 0.6 +/-0.3 m, signalling that the most fre-
quent fish-fish distance was always at short range (see inset of
Fig. 4). The shape of the pair-distribution at 14:00 was par-
ticularly notable, as the group of tagged fish showed a higher
cohesion (Fig. 4). Conversely, at late hours, fish tended to oc-
cupy larger distances, manifested by longer tails in g(r) later in
the day. This trend was smooth from 15:00 to 18:00, indicating
a gradual expansion of the aggregation with time.

Finally, the distribution of the tagged-fish group polariza-
tion showed an enhancement of fish alignment at late hours,
characterized by a smooth, significant shift of the polarization
towards higher values from 15:00 to 18:00 (p-value > 0.05),
see Fig. 5.
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Fig. 3. (a) Distribution of turning angles, (b) distribution of individual
swimming speed at different hours.
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Fig. 4. Fish pair-distribution function (Eq. (1)) at different hours.
Inset: zoom of g(r) at small r.

4 Discussion

The above results clearly indicate that the fine-scale infor-
mation obtained through the HTT acoustic technique is very
promising for characterizing the role of different factors affect-
ing the shape of small-pelagic fish aggregations around a FAD.
Indeed, we could evaluate the effect of current variations on the
position of the aggregation through the quantification of the
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displacement of the tagged-fish centre of mass with respect to
the location of the FAD. The effect of current on fish aggrega-
tion was clear, with the group moving upstream of the FAD
at large distances when the current increased. According to
Lindquist and Pietrafesa (1989), one possible reason for this
orientation may be that the fish were choosing the location
where they would likely find the least amount of current flow
and would therefore have to spend the least amount of energy
swimming in the current. This location could correspond to the
up-current side of the FAD, where incoming current flow is
deflected back upon itself, resulting in narrow elliptical eddies
that tend to negate current flow. A supporting argument, men-
tioned in Lindquist and Pietrafesa (1989), is the advantage of
facing into currents that bring food into the reef. Food that the
fish miss on the first pass may be dragged into the up-current
vortex reversal, thus giving the bigeye scads to opportunity to
feed on several passes of the food organisms. Additionally, we
observed a delay of about one hour in fish response to the cur-
rent around 14:00. At this time, other anomalies were also ob-
served, like a contraction of the aggregate shown by the fish
pair distribution. This might signal that an unobserved event,
like the presence of a predator or the arrival of another group
of fish, occurred around 14:00, inducing a group contraction
and localization to the FAD that was much stronger than ex-
pected. In a similar way, we could not assess the origin of the
increase in fish speed at 18:00, where possible unobserved pre-
dation effects might have affected the behaviour of the tagged
fish.

The effect of daylight emerged from the smooth variation
of the tagged-fish pair-distribution and polarization observed
towards dusk. These changes could not be related to current
effects, since the current strength and angle were nearly the
same around 15:00 and 17:00. One could argue that these ob-
servations were the consequence of a gradual displacement of
fish from their release point that happened to coincide with ap-
proaching dusk. However, our data instead indicate a “group
dispersion”, i.e., fish stayed further from each other (Fig. 4),
rather than a dispersion from the release point, since the centre
of mass distance from the FAD (the release point) was nearly
constant from 16:00 to 18:00 (Fig. 1). This pattern, where

fish aggregations are characterized by low packing densities at
night, is well known from acoustic measurements (Fréon et al.
1996).

Additionally, we found that the polarization of the group
of tagged fish increased smoothly towards dusk, confirming
that vision alone could not mediate fish alignment. Both lat-
eral line and vision are employed simultaneously to maintain
group polarization (Pitcher et al. 1976). These results were
quite surprising, however, since we expected the opposite sce-
nario: with a gradual expansion in the fish aggregation in-
ducing a lower polarization of the group. It is possible that
other factors, not measured in this experiment, could be cru-
cial in explaining these findings. For example, the number of
conspecifics present in the aggregation could have increased
from noon to dusk. Since we only quantified the tagged-fish
behaviour, we observed a consequent expansion in the aggre-
gation. In this case, the fish aggregation would increase in size
over the course of the day and manifest a smooth transition
towards higher degrees of polarization at dusk, before fish de-
parture. Another possible explanation could be that group po-
larization depends on distance from the FAD. In this scenario,
the closer the group is to the FAD, the more the thigmotaxis
towards the FAD perturbs the alignment among conspecifics.
In this way, the polarization of aggregated fish increases when
the group moves away from the FAD, up to the fully-polarized
limit of free schools.

While previous studies have shown that social effects and
speed (Capello et al. 2011) play a fundamental role in the
aggregations of small pelagic fish around FADs, we demon-
strated that variable environmental conditions could strongly
affect the properties of the aggregation. However, although
we showed that changes in current and daylight can play a
role, these factors alone cannot explain the full dynamics of
the system observed during the day. Possible inter-specific
interactions and predation effects, as well as an increasing
number of conspecifics, might be important in determining the
properties of the aggregation. Further investigations based on
similar experimental settings, complemented with continuous
visual inspections near the FAD, could confirm our picture of
the aggregation dynamics.
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