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ABSTRACT: Fish navigate a sea of chemical signatures, which can guide their movements
through their environment. Chemoreception is integral to how larval fish find reef habitat and
adult fish find home. Yet, the chemicals responsible for driving fish behavior are largely unknown,
and the chemical seascapes through which fish navigate are changing with shifting environmen-
tal conditions. To investigate the possible suite of chemical cues employed by fishes in their search
for foraging hot-spots, we collected 10 1 samples of water from the center of natural foraging
aggregations. These aggregations were composed of multiple fish species from several trophic
levels over the reefs of Belize. We then conducted bioassays on wild-caught Abudefduf saxatilis
(N = 84) in laboratory flow tanks using previously frozen seawater samples and extracted com-
pounds from foraging aggregations and paired control sites. Capturing seawater from the midst of
natural foraging aggregations, filtering this over C18 resin, and presenting the eluted compounds
to a reef fish elicited a significant behavioral response of spending more time in water that
contained C18 extracts from fish aggregations compared to controls (p = 0.03). These results
indicate that chemical cues collected within the middle of multi-species fish foraging aggregations
are attractive to adult reef fish and suggest that chemical signatures associated with foraging
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aggregations might be important olfactory guides for fish.

KEY WORDS: Chemical ecology - Fish aggregation - Coral reefs - Plankton - Bioassay - C18

INTRODUCTION

Reef fish navigate a vast chemical seascape in their
search for food, shelter and mating opportunities.
Chemoreception, through taste and smell, is integral
to how fish maneuver throughout their lives, from lar-
val stages (e.g. Sweatman 1988, Elliott et al. 1995, Ger-
lach et al. 2007, Dixson et al. 2011, Lecchini et al. 2013)
to adults (reviewed by DeBose & Nevitt 2008). How-
ever, the chemicals responsible for driving their be-
haviors are largely unknown, and, along with the
chemoreceptive abilities of fish, are likely changing.
The chemical seascapes are shifting due to changes in
benthic community structure—from those of coral-
dominated reefs to algae-dominated reefs (see Glea-
son et al. 2009, Lecchini et al. 2013) —and changes in
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fish community dynamics and population abundances,
considering that conspecifics produce attractive
compounds (e.g. salmon [Nordeng & Bratland 2006],
reef fish [Sweatman 1988, Lecchini et al. 2005a,b], and
lamprey [Vrieze & Sorensen 2001]). Further, increases
in environmental pollutants can adsorb compounds,
such as pheromones, thereby reducing their availabil-
ity for chemical signaling (see Mesquita et al. 2003; re-
viewed by Liirling 2012). Coupled with these changes
in the chemical environment, the ability of fish to uti-
lize these chemical cues may be at risk through dis-
ruption to their chemosensory systems (Lirling &
Scheffer 2007), especially under changing environ-
mental conditions such as increased sedimentation
and turbidity (Wenger et al. 2011) and ocean acidifica-
tion (e.g. Munday et al. 2009, Nilsson et al. 2012).
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Though previous studies have highlighted the
ability of fish to recognize and attract to ecologically
relevant odors, such as reef water (e.g. Gerlach et al.
2007, Lecchini et al. 2013), 'home’ water (e.g. Dittman
& Quinn 1996, Mitamura et al. 2005), amino acids (e.g.
Davis et al. 2006, Hara 2006), and conspecifics (e.g.
Vrieze & Sorensen 2001, Nordeng & Bratland 2006),
there are very few studies geared at understanding
the natural chemical signatures produced by fish ag-
gregations and how these specific signatures affect
fish behavior (e.g. DeBose & Nevitt 2007, DeBose et
al. 2008, 2010). Recent work hypothesized that roam-
ing fish may depend on plumes of dimethylsulfonio-
propionate (DMSP) to ‘eavesdrop’ on the foraging be-
havior of other fish (DeBose et al. 2008, 2010). In these
studies, DMSP was explored as a specific, plankton-
released compound of interest, but DMSP is just one
of a potentially broad suite of chemicals released from
foraging events. Our aim was to test whether or not
fish (Abudefduf saxatilis) in a choice chamber are
preferentially attracted to the chemical cues from sea-
water collected from naturally occurring foraging
aggregations and to narrow in on the nature of partic-
ular chemicals of interest as a step toward identifying
other ecologically important compounds.

MATERIALS AND METHODS
Fish aggregations

Using open-circuit SCUBA, we spent ~30 min per
dive searching for foraging aggregations over open
water along the edge of the drop-off of the barrier
reef around Carrie Bow Cay, Belize. We defined a
foraging aggregation as a group of fishes consisting
of at least 100 individuals (mean + 1 SE: 559 + 58 ind.)
and at least 4 species (mean: 7 = 0.3 spp.), which
were actively foraging along the Belize barrier reef.
Depths of aggregations ranged between 3.3 and
20.9 m (mean: 14.2 + 0.5 m). Aggregations were visu-
ally surveyed using a modified instantaneous station-
ary point count method, whereby all fish within the
circumference of the aggregation were counted and
all species were identified. Surveys were conducted
from outside and down-current of the aggregations
prior to collecting water samples.

Water samples

After conducting visual surveys, we collected 10 1
of seawater, using 2 handheld 5 1 Niskin bottles, from

the center of actively foraging aggregations (n = 40).
We also collected control water ~30 m up-current
and from the same depth as the aggregation. Though
fish would startle when the Niskin bottles were
snapped closed, in all cases of collection, the aggre-
gation would reform after the diver retreated back to
the shallow reef edge. Immediately after collection,
water samples were transferred via silicone tubing
into two 20 1 carboys and placed in the shade under
black plastic. Upon returning to the Carrie Bow Cay
field station (usually within 1 h of collection), samples
were gravity filtered through Nitex mesh (180 and
36 pm) to remove zooplankton and larger micro-
plankton, and 11 was then frozen (—20°C). Five to 81
(equal volumes of paired aggregation and control
water) were passed over 5 g C18 flash cartridges
(Varian Bond Elut), and 2 1 were passed over 5 g
Diaion HP20 resin. C18 and HP20 resins were then
frozen. Samples were brought back to the Smithson-
ian Marine Station in Fort Pierce, Florida, and eluted
from C18 with a 50:50 mixture of 100 % HPLC-grade
methanol (50 ml) and ethyl acetate (560 ml) and from
HP20 with 100% HPLC-grade methanol. Extracts
were dried, and the solid extract was weighed then
frozen. Similar methods of seawater extraction have
been employed in other studies (e.g. Fine & Sorensen
2005, Lecchini et al. 2005b). Prior to conducting
bioassays, individual extracts were re-dissolved in a
solution of 1 ml of 100 % methanol and 200 pl of dis-
tilled water. From these extract solutions, 200 pl of
C18 or 500 pl of HP20 was then added to 11 of 5 pm
filtered seawater to reconstitute concentrations that
approximated those in the original seawater samples.
Positive-control food extract samples were prepared
by soaking 7.3 g pellets (Kent Marine Platinum Reef
Carnivore medium pellets) in 1 1 filtered seawater
overnight, then filtering over 20 pm mesh. Frozen
whole aggregation and control seawater samples
were allowed to thoroughly thaw and come to back-
ground water temperature prior to trials. Background
water temperatures averaged 24.0°C (+0.2°C).

Fish bioassays

For the bioassay, we collected sergeant major
Abudefduf saxatilis by cast-net from Fort Pierce and
Jupiter Inlets, Florida. We chose to use A. saxatilis
because they were seen in multi-species fish aggre-
gations in Belize, are planktivorous, reef-associated
damselfish, could be collected locally without the use
of anesthetics, which may impair fish chemosensory
abilities, and are resilient to captivity. After field cap-
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ture, A. saxatilis individuals were allowed 7 d to
acclimate before trials. Fish were fed frozen brine
shrimp and flake food ad libitum but were fasted 24 h
prior to testing. Fish sizes ranged from 4.5 to 7. 5 cm
TL (mean = SE: 6.0 + 0.1 cm).

The bioassay was conducted at the Smithsonian
Marine Station at Fort Pierce, in a Plexiglas flow tank
(107 x 25.5 x 15.5 cm; Fig. 1) with 2 inflows and oppo-
site outflows, plumbed with filtered seawater from
the Fort Pierce Inlet. The upstream end of the tank
was split by a partition running from the inflow to
35.5 cm downstream. The tank was fitted with 2 IV
bags to deliver separate experimental flows along
each side of the tank. We reasoned that if A. saxatilis
preferred a particular chemical signature, fish would
spend more time investigating that particular flow or
side of the tank.

Background water was sequentially filtered
through a 10 pm bag filter, inline carbon and 5 pm
ceramic filters before entering the tank via 2 inlets on
either side of the partition. Water passed through a
baffle, or flow-straightener, then exited the tank via 2
outflows directly opposite the inlets at ~6 1 min™',
Separation of flows was verified daily by dye test.
The tank was housed under a wooden support stand,
which was covered in black plastic and illuminated
by infrared lights to remove outside visual cues.
However, because these fish are active during the
day, holes were drilled on top of the structure to
allow for dim illumination from fluorescent lighting
above. A camcorder (Sony) was placed above the
tank, over a Plexiglas window, and remotely con-
trolled. The trials were recorded and scored by an
observer who was blind to the treatment, using
JWatcher software (v1.0, Macquarie University/
UCLA).

Whole-water or re-dissolved extracts and paired
controls were delivered at 1 1 min™' into the pre-

Fig. 1. Flow tank configuration. A: Tank inflow(s); B: IV tub-

ing delivering experimental waters/extracts into pre-baffle

area of flow tank; C: baffle, or flow-straightener; D: Plexi-

glas wall separating each side/flow of the tank; E: tape

line demarcating either side/flow of the tank; F: outflows to
the drain

baffle end of the tank via 2 IV bags. Paired field-
collected aggregation and control water samples (or
extracts) were used for each trial, so an individual
fish was tested against one aggregation and its
paired control per trial. All fish were naive to both the
flow tank and experimental testing. At the start of
each trial, a single fish was placed in the tank and
allowed to acclimate for 30 min. At 30 min, flows from
the IV bags were initiated. These flows were mixed
with incoming background seawater, then passed
through the baffles or flow straighteners, before
moving into the testing arena of the tank. The first
filaments of odor (as seen via dye tests) would imme-
diately pass through the baffles, and by 1 min into
the release, a fully mixed flow moved through each
side of the tank until reaching the outflow, with a
clear division between the treatment and control
flows. During the minute of release and the minute
during testing, the fish were most often moving
throughout the tank and disrupting the separated
flows. By 2 min after the initial release, the treatment
and control plumes were mixing together within the
downstream arena, and clean water was moving
through the baffles. Behavior was analyzed for 1 min
after the initial 1 min experimental release (i.e. the
second full min after release) when the flows into
each side of the tank were most clearly separated. If
fish appeared stressed (e.g. floating up to the surface
or backed into the outflow corner) throughout the
acclimation period and trial, or if fish did not sample
both sides of the tank during the first minute of
release, the trial was discarded (n = 3). A line placed
down the center of the tank was the basis for the
scored behavior of ‘crossing’ into one side of the tank
(Fig. 1). A ‘cross' was counted once the head of the
fish (i.e. the posterior end of the operculum) moved
over the outer edge of the tape line (i.e. from one side
of the tank into the other). The side in which experi-
mental chemicals were released alternated between
trials so that each side was equally used as ‘experi-
mental’ and ‘control’. Atleast 30 min passed between
subsequent trials, which allowed for complete flush-
ing of experimental waters from the tank.

Statistical analyses

Fish aggregation composition (total number and
species richness) was compared among sampling
trips with ANOVA (Statistica 7, Statsoft) to test for
any significant shifts in aggregation composition
which might affect the chemical composition of
the water samples. Overall fish choice, spending
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>0.5 min of the 1 min trial period in one flow or side
of the tank, was tested against a binomial distribution
(probability mass function, p = 0.5, o = 0.05). The
degree of preference, or the proportion of time fish
spent in each experimental flow during the 1 min
trial period, was analyzed using a 1-sample t-test
(Statistica 7, Statsoft). Variation in sample size for
each trial was due to availability of each type of
experimental water (e.g. 16 1 of whole frozen sea-
water samples, 39 C18 extract samples, etc.) coupled
with the number of valid trials used in the final
analysis.

RESULTS

As a general description of fish behavior in these
trials, when fish were placed in the down-current
section of the tank, they spent the majority of the
30 min acclimation period swimming the length and
up into both ‘arms’ of the tank. Once the trial began,
at initial release of the experimental flows, fish gen-
erally reacted to the change in chemical environment
(e.g. swimming slightly backwards then forwards,
‘sniffing’, crossing into each side of the tank) and
then continued to swim throughout the tank and did
not tend to position themselves solely in one side of
the tank. However, during the second min after
release and depending on the treatment, fish did
spend significantly more time in one treatment flow
than the other.

Abudefduf saxatilis preferred the C18 extract of
aggregation water over that of control water (n = 3%
binomial, p = 0.04, Fig. 2A) and spent significantly
more time in the flow of C18 extract of aggregation
water (1-sample t35 = 2.3, p = 0.03; Fig 2B), similar to
their response to the positive control food extract
(n=7%; binomial, p =0.008; t; =4.6, p=0.004). Though
more fish preferred whole, previously frozen sea-
water from aggregations (n = 15; binomial, p = 0.04,
Fig. 2A), they did not spend significantly greater time
in aggregation water than in paired control water
(tis = 0.9, p = 0.4), nor did they prefer HP20 extract
from aggregations over controls (n = 22; binomial, p =
0.2; t,, =0.9, p=04).

In regards to composition of the sampled foraging
aggregations, there was no significant difference in
number (F,; 35 = 2.17, p = 0.09) or species richness
(Fs,35 = 0.77, p = 0.55) of fish in the aggregations
recorded over the separate months (Table 1). Aggre-
gations were generally made up of the same fish
species (e.g. creole wrasse Clepticus parrae, blue
chromis Chromis cyanea, yellowtail snapper Ocyu-
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Fig. 2. (A) Number of Abudefduf saxatilis spending >0.5 min
in either flow (mean + SE): whole aggregation water (n =
15), C18 extract (n = 37), HP20 extract (n = 22), or positive
control (e.g. food extract) (n = 7), over paired controls. *p <
0.05 (binomial distribution). (B) Amount of time A. saxatilis
spent in experimental flow (mean + SE), i.e. whole aggrega-
tion water, C18 extract, HP20 extract, or food extract, over
paired controls. *p < 0.05 (1-sample t-test)

rus chrysurus, bar jacks Caranx ruber and horse-eye
jacks C. latus, boga Haemulon vittatum, dog snapper
Lutjanus jocu, cero Scomberomorus regalis, groupers
Mycteroperca spp., and various parrotfish Scaridae
species), though several other species, including A.
saxatilis, would also be present among the different
aggregations. There were some differences in envi-
ronmental conditions and fish behavior reflected in
the difficulty of finding aggregations, which varied
throughout the present study (see Table 1: frequency
of occurrence). For example, in August 2010, there
was a 53 % chance of locating an aggregation on a
single dive, compared to a low 22 % chance in May
2011. Ease of locating aggregations seemed to
depend on the tide cycle (lunar phase and stage of
tide), presence of a current, and water clarity. For
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Table 1. Fish aggregation water collection information. Fre-

quency of occurrence is the chance of finding an aggrega-

tion, determined by dividing the number of aggregations by
the number of search-dives conducted per trip

No. of Frequency Avg.number Avg. species

aggre-  of occur- of fish present

gations rence (%) + SE + SE
Feb 10 8 37 461 + 84 6.5+0.7
May 10 8 36 497 + 78 7.8+0.8
Aug 10 8 53 723 + 153 74+0.5
Nov 10 8 30 439 + 50 8+0.8
May 11 8 22 675 + 53 6.9+0.6

example, in May 2011, a diatom bloom occurred
which reduced visibility, as well as perceived fish
activity and aggregation formation, throughout that
field season.

DISCUSSION

We found that extracts collected from <10 1 of water
passed over C18 elicited a significant positive res-
ponse from fish. Abudefduf saxatilis spent signifi-
cantly more time in water infused with C18 extracts
from natural foraging aggregations than in water
infused with C18 extracts from water samples col-
lected at the same depth and reef habitat ~30 m up-
current of the aggregation. HP20 extracts did not
elicit an attractive response from fish, which implies
that compounds of interest were not retained by
HP20. From the present study, we do not know if the
attractive chemical cues derived from plankton,
aggregating and foraging fish, or some combination.
Yet, there was something attractive to our test sub-
ject, a reef-associated damselfish, in the waters we
sampled amid the foraging aggregations in Belize.

Initial analysis of C18 extract by high performance
liquid chromatography and proton nuclear magnetic
resonance spectroscopy showed a multitude of com-
pounds present in low concentrations (data not
shown). C18 absorbs a range of chemicals, favoring
more hydrophobic compounds. It has low affinity for
amino acids and other extremely hydrophilic com-
pounds, and the loss of these compounds when com-
paring whole water and C18 extract is probably sig-
nificant enough to explain the difference in attraction
between paired samples. It is likely that the C18
extraction process isolated the effective compounds
while filtering out negative or ineffective com-
pounds, providing a stronger concentration of chem-
icals with positive aggregation effects.

In our study, since we delivered approximately nat-
ural concentrations of extract solutions at a rate of 11
min~! into a background flow of 6 1 min~!, there was
further dilution of the extract solution delivered to
the fish. Yet, Abudefduf saxatilis still responded to
this concentration of aggregation water extract,
which suggests these C18-trapped compounds are
highly attractive. Previous studies pinpointed DMSP
as attractive to planktivorous fish (DeBose et al.
2008); however, A. saxatilis were attracted to com-
pounds retained by C18, which does not bind DMSP.
This finding begs the question of what suite of com-
pounds are important in directing fish navigations to
foraging hot-spots, and it provides specific targets for
further inquiry into the chemistry underlying the
attractiveness of fish aggregations. Perhaps fish are
using these compounds in combination with others,
such as DMSP, gaining information on the foraging
behavior or presence of other fish, to navigate to for-
aging opportunities and productive locations.

Limited studies exist on chemical attractions of for-
aging aggregations and the mechanisms underlying
such aggregation formation in the marine environ-
ment. However, Procellariiform seabirds utilize di-
methyl sulfide (DMS), the breakdown product of
DMSP that is produced by marine phytoplankton, to
locate productive foraging grounds out at sea (Nevitt
et al. 1995). These seabird aggregations can be com-
posed of multiple species honing in on the visual and
chemical cues of the growing aggregation, layered
on top of the chemical cues (e.g. DMS) released from
the underwater foraging cascade of phytoplankton,
zooplankton, and fish (see DeBose & Nevitt 2008).
This chemical seascape is important not only for for-
aging seabirds but also for microbes (Seymour et al.
2010), plankton (reviewed by Steinke et al. 2002, see
also Pohnert et al. 2007), and fish (DeBose et al. 2008,
2010). A multitude of studies have confirmed the idea
that chemical seascapes surround coral reefs, driving
larval recruitment (e.g. corals, other invertebrates,
and fish) and adult behaviors (e.g. reproduction, for-
aging, etc.) (reviewed by Hay 2009); however, the
particular mechanisms and chemical composition of
these seascapes are still largely unknown (but see
review by Paul et al. 2011).

Chemical signatures associated with fish aggrega-
tions potentially vary seasonally, with composition of
the aggregations as well as with the plankton com-
munity, level of background chemicals and nutrients,
and oceanographic conditions. These chemical cues
might inform fish downstream that a 'hotspot’ of for-
aging activity is occurring upstream and stimulate
them to search for these opportunities. Further work
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identifying the compounds involved is needed to
understand the mechanisms underlying fish aggre-
gations, recruitment, and movement patterns over
reef systems. Understanding these chemically medi-
ated interactions is essential to predicting the behav-
ior of fish as they follow transient chemical trails.
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