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Abstract Assessment of predation risk is vital for the
success of an individual. Primary cues for the assessment
include visual and olfactory stimuli, but the relative impor-
tance of these sources of information for risk assessment
has seldom been assessed for marine Wshes. This study
examined the importance of visual and chemical cues in
assessing risk for the star goby, Asterropteryx semipuncta-
tus. Visual and chemical cue intensities were used that were
indicative of a high threat situation. The behavioural
response elicited by both the visual cues of a predator (the
rock cod, Cephalopholis boenak) and the chemical alarm
cues from conspeciWcs were similar in magnitude, with
responses including a decrease in feeding strikes and
moves. A bobbing behaviour was exhibited when the pred-
ator was visible and not when only exposed to the chemical
alarm cue. When visual and chemical cues were presented
together they yielded a stronger antipredator response than
when gobies were exposed solely to conspeciWc alarm cues.
This suggests additivity of risk assessment information at
the levels of threat used, however, the goby’s response is
also likely to depend on the environmental and social con-
text of the predator–prey encounter. This study highlights
the importance of chemical cues in the assessment of preda-
tion risk for a coral reef Wsh.

Keywords Behaviour · Chemical alarm cue · Coral reef 
Wsh · Olfaction · Predation risk · Visual cue

Introduction

A trade-oV exists between predator avoidance behaviours
and regular Wtness-associated behaviours, such as foraging,
maintenance of social organization and reproduction (Sih
1980). Selection should favour those individuals who are
most eYcient at assessing risk and hence are able to direct
the most energy to reproduction (Helfman 1989; Lima and
BednekoV 1999; Mirza and Chivers 2001a; Brown 2003;
Golub and Brown 2003). Aquatic vertebrates can use a
variety of information sources to assess predation risk, with
the most commonly used cues being visual (Helfman 1989;
Murphy and Pitcher 1997; Smith and Belk 2001) and chem-
ical stimuli (Chivers and Smith 1998; Wisenden 2000;
Brown 2003; Brown and Chivers 2006).

Studies on freshwater Ostariophysan Wshes have under-
scored the importance of chemical cues in predator–prey
interactions (Chivers and Smith 1998; Brown and Chivers
2006), in particular the pivotal role that species-speciWc
alarm cues play in risk assessment. For many species, once
mechanical skin damage occurs during a predator encounter,
a chemical cue from the prey is involuntarily released that is
a reliable indicator of a predator threat to conspeciWcs in the
vicinity of the predator strike. Upon detection of the chemical
by conspeciWcs a fright reaction is elicited, which enhances
survival of those forewarned conspeciWcs (Chivers et al.
1996; Mirza and Chivers 2000) and at times heterospeciWcs
(Wisenden et al. 1995; Chivers et al. 2002; Pollock and
Chivers 2004). The prevalence of a well-developed response
to chemical cues in many aquatic organisms has been attrib-
uted to the high turbidity and structural complexity of the areas
inhabited (Mirza and Chivers 2001b) or as a response to the
activity of nocturnally active predators (Chivers et al. 1996).

In contrast, visual cues are likely to be important for risk
assessment by prey that inhabit areas of high visibility and
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low structural complexity, which facilitate the timely
evasion of a predator strike. Research on the visual and
olfactory contributions to risk assessment in freshwater
amphibia suggests that chemical cues may play a more
important role than visual or other stimuli (e.g., StauVer
and Semlitsch 1993; Kiesecker et al. 1996; Mathis and
Vincent 2000), in part attributable to the low visual acuity
of the study organisms (Mathis and Vincent 2000). Recent
research on freshwater Wshes has revealed a more complex
situation, with chemical alarm cues indicating the presence
of a predator, and visual cues being used to accurately mod-
ify the response to the degree of threat imposed (Hartman
and Abrahams 2000; Chivers et al. 2001). Moreover, some
Wsh respond to both sensory cues with a graded response
(e.g., Dupuch et al. 2004; Engstrom-Ost and Lehtiniemi
2004; Zhao and Chivers 2005; Ferrari et al. 2006; Zhao
et al. 2006), with chemical cues warning prey of a potential
threat and visual cues being used to assess the level of risk
posed (Chivers et al. 2001).

The majority of studies on roles of chemical and visual
cues in risk assessment have been conducted on freshwater
species (Smith and Lawrence 1992; Mirza and Chivers
2001a), with a paucity of research on marine organisms.
Despite the obvious beneWts of using chemical alarm cues
in marine systems, only two families have been shown to
possess them: Gobiidae (Asterropteryx semipunctatus and
Brachygobius sabanus) and Ariidae (Arius felis) (Smith
and Smith 1989; Smith et al. 1991; Smith and Lawrence
1992; Smith 2000). This lack of representation is probably
more a feature of the low number of studies undertaken
than their diminished importance in marine environments.
While it is known that some marine species will respond
to chemical and visual cues of predators with a fright
response, there is limited understanding of the independent
contributions of both visual and chemical cues, together
with their interaction, to predator risk assessment.

Coral reefs represent an environment where water clarity
is typically high, making visual cues a dominant sensory
input into behavioural decisions. Indeed, it has been
suggested that high water clarity and the typically well-
developed visual system of the inhabitants (Losey et al.
2003) has lead to the development of the spectacular
colouration of many Wsh species (Helfman et al. 1997), and
the development of complex forms of visual communica-
tion (Marshall et al. 2003). Possibly due to the obvious
eYcacy of using visual cues for predator risk assessment in
a low turbidity environment, little work has been conducted
on the role of other information sources, such as olfactory
stimuli. Whilst coral reef environments are known for their
water clarity, they are also topographically complex, with a
strong relationship between species diversity and structural
complexity (McCormick 1994). Research on the use of
chemical cues in freshwater systems strongly suggests that

chemical cues may also play an important role in behavio-
ural decisions associated with risk assessment. The relative
importance of visual and olfactory cues in inXuencing the
magnitude of antipredator response is currently poorly
understood for marine systems.

The present study investigated if the magnitude and
nature of an antipredator response in the tropical marine
goby, A. semipunctatus, diVered depending on whether
visual or chemical cues were used to assess risk, and
whether the cues interacted. A previous study in Hawaii by
Smith (1989) indicated that the species responds to conspe-
ciWc chemical alarm cues and sighting a model (lizardWsh
predator, though uncontrolled for) pulled from the sand by
a string with a fright response. The Wrst aim of the present
study was to assess whether A. semipunctatus from a loca-
tion on the Great Barrier Reef also responded to conspeciWc
chemical alarm cues and visual cues of a live predator. This
study uses the rock cod, Cephalopholis boenak, as the pred-
atory stimulus since it is known to be a common predator in
the habitat occupied by A. semipunctatus (Beukers-Stewart
and Jones 2004). The second aim was to compare the mag-
nitude of the response by A. semipunctatus to isolated
visual and chemical cues to the response elicited when both
sources of risk assessment information were present.

Materials and methods

Study species

Asterropteryx semipunctatus is a coral reef dwelling goby
that forms dense aggregations in shallow areas of coral
rubble (Randall et al. 1990). This species is a negatively
buoyant small benthic Wsh, which moves episodically inter-
spersed with periods when they remain stationary on the bot-
tom. The species exhibits a behaviour known as bobbing,
which has been suggested to be a visual alarm signal to other
Wshes in the vicinity, or a signal to predators that their
approach has been detected (Sweatman 1984; Smith 1997).

Smith (1989) examined the response of A. semipunctatus
from Hawaii to conspeciWc alarm cues and found they
responded with reduced movement, feeding and increased
bobbing. He also examined their response to a model
lizardWsh, which was pulled from the sand by a monoWla-
ment line. Unfortunately, this disturbance protocol was not
controlled, so it is unclear whether it was a speciWc
response to the visual stimulus of the model predator, or
simply a startle response to general visual disruption. This
made any comparison of the magnitude of response
between visual and chemical cues diYcult to interpret in
the context of the goby’s ecology.

The rock cod, C. boenak, was used as the predator in the
present study since it is common on coral reefs and preys
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on small reef Wshes and invertebrates (Beukers-Stewart and
Jones 2004). This predator ranges over the habitats occu-
pied by A. semipunctatus, where it is known to eat gobies
(Beukers-Stewart and Jones 2004).

Fish collection and maintenance

Asterropteryx semipunctatus and C. boenak were collected
in Pioneer Bay at Orpheus Island (146° 20�E, 18° 35�S),
Great Barrier Reef, Australia on SCUBA using clove oil and
hand nets in February 2006. Fish were transported in aerated
seawater inside a dark container to the James Cook Univer-
sity Marine and Aquaculture Research Facility Unit where
they were maintained in aerated 38 l tanks with Xowing
saltwater at a mean minimum temperature of 27.8°C and a
maximum of 28.6°C (12L:12D photoperiod). Fish were
acclimated for a period of 3 weeks, with A. semipunctatus
fed commercial marine Wsh Xakes and live brine shrimp
(Artemia franciscana) and C. boenak fed frozen brine shrimp
(A. franciscana) daily. Swordtails, Xiphophorus helleri, were
used as controls for the addition of skin extract as they
are phylogenetically distinct from the goby. Furthermore,
although swordtails are known to possess a damage-released
alarm cue to which conspeciWcs respond (Mirza et al. 2001),
A. semipunctatus are known to have no anti-predator
response to these chemicals (Larson and McCormick 2005).
Swordtails were obtained commercially and maintained in
dechlorinated fresh water at approximately 22.5°C.

Observation tanks

Experiments and behavioural observations were undertaken
in 15 l tanks with an air stone at the back corner of each
tank. An additional piece of plastic tubing, for stimulus
injection, was attached to the airline with the end Wxed
approximately 1 cm above the air stone. Trials with dye
showed that it took 12 s following the injection for the dye
to disperse through the tank. Aquaria had a 2 cm deep sub-
stratum of aquarium gravel and a shelter consisting of three
identical plastic pipes (4.3 cm long, 3 cm wide), which
were used to mimic the natural habitat of gobies. Each tank
was surrounded on three sides by black plastic to avoid test
Wsh observing adjacent tanks. Previous tests have shown
that groups of less than three gobies demonstrated abnor-
mal behaviour (Larson and McCormick 2005; McCormick
and Larson 2007), therefore, three randomly selected indi-
viduals were used in each replicate trial, with no individu-
als used more than once.

Stimulus preparation

Skin extract was prepared from 45 A. semipunctatus (mean
standard length (SL) 38.45 mm § 1.05 SE) and 15 X. helleri

(as a Wsh odour control; mean SL 42.43 mm § 1.65 SE).
Specimens were euthanized by a quick blow to the head,
and then placed in a clean disposable petri dish, with 25
superWcial cuts to the skin (minor Xesh damage) made on
each Xank using a clean razor blade. Specimens were then
rinsed in 15 ml of saltwater, previously obtained from each
test tank. In order to remove any solid matter each 15 ml of
stimulus water was Wltered through Wlter paper (125 mm Ø,
qualitative 1) prior to being drawn up into a syringe. Skin
extracts were prepared within 20 min of injection as previ-
ous studies have suggested that potency is decreased if
extracts are stored or frozen (Smith 1989).

Experimental protocol

The experimental protocol is described as three separate
experiments because a series of diVerent control protocols
were required to validly assess the occurrence and magni-
tude of the responses to chemical or visual cues. It was only
once the response to the chemical and visual cues had been
determined in experiments 1 and 2, respectively, that they
could be compared to the goby’s response to the combined
eVect of visual and chemical cues (experiment 3). Experi-
ments were conducted at the same time with similar proto-
col (below), on random subsets of A. semipunctatus collected
at the same time and location, making comparisons across
experiments valid.

Prior to experimentation each set of gobies (mean SL
38.45 mm § 1.05 SE) were acclimated in the observation
tanks for a period of 5 days, with each tank receiving 30 ml
of live A. franciscana daily (approximately 1 individual per
ml of tank water). In each trial the behaviour of focal
gobies was quantiWed (as detailed below) from behind a
blind for 10 min before (pre-stimulus period) and 10 min
after (post-stimulus period) the addition of a water-borne
stimulus (control or treatment). Prior to behavioural obser-
vations 60 ml of water was drawn up the stimulus injection
tube and discarded to remove any stagnant water from the
tube. A further 75 ml was collected and kept in experiments
1 and 3 (comprising 15 ml for rinsing the chemical cue
from the donor, or as a saltwater control cue, and 60 ml to
Xush the cue into the tank).

The procedure undertaken after the pre-stimulus period
diVers in each experiment and is detailed below.

Experiment 1: response to conspeciWc skin extracts

The behaviour of the focal gobies to three stimuli was
quantiWed: extracts from damaged skin of conspeciWcs;
extracts from skin of X. helleri (swordtail); and an equal
volume of saltwater. Both the swordtail extracts and the
saltwater stimulus serve as controls, with the swordtail
extract controlling for behavioural changes that may result
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from exposure to an extract of any injured Wsh and the salt-
water controlling for changes resulting from any stimulus
injected into the tank via the stimulus tube.

Immediately following the pre-stimulus period 15 ml of
the stimulus was injected into the tank followed by 60 ml of
previously obtained tank water, to ensure all the stimulus
was Xushed into the tank. The post-stimulus period was
then conducted. Fifteen replicates were undertaken for each
stimulus, with the exception of the chemical alarm cue
treatment where 20 replicates were conducted.

Experiment 2: response to visual cue of a predator

The behaviour of the focal gobies to three stimuli was quan-
tiWed: the visual cue of a predator, C. boenak (128.0 mm
SL § 2.75 SE); the visual cue of a non-predatory individual
(the planktivorous damselWsh Acanthochromis polyacan-
thus; 48.8 mm SL § 5.25); and the visual cue of an empty
tank. The last two experimental treatments were controls,
with the exposure to a tank containing a non-predator con-
trolling for behavioural changes resulting from the sight of
any Wsh, and the exposure to an empty tank controlling for
changes resulting from the experimental procedure.

Two adjacent aquaria were used for this experimental
series, one containing the acclimated A. semipunctatus and
the other containing one of the three treatment stimuli (i.e.,
predator, non-predator, and nothing). After the pre-stimulus
observations a plastic opaque barrier separating the focal
and stimulus aquaria (external to both tanks) was slowly
removed to reveal the second tank containing the stimuli
and 10 min post-stimulus behavioural observations were
conducted. Fifteen replicates trials were undertaken for
each stimulus.

Experiment 3: response to the co-occurrence of conspeciWc 
skin extract and visual cue of a predator

The behavioural response of the focal gobies to the simulta-
neous presentation of a conspeciWc skin extract and the
visual cue of a predator was examined in this experiment.
Prior to the post-stimulus period 15 ml of conspeciWc skin
extract was injected into the tank followed by 60 ml of pre-
viously collected tank water. The plastic opaque barrier
between treatment and stimulus tanks was also slowly
removed to reveal a predator individual (C. boenak) in the
adjacent tank (setup and procedure being similar to experi-
ment 2). This was followed by a 10-min behavioural obser-
vation period. Fifteen replicate trials were undertaken for
the treatment. The magnitude of the response of the focal
gobies to the combined chemical and visual cues was then
compared to the magnitude of response to chemical and
visual information in isolation (i.e., the key results of
experiments 1 and 2).

QuantiWcation of behaviour

The behavioural responses to all experimental stimuli were
quantiWed by recording the frequency of three behaviours
commonly used by A. semipunctatus: the number of feed-
ing strikes; the number of moves; and the number of bobs.
This species is known to move frequently with pauses
between moves. Each change in position after a stationary
period was recorded as a move. The number of feeding
strikes was recorded regardless of success. A bob consisted
of a Wsh raising its anterior then slowly descending whilst
gulping water. Bobbing could occur regardless of whether
the individual was stationary or not.

A typical antipredator response in this species included a
decrease in feeding strikes and moves and an increase in the
number of bobs. A. semipunctatus was predicted to display
the same alarm behaviour to conspeciWc skin extracts and
the visual sighting of a predator. The co-occurrence of chem-
ical and visual cues may amplify the magnitude of antipreda-
tor behaviours described above. The controls in each
experiment were not expected to show any changes between
pre and post-stimulus periods in the variables measured.

Statistical analyses

The diVerence in the total counts of Wsh behaviour between
the 10-min pre-stimulus and the 10-min post-stimulus
periods were compared among treatments with one-way
MANOVA. Only feeding strikes and moves were suYciently
common to allow statistical comparison. To further explore
the nature of signiWcant diVerences found by MANOVA,
one-way ANOVAs were used to examine whether there were
signiWcant diVerences between treatments in one or both
variables. When ANOVA found signiWcant diVerences these
were examined using Tukey’s HSD means comparison tests.
Residual analysis was used to examine the assumptions
of normality and homogeneity of variance. Since two
ANOVA’s were completed on potentially interrelated vari-
ables in each dataset a Bonferroni correction was employed
(modiWed alpha level of 0.025; Keppel 1982).

Results

Experiment 1: response of gobies to conspeciWc skin 
extracts

There was a signiWcant change in behaviour between pre-
and post-stimulus periods for the gobies exposed to conspe-
ciWc skin extracts compared to the two control treatments
(MANOVA, p < 0.0001; Table 1a; Fig. 1). During the pre-
stimulus period individuals fed on live brine shrimp,
swimming around the majority of the tank area. Upon
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introduction of the stimuli, gobies exposed to conspeciWc
skin extracts exhibited a signiWcant decrease in the number
of feeding strikes (ANOVA, p = 0.0039; Table 1b; Fig 1a)
and number of moves (ANOVA, p = 0.0006; Table 1b;
Fig 1b) compared to Wsh in the two control treatments,
which showed no response to the swordtail extract or salt
water stimuli. No bobs were recorded during the pre- or
post-stimulus periods by Wsh in either of the two controls or
the chemical alarm treatment.

Experiment 2: response of gobies to the visual cue 
of a predator

There was a signiWcant change in behaviour between pre-
and post-stimulus periods for the gobies visually exposed to
a predator compared to Wsh within the two control treat-
ments (MANOVA, p = 0.0001; Table 1a; Fig. 2). Similarly
to experiment 1, during the pre-stimulus period gobies fed
on live brine shrimp, swimming around the majority of the
tank area. Upon exposure to the stimuli, gobies visually
exposed to C. boenak exhibited a signiWcant decrease in the
number of feeding strikes (ANOVA, p < 0.0001; Table 1b;
Fig 2a) and number of moves (ANOVA, p = 0.0073;
Table 1b; Fig 2b) compared to Wsh in the two control treat-
ments, who showed no response from the exposure to a
non-predator (A. polyacanthus) or an empty tank (distur-
bance control). Bobs were absent from the behavioural
repertoires of gobies in both the controls but occurred in 12
of the 15 predator treatment replicates, with an obvious
increase seen between pre- and post-stimulus periods.

Experiment 3: response of gobies to the coupling 
of conspeciWc skin extract and visual cue of predator

The behaviour of A. semipunctatus in the combined visual
and chemical stimulus treatment diVered from their
response when exposed to the stimuli in isolation (i.e., key
treatments of Exp 1 and 2; MANOVA, p = 0.0225, exclud-
ing bobs; Table 1a). Gobies showed a decrease in feeding
and moves, but an increase in bobs in response to the com-
bined stimuli of chemical alarm cues and the visual cue of a

Table 1 Summary of 
comparisons of treatment 
eVects on (a) overall behaviour 
and (b) separately for feeding 
rate and moves of Asterropteryx 
semipunctatus in three 
experiments (Exp)

a. MANOVA Source of 
variation

EVect df Error df Pillai’s trace p

Exp 1 Treatment 4 94 0.459 <0.0001

Exp 2 Treatment 4 84 0.478 <0.0001

Exp 3 Treatment 4 94 0.226 0.0225

b. ANOVA Source of 
variation

df MS F p

Exp 1. Feeding Treatment 2 6,650.442 6.237 0.0039

Error 47 1066.205

Exp 1. Moves Treatment 2 13,048.715 8.712 0.0006

Error 47 1,497.671

Exp 2. Feeding Treatment 2 14,239.356 11.897 <0.0001

Error 42 1,196.879

Exp 2. Moves Treatment 2 4,749.867 5.542 0.0073

Error 42 857.054

Exp 3. Feeding Treatment 2 8,071.148 4.400 0.0177

Error 47 1,834.312

Exp 3. Moves Treatment 2 3,246.641 1.280 0.2874

Error 47 2,535.558

Fig. 1 Mean change (§ SE) in a feeding strikes and b moves by
Asterropteryx semipunctatus between 10-min pre and post-stimulus
periods, for Wsh exposed to: conspeciWc skin extract; saltwater; or
swordtail skin extract (heterospeciWc). Letters above or below the bars
represent Tukey’s HSD groupings of means
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predator (Fig. 3). When compared against the visual and
chemical alarm cue treatments on their own there was a
signiWcant diVerence in feeding strikes between Wsh in the
isolated chemical alarm treatment and the combined visual
and chemical treatment, but there was no diVerence
between Wsh from the visual predator cue in isolation and
the combined cue treatment (Fig. 3a). While Wsh in all three
treatments showed a decrease in moves after all stimuli,
there were no statistical diVerences in the magnitude of the
decrease among treatments (Table 1b). Gobies did not bob
in response to conspeciWc skin extracts, and bobs were only
recorded in response to visual stimuli, or when visual and
chemical alarm cues were combined (Fig. 3c).

Discussion

This study highlights the potential for olfactory cues to be
an important source of information on which coral reef Wsh
can make decisions on the risk of predation. At the levels of
the stimuli delivered in the present study the antipredator

response of the goby, A. semipunctatus, to chemical alarm
cues from a conspeciWc was the same magnitude as that
provoked by the visual cue of a predator. When visual and
olfactory cues were present together they elicited a stronger
antipredator response than when Wsh were exposed solely
to conspeciWc alarm cues. The response of the gobies to the
predator cues depended on the behavioural variable mea-
sured. Bobs were only elicited when the goby had access to
visual cues. This study is the Wrst step in determining the
relative importance of visual and olfactory information in
risk assessment. Research on freshwater Wshes strongly
suggests a graded response to chemical cues (e.g., Brown
et al. 2001; Ferrari et al. 2006; Zhao et al. 2006), and the
potential for a graded response to sensory cues that indicate
predation risk has yet to be assessed for marine Wshes.

The response of the goby to conspeciWc skin extracts and
visual cues of a natural predator involved a decrease in the
number of moves and the number of feeding strikes, which
has been interpreted by other studies on A. semipuntatus as an
antipredator response (Smith 1989; Larson and McCormick
2005; McCormick and Larson 2007). No antipredator

Fig. 2 Mean change (§ SE) in a feeding strikes, b moves and
c bobs by Asterropteryx semipunctatus between 10-min pre and
post-stimulus periods, for Wsh exposed to: visual cue of a known
predator; an empty tank; visual cue of a non-predatory heterospeci-
Wc. Letters above or below the bars represent Tukey’s HSD group-
ings of means
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response was observed upon exposure to skin extracts of a
phylogenetically distant Wsh, suggesting that the response
to conspeciWc skin extracts was a response to a chemical
alarm cue. This supports Smith’s (1989) conclusion that
A. semipunctatus from Hawaii possess an alarm pheromone
system similar to that found in ostariophysans and darters.

The present study also demonstrated that there was no
change in behaviour as a result of visual exposure to a non-
predatory heterospeciWc, while gobies reduced their feeding
and moves in response to seeing a known predator. This
suggests that A. semipunctatus recognized the threat of the
predator in the adjacent aquaria. The gobies also responded
to the visual cue of a predator by undertaking a bobbing
behaviour. Bobbing only occurred in response to a visual
predatory cue or when visual and chemical alarm cues were
presented together; they did not bob in response to chemi-
cal alarm cues alone. This contrasts with the study of Smith
(1989), which found that A. semipunctatus bobbed in
response to chemical alarm cues. These contrasting results
may represent a location diVerence in a learned response to
chemical alarm cues.

The bobbing behaviour found in this study parallels
earlier research on this species (Smith 1989; Larson and
McCormick 2005) and is known to occur as a defensive
response in two other species of gobies, Gnatholepis anjer-
ensis and Coryphopterus nichlosii (Smith and Lawrence
1992). Smith (1989) suggested that the motion of bobbing
widened the gobies area of view, enhancing the visual
assessment of the predator. Gulping of water occurs in con-
junction with bobbing and this may also increase the acqui-
sition of chemical information leading to a more informed
decision on risk. Smith and Smith (1989) suggested that
bobbing may function both as a signal to predators that they
have been seen and thereby reduce the probability of the
predator striking at an aware prey, and also to alert conspe-
ciWcs to an active predator.

It is not surprising that chemical and visual stimuli elicit
similar levels of anti-predator behaviour in the gobies due
to the complex nature of the coral reef habitat in which they
live. Topographic complexity aids ambush and cryptic pre-
dators by obscuring visual cues, and this means that prey
within such environments should use a variety of other cues
to assess predation risk. Chemical cues can provide infor-
mation on density, health or ontogenetic stage, and repro-
ductive state of Wsh in the vicinity of a receptive individual
(Brown et al. 2002; Olivotto et al. 2002; Shohet and Watt
2004) and will inXuence their use of space and behavioural
decisions (Tremaine et al. 2006). When the olfactory cues
are chemical alarm cues released through a predator strike,
then cues may provide additional information on the iden-
tity of the predator (Kats and Dill 1998; Brown 2003),
whether it fed on a conspeciWc or possibly a guild member
(Brown et al. 1995), the ontogentic stage of the prey item

(Golub and Brown 2003), together with some information
on timing and location of predator activity. Selection
should strongly favour prey that are able to correctly use
such chemical cues to inform their decisions under the
threat of predation (Mathis and Smith 1993; Mirza and
Chivers 2001a).

In environments such as a coral reef, where prey may be
exposed to multiple predators with diVerent attack modes,
prey will seldom have comprehensive information on
which to base a risk assessment decision. To minimise erro-
neous decisions, prey are expected to use multiple sensory
cues to best assess types of predators and the nature of the
risk posed (Amo et al. 2006). Chemical cues may remain
well after a predator has left the vicinity and a reliance on
chemical information may lead to an overestimate of risk
(Turner and Montgomery 2003). Visual identiWcation of the
predator and its attributes (e.g., size, speed and area of
interest) may provide information on the predator’s level of
motivation and threat (e.g., Helfman 1989; Smith and Belk
2001). Helfman (1989) suggested that the information from
multiple sensory cues should contribute in an additive way
to yield a graded response in the level of risk-sensitive
behaviour (the “threat-sensitivity hypothesis”). Like many
other studies, the present study only used two levels of each
sensory cue (low threat versus high threat), so determining
the shape of the response of A. semipunctatus to varying
degrees of visual and chemical stimulation was not possi-
ble. While data in the present study is suYciently robust to
show that A. semipunctatus responds in a similar intensity
when given strong visual and olfactory cues of a predator, it
is insuYcient to strongly characterize whether the cues are
additive. Without characterizing the behavioural response
to varying intensities of cues it is impossible to determine
the extent to which, and conditions under which, the sen-
sory cues have truly additive or multiplicative eVects.
Clearly, diVerent sensory cues provide diVerent types of
information and the more complete the information
received by prey on the predation risk the more intense the
antipredator behaviour.

Studies on freshwater Wshes show that the response elic-
ited through a co-occurrence of visual and olfactory cues
will depend on the context of the predator–prey interac-
tion. Brown and Magnavacca (2003) found that glowlight
tetras (Hemigrammus erythrozonus) primarily used chemi-
cal cues in the form of prey alarm cues in the diet of the
predator as the source of information on which to assess
predation risk. Visual cues were used when chemical
information was unavailable or ambiguous. Fathead min-
nows (Pimephales promelas) were also seen to elicit a
stronger response to conspeciWc chemical alarm cues when
visual cues were limited (Hartman and Abrahams 2000).
In contrast, Smith and Belk (2001) suggested that
mosquitoWsh (Gambusia aVinis) relied on visual cues
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during high-risk behaviours, such as predator inspection,
whereas general avoidance behaviour was determined by
additive responses from visual and chemical cues. Smith
and Belk (2001) also noted that there are situations where
additivity in response to predator cues may not be
expected; for instance, when predator cues overlap in
information, responding twice as strongly to two diVerent
cues providing the same information may be uneconomi-
cal. Further study is required to determine whether this is
the situation in the present study.

There are many attributes of a predator that may inXu-
ence the nature and magnitude of a prey’s response. These
include: the motivation or hunger of the predator (Licht
1989); its mobility (Dugatkin and Godin 1992); when it last
attacked (Murphy and Pitcher 1997); and whether the last
victim released chemical alarm cues relevant to the next
prey (Chivers and Smith 1998). The balance of information
from visual, olfactory and other senses on which behavio-
ural decisions are based is likely to diVer with the context
of the predator–prey encounter, but also will change over
the course of the encounter sequence (Lima and Dill 1990).
The present study indicates that chemical cues can be
equally as important in the marine environment as they
have been shown to be in freshwater systems. How the
utility of chemical cues is modiWed by the context of the
predator–prey encounter awaits further study.

Acknowledgments We thank K. Clifton for his help in the Weld,
J. Larson for assistance in the laboratory and three anonymous review-
ers for their insightful comments. This study was funded through the
ARC Centre of Excellence for Coral Reef Studies. This study
conformed to the ethics approval guidelines of JCU and operated under
approval A1067.

References

Amo L, López P, Martín J (2006) Can wall lizards combine chemical
and visual cues to discriminate predatory from non-predatory
snakes inside refuges? Ethology 112:478–484

Beukers-Stewart BD, Jones GP (2004) The inXuence of prey abun-
dance on the feeding ecology of two piscivorous species of coral
reef Wsh. J Exp Mar Biol Ecol 299:155–184

Brown GE (2003) Learning about danger: chemical alarm cues and
local risk assessment in prey Wshes. Fish Fish 4:227–234

Brown GE, Magnavacca G (2003) Predator inspection behaviour in a
characin Wsh: an interaction between chemical and visual infor-
mation? Ethology 109:739–750

Brown GE, Chivers DP (2006) Learning about danger: chemical alarm
cues and predation risk assessment in Wshes. In: Brown C, Laland
K, Krause J (eds) Fish cognition and behaviour. Blackwell Sci-
ence, Oxford, pp 49–69

Brown GE, Chivers DP, Smith RJF (1995) Fathead minnows avoid
conspeciWc and heterospeciWc alarm pheromones in the faeces of
northern pike. J Fish Biol 47:387–393

Brown GE, Adrian JC, Patton T, Chivers DP (2001) Fathead minnows
learn to recognize predator odour when exposed to concentrations
of artiWcial alarm pheromone below their behavioural-response
threshold. Can J Zool 79:2239–2245

Brown GE, Gershaneck DL, Plata DL, Golub JL (2002) Ontogenetic
changes in response to heterospeciWc alarm cues by juvenile
largemouth bass are phenotypically plastic. Behaviour 139:913–
927

Chivers DP, Smith RJF (1998) Chemical alarm signaling in aquatic
predator–prey systems: a review and prospectus. Ecoscience
5:315–321

Chivers DP, Brown GE, Smith RJF (1996) The evolution of chemical
alarm signals: attracting predators beneWts alarm signal senders.
Am Nat 148:649–659

Chivers DP, Mirza RS, Bryer PJ, Kiesecker JM (2001) Threat-sensi-
tive predator avoidance by slimy sculpins: understanding the
importance of visual versus chemical information. Can J Zool
79:867–873

Chivers DP, Mirza RS, Johnston JG (2002) Learned recognition of het-
erospeciWc alarm cues enhances survival during encounters with
predators. Behaviour 139:929–938

Dugatkin LA, Godin J-GJ (1992) Predator inspection, shoaling and
foraging under predation hazard in the Trinidadian guppy, Poecil-
ia reticulata. Environ Biol Fish 34:265–276

Dupuch A, Magnan P, Dill LM (2004) Sensitivity of northern redbelly
dace, Phoxinus eos, to chemical alarm cues. Can J Zool 82:407–415

Engstrom-Ost J, Lehtiniemi M (2004) Threat-sensitive predator avoid-
ance by pike larvae. J Fish Biol 65:251–261

Ferrari MC, Messier O, Chivers DP (2006) The nose knows: minnows
determine predator proximity and density through detection of
predator odours. Anim Behav 72:927–932

Golub JL, Brown GE (2003) Are all signals the same? Ontogenetic
change in the response to conspeciWc and heterospeciWc chemical
alarm signals by juvenile green sunWsh (Lepomis cyanellus).
Behav Ecol Sociobiol 54:113–118

Hartman EJ, Abrahams MV (2000) Sensory compensation and the
detection of predators: the interaction between chemical and visu-
al information. Proc R Soc Lond B 267:571–575

Helfman GS (1989) Threat-sensitive predator avoidance in damsel-
Wsh–trumpetWsh interactions. Behav Ecol Sociobiol 24:47–58

Helfman GS, Collette BB, Facey DE (1997) The diversity of Wshes.
Blackwell Science, Massachusetts

Kats LB, Dill LM (1998) The scent of death: chemosensory assessment
of predation risk by prey animals. Ecoscience 5:361–394

Keppel G (1982) Design and analysis: a researcher’s handbook. Pren-
tice-Hall, Englewood CliVs

Kiesecker JM, Chivers DP, Blaustein AR (1996) The use of chemical
cues in predator recognition by western toad tadpoles. Anim
Behav 52:1237–1245

Larson JK, McCormick MI (2005) The role of chemical alarm signals
in facilitating learned recognition of novel chemical cues in a cor-
al reef Wsh. Anim Behav 69:51–57

Licht T (1989) Discrimination between hungry and satiated predators:
the response of guppies (Poecilia reticulata) from high and low
predation sites. Ethology 87:238–243

Lima SL, Dill LM (1990) Behavioural decisions made under the risk
of predation: a review and prospectus. Can J Zool 68:619–640

Lima SL, BednekoV PA (1999) Temporal variation in danger drives
antipredator behavior: the predation risk allocation hypothesis.
Am Nat 153:649–659

Losey GS, McFarland WN, Loew ER, Zamzow JP, Nelson PA,
Marshall NJ (2003) Visual biology of Hawaiian coral reef Wshes:
I. Ocular transmission and visual pigments. Copeia 2003:433–454

Marshall NJ, Jennings K, McFarland WN, Loew ER, Losey GS (2003)
Visual biology of Hawaiian coral reef Wshes: III. Environmental
light and an integrated approach to the ecology of reef Wsh vision.
Copeia 2003:467–480

Mathis A, Smith RJF (1993) Chemical alarm signals increase the sur-
vival time of fathead minnows (Pimephales promelas) during
encounters with northern pike (Esox lucius). Behav Ecol 4:260–265
123



Coral Reefs (2008) 27:105–113 113
Mathis A, Vincent F (2000) DiVerential use of visual and chemical
cues in predator recognition and threat-sensitive predator-avoid-
ance responses by larval newts (Notophthalmus viridescens). Can
J Zool 78:1646–1652

McCormick MI (1994) Comparison of Weld methods for measuring
surface topography and their associations with a tropical reef Wsh
assemblage. Mar Ecol Prog Ser 112:87–96

McCormick MI, Larson JK (2007) Field veriWcation of the use of
chemical alarm cues in a coral reef Wsh. Coral Reefs. doi:10.1007/
s00338-007-0221-2

Mirza R, Chivers D (2000) Predator-recognition training enhances sur-
vival of brook trout: evidence from laboratory and Weld-enclosure
studies. Can J Zool 78:2198–2208

Mirza RS, Chivers DP (2001a) Do chemical alarm signals enhance sur-
vival in aquatic vertebrates? An analysis of the current research
paradigm. In: Marchlewska-Koj A, Lepri JJ, Müller-Schwarze D
(eds) Chemical signals in vertebrates, vol 9. Plenum Press,
New York, pp 19–26

Mirza RS, Chivers DP (2001b) Are alarm cues conserved within sal-
monid Wshes. J Chem Ecol 27:1641–1655

Mirza RS, Scott JJ, Chivers DP (2001) DiVerential responses of male
and female red swordtails to chemical alarm cues. J Fish Biol
59:716–728

Murphy KE, Pitcher TJ (1997) Predator attack motivation inXuences
the inspection behaviour of European minnows. J Fish Biol
50:407–417

Olivotto I, Mosconi G, Maradonna F, Cardinali M, Carnevali O (2002)
Diplodus sargus interrenal-pituitary response: chemical commu-
nication in stressed Wsh. Gen Comp Endocrinol 127:66–70

Pollock MS, Chivers DP (2004) The eVects of density on the learned
recognition of heterospeciWc alarm cues. Ethology 110:341–249

Randall DJ, Allen GR, Steene RC (1990) Fishes of the great barrier
reef and coral sea. Crawford House Press, Bathurst

Shohet AJ, Watt PJ (2004) Female association preferences based
on olfactory cues in the guppy, Poecilia reticulata. Behav Ecol
Sociobiol 55:363–369

Sih A (1980) Optimal behavior: can foragers balance two conXicting
demands? Science 210:1041–1043

Smith RJF (1989) The response of Asterropteryx semipunctatus and
Gnatholepis anjerensis (Pisces: Gobiidae) to chemical stimuli
from injured conspeciWcs, an alarm response in gobies. Ethology
81:279–290

Smith RJF (1997) Avoiding and deterring predators. In: Godin JJ (ed)
Behavioural ecology of teleost Wshes. Oxford University Press,
New York, pp 163–190

Smith ME (2000) Alarm response of Arius felis to chemical stimuli
from injured conspeciWcs. J Chem Ecol 26:1635–1647

Smith RJF, Smith MJ (1989) Predator recognition behaviour in
two species of gobiid Wshes, Asterropteryx semipunctatus and
Gnatholepis anjerensis. Ethology 83:19–30

Smith RJF, Lawrence BJ (1992) The response of a bumblebee goby,
Brachygobius sabanus, to chemical stimuli from injured conspe-
ciWcs. Environ Biol Fish 34:103–108

Smith ME, Belk MC (2001) Risk assessment in western mosquitoWsh
(Gambusia aVinis): do multiple cues have additive eVects? Behav
Ecol Sociobiol 51:101–107

Smith RJF, Lawrence BJ, Smith MJ (1991) Cross-reaction to skin
extract between two gobies, Asterropteryx semipunctatus and
Brachygobius sabanus. J Chem Ecol 17:2253–2259

StauVer HP, Semlitsch RD (1993) EVects of visual, chemical and
tactile cues of Wsh on the behavioural responses of tadpoles. Anim
Behav 46:255–364

Sweatman HPA (1984) A Weld study of the predatory behaviour and
feeding rate of a piscivorous coral reef Wsh, the lizardWsh Synodus
englemani. Copeia 1984:187–194

Tremaine RJ, Pollock MS, Friesen RG, Kusch RC, Chivers DP
(2006) The response of prey Wshes to chemical alarm cues: what
recent Weld experiments reveal about the old testing paradigm.
In: Mason RT, LeMaster MP, Müller-Schwarze D (eds) Chemi-
cal signals in vertebrates, vol 10. Plenum Press, New York, pp
328–333

Turner AM, Montgomery SL (2003) Spatial and temporal scales of
predator avoidance: experiments with Wsh and snails. Ecology
84:616–622

Wisenden BD (2000) Olfactory assessment of predation risk in the
aquatic environment. Philos Trans R Soc Lond B 355:1205–
1208

Wisenden BD, Chivers DP, Brown GE, Smith RJF (1995) The role of
experience in risk assessment: avoidance of areas chemically
labelled with fathead minnow alarm pheromone by conspeciWcs
and heterospeciWcs. Ecoscience 2:116–122

Zhao X, Chivers DP (2005) Response of juvenile goldWsh (Caras-
sius auratus) to chemical alarm cues: relationship between re-
sponse intensity, response duration and the level of predation
risk. In: Mason RT, LeMaster M, Müller-Schwarze D (eds)
Chemical signals in vertebrates, vol 10. Plenum Press, New
York, pp 334–341

Zhao X, Ferrar MCO, Chivers DP (2006) Threat-sensitive learning of
predator odours by a prey Wsh. Behaviour 143:1103–1121
123


	Predation risk assessment by olfactory and visual cues in a coral reef Wsh
	Abstract
	Introduction
	Materials and methods
	Study species
	Fish collection and maintenance
	Observation tanks
	Stimulus preparation
	Experimental protocol
	Experiment 1: response to conspeciWc skin extracts
	Experiment 2: response to visual cue of a predator
	Experiment 3: response to the co-occurrence of conspeciWc skin extract and visual cue of a predator

	QuantiWcation of behaviour
	Statistical analyses

	Results
	Experiment 1: response of gobies to conspeciWc skin extracts
	Experiment 2: response of gobies to the visual cue of a predator
	Experiment 3: response of gobies to the coupling of conspeciWc skin extract and visual cue of predator

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


