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INTRODUCTION

Of the approximately 100 families of teleost coral
reef fishes, 36 are known to spawn their eggs in dem-
ersal nests on the reef, where they are brooded by
adults (Shulman & Bermingham 1995). While the dura-
tion of incubation and the competency of larvae at
hatching vary considerably among species, in all reef
fishes, the sensory systems of olfaction, hearing and
vision are among the first organs to begin development
in embryos after fertilisation (see review in Myrberg &
Fuiman 2002). This presumably occurs because these
senses must attain some level of functionality if young
larvae are to have any chance of avoiding predators
and starvation upon hatching; however, the early
development of these systems may also serve other
functions. In some animals, the ability to sense envi-
ronmental stimuli during incubation may imprint vital
behavioural cues that are useful at older life-history
stages. For example, imprinting of the chemical

composition of sand on nesting beaches on embryonic
sea turtles may determine the beach chosen by
females for egg-laying in later life (Grassman 1993). In
birds, the behaviour of young Muscovy ducklings Cai-
rina moschata f. domestica has been shown to be influ-
enced by maternal and other noises experienced prior
to hatching (Hochel et al. 2002), while in coral reef
fishes, Arvedlund et al. (1999) recently demonstrated
that chemical cues may be imprinted on the brooded
embryos of a clownfish Amphiprion melanopus prior to
their hatching and export to the pelagic larval phase.
This experience may ultimately influence the choice of
settlement site when young fish return to reef environ-
ments.

It is not known whether other sensory systems such
as vision and hearing might play a similar role for reef
fishes, as no study has examined the functionality of
these systems as embryos develop within eggs. How-
ever, we do know that sound may be an important nav-
igational cue for reef fishes at the end of their larval
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ABSTRACT: We investigated the ability of embryonic clownfishes Amphiprion ephippium and A.
rubrocinctus to detect sound during incubation in benthic nests. The heart rates of embryos within
eggs were monitored as the young fish were exposed to sounds in the range of 100 to 1200 Hz at lev-
els of 80 to 150 dB (re 1 µPa at 1 m) on each day of incubation. We found that, from 3 d after fertilisa-
tion, the heart rates of the embryos significantly increased when exposed to sound. As the embryos
developed, a response in heart rate was found over a broader spectrum of sound (from 400 to 700 Hz
at 3 d to a maximum of 100 to 1200 kHz at 9 d after fertilisation) and sensitivity also increased, with
response threshold minima at 700 Hz dropping from 139.1 dB at 3 d to 88.3 dB at 9 d after fertilisa-
tion. We discuss these findings with respect to recent work that demonstrates the importance of
sound as a settlement cue in coral reef fishes.
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life. Using a combination of light-traps, which are
effective collectors of many settlement-stage reef
fishes (Doherty 1987), and speakers broadcasting bio-
logical noise recorded from reefs (methods from Tolim-
ieri et al. 2000), 2 recent studies have demonstrated the
attraction of settlement-stage coral reef fishes to these
sounds. Leis et al. (2003) found that some families of
reef fishes (including pomacentrids) were attracted in
greater numbers at some times to the traps with broad-
cast reef noises. In a similar study, Simpson et al. (2004)
demonstrated a general attraction to reef sounds in
presettlement larvae from 15 families of reef fishes.
These included many that brood eggs in demersal
nests. Other studies have shown orientation by late
stage larvae to sound (Leis et al. 2002), implying that
noise emanating from the reef may be used by larvae
to guide their transition between pelagic and benthic
environments.

The use of sound by larvae at the end of their pelagic
phase and the rapid development of sensory systems in
embryos raises the possibility that some late stage lar-
vae respond to noises that were detected on the reef as
brooded embryos. While intriguing, confirmation of
this idea firstly requires demonstration that sensory
organs attain a state of development sufficient for
hearing to occur while young fish develop in the egg.
Here, we use indirect methods to investigate whether
there is a response to sound in the embryos of 2 coral
reef anemone fishes, Amphiprion ephippium and A.
rubrocinctus. 

A major barrier to this type of study is that, to date, no
standard technique exists for detecting sublethal re-
sponses to sound in embryos (i.e. sound levels that do
not result in death). In our work, we use heart rate (ƒH)
to determine responses to sound by clownfish embryos.
This trait has been employed as an indicator of health,
stress and sensory ability in a wide range of embryonic,
juvenile and adult fishes. For example, monitoring of
ƒH has been used to determine the effect of temp-
erature acclimation on rainbow trout Oncorhynchus
mykiss (Aho & Vornanen 2001) and triploid brown trout
Salmo trutta (Altimiras et al. 2002, Mercier et al. 2002);
the response to predator attacks in farmed and wild At-
lantic salmon Salmo salar (Johnsson et al. 2001); to de-
termine stress in rainbow trout from sound and light
treatments (Kojima & Soeda 1997); and to measure the
threshold of hearing in juvenile red sea bream Pagrus
major (Iwashita et al. 1999). Additionally, ƒH response
has been used to examine sublethal effects of chemicals
on fish embryos (Stouthart et al. 1996, Fitzsimons et al.
1999, Latif et al. 2001). By subjecting embryos to noises
at each day of development and monitoring ƒH, we
aimed to determine when sounds could first be de-
tected by embryos and to map the ontogenetic develop-
ment of this response.

MATERIALS AND METHODS

We obtained spawns of 2 clownfishes from Oceans,
Reefs and Aquariums (Harbor Branch Oceanographic
Institute, Ft. Pierce, FL, USA). The clutches had been
spawned on ceramic tiles, and were transported 2 (sad-
dle anemonefish, Amphiprion ephippium) and 3 (red
anemonefish, A. rubrocinctus) days post-fertilisation (d
PF). During transport, a fungicide, furozone green, was
added to maintain the health of the eggs. Once
installed, the tiles were agitated with a slow stream of
bubbles in separate 37 l aquariums, housed in a con-
trolled temperature (27°C) and light room (13:11 h
light:dark cycle). Both clutches hatched on the night of
9 d PF (Fig. 1).

Experimental procedure. Each day, 5 eggs of each
species were removed at random from each tile. The
eggs were placed in separate Petri dishes in 2 cm of
oxygenated water, and allowed to acclimatise at this
pre-testing stage for 30 min. To ensure that the em-
bryos were healthy for use in the sound trials, the heart
rate (ƒH) of each was counted 5 times, over 15 s periods
using a light microscope. Usually, ƒH was consistent
among individual embryos at this time (±1 beat in 15 s).
Where a heart rate was abnormally high or low, the egg
was replaced by another from the same clutch.

The following procedure was repeated on as many
embryos each day as access to facilities and time
allowed. A glass Petri dish (6 cm in diameter, 2 cm in
depth) containing an egg was placed on foam on an air
table to remove building vibrations in a controlled
acoustic environment (Industrial Acoustics). In this
chamber, light and temperature were constant and
external noise was eliminated. Ambient sound pres-
sure inside the chamber was less than 60 dB (re 1 µPa
at 1 m). A compound microscope with a camera and
video connection was used to view the embryo at a
final magnification so that it diagonally filled the 34 cm
screen of a monitor outside the chamber (Fig. 2). Using
this set up, the beating heart of the embryo was clearly
visible through the transparent egg case. Heartbeats
were counted from the TV monitor and recorded using
a Panasonic AG-1970 sVHS video player.

After 10 min of acclimatisation in the testing arena,
the base ƒH of the embryo (per 15 s) was counted
at least 5 times by 2 observers (S.D.S. and M.L.W.).
Counts of observers were compared prior to experi-
mental treatments to ensure consistency in the counts.
The embryo was then treated with a sound stimulus
generated using a Tucker-Davis Technologies (TDT)
modular rack system controlled by an optically-linked
Pentium III, 350 MHz desktop computer consisting of a
TDT board, and running TDT BioSig™ software. The
sound treatments were emitted from a speaker (Pio-
neer, frequency response 19 Hz to 15 kHz) 1 m above
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the egg for 75 s as 20 ms tone bursts of a specified fre-
quency. During the treatment, five ƒH readings over
15 s periods were taken. Approximately 1 min follow-
ing the treatment, at least 5 new base rates were
recorded over a period in excess of 3 min.

The test frequencies we used were 100, 400, 700,
1000 and 1200 Hz pure tone sound. On the first day,

the initial Sound Pressure Levels (SPL) used were the
maximums that the equipment could generate. Since
the sound was emitted in air, but received by the
embryos underwater, we used a hydrophone (Celesco
LC-10) in a similar depth of water to calibrate our treat-
ments to the resultant sound pressure levels (re 1 µPa
at 1 m) at each frequency received by the embryos;
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Fig. 1. Amphiprion ephippium. Embryonic development (A) 4 d post-fertilisation (d PF), (B) 5 d PF, (C) 6 d PF, (D) 7 d PF (enlarged 
to show heart region), (E) 8 d PF, (F) 9 d PF, (G) 12 h post-hatching. Each division of scale bars behind the subjects is 1 mm
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these SPLs were in the range of 132 to 150 dB (re 1 µPa
at 1 m), depending on frequency. These frequencies
and SPLs are comparable to natural noises on the reefs,
which are predominantly in the range of 20 Hz to
15 kHz, and can exceed 156 dB (re 1 µPa at 1 m) at the
source (Myrberg et al. 1986, McCauley & Cato 2000).

On subsequent days, we initially tested each fre-
quency at 10 dB less than the threshold on the previous
day if there had been a statistically significant
response; otherwise we remained at the maximum out-
put. The ƒH readings were entered into a computer
spreadsheet, such that we could visually determine
elevated ƒH responses when they occurred. This crude
analysis was later tested statistically (see below).
Where a response appeared to have occurred, we then
allowed the embryo to return to a rest ƒH, before then
attenuating the SPL at the same frequency by 10 dB in
the subsequent treatment. This process was repeated
until no response was seen. We then increased the SPL
to the previous level, to confirm that the response was
visible.

Observer bias. To test for possible observer bias, 2
naïve readers were shown sections of video recordings
of heart beats from 4 embryos. These were chosen to
include base counts, periods of treatment where signif-
icant responses of heart beat rates were seen, and peri-
ods of treatment where there were no significant
responses. Naïve readers were then asked to count
heartbeats on these tapes. By playing back the videos
without the sound track, readers were not aware when
sound treatments and controls were in progress.

Statistical analyses. To identify responses in ƒH to
sound treatments, we analysed the data in 2 ways. The
first method, used in previous studies of heart rates and
hearing (e.g. Popper et al. 1973), set a response criteria
that the mean of the treatment ƒH readings should lie

outside the 95% confidence intervals
(mean ± 2SD) of the previous mean
base ƒH reading. In our study, we
compared the mean treatment ƒH with
both the pre- and post-treatment mean
base ƒH, and accepted a response in
heart rate only if both were signifi-
cantly different from the treatment
mean. In a second approach, we ap-
plied the Mann-Whitney U-test to the
treatment ƒH readings versus the 
pre- and post-treatment ƒH readings
(Sokal & Rohlf 1995). This test de-
tected potential responses less fre-
quently, presumably because our sam-
ple sizes (n = 5) were low and the
variation among replicate trials was
very low. Ultimately, we accepted that
there had been a response in heart

rate to sound only where there was a significant (p <
0.05) rise in ƒH during the treatment and a fall in ƒH
after the treatment, using both statistical analyses.

In order to test for observer bias, counts of heart rates
obtained from naïve and experienced observers were
compared using regression analyses and Wilcoxon
matched-pairs tests (Sokal & Rohlf 1995).

RESULTS

It was possible to identify a ƒH response to sound
in the embryos of both species from 3 to 5 d post-
fertilisation (d PF). A change in ƒH that was statisti-
cally significant was in the region of +10%; so for Am-
phiprion rubrocinctus, the heart rate increased from
180 to 200 beats per minute at 5 d PF during a signifi-
cant treatment. In total, 21 A. ephippium embryos
were tested in the period 3 to 9 d PF (day:number; 3:3;
4:2; 5:4; 6:3; 7:3; 8:4; 9:2), and 14 A. rubrocinctus em-
bryos were tested in the period 5 to 9 d PF (day:num-
ber; 5:2; 6:3; 7:3; 8:2; 9:4). At least 2 embryos were ex-
amined from each species each day. On 4 occasions, at
the upper limits of the output of the equipment, re-
sponses were not seen in all individuals, but always in
more than half (A. ephippium: 2 of 3 at 400 Hz, 3 d PH;
3 of 4 at 1 kHz, 5 d PF; 2 of 3 at 1200 Hz, 6 d PF; and A.
rubrocinctus: 2 of 3 at 100 Hz, 6 d PF). These events are
indicated in the respective figures.

As larvae developed, ƒH became increasingly sensi-
tive to sound treatments and the spectral range at
which a response was recorded also broadened
(Fig. 3). A ƒH response to mid-range sounds (400 and
700 Hz) was seen in Amphiprion ephippium from 3 d
PF onwards (Fig. 3A). At 400 and 700 Hz, the sensitiv-
ity of ƒH increased (thresholds dropped) steadily
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Fig. 2. Experimental set-up showing an egg in the treatment chamber
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throughout embryonic development. A response at
1 kHz became significant 5 d PF, and the threshold
dropped rapidly thereafter, while at 1.2 kHz, a
response was first seen 6 d PF, although the threshold
dropped relatively little throughout the rest of the
period of embryonic development. No ƒH response
was ever recorded at 100 Hz.

A similar pattern of increasing sensitivity and broad-
ening spectral range of ƒH response was observed
throughout the embryonic development of Amphiprion
rubrocinctus (Fig. 3B). In contrast to A. ephippium,
however, responses were observed for 100 Hz treat-
ments from 6 d PF onwards, but were never observed
for 1.2 kHz treatments.

Almost identical ƒH values were
recorded by the 2 naïve readers, and
the correlations between our readings
and those of both the naïve readers
were very strong and almost equiva-
lent (Fig. 4). Using the Wilcoxon
matched-pairs test, we found no sig-
nificant differences between our read-
ings and those of the naïve readers
(n = 21, p > 0.05). This result confirms
that our readings of heart rates do not
have any preconceived bias.

DISCUSSION

Our study provides the first evi-
dence that embryonic fish are capable
of responding to sound, and that the
sensitivity and spectral range of
response increase in the period lead-
ing up to hatching. It is important to
recognise that our measurements of
heart rate response only provide an
indirect estimate of acoustic sensitivity
of young fish, in contrast to techniques
such as Auditory Brainstem Response
(e.g. Scholik & Yan 2001) that more
directly measure hearing by placing
electrodes to detect nervous responses
near the brainstem of the fish during
sound treatments. However, since
other stimuli were controlled, the
changes in our measures of ƒH were
certainly a response to acoustic stim-
uli. It was beyond the scope of this
study to infer the exact neurological
mechanism by which fish sense
sounds at different times throughout
their development. Matching the
development of a response to sound

with morphological changes in the sensory system
using histology would be a very interesting area of
further study.

There is the possibility that the use of bubbles to aer-
ate the eggs in the aquariums may potentially affect
the hearing of the embryos prior to testing. Although
bubbling was kept to a minimum, without jeopardising
the health of the eggs, there was inevitably some resul-
tant ambient noise in the aquariums. Since this noise
could damage the hearing of the fish, this would only
bias our data towards not finding a response to sound,
thus increasing the estimates of the threshold of hear-
ing we observed. Due to this factor, and the use of con-
servative statistical methods, our findings should be
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taken as underestimates of the real thresholds of
hearing of embryos in nature.

This study shows that the embryos of the 2 Am-
phiprion spp. responded to different spectral ranges of
sound. Heart rates of A. ephippium embryos increased
when they were subjected to sounds of 1.2 kHz from 6 d
PF onwards, while a response to such frequencies was
never seen in A. rubrocinctus. Con-
versely, A. ephippium never responded
to treatments at 100 Hz, whereas A.
rubrocinctus responded at 100 Hz after
6 d PF. It is possible that this result is
linked to the ecology of these species. A.
ephippium is found naturally on sheltered
reefs, often in silty, low visibility coastal
waters, especially in enclosed bays
(Allen 1991). There are few sources of low
frequency noise in these environments,
whereas the relatively high energy
coastal reefs inhabited by A. rubrocinctus
have a constant source of low frequency
noise due to breaking waves (Deane &
Stokes 2002).

Most biologically-produced sound in
the marine environment is in the range
20 Hz to 15 kHz (although snapping
shrimp crackle and cetacean sonar
is produced at frequencies exceeding
200 kHz), and fish calls generally fall in
the range of 50 Hz to 3 kHz (McCauley
2001). For example, the territorial
Western Atlantic pomacentrid Stegastes

partitus is known to produce sounds in
the range of 350 Hz to 1 kHz during
reproductive activity (Myrberg et al.
1986), while in Australia McCauley &
Cato (2000) recorded nocturnal plank-
tivores (probably representatives of
Priacanthidae and Holocentridae) pro-
ducing popping noises in the range of
400 to 700 Hz, an unknown fish ‘bang-
ing’ at 144 to 147 Hz, and the tera-
ponid Terapon theraps ‘trumpeting’ at
110 to 140 Hz.

Response frequencies and thresh-
olds of the embryos overlap the
acoustic signatures produced by these
fish. By overlaying frequency ranges
and the source pressure level of the
noises described above on response
plots of embryos (Fig. 5), it becomes
clear that embryos within nests will ex-
perience a suite of biological noise dur-
ing their development (Fig. 5). The re-
productive noises of pomacentrids

(assuming Pomacentrus partitus is typical of pomacen-
trids) would be detected by Amphiprion ephippium
embryos during the last 3 d of embryonic development
(A in Fig. 5), while the upper end of the Terapon ther-
aps trumpeting would be detected during the last 4 d of
incubation (B in Fig. 5). Moreover, the popping of the
priacanthids and the holocentrids (C and D in Fig. 5)
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would be experienced throughout development. These
fishes (excluding P. partitus but including most of the
genus Pomacentrus) are widespread and abundant on
Indo-Pacific coral reefs where anemone fishes occur.

While the overlap between response thresholds and
biological sound on coral reefs is intriguing, it is not the
only factor that must be considered in determining
whether developing embryos can detect reef sounds.
As sound pressure levels may attenuate rapidly on the
reef, the distance of the nest from sound sources will
influence hearing ability. For example, if a pomacen-
trid produced noise more than 10 m from a nest, not
even the 9 d PF embryos would detect it (E in Fig. 5).
However, the popping noise of priacanthids and holo-
centrids would still be within the thresholds of a 7 d PF
embryo, if it were produced at a distance of 100 m from
eggs (F in Fig. 5). This suggests that the noise experi-
enced by embryos is very dependent on the location of
the nest. Further complicating the issue is the fact that,
unlike our study where the eggs were kept in a con-
trolled sound-proof environment, the reef is generally
a noisy place. Snapping shrimp, feeding parrotfishes
(Scaridae), breaking waves and rain combine to pro-
duce background noise, which also varies with loca-
tion and over time, although probably not with the
same distinctive qualities as fish calling. The extent to
which embryos are capable of isolating single sound
sources from the background noise (the ‘Cocktail Party
Problem’, Cherry 1953) remains to be determined, and
the critical thresholds needed to do this are largely
mysterious in higher mammals, let alone in embryonic
fish. From the perspective of settlement-stage fishes
navigating to reefs, it is likely that this background
noise will be detectable from further away, and may
provide the first general acoustic cues before more dis-
tinctive location-specific sounds can be detected. Fur-
ther studies to investigate the acoustic heterogeneity
amongst and within reefs, and how this changes over
time, will greatly benefit our understanding of the
availability of sound cues, and the specificity that the
quality of this information can provide.

The incubation period of eggs of anemone fishes is
long in comparison to most other species within the
family (9 d versus 4 to 5 d for most other species in the
genus Pomacentrus, Allen 1991), so that anemone fish
larvae at hatching are relatively well developed. This
may mean that the ability of embryos to detect sound is
not necessarily shared among all members of the fam-
ily, nor that it is necessarily typical of other reef fishes
that brood eggs. Furthermore, we do not know at pre-
sent what function (if any) this ability may perform. It is
possible that hearing may aid survivorship of plankton
after hatching in some manner. However, hearing also
fulfils an important prerequisite if these fish are to
have the potential to imprint on sound cues that guide

their later settlement. Exploration of this possibility
will require a detailed description of the ‘soundscape’
of coral reefs and experimental studies that attempt to
imprint developing embryos, and then follow their
subsequent settlement patterns. These topics are sub-
jects of future work. 
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