
ENDANGERED SPECIES RESEARCH
Endang Species Res

Vol. 7: 229–236, 2009
doi: 10.3354/esr00109

Printed July 2009
Published online October 10, 2008

INTRODUCTION

Many fishes produce species-specific sounds in a
variety of behavioral contexts (Fish & Mowbray 1970,
Tavolga 1977, Saucier et al. 1992, Gilmore 2003,
Amorim 2006, Ladich & Myrberg 2006). Intentionally
produced sounds are typically associated with court-
ship and spawning behavior and/or agonistic behavior.
In the case of sciaenids (drums), it has been well docu-
mented that patterns of sound production and sonic
muscle mass coincide with seasonal periods of spawn-
ing, and so data from hydrophone recordings can serve
as a useful proxy for spawning activity (Mok & Gilmore
1983, Connaughton & Taylor 1995, Mann & Lobel
1995, Hood et al. 1999, Locascio & Mann 2008). High
temporal resolution data collected with a Long-Term

Acoustic Recording System (LARS) over 34 conse-
cutive days in Charlotte Harbor, Florida demonstrated
marked diel periodicity in sound production by an
aggregation of sand seatrout Cynoscion arenarius dur-
ing the peak of the spawning season (Locascio & Mann
2008). Although not as well documented as the sci-
aenids, sound production by serranids (sea basses) has
been previously documented for Nassau grouper
Epinephelus striatus (Hazlett & Winn 1962), goliath
grouper, (Fish & Mowbray 1970), and hamletfish
Hypoplectrus spp. (Lobel 1992). Colin (1990) also
describes sound produced by goliath grouper on a
wreck in the eastern Gulf of Mexico consisting of loud
low-frequency booms easily heard by divers. One pre-
sumed male was observed to boom during presumed
courtship behavior as it swam up alongside goliath
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grouper that were thought to be female (Colin 1990).
To our knowledge, spawning has not been observed in
this species.

Goliath grouper form aggregations on reefs and
shipwrecks where they are suspected to spawn
(Sadovy & Eklund 1999, SEDAR6 2004) during June
through December, with peak spawning activity oc-
curring from July through September in the eastern
Gulf of Mexico (Bullock et al. 1992). While tagging
studies have demonstrated site fidelity at such loca-
tions (Koenig et al. 2007), it is unclear whether spawn-
ing migrations to certain key sites bring larger num-
bers of goliath grouper together from a broader area,
as has been documented for a variety of grouper spe-
cies (e.g. Sadovy 1994). The Southeast Data Assess-
ment and Review 6 workshop (SEDAR6 2004) high-
lighted the identification of spawning locations,
duration and periodicity of goliath grouper as impor-
tant research needs.

Goliath grouper is critically endangered over its
entire range (Chan Tak-Chuen & Padovani Ferreira
2006), which extends from west Africa to the Pacific
coast of Central America, south to Brazil and north to
North Carolina. The species has been fully protected
in the southeastern USA since the early 1990s, and is
showing strong signs of recovery, especially in south-
west Florida, where the present study was conducted.
Key factors in recovery include extensive high quality
mangrove nursery habitat in that area (Koenig et al.
2007) and an abundance of presumed spawning
aggregation sites on the southwest Florida shelf (C. C.
Koenig unpubl. data). Identification and verification of
spawning aggregation sites is important to the conser-
vation of the species, but spawning has not been veri-
fied and little is known of the temporal and spatial
aspects of spawning.

The purpose of the present study was to record
sound production by goliath grouper during the
spawning season at 2 aggregation sites in the Gulf of
Mexico, where spawning is suspected to occur, based
on the occurrence of adults with ripe gonads. Long-
term acoustic recorders were used to document the
timing of goliath grouper sound production during the
fall spawning season (Bullock et. al 1992, C. C. Koenig
unpubl. data). At 1 site an acoustic transmitter was
implanted in a goliath grouper to record information
on site fidelity and patterns of movement within the
water column.

MATERIALS AND METHODS

Study sites. Studies of goliath grouper were made at
2 aggregation sites off the Florida Gulf coast during the
spawning season in late summer and fall. Passive

acoustic recordings and studies with a depth-indicat-
ing acoustic transmitter were conducted near the Dry
Tortugas (24° 45.9’ N, 82° 59.4’ W; bottom depth = 46 m)
in September and October 2005. Passive acoustic re-
cordings were also made on a wreck on the southwest
coast of Florida north of the Dry Tortugas (26° 17.7’ N,
82° 50’ W; bottom depth = 34 m) from July 29 to
December 21, 2007. This site will be referred to as the
Northern Site.

Passive acoustic recordings. Passive acoustic re-
cordings were made with an underwater LARS (Log-
gerhead Instruments) consisting of a Toshiba Pocket
PC in an underwater housing connected to a hydro-
phone (HTI96-min; High-Tech; sensitivity –164 dBV/
µPa, 2 Hz to 37 kHz). The acoustic signals were digi-
tized at 11 025 Hz and recorded to a 2 GB Compact
Flash card. Recordings were made for 10 s every
10 min. The recorders were moored to the wrecks at
each site (about 2 m above the bottom).

Passive acoustic recordings were analyzed with cus-
tom software written with MATLAB (Mathworks). To
characterize the goliath grouper sound, a total of 1065
individual pulses were isolated from 5 d of recordings
using an automatic detection algorithm. This algorithm
consisted of the following steps: (1) low-pass filter at
100 Hz, (2) high-pass filter at 10 Hz, (3) rectification of
the signal, (4) smoothing of the signal with a 25 milli-
second (ms) moving average, and (5) threshold detec-
tion set at 110 dB re: 1 µPa. Once signals were identi-
fied, they were manually inspected with a spectrogram
to confirm that they were goliath grouper sounds.
Power spectra of individual pulses were calculated
using Fast Fourier Transforms (FFT), where the num-
ber of points in the FFT was equal to the number of
samples in the signal. For example, a sound 100 ms in
duration sampled at 11 025 Hz would consist of 1102
data points and its FFT would yield a 10 Hz frequency
resolution. The dominant frequency (frequency with
most energy) for each sound was calculated from the
power spectrum of the original recorded signal without
filtering. At lower signal-to-noise ratios, a significant
portion of the signal can be hidden in the noise
floor. Therefore, only the loudest signals (>124 dB re:
1µPapeak) were used to calculate sound duration
(n = 507).

Time series of goliath grouper sound production
were analyzed by calculating band sound pressure
levels in the 0 to 100 Hz frequency band for each
10 s recording using QLOGGER (available at www.
marine.usf.edu/bio/fishlab/). The time of maximum
band sound pressure level for each day was calculated
for each dataset using MATLAB and presented in a
histogram using 1 h resolution.

Acoustic telemetry with depth. Acoustic telemetry
with a Vemco V13P-S256 depth coded transmitter was
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used to monitor depth movements of a fish on short
time scales. The transmitter was attached to one large
(approximately 2 m) adult goliath grouper on Septem-
ber 9, 2005 and monitored through November 6, 2005
at the Dry Tortugas Site. The transmitter had a random
output between 5 and 15 s. This short output interval
allowed us to detect short-duration vertical move-
ments, such as rapid ascents. We attached the trans-
mitter to the adult fish underwater using a speargun-
delivered dart tag (Floy tag BFIM-96) assuming that
this method of tagging minimized stress relative to that
produced by capture. The sex of the fish could not be
determined. The acoustic transmitter detections were
analyzed with a custom MATLAB program to deter-
mine depth and temporal distributions of detected
pings. This research was conducted in accordance
with institutional and national guidelines concerning
the use of animals in research, and was approved by
the institutional animal use and care (IACUC) commit-
tee of Florida State University (Protocol #9902) and
under a permit from the Florida Fish and Wildlife com-
mission (FWC 05-SRP-690A).

RESULTS

Goliath grouper sound description

Goliath groupers on the wrecks produced predomi-
nantly single-pulse calls with a low dominant fre-
quency (Fig. 1). These sounds were attributed to
goliath groupers, because they were the same as
sounds heard by divers approaching goliath groupers
both at these sites and in shallower sites in Charlotte
Harbor, Florida (J. V. Locascio & C. C. Koenig pers.
obs.). Additionally, the frequency was very low, which
is consistent with sounds produced by a large fish. The
dominant frequency was 60.5 ± 9.2 Hz (mean ± SD; n =
1065). The pulse duration for calls with peak received
levels greater than 124 dB re: 1 µPa was 132.0 ±
30.1 ms (mean ± SD; n = 507). Because the distance to
the fish was not known, only received levels could be
measured. Of the 1065 sounds analyzed, the highest
received sound level was 150.9 dB re: 1 µPapeak and
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Fig. 1. Epinephelus itajara . (A) Oscillogram (top) and spectro-
gram (bottom) of goliath grouper sounds. Arrow indicates
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143.8 dB re: 1 µParms, where rms is root-mean-square.
This signal has slight clipping on the recorder, so the
SPL would have been approximately 3 dB higher
based on the level of clipping. Two other sounds likely
produced by goliath groupers based on their frequency
are shown in Fig. 1. These sounds were infrequently
produced compared to the single pulse sounds. One is
a multiple pulse sound similar to that recorded by Fish
& Mowbray (1970) for goliath grouper in captivity
(Fig. 1C). The other sound does not have distinctive
pulses and has a broader frequency range than the
other 2 sounds.

Passive acoustic time series

Since the majority of acoustic energy was below
100 Hz, the band sound pressure level in the 0 to
100 Hz frequency band was used as a measurement of
overall goliath grouper sound production. Calls from
multiple individuals were obvious in most of the
recordings, based on differences in sound level and
overlap of sounds (Fig. 1). Goliath grouper sounds
were loud enough to raise levels 40 dB above back-
ground sound levels at the Dry Tortugas Site (Fig. 2).
The sound levels were lower at the Northern Site,
which could be due to placement of the acoustic
recorder inside the shipwreck. There were approxi-
mately 25 individual goliath grouper at the Dry Tortu-
gas Site and approximately 40 individual goliath
grouper at the Northern Site at the time of the first
deployment. The maximum sound level from each
night is plotted for the Northern Site data to aid in visu-
alizing the long-term patterns of sound production
(Fig. 3). Sound production was strongly diel, with

peaks occurring between 01:00 and 02:00 h at the Dry
Tortugas Site and between 01:00 and 04:00 at the
Northern Site (Figs. 2 to 4). Each time series also
showed a strong lunar periodicity in sound levels, with
decreased levels of sound production on and around
the full moon (Figs. 2 & 3) for 1 to 7 d. No strong goliath
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grouper sound production (received BSPL 0 to 100 Hz
above 95 dB re 1µPa) occurred at the Northern Site
after October 16, 2007, until recording ended on
December 21.

Hurricane Rita passed 38 nautical miles (n miles)
south of the Dry Tortugas Site on September 20 and 21,
2005 causing an increase in low-frequency back-
ground noise, presumably due to increased sea surface
state (Fig. 2). There was no apparent change in goliath
grouper sound production during or after passage of
the hurricane, apart from the lunar periodicity in sound
production.

Acoustic transmitter and depth distribution

A total of 306 282 pings were detected during the
study period from the acoustic transmitter. These data
were plotted as a time series of the depth of the fish
(Fig. 5). With the exception of 1 d (October 24 to 25) the
grouper was always present at the study site (Fig. 5).
The majority of the time the fish was located near the
bottom at depths >40 m (Fig. 6), but it did make
occasional short-duration forays to shallower depths
(Figs. 5 & 6), the majority of which took place at night
over 2 time periods, 21:00 to 00:00 h and 03:00 to
04:00 h (Fig. 7). Many of these forays lasted less than
2 min and can be seen as individual detections at the
peaks of the forays (Fig. 5C). For example, a foray on
November 3, 2005 at 01:24 h was detected at 26.6 m.
The previous detection was 60 s earlier at 45.7 m, and
the subsequent detection was 51.8 s later at 46.4 m.
Because of the resolution provided by the received
transmissions, the actual ascent rate could have been
faster and possibly to a shallower depth.

DISCUSSION

Goliath grouper were prolific producers of single-
pulse low-frequency (60 Hz) sounds. The mechanism
of sound production is likely to be similar to that for
Nassau grouper, which involves contraction of a sonic
muscle that is connected to the vertebrae and swim-
bladder (Hazlett & Winn 1962). Based on the structure
of the waveform, which begins with a rapid onset fol-
lowed by a rapid decay (Fig. 1B), the swimbladder sys-
tem appears to be highly damped, like that of the toad-
fish (Fine et al. 2001). There is often an inverse
relationship between size and dominant frequency
(Myrberg et al. 1993, Lobel & Mann 1995) of fish calls,
and goliath grouper sounds are among the lowest fre-
quency fish sounds that have been recorded to date.

Sound production occurred on a diel basis, with the
highest levels between 01:00 and 03:00 h. This pattern

was consistent between the 2 separate aggregation
sites, with recordings made 2 yr apart. There was also
a strong lunar pattern at both sites, with reduced
sound production around the full moon. Recordings
were made at both aggregation sites during the peak
of the spawning season and show high levels of sound
production nightly, resembling patterns documented
for sciaenids (Locascio & Mann 2005, 2008), except
that they tended to be later in the night than most
sciaenid species.

The acoustic telemetry data, while limited to 1 ind.,
showed that the fish was resident at the aggregation
site for 2 mo (the duration of the record), traveling out
of the range of the receiver for less than 1 d. Goliath
groupers show strong site fidelity in both the adult
and juvenile stages (Koenig et al. 2007, C. C. Koenig
unpubl. data). This is consistent with what was seen in
another study in which 2 goliath groupers were
tagged, and were resident for the duration that they
were tagged, 1 tag staying on for 73 d, the other less
(Domeier et al. 2006). The purpose of using the depth-
encoded tag was to attempt to document spawning
ascents that have been observed in other reef fish spe-
cies (Colin & Clavijo 1988). Thus, the ping rate was set
high to capture such events. A number of ascents were
detected in the depth record, with the majority occur-
ring near midnight and 03:00 h. The forays at 03:00 h
occurred just after peaks in sound production. This is
in contrast to the results of Domeier et al. (2006), who
found ascents at sunrise in 2 tagged goliath groupers.

The eye of hurricane Rita passed 38 n miles south of
the Dry Tortugas Site on September 21, 2005. While
the acoustic signature of the hurricane was detected,
there was no apparent effect on patterns of sound pro-
duction or fish movement. Two days prior to the hurri-
cane, grouper sound levels had decreased; however,
this appears to have been related to the lunar cycle of
sound production. The lack of a response to Rita is sim-
ilar to what was seen for Hurricane Charley in Char-
lotte Harbor, Florida and its effects on sciaenid sound
production, where fish continued their nightly chorus
unabated after the hurricane (Locascio & Mann 2005).

Our ultimate goal is to determine when goliath
grouper are spawning, so that spawning data can be
used in physical oceanographic models to predict lar-
val transport and recruitment patterns. The excursions
recorded with the acoustic telemetry could represent
spawning ascents. This is supported by their high
amplitude and short duration. To confirm this will
require video observation and plankton sampling for
eggs. The combination of the passive acoustic data and
transmitter depth data suggest that spawning occurs
sometime between midnight and 03:00 h.

If night-time spawning is occurring, it is possible that
it is an adaptation to avoid egg predation (Holt et al.
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1985). Goliath grouper aggregation sites have abun-
dant populations of potential egg predators such as
round scad Decapterus punctatus, round herring
Etrumeus teres and other small schooling carangids
and clupeids (C. C. Koenig unpubl. data). Because
these plankton feeders are visual predators, night-time
spawning, especially on dark nights, could effectively
minimize their impact on reproductive output.

The passive acoustic data time series are also useful
in that they show goliath grouper to be prolific sound
producers on aggregation sites. This means that this
species shows promise for large spatial scale passive
acoustic mapping of aggregation sites. This could be
accomplished with in situ acoustic recorders, as used in
this study, or hydrophones towed from vessels or
onboard autonomous underwater vehicles, such as
gliders. Another potential application is to use passive
acoustics to estimate population density. However, to
do so we need several pieces of information that we

currently do not have, including how often goliath
grouper vocalize and over what distance their sounds
can be detected. This involves measuring sound source
levels, acoustic propagation loss, and background
noise levels.

Goliath grouper are listed as critically endangered
on the International Union for Conservation of Nature
Red List, although their populations in the southeast-
ern USA have recently shown some signs of recovery
after institution of a fishing moratorium in the early
1990s (Chan Tak-Chuen & Padovani Ferreira 2006).
Our results suggest that a combination of active and
passive acoustic methods can be used to track fish
movement and behavior at aggregation sites and to
monitor spawning activity at these sites using sound
production as a proxy. These types of studies can aug-
ment traditional studies and allow mapping of goliath
grouper aggregation sites over large spatial areas at
relatively low cost. Passive acoustics can be used to
gain knowledge of goliath grouper spawning aggrega-
tions and aid in their conservation and management
through long-term monitoring, which would otherwise
be difficult given their location relatively far from
shore.
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