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INTRODUCTION

Sound has long been recognized as an important
means of animal communication (Aristotle 1910). In
the ocean, the range of acoustic communication often
exceeds the range of visibility (Urick 1983, Hawkins
1993, Bass & Clark 2003). Sound production in fishes
is used for communication and has been shown to be
associated with courtship, spawning, parental, ag -
gressive and territorial behavior (Lobel et al. 2010).
Most fish sounds are species-specific and repetitive,
which enables passive acoustic recordings of sound
production to be used to identify their distribution
and behavior.

Passive acoustic monitoring (PAM) systems can
record large amounts of acoustic data. These systems
are often moored in a specific area for days to years,
recording sounds from biological, physical (e.g. noise
generated from wave action) and anthropogenic (e.g.

vessel traffic) sources (Urick 1983, Mellinger et al.
2007, Locascio & Mann 2008, Luczkovich et al. 2008,
Dudzinski et al. 2009). PAM systems collect data
in remote locations under potentially unsafe seas
through out a 24 h period providing large datasets
that are unobtainable using observer-based methods
(Rountree et al. 2006). Since sound is associated with
reproduction in many species, an important applica-
tion of PAM is to determine when and where repro-
ductive activities occur for fish and marine mammals
(Mann & Lobel 1995, Lobel 2002, Gannon 2008, Van
Parijs et al. 2009, Lobel et al. 2010).

Sound alone cannot paint the full picture of bio-
geography. Knowledge of the ocean environment is
necessary to fully understand animal behavior and
distribution. Thus, platforms containing environmen-
tal sensors can be used to record data to relate
 patterns in sound production to oceanographic con-
ditions (Baumgartner & Fratantoni 2008, Mann &
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Grothues 2008). The suite of environmental and opti-
cal sensors in autonomous ocean gliders provides a
3-dimensional view of physical and biological pro-
cesses over time and space as the glider moves
through the water column (Webb et al. 2001,
Schofield et al. 2007, Castelao et al. 2008). Simulta-
neous collection of sound and environmental data
can fill the gap left by PAM systems between an
acoustic signal and the environment in which that
sound was produced. To this end, several studies
have recently evaluated passive acoustic glider data
collected from integrated hydrophones (Moore et al.
2007, Baumgartner & Fratantoni 2008, Haun et al.
2008, Ferguson et al. 2010, Matsumoto et al. 2011).
Their research has focused largely on marine mam-
mal acoustics or ambient noise.

The purpose of the present study was to detect and
map fish sounds in the ocean over a large spatial
scale — in this case an oceanic shelf — using glider
technology. For this study a hydrophone was inte-
grated into the aft cowling of a Slocum electric under-
water glider (Teledyne Webb Research), and used to
record sound and other oceanographic parameters
such as temperature, salinity, and chlorophyll concen-
tration, during a dep loyment off west-central Florida.

MATERIALS AND METHODS

Slocum gliders are buoyancy-driven electric auto -
no mous underwater vehicles, 1.8 m in length and
shaped like a winged torpedo (Webb et al. 2001,
Schofield et al. 2007). They can traverse over 600 km
using a single set of alkaline batteries and contain
sensors that measure temperature, salinity, depth av-
eraged currents (i.e. currents averaged vertically
from near the surface to near the bottom), surface
currents, fluorescence, and apparent and inherent
optical properties (Schofield et al. 2007). In the pre-
sent study, these measurements were taken approxi-
mately 15 times a minute as the glider ascended and
descended through the water column roughly 330
times a day, depending on water depth. In addition to
this suite of sensors, we integrated a hydrophone that
extended 10 cm from the aft endcap within the water-
flooded aft cowling of the glider. No part of the hy-
drophone extended outside of the main glider body.

The glider’s digital acoustic recording system,
Digi tal SpectroGram Recorder (DSG; Loggerhead
Instruments), recorded sound for 25 s every 5 min at
a sample rate of 70000 Hz. This duty cycle opti-
mized the collection of acoustic data for the allotted
16 GB SD card storage space. The DSG is a low-

power acoustic recorder controlled by script files on
the SD card in concert with the on-board real-time
clock. The clock, which is synced to the clock on
board the glider’s computer, is highly accurate with
time-compensated drift. The DSG file system is an
advanced data file structure that stores embedded
time stamps with the raw data allowing each file to
remain time-aligned with GMT and with the glider
data.

Forward propulsion in the glider is created by
varying the vehicle buoyancy. The wings enable
 forward movement as buoyancy changes, causing
the glider to move downward when it is denser than
the water and upward when less dense, creating
sawtooth-like profiles through the water column. The
absence of a drive motor and propellers minimizes
mechanical noise produced by the glider. Efforts
were made prior to deployment to reduce electronic
noise by including dual capacitive filtering (1500 µF
and 1 µF) on the power supply coming from the
glider’s battery.

The glider was deployed on the West Florida Shelf
on July 14, 2009. The mission started west of the
mouth of Tampa Bay in 25 m water depth, continued
westward to approximately 50 m water depth, and
then returned to the start location where it was
retrieved on July 21, 2009 (Fig. 1). During this mis-
sion, 1989 acoustic files were recorded over the
135 km track. Each acoustic recording is represented
as a file encompassing a 25 s period of time. Identifi-
able sounds were reported as a percentage of occur-
rences in all of the files since the recordings were dis-
continuous and the location of the source and
detection range of the glider was unknown. On aver-
age, the glider moved approximately 75 to 85 m
between acoustic recordings. Fig. 2 demonstrates the
approximate spatial distribution of the acoustic sam-
ples during the deepest portion of the deployment.
This plot of the glider’s horizontal and vertical pro-
gression was calculated using the horizontal (0.273 ±
0.026 m s−1 [mean ± SD]), vertical ascent (0.112 ±
0.030), and descent (0.160 ± 0.035) speeds averaged
over the entire deployment. Profiles and sample
spacing in other portions were assumed to be similar,
though the spacing tends to be larger in deeper
water, where the glider generally moves faster, and
slower in shallower water.

Metadata collected throughout the deployment in -
cluded glider depth in the water column, bottom
depth, GMT time stamp, roll, pitch and heading. Lat-
itude and longitude were collected when the glider
was at the surface. The position of the glider when
not at the surface was estimated from the surface lat-
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itude and longitude coordinates using linear interpo-
lation and a 10-point moving average.

Fish sounds were identified manually because
automated detection methods were hampered by the
presence of noise from the gliders’ altimeter, pump,
rudder and at-surface iridium satellite link. Sounds
from known and unknown sources were mapped
using the interpolated positions and acoustic file time
stamp to determine spatial and temporal ranges.
Temperature, salinity and chlorophyll concentration
data were compared to the sounds identified in the
acoustic recordings, the time of the recording, and
the bottom depth when the sound was recorded.
Spectrograms were generated from 2048 point
 Hanning windowed fast Fourier transforms (FFT)
with 50% overlap. Analyses were completed using
MATLAB (Mathworks) and ESRI (Environmental
Systems Research Institute) ArcGIS 10 software.

RESULTS

Snapping shrimp from the family
Alpheidae were frequently recorded
by the glider, and may act as an indica-
tor of the presence of hard bottom. Red
grouper Epinephelus morio and toad-
fishes Opsanus spp. were among the
most frequent fish sounds identified in
the files. Based on location and slight
differences between the calls, it is sus-
pected the toadfish species was leop-
ard toadfish O. pardus, as opposed to
the inshore gulf toadfish O. beta
(Fig. 3). The fundamental frequency
and call duration for Opsanus record-
ings in the present study were (mean
± SE) 190 ± 0 Hz and 2.34 ± 0.36 s,
respectively (n = 10). This is in compar-
ison to a fundamental frequency of 350
Hz and call duration of 1.23 ± 0.22 s for
O. beta (Tavolga 1958, Thorson & Fine
2002). Furthermore, initial grunts were
not present in these toadfish record-
ings, unlike O. beta.

Three additional suspected fish sounds were also
common. The first unknown sound included a 200 to
500 Hz wide band around 6 kHz (this will be termed
the ‘6 kHz sound’) (Fig. 4a). This sound appeared
continuously between sunset and sunrise (‘night’)
and ranged from 5.9 to 6.4 kHz, with the dominant
frequency at 6 kHz. The second unknown sound was
a frequency modulating harmonic with an average
peak frequency of 300 Hz (‘300 Hz FM harmonic’)
(Fig. 4b). The duration of this sound was approxi-
mately 2.25 s with an average fundamental fre-
quency of 150 Hz. These calls typically contained 4
abrupt changes in frequency. Peak frequencies for
frequency modulated sections were 690, 612, 531,
and 399 Hz, with a fundamental frequency of 230,
204, 177, and 133 Hz, respectively. Harmonics reach -
ed up to 2478 Hz. The third unknown sound was a
tonal harmonic with a peak frequency of 365 Hz
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Fig. 1. Position data from a glider mission on the West Florida Shelf in the
eastern Gulf of Mexico from July 14−21, 2011, during which time acoustic 

data were collected. Grey contours are bathymetric depth

Fig. 2. Typical glider trajectory during deployment (see Fig. 1), calculated from average horizontal, ascent and descent speeds, 
with positions of acoustic sampling over a 30 min period. The acoustic data were recorded for 25 s every 5 min
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(‘365 Hz harmonic’) (Fig. 4c). This sound was 0.51 s
long (SD = 0.1, n = 100) with a 73 Hz fundamental fre-
quency and the highest harmonic detected at 732 Hz.
Extensive overlap of calling was common in both
300 Hz FM harmonic and 365 Hz harmonic sounds
and often made identification of individual calls diffi-
cult (Fig. 5). Whistles and echolocation produced by
dolphin species, most commonly bottlenose dolphins
Tursiops truncates, were also identified in the files.

Overall, the 6 kHz sound was detected in 32%
(628/1989) of the total files, the 365 Hz harmonic was
detected in 18% (349/1989), red grouper were
detected in 9% (182/1989), toadfish were detected in
8% (158/1989) and the 300 Hz FM harmonic was
detected in 4% (87/1989). Spatial patterns in sound
production for known sources (Fig. 6) and unknown
sources (Fig. 7) were determined from the interpo-
lated glider position. Red grouper (136/182; 75%),
toadfish (158/158; 100%), and the 300 Hz FM har-

monic (82/87; 94%) were predominantly found
where bottom depths were >40 m. Although they
were detected throughout the glider track, the 6 kHz
sound (330/628; 53%) and the 365 Hz harmonic
(234/349; 66%) were more common where the bot-
tom depth was <35 m. The diurnal pattern of sound
production was discerned by mapping the occur-
rence of sounds by time of day (Fig. 8). The 6 kHz
sound (628/628), 300 Hz FM harmonic (87/87), and
the 365 Hz harmonic (347/349) sounds were detected
over 99% of the time at night. Conversely, only 35%
(65/182) of the files containing red grouper sounds
and 67% (106/158) of the files containing toadfish
sounds were detected at night.

A strong thermocline and pycnocline were present
near 20 m depth (Fig. 9a,b). Pockets of increased
chlorophyll concentration were detected near the
seafloor between 30 and 35 m depth (Fig. 9c).
Tempe rature, salinity, and chlorophyll concentration
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Fig. 3. Spectrogram (left) and waveform (right) of sounds from (a) Opsanus beta recorded off Tampa Bay (D. A. Mann unpubl.
data) and what is suspected to be (b) O. pardus recorded by the glider. Grunt (i), initial tone (ii), and succeeding tones (iii) are 

identified. In (b), at 2.5 s, noise from a rudder adjustment masks frequencies below 1 kHz
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measurements that correspond to known and un -
known sounds were compared to the associated
 bottom depth and hour of sound production (Table 1).
Only environmental data measured when the glider
was within 5 m of the bottom depth were incorpo-
rated into the median and SD calculations for the
demersal red grouper and toadfish. The deeper bot-

tom depth, decreased temperature, and increased
salinity and chlorophyll concentrations reflect the
conditions surrounding the expected habitat for red
grouper and toadfish recorded along the glider’s
track. The location of the sources for the 6 kHz
Sound, 300 Hz FM harmonic, and 365 Hz harmonic
are unknown. Therefore, the temperature, salinity
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Fig. 4. Spectrogram (left) and waveform (right) of (a) 6 kHz sound, (b) 300 Hz FM harmonic, and (c) 365 Hz harmonic. 
Note the differences in frequency and time scale
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and chlorophyll concentration measure-
ments associated with these sounds were
incorporated without concern for the
glider’s position in the water column and
typically resulted in higher SDs.

DISCUSSION

A hydrophone-integrated glider was
deployed successfully for 1 wk in the
eastern Gulf of Mexico in 2009, covering
135 km. During this time, nearly 2000
acoustic files were recorded. Manual ana -
lysis of these files identified the frequent
occurrence of sounds produced by red
grouper and toadfish along with three
unknown sources suspected to be fish
(6 kHz sound, 300 Hz FM harmonic,
365 Hz harmonic).

Red grouper and toadfish produced
sound throughout a 24 h period, mainly in

depths >40 m. These charac-
teristics support the finding
that red grouper, who prefer
deeper water, call throughout
the day and night (Nelson et al.
2011). Our results also il lus -
trate the ability of the gli der’s
hydrophone to record de mer -
sal species (red grouper and
toad fish), regardless of the gli -
d er’s location in the water co -
lumn, within a 50 m depth
range. The 6 kHz sound, the
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                                     Depth (m)   Hour     Temp. (°C)    Salinity    Chl (µg l−1)    n

Red grouper                 48.6 ± 8.5   10 ± 6     24.6 ± 1.7    36.5 ± 0.1    0.6 ± 0.2     181
Toadfish                        49.6 ± 2.4   17 ± 9     24.5 ± 0.3    36.5 ± 0.0    0.6 ± 0.1     158
6 kHz sound                 32.9 ± 6.6     4 ± 9     28.9 ± 1.5    36.2 ± 0.3    0.2 ± 1.4     628
300 Hz FM harmonic   42.8 ± 3.0     5 ± 10   27.7 ± 1.7    36.3 ± 0.2    0.2 ± 0.3       87
365 Hz harmonic         32.1 ± 4.8     5 ± 9     29.1 ± 1.2    36.2 ± 0.3    0.3 ± 1.8     349

Table 1. Median and SD of bottom depth, local hour of sound production (24 h check),
temperature, salinity, and chlorophyll concentration associated with known and
 unknown fish sounds. Only temperature, salinity and chlorophyll concentration
 measurements recorded when the glider was within 5 m of the bottom depth were 

calculated for red grouper (n = 30) and toadfish (n = 20)

Fig. 5. Spectrographic example of overlapping calls from the (a) 300 Hz FM harmonic between 100 and 1000 Hz and (b) 
365 Hz harmonic between 150 and 500 Hz. Broadband noise from the glider’s rudder is present every 5 to 10 s in the files

Fig. 6. Position along the interpolated glider track (d) of 2 known
sounds, toadfish (green circle) and red grouper (red circle), identified in 

the acoustic files. n = 158 and 182, respectively
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300 Hz FM and the 365 Hz harmonics were only
detected at night, and the 6 kHz sound and the
300 Hz FM harmonic were predominately detected
in depths <40 m. The impact of masking between 100
to 2400 Hz from call overlap by the 300 Hz FM har-

monic and the 365 Hz harmonic is poten-
tially significant.

The Opsanus sp. recording produced a
characteristic toadfish ‘boatwhistle’. How-
ever the depth range (25 to 50 m) of the
glider track and the low fundamental fre-
quency (190 Hz) of the recorded sound dis-
tinguishes it from the nearshore (<5 m)
O. beta and O. tau, which have been de -
scribed extensively (Tavolga 1958, Gray &
Winn 1961, Winn 1964, Thorson & Fine 2002,
Locascio & Mann 2008). We suspect that
O. pardus, the offshore species of toadfish
present in the Gulf of Mexico, is the source
of the stereotypic toadfish calls present in
the glider’s acoustic recordings, although its
acoustic signal has not been described.
Locascio & Mann (2008) reported nocturnal
calling of O. beta with peaks at sunrise and
sunset. Though not described in their paper,
O. beta sound production was also observed
during the day (J. Locascio pers. comm.),
which is consistent with the lack of a strong
diel periodicity observed in the suspected
O. pardus calling.

The results from this initial work can be
used to help determine the source of the 3
unknown suspected fish sounds. A prelimi-
nary analysis of families of sound-producing
fishes in the Gulf of Mexico using published
literature (Fish & Mowbray 1970, Hoese &
Moore 1998) and unpublished sound recor -
dings identified nearly 90 genera likely to
make sound (C. Wall unpubl. data). Discus-
sions with colleagues and a priori knowl-
edge of behavior and habitat make Atlantic
midshipman Porichthys plectrodon a likely
candidate for the 300 Hz FM harmonic,
which is similar to the ‘grunt’ call of the
plainfin midshipman Porichthys notatus
(Brant ley & Bass 1994, A. H. Bass pers. comm.).
The documented sound production of Prio -
notus carolinus establishes sea robin species
(e.g. Blackwing searobin Prionotus rubio) as
likely candidates for the 365 Hz harmonic
(Connaughton 2004). We suspect the 6 kHz
sound is related to gas release in clupeids
(e.g. Gulf menhaden Brevoortia patronus)

(Nøttestad 1998, Wahl berg & Westerberg 2003, Wil-
son et al. 2004, Doksæter et al. 2009, Knudsen et al.
2009). Based on the nocturnal characteristics and
depth preferences identified in the study, and the
reduced list of candidates, efforts can be honed with
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Fig. 8. Occurrence of fish sounds identified in the glider acoustic files
plotted by time and depth of the glider in the water column at the
date (mm/dd) of the recording. The black line indicates the bottom
depth  measured by the glider’s altimeter and illustrates the glider’s 

offshore and then onshore track during the mission

Fig. 7. Position along the interpolated glider track (d) of 3 unknown
sounds identified in the acoustic files: 300 Hz FM harmonic, 365 Hz 

harmonic, and 6 kHz sound. n = 87, 349, and 628, respectively
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the aid of fixed acoustic arrays and a video observa-
tion system (Rountree 2008) to increase the chances
of successful identification in future work.

The 3 environmental parameters shown (tempera-
ture, salinity, chlorophyll concentration) provide an
initial glimpse into the environment in which the
recorded sounds were produced. Stratification of the

water column is attributed to the high
heat flux and a lack of strong storms
(>15 knot winds) in the area, which
effectively mix density layers (He &
Weisberg 2002, Virmani & Weisberg
2003). The fundamental frequency of
some soni ferous fish (including Op -
sa  nus sp.) changes with temperature,
making concurrent environmental
data es sen tial in understanding
sound production (Fine 1978, Brant-
ley & Bass 1994, Connaughton et al.
2000). Furthermore, the link between
sound production and spawning
neces sitates mapping temporal and
spatial ranges of sound as a non-
invasive proxy for identifying poten-
tial spaw ning habitat (Fine 1978,
Brantley & Bass 1994, Mann & Lobel
1995, Lobel 2002, Locascio & Mann
2008, Van Parijs et al. 2009, Rountree
& Juanes 2010, Nelson et al. 2011).

Glider technology provides a reli-
able and relatively inexpensive me -
thod to collect acoustic data in the
field while maintaining a high rate of
successful retrieval (Schofield et al.
2007). Moored PAM systems can be
effective but have greater risk of
being lost, stolen or damaged, espe-
cially in highly active areas (Lucz -
kovich et al. 2008, Dudzinski et al.
2009). In addition, the spatial cover-
age and suite of environmental and
optical conditions measured concur-
rently by the glider provide detail of
the ocean environment and acoustic
scene that cannot be discerned from
stationary PAM methods that record
only sound (Rudnick et al. 2004).

Remotely operated vehicles (ROV)
have also been used as a platform for
passive acoustic studies (Rountree &
Juanes 2010). This application, while
taking advantage of video observa-
tion, was greatly limited by the self-

generated noise of the ROV, which frequently
masked suspected sound production (Rountree &
Juanes 2010). Although the glider does not have the
ROV’s capability to maintain a fixed position, the
absence of a mechanical propulsion system allows
the glider to produce significantly lower noise. To
date, we do not know the extent, if any, in changes in
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Fig. 9. Environmental data measured along the spatial track (date of record-
ing, mm/dd) by sensors on the glider included (a) temperature (°C), (b) salin-
ity, and (c) chlorophyll (µg l−1). The black line indicates the bottom depth 

measured by the glider’s altimeter
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fish behavior as a result of the glider presence. Based
on the level of self-generated noise, we suspect the
impact is likely less than that of an ROV but more
than a stationary acoustic array (Stoner et al. 2008).

Red grouper are a large commercial and recre-
ational fishery in the Gulf of Mexico. In 2008, approx-
imately 68 t of commercial landings and over 130 000
recreationally caught red grouper were reported
(SEDAR 2009). In addition, red grouper are estab-
lished as ‘ecological engineers’ whose behavior pro-
vides structure and protection for other reef fish and
invertebrates (Jones et al. 1994, Coleman & Williams
2002). Sustaining red grouper populations is there-
fore important at both the species and ecosystem lev-
els (Jones et al. 1994, Wright & Jones 2006). How-
ever, the current methods used to assess and manage
fisheries are limited by survey bias, inaccurate fisher
reports and extensive delays between fisheries data
collection and population assessment (NRC 2006).
These limitations preclude real-time stock assess-
ment and create a potentially harmful lag in account-
ing for the impact of overfishing and episodic envi-
ronmental events such as red tides (SEDAR 2009).
Additional methods that collect near real-time stock
assessment data and use a no-take approach are
needed to effectively manage species with greater
immediacy, which will aid in maintaining long-term
population stability and fishing activities. We suggest
the implementation of regular deployments of
hydrophone-integrated gliders as a possible method
for enhancing fisheries management.
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