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Fish spawning aggregations (FSAs) consist of the temporary gathering of a large
number of fishes at a specific location to spawn. Monitoring of FSA is typically
conducted by divers, but surveys are often restricted to a limited area and dependent
upon sea conditions, thus our knowledge of FSA dynamics is extremely limited.
Fisheries independent research strives for new technology that can help remotely
and unobtrusively quantify fish biomass and abundance. Since some fish species,
such as groupers, produce sounds during reproductive behaviors, Eulerian passive
acoustic monitoring provides information when divers cannot access the FSA site.
Fish sounds provide an innovative approach to assess fish presence and potentially
their numbers during reproductive events. However, this technology is limited by the
sound propagation range, hence the distance between the fish emitting sounds and
the hydrophone location. As such, this Eulerian monitoring approach implicitly creates a
knowledge gap about what happens beyond the range of the recorders. Furthermore,
the large datasets make the detection process by human ears and eyes very tedious
and inconsistent. This paper reports on two innovative approaches to overcome these
limitations. To facilitate fish call detections, we have developed an algorithm based on
machine learning and voice recognition methods to identify and classify the sounds
known to be produced by certain species during FSA. This algorithm currently operates
on a SV3 Liquid Robotics wave glider, an autonomous surface vehicle which has been
fitted to accommodate a passive acoustic listening device and can cover large areas
under a wide range of sea conditions. Fish sounds detections, classification results, and
locations along with environmental data are transmitted in real-time enabling verification
of the sites with high detections by divers or other in situ methods. Recent surveys in the
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US Virgin Islands with the SV3 Wave Glider are revealing for the first time the spatial and
temporal distribution of fish calls surrounding known FSA sites. These findings are critical
to understanding the dynamics of fish populations because calling fish were detected
several kilometers away from the known FSAs. These courtship associated sounds from
surrounding areas suggest that other FSAs may exist in the region.

Keywords: spawning aggregation, grouper, wave glider, machine learning, fish sounds

INTRODUCTION

Fisheries sustainability and ecosystem health not only rely on
habitat quality and biodiversity but also on reproductive success
(Mumby et al., 2006). In coral reef ecosystems, some large
predatory species such as groupers, aggregate to spawn in large
numbers at specific locations and times (Domeier and Colin,
1997). These fish spawning aggregation (FSA) sites are shared
by multiple species that may overlap in time (Heyman and
Kjerfve, 2008) and as such, constitute breeding hotspots requiring
some form of protection (Erisman et al., 2017). Because FSAs
are temporally predictable and are characterized by strong site
fidelity, once located, they become vulnerable to overfishing
if not properly managed (Sadovy, 1997; Sala et al., 2001).
Numerous historical FSAs in the Caribbean and the Bahamas
have been reported (Smith, 1972; Eklund et al., 2000), but only
a few are documented to date while many remain unprotected
(Sadovy De Mitcheson et al., 2008).

During the winter and spring months (December to May)
in the northern hemisphere soniferous grouper species such
as the red hind (Epinephelus guttatus), Nassau (Epinephelus
striatus), yellowfin (Mycteroperca venenosa), and black grouper
(Mycteroperca bonaci) (Nemeth, 2005, 2012a; Schärer et al., 2014;
Rowell et al., 2015) aggregate to spawn at existing FSAs in the
Intra-America Seas (i.e., the Caribbean Sea, Gulf of Mexico, and
the Bahamas region). Spawning time is usually associated with
the lunar and diurnal cycles, but also with water temperatures and
local current conditions (Nemeth, 2009). FSAs are challenging
to observe and monitor because they are mostly found at
remote locations near the shelf break (Claro and Lindeman,
2003; Kobara and Heyman, 2010; Kobara et al., 2013), in water
depths between 30 and 80 m while spawning activities occur
mostly at dusk. While many of these sites are known to fishers
and represent areas of intensive harvest, not all FSA locations
have been documented. As such, there may be a significant
number of unreported FSAs, which, if located, could provide a
better estimate of the status of certain populations of grouper
species such as Nassau, Warsaw (Hyporthodus nigritus), black,
red hind, goliath (Epinephelus itajara) and their critical habitats
used for spawning.

Data on the FSA dynamics of these species is critical to the
study and management of these stocks in several countries whose
local populations might be connected through larval dispersal
(Cowen et al., 2006). Such countries include the Bahamas,
Belize, Cuba, Mexico, Eastern Caribbean island nations and
the United States (U.S.) whether in the Gulf of Mexico or in
the northeastern Caribbean Sea. Determination of the timing,
duration and intensity of spawning will be of direct utility for the

design and evaluation of management actions, stock assessment,
and effective conservation measures.

Passive acoustic monitoring (PAM) is a fisheries-independent
approach that can provide in situ observations of soniferous
fishes, such as groupers (Mann et al., 2010; Rowell et al.,
2011, 2015; Schärer et al., 2012a,b, 2014; Wall et al., 2014,
2017). Additionally, PAM can be relatively non-intrusive and
provides data on timing and duration of grouper activity
and distribution. In particular, PAM can be used to monitor
courtship associated sounds (CASs) at FSA sites to assess grouper
reproductive behaviors. As grouper populations begin to recover
from overfishing, new or previously extirpated aggregations may
reform, also making this technology particularly relevant for
surveying and evaluating the recovery of groupers and critical
for understanding their biology and ecology. To date, fisheries
monitoring efforts using PAMs have primarily used an Eulerian
approach; recordings are made from fixed stations at known
FSAs (Rowell et al., 2012). However, these FSAs are spatially
dynamic and can shift outside the range of fixed stations in
a relatively short period. As such, more mobile approaches
with PAMs are required to best encapsulate FSA dynamics. For
example, the use of autonomous platforms such as buoyancy-
driven gliders or wave-gliders that are equipped with PAM
systems can be programed more accurately to encompass FSA
spatial extents as well as scout regions of the shelf edge in
the exploration of unknown FSAs. Wall et al. (2014) used a
Slocum glider, a buoyancy driven autonomous underwater glider
(AUG), to conduct a large-scale spatial mapping across the
West Florida shelf of red grouper (E. Morio) sound production.
A similar survey was conducted with the same technology
along the southeast U.S. (Wall et al., 2017). This survey was
conducted during winter when fishery-independent survey data
were lacking from traditional ship-based approaches (due to
prolonged periods of inclement weather) and covered the winter-
spawning dynamics of multiple managed species.

The Slocum glider surveys were conducted with low power
acoustic recorders (DSG – Loggerhead Instruments1), which are
self-contained acquisition-only devices that are not integrated to
their host, and do not allow for onboard processing and analysis.
Therefore, AUG surveys are not capable of characterizing FSAs
in real-time, nor can they provide information such as the species
composition of FSA aggregates, precise location and timing,
population size and the fish behavior or distance from the glider.
But automated data collection means that surveys can take place
at times and in places where it would be too expensive or
dangerous to send human observers (Marques et al., 2013). These

1www.loggerheadinstruments.com
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early attempts to survey fish sound production from spawning
aggregations as a new technique for stock assessment led us to
conceive a real-time detection and classification PAM system
that can be integrated on any glider. Our glider of choice was
the SV3 wave glider (WG) because of its continuous real-time
transmission and positioning capabilities, which are crucial to the
localization of FSAs that are typically transient events.

The main objective of this paper is to present a new persistent
robotic approach to conduct PAM surveys and its application
to the study of grouper FSA dynamics. The robotic platform
was deployed in the U.S. Caribbean near known FSAs and was
used to explore the shelf edge up to 20 km away surrounding
these known sites. Its findings reveal the presence of CAS of the
same aggregating species both scattered and aggregated at other
locations along the shelf break. In Section “The Persistent Robotic
Approach” we describe the autonomous platform and the PAM
system. In Section “Fish Sound and Detectability” we present the
acoustic characteristics of CAS and a red hind CAS detection
threshold analysis. The fish sounds detection and classification
algorithms are described in Section “Grouper Calls Detections
Algorithms.” Results and interpretation of the wave glider survey
in the U.S. Virgin Islands are presented in Section “Red Hind
Spawning Aggregation Dynamics.” Results from the Wave Glider
survey are presented in Section “Wave Glider Survey During the
Red Hind Peak Calling Week.” A discussion follows in Section
“Discussion” and conclusions are drawn in Section “Conclusion.”

THE PERSISTENT ROBOTIC APPROACH

Marine Autonomous Systems
Underwater autonomous systems, including subsea gliders and
AUVs, are revolutionizing our ability to map and monitor the
marine environment (Yoerger et al., 1998, 2007; Rudnick et al.,
2004; German et al., 2008; Caress et al., 2008). Such autonomous
systems, although deployed from a research vessel, are not
tethered to the vessel and operate without direct human control
while collecting data (Yoerger et al., 1998, 2007; Griffiths, 2003).
Therefore, they enable data acquisition in parts of the ocean
such as beneath ice sheets in polar regions previously inaccessible
to vessel-based sampling methods (Bellingham et al., 2000;
Brierley et al., 2002; Nicholls et al., 2006; Wadhams et al., 2006;
Dowdeswell et al., 2008; Jenkins et al., 2010; Graham et al., 2013),
and are improving spatial and temporal resolution of undersea
measurements (Niewiadomska et al., 2008; Caldeira et al., 2014).
They also provide transformative opportunities to fisheries
scientists and oceanographers to study marine population and
ecosystem dynamics (Fernandes et al., 2003; Ohman et al., 2013).

Autonomous underwater gliders, such as the Spray glider
(Rudnick et al., 2004), the Slocum gliders (Teledyne Webb
Research) and the Seaglider (Eriksen et al., 2001) are all capable
of sampling continuously throughout the water column as deep
as 6,000-m depth for the latter by adjusting their buoyancy
and attitude to glide on wings (Rudnick et al., 2004). Slocum
and Spray gliders can also be configured to operate in shallow
shelf environments (<200 m). Their deployments can last over
1 month and their range can expand over 100 km, with periodic

surfacing for data offload and GPS positioning. In recent years
AUGs have been used in ocean soundscape mapping (Matsumoto
et al., 2011; Bingham et al., 2012; Wall et al., 2012; Baumgartner
et al., 2013) and more recently in fisheries independent surveys
(Wall et al., 2014, 2017) on the shelf of the continental U.S.
AUGs surveys are less contingent upon large amount of funding
being available for ship and personnel time and therefore have
the potential to provide long time series at a relatively lower
cost. Data collected through passive acoustic surveys are used
to assess the presence of soniferous fish with the ultimate goal
of assessing biomass and supporting stock assessment activities,
while studying the ecological importance of many important
commercial species in the U.S.

Autonomous surface vehicles (ASVs) such as Wave-Gliders
(WG) have the advantage of continuous GPS positioning, data
access and extraction over AUGs. Therefore, WG equipped with
PAM systems can be programed more accurately to encompass
FSA spatial extents as well as scout regions of the shelf edge
in the exploration of unknown FSAs. The SV3 WG is a self-
propelled, unmanned persistent mobile data-gathering platform
that harvests both solar and wave energy for propulsion and
power (Figure 1). It can be used as station keeping or mobile
data collection platform for up to 12 months powered by the
sun only. It provides a real-time communication gateway and
has the modularity and capacity to accommodate new prototype
sensors and software interfaces that can eventually be integrated
and operated with other systems (Manley et al., 2009; Willcox
et al., 2009). The WG consists of a surface float tethered with
an umbilical cable to a submersible glider (Figure 1). The
surface float houses the command and control unit, which
is used for communications, navigation, and powering of the
WG systems, and a user-specified modular payload unit. The
submersible glider has a series of paired wings that generate
gliding lift, a rudder to provide steering and a thruster for
emergency maneuvers and adverse current. The WG harnesses
wave energy for propulsion. The heave of the wave forces
the submersible forward ahead of the float, which is then
pulled forward over the submersible, and so on. A lithium
ion battery pack in the WG hold, charged by solar panels
on the deck of the surface float, supplies power to systems
inside the WG’s command and control unit and modular
payload unit. During mission, control system and sensor data
are sent through a Web-based interface, called WGMS from
the WG to the pilot and commands back from the pilot to the
WG. It also provides a precise and intelligent navigation web
interface. Cellular network or Iridium satellite provides two-
way transmission and real-time navigational, operational, and
sensor control as well as real- or near-real-time data reporting
(Greene et al., 2014). Our submersible glider is connected to a
custom-built two-body designed to carry a variety of off-the-
shelf acoustic systems. The neutrally buoyant tow-body trails
directly behind the submersible glider to which it is connected
with a sinusoidal-shaped tow cable, 4 to 10-m below the ocean
surface. Slack-tensioning elements, which cause the sinusoidal
shape, significantly reduce pitch, roll, and yaw of the tow
body in comparison to a conventional tow cable (Figure 1).
Greene et al. (2014) thus used, instead of manned vessels,

Frontiers in Marine Science | www.frontiersin.org 3 January 2020 | Volume 6 | Article 779

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00779 December 30, 2019 Time: 19:42 # 4

Chérubin et al. Fish Spawning Aggregations Dynamics From an ASV

FIGURE 1 | Blow-out showing the components of the Liquid Robotics SV3 wave glider. Image courtesy of Liquid Robotics, Inc., a Boeing company.

WGs equipped with multifrequency, split-beam acoustic sonar
to conduct fisheries surveys and we used in this study a similar
strategy to conduct fishery independent surveys of FSAs in the
United States Caribbean islands.

SV3 Wave Glider Instrumentation
SV3-WG Instruments and Payload
The WG operating system collects navigational and
environmental data that are directly available to the operator in
real-time. As such, a water velocity sensor informs the operator
of the surface current speed and direction. The wind speed and
direction are also recorded by the wave glider. In addition, our
SV3-WG is equipped with a 600 kHz Workhorse ADCP, which
measures current profiles down to 50-m in real-time. The data is
readily available through WGMS.

Passive Acoustic Monitoring System
The PAM system consists of two distinct sub systems: one located
on the tow-body below the sea surface and the other, located
in the surface float section of the SV3-WG. In particular, the
sub-surface section of the system hosts two ultra-low frequency
hydrophones (HTI-96-Min Hydrophones) and an embedded
data processing module optimized in design for such application.
The hydrophone frequency response is 2 Hz to 30 kHz with
a sensitivity of −201 dB re: 1 V/µPa without pre-amp. The
system is connected to the host vehicle through the tow-body
electrical tow cable. The hydrophone housing is a tubular,
oil-filled sealed enclosure that can accommodate up to three
hydrophones (Figure 2), rated for 100 m depth. The forward
side of the tube ends with a fairing that mitigates unnecessary,
disruptive noise caused by flow around the tow cable, eddies
induced by edges on the tow-body, or any other features that
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FIGURE 2 | Components and payload of the wave glider’s tow-body.

would cause low frequency acoustic vibrations due to turbulent
flow. The tube is made of clear polyvinyl chloride (PVC) material,
making the housing acoustically transparent. It is oil-filled to
couple the hydrophones to the vibrations at wall of the tube.
The hydrophone housing is rigidly fixed to the tow-body using
internal bolts and a machined plastic spacer. Located inside of
the hydrophone housing, is a data acquisition card that contains a
high-speed digital-analog converter (ADC), band-pass filter and
embedded processor used to continuously collect and buffer data,
which is then streamed for signal detection and classification.

The PAM electronic housing, which is located inside the tow-
body holds the main processing computer that runs the detection
and classification algorithm. The electronic package consists of
an off-the-shelf Texas Instrument Beaglebone Black single board
computer (SBC). The SBC connects to a stack of breakout
daughter boards. The PAM’s BeagleBone Black computer runs on
Debian, an open-source variation of the Linux operating system
maintained by the Debian Project. The software architecture
employs the publisher-subscriber model in order to push data
to multiple applications at the same time. Seven “port” modules
publish data acquired from various sources (sensors, devices,
algorithms). Consumer modules subscribe to receive only the
data they need and at the rate at which it becomes available.
The open-source Lightweight Communication and Marshalling
(LCM) middleware library uses the User Datagram Protocol
(UDP) to provide the needed publish-subscribe mechanisms.

Seven port modules interact with the payload or other
data sources. Five of these ports are respectively connected
to (1) a SIMRAD NSS7 Evo2 echosounder with structurescan
sonar and with frequency modulation (CHIRP) sonarhub. Sonar
screen movies are recorded for sound detection validation.
The sonarhub is mounted on the aft of the WG. (2) An
onboard AST4000 pressure sensor. (3) A Turner C3 Fluorometer,
which measures CDOM, Chlorophyll-a, and backscattering
fluorescence (Figure 2). (4) Hydrophones. (5) A fish sounds
detection and classification algorithm. The PAM records 10 s
audio files every 30 s. This cycle allows enough time for data
buffering and processing by the machine learning algorithm

while optimizing data storage. The duty cycle can be modified
to meet the mission requirements. Each audio file is analyzed by
the detection algorithm and if there is a detection, a 3 s snippet
that contains the sound detected is produced by the software.
However, only one hydrophone channel is currently used for
the detection analysis and the data is written in ASCII. The
data is stored locally on the PAM on a microSD card and then
copied to the vehicle payload computer for real-time access and
transmission via GSM network or satellite (RUDICS). Finally,
a self-powered, self-logging EXO1 YSI multiparameter sonde is
attached to the tow-body and collects, pressure, pH, temperature,
salinity, and dissolved oxygen (DO). Other sensors such as
external Remora hydrophone from Loggerhead Instruments,
or VEMCO VMT receiver/transmitter for underwater acoustic
telemetry have also been used on the tow-body (Figure 2).

FISH SOUND AND DETECTABILITY

Grouper Courtship Associated Sounds
For many species of fish, including Epinephelidae, sound plays
a critical role in reproduction and therefore the survival and
success of the species (Mann and Lobel, 1995; Bass and Mckibben,
2003; Luczkovich et al., 2008; Walters et al., 2009; Mann
et al., 2010; Montie et al., 2016, 2017). Effective communication
requires both species and mate recognition for reproduction
(Myrberg and Lugli, 2006; Amorim et al., 2015). In known sound-
producing groupers, acoustic signals are used by different taxa for
recognition, attracting mates, defending territories, agonism and
as an alarm system against predators (Mann et al., 2010; Schärer
et al., 2012a,b, 2013, 2014; Rowell et al., 2018). The different call
types of a species may consist of multiple different sounds or
sections produced in series to create a species-specific acoustic
call structure (Zayas, 2019). Grouper species that co-occur at
FSA sites in the U.S. Caribbean (Nemeth et al., 2006; Heyman
and Kjerfve, 2008) and have documented CAS are described
in Table 1. CAS are consistent with reproductive behaviors
and can provide an estimation of relative reproductive behavior
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TABLE 1 | Grouper sound characteristics from the published literature.

Species Frequency
range (Hz)

Peak
frequency

(Hz)

Bandwidth
(Hz)

Duration
(s)

Red hind 130–500 166 ± 36 46.4± 20.6 1.8 ± 1.0

Nassau grouper 51–206 99 ± 34 22.4± 12.2 1.6 ± 0.3

Yellowfin grouper pulse train 101–132 121 ± 7.5 33.0 ± 6.1 3.0 ± 1.0

Yellowfin grouper tonal call 89–142 121 + 12.6 43.2 ± 4.0 3.1 + 1.0

Black grouper 67–96 83.5 ± 8.6 6.1 ± 2.7 4.3 ± 1.3

activity and relative abundance through the spawning period
(Rowell et al., 2012). Therefore, PAMs can be used to locate
spawning aggregations (Luczkovich et al., 1999, 2008; Walters
et al., 2009; Rowell et al., 2011) and determine temporal patterns
in reproductive behavior and habitat use by different species
during FSAs (Locascio and Mann, 2008; Mann et al., 2009, 2010;
Nelson et al., 2011; Schärer et al., 2012a,b).

The species-specific sounds produced by grouper during
reproductive behaviors are somewhat stereotyped and can be
audibly and visually (in spectrograms) distinguished from each
other due to unique duration, peak frequency, call structure
and tonal characteristics (Table 1). The call structure and tonal
characteristics make spectrogram distinguishable as shown in
Figure 3 from sounds recorded by the WG. The Nassau grouper
(E. striatus) CAS consist of a combination of pulse and tonal
sounds with a mean peak frequency of 99 Hz and average
duration of 1.6 s (Schärer et al., 2012a) (Figure 3A). The yellowfin
grouper (M. venenosa) CAS consist of two parts (one pulse
train and one tonal) that are usually combined with mean
peak frequency of 121 Hz and approximately 3 s duration
(Figure 3B – tonal call) (Schärer et al., 2012b). The red hind
(E. guttatus) produce at least two main types of CAS with
mean peak frequency between 166 Hz (Mann et al., 2010) and
for each type of CAS 173 and 201 Hz (Zayas, 2019). Red
hind CAS usually consists of a single or variable number of
pulses, with a second tonal portion mean duration between 1
and 2.4 s (Figures 3C,D). Black grouper (M. bonaci) produces
a CAS consisting of two parts, one a low frequency pulse
train usually combined with a modular tonal call, of mean
peak frequency 83.5 Hz and a duration between 2.4 and 7.9 s
(Schärer et al., 2014). The black grouper CAS was not identified
in the recordings during the WG survey. Because red hind
is the dominant spawning species during the time of survey,
red hind CAS rate patterns during the main spawning week
will be used to interpret the PAM detections and evaluate the
usefulness of WG CAS surveys for monitoring reproductive
activity at FSAs.

The call structures previously described and shown in Figure 3
may not reflect the full variation of acoustic repertoire for each
species as has been recently discovered in the data presented
in this paper as well as in the most recent literature. For
example, an agonistic call type produced by Nassau grouper
was identified from a spawning aggregation in Puerto-Rico by
Bingham et al. (2012). For red hind the acoustic repertoire has
recently been characterized by Zayas (2019) from animals held in

captive conditions, increasing to five types of sounds with their
associated behaviors.

PAM Detection Threshold and Grouper
Sound Detectability
The average source level (SL) of the grouper species targeted in
this study is between 100 and 150 dB re 1 µPa, with a mean that
varies between 90 and 150 Hz and a bandwidth between 20 and
45 Hz (Mann et al., 2009; Schärer et al., 2012a,b, 2014) (Table 1).
The PAM system was designed to detect sound specifically in
a frequency band that encompasses all the grouper species in
Table 1, and with detection threshold above the ambient noise
in that frequency range. Following Brunoldi et al. (2016), we used
the passive sonar equation, Eq. (1), with the intent to set a lower
limit to the signal-to-noise ratio at the hydrophones in order
to permit detection of grouper CAS with various ambient noise
levels.

SNR(r) = SL− (TL(r)+ NL+ BW) (1)

where the signal-to-noise ratio (SNR) at the receiver for a fixed
range (r) is given by the difference between the source level (SL)
and the sum of the transmission loss (TL) of the grouper sound
and of ocean-noise (NL) within the spectral bandwidth (BW) of
the source signal. For the direct detection scheme used for the
work described in this paper, the SNR should exceed the detection
threshold (DT), for a valid signal to be extracted from ambient
noise, Eq. (2).

SNR(r) ≥ DT (2)

The sound emitted by the grouper species identified in this
study has been chosen as the source signal for target detection by
the acoustic system. The PAM sampling frequency is fs = 10 kHz
thus oversampling in the time domain to further improve SNR by
signal integration. To calculate of the detection threshold (DT),
we first set the detection P(D) and false alarm P(FA) probabilities
of the passive sonar to be P(D) = 0.9 and P(FA) = 0.05. Then we
estimated the detection index (d) from the Receiving Operating
characteristic Curves (ROC) provided by Urick (1983) from
which we obtained d = 9. The detection index d represents the
difference between the mean values of the sum of the signal and
noise, and the noise-only probability density functions (PDF).
The greater the d-value, the greater the likelihood of detecting
an event, here a grouper call is.

Let S be the signal power in the receiver bandwidth measured
at the hydrophones. Let N be the noise power in the receiver
bandwidth also measured at the hydrophones. The detection
threshold is given by:

DT = 10 log10

(
S
N

)
(3)

The detection index d is proportional to the signal-to-noise ratio
( SN )

2 and as shown in Brierley et al. (2002) it can be written as

d = m
(
S
N

)2
(4)

where m, is the number of samples within the integration
period of the signal considered, which by definition is the ratio
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between the sampling frequency (fs = 10 kHz) and the maximum
frequency of the source signal to be detected (fmax = 350 Hz).
From Eq. (4) we have(

S
N

)2
=

d
m
=

9
28.6
∼ 0.31 (5)

Therefore, the detection threshold is

DT = 10 log10

(
S
N

)
= 5 log10

(
d
m

)
= −2.54 dB. (6)

The DT found with the above analysis was then verified
with red hind grouper CAS recorded by the PAM system. We
use a random selection of CAS utterances that were denoised
before being superimposed on a simulated noise with the same
frequency band as the CAS signal in order to generate a
controllable SNR (Figure 4A). We varied the SNR of the input
signal and used a matched filter kernel derived from a high
SNR recorded CAS to build a detector based on local temporal

carrier frequency and local temporal modulation frequency. The
detector results were analyzed and are shown in Figure 4B
for four CAS detections. Using a threshold where the false
alarm P(FA) is 0.05, the data indicates detection thresholds
between −6 and 2 dB, which encompasses the value previously
estimated. Therefore, the DT of the PAM was set to −3 dB
for grouper CAS.

In order to estimate grouper sound detectability on the
southern shelf of the U.S. Virgin Islands, we simulated the
red-hind call sound propagation using the Personal Computer
Shallow Water Acoustic Tool-Set (PC-SWAT) (Sammelmann,
2002), which is a user-friendly sonar model that simulates
low frequency propagation and scattering in shallow water
environment. The model was implemented with several sound
velocity profiles characteristic of the region of interest in the
winter months that ranged from 30 to about 80 m of water
(Figure 5A) in the vicinity of the red hind known spawning
aggregation site at Red Hind Bank (Figure 6). The virtual
hydrophone was set to be at 10-m depth and the sources

FIGURE 3 | Fish call spectrograms recorded with the Wave Glider PAM in the Virgin Islands. (A) Nassau grouper. (B) Yellowfin grouper. (C) Red hind grouper tonal
and chorus call. (D) Red hind grouper tonal call. The black rectangles identify the calls. The red rectangle shows the wave noise.
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FIGURE 4 | (A) Normalized signals of red hind grouper courtship associated
sounds (CAS) received at one of the PAM hydrophones (red) overlaid on
normalized noise (blue) corresponding to a signal to noise ratio of –7 dB.
Black signal shows the sum of both. Fs stand for sampling frequency.
(B) Detection probability (P(D) for each of the four red hind CAS signals shown
in (A). Each colored line corresponds to one of the CAS signals. The red stars
indicate a 0 false alarm probability (P(FA) = 0).

(groupers) 2-m above the bottom. The bottom was assumed
to be flat and made of sand. Simulations were made for
source levels ranging from 150 and 110 dB re 1 µPa. Using
ocean noise budget from Miller et al. (2008), noise levels of
90, 85, and 80 dB re. 1 µPa were added and the TL for
each SL with either NL was simulated. A detection threshold
at both −3 and +2 dB was used to estimate the maximum
range of the grouper sounds as shown in Figure 5B. The
results are presented in Tables 2, 3, which show the ranges
at which the prescribed DT is met as a function of NL and
SL. For depths at which the groupers FSA are located, namely
between 35 and 60 m, the detection range peaked mostly at
100 (1000) m for a 140 (150) dB SL with DT = −3 dB.
The detections ranges were less than 100-m for SLs less than
130 dB (not shown). The detection ranges were relatively variable
between SVPs although they exhibit relatively small variations

FIGURE 5 | (A) Five sound velocity profiles (SVPs) near Red Hind Bank
spawning aggregation site that were used to estimate transmission loss of red
hind grouper sounds. (B) Signal to noise ratio (SNR) (dB) variation with
distance (meters) from a source at 2 m above bottom. The red line shows the
–3-dB detection threshold (DT) estimated for the PAM and the black line the
2-dB SNR. This 5-dB detection margin is representing variations in the false
alarm rate probability.

between them, which suggests that detection range can vary
throughout the day due to small changes in density due to
surface wind cooling, diurnal cycle, depth of thermocline or
tide induced upwelling and downwelling (Cherubin et al., 2011;
Jossart et al., 2017).

GROUPER CALLS DETECTIONS
ALGORITHMS

The PAM computer on the tow-body operates in real-time the
fish acoustic detection algorithm research (FADAR) program.
It is an automated identification tool for fish sounds based on
acoustic feature extraction used by a machine-learning algorithm
for classification (Ibrahim et al., 2018b). FADAR was designed to
detect four grouper species (Table 1). Grouper sounds were first
labeled by humans and used for training and testing of various
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FIGURE 6 | Fish spawning aggregation (FSA) sites on the western shelf of Puerto-Rico, including Abrir La Sierra (ALS) and on the southern shelf of St. Thomas in the
U.S. Virgin Islands, namely the Red Hind Marine Conservation District (MCD) where the Red Hind Bank (RHB) is located and the Grammanik Bank (GB).

feature extraction and classification methods. Grouper sound
data collected from bottom moored hydrophones at known FSAs
were used for training. They provided the advantage of higher
SNR for fish sounds than on the SV3-WG, which improves
acoustic feature extraction and algorithm positive detection rate
for data collected in similar conditions. However, the algorithm
showed poor performance for the SV3-WG data, which have
lower SNR. Therefore, the algorithm was specifically trained with
low SNR fish calls from the WG, which improved its accuracy
in the field. In the feature extraction phase, a mel frequency
cepstral coefficients (MFCC) feature extraction method was
used. The MFCCs are short-term spectral based features, which
provide a powerful representation of sound structures. They
can also be improved to include the dynamic characteristics
of the sound as shown in Ibrahim et al. (2018b). The overall
percentage of identification reached 82.7% accuracy although
the accuracy varied per species. E. gutattus and M. venenosa
presented the highest accuracy, slightly higher than E. striatus
detection accuracy. M. bonaci accuracy rate was the lowest of all.
The algorithm was initially developed in MATLAB and was then
converted into a C executable, which is embedded on the PAM
computer of the tow-body package.

Although FADAR is an automated algorithm, it relies
heavily on a carefully designed preprocessing and feature
extraction method and it is likely to underperform in low
SNR environments. In a recent study, we showed that deep
learning-based detectors and classifiers such as autoencoders,
convolutional neural networks (CNNs), and recurrent neural
networks (RNNs), can be used as both feature extractors and
classifiers (Zhang et al., 2017). While CNNs are suited for
identifying spatial patterns from images, RNNs are capable of
extracting discriminative patterns from time signals. However,
the vanishing gradients feature prevents a standard RNN from
memorizing long-term dependency of an input time sequence.
Long short-term memory (LSTM) networks instead, cope with
this problem by using parameters that selectively memorize or
forget certain attributes of an input sequence (Hochreiter and
Huber, 1997; Gers et al., 2003; Graves, 2012; Sak et al., 2014).
In Ibrahim et al. (2018a), we revealed the effectiveness of using
CNNs and LSTM networks for classifying fish calls and we
evaluated the performance of such methods against the MFCC
approach. Ibrahim et al. (2018a) showed that a data-driven
feature extractor can substantially outperform a hand-crafted
one, like the one used in Ibrahim et al. (2018b). The LTSM
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networks achieved 93.5% accuracy, a significant improvement
over the former FADAR algorithm. This latest version of FADAR
will now be installed on the SV3-WG for future missions with
the addition of random ensemble of stacked encoders that enable
the distinction between call types within individual species as
shown by Ibrahim et al. (2019).

RED HIND SPAWNING AGGREGATION
DYNAMICS

Declining regional abundances of Nassau and red hind grouper
due to overfishing of their spawning aggregations prompted
permanent and seasonal fisheries closures in the US Virgin
Islands (USVI; Olsen and LaPlace, 1979; Beets and Friedlander,
1992, 1999; Nemeth, 2005). As these species produce sounds
associated with reproductive behaviors (Mann et al., 2010;
Schärer et al., 2012b), PAM was used to determine the species
present, the temporal patterns of reproductive activity, site
usage, and fish movements at grouper FSAs within the two
marine protected areas (MPAs) in the USVI: Red Hind Bank
Marine Conservation District (RHB) and the Grammanik Bank
(GB) (Figure 6). The spawning aggregation site within the
RHB is located 12 km south of St. Thomas, along the shelf
edge and is made of well-developed linear reef 35–45 m deep
of high topographic complexity (Nemeth et al., 2007). The
GB is a reef system that lays at the same depth range as
RHB and is also located on the southern shelf edge of St.
Thomas, about 3 km east of RHB and known for its multi-
species FSA for several commercially important groupers and
snapper species (Kadison et al., 2006; Nemeth et al., 2006).
Yellowfin and Nassau groupers aggregate to spawn in larger
numbers at GB, with peak spawning around the full moon
(FM) between February and May (Nemeth et al., 2006, 2020;
Rowell et al., 2015).

In the eastern Caribbean, red hind form annual spawning
aggregations around the FM from December through March
(Sadovy et al., 1994; Nemeth, 2005; Schärer et al., unpublished).
During the weeks ahead of the spawning season, red hind
migrate to spawning areas and remain aggregated up to 7 days
before the FM (Nemeth, 2012a). Since the year 2000, the

TABLE 2 | Maximum detection ranges in meters of grouper calls simulated by the
Personal Computer Shallow Water Acoustic Tool-set for a source level of 140 dB
for five sound velocity profiles (SVP) measured on the southern shelf of St.
Thomas, US Virgin Islands.

SVPs/noise levels NL 80 dB NL 85 dB NL 90 dB

SVP 1 (31.2 m) 90−480 m 90 m 90 m

SVP 2 (36.3 m) 100−1000 m 100 m 100 m

SVP 3 (80 m) 200 m 75−210 m 75−210 m

SVP 4 (66 m) 180 m 60−175 m 60 m

SVP 5 (36 m) 100 m 100 m 100 m

Detection thresholds were set at +2 dB and −3 dB respectively. The first number
indicates the maximum detection range associate with +2 dB and the second one
with −3 dB. When only one number is indicated, the detection range is the same
for both thresholds.

TABLE 3 | Same as Table 2 for 150 dB source level (SL).

SL 150 dB NL 80 dB NL 85 dB NL 90 dB

SVP 1 1000 m 480−1000 m 90−480 m

SVP 2 1000 m 1000 m 100−1000 m

SVP 3 210−1000 m 210 m 210 m

SVP 4 1000 m 340 m 180 m

SVP 5 1000 m 1000 m 100−1000 m

RHB FSA site has been monitored by drift-fishing, setting
fish traps, diving around the aggregation and recording GPS
coordinates (Nemeth, 2005; Nemeth et al., 2007). The area used
by red hind within the RHB during this time was calculated
to be 0.24 km2 in both 2000 and 2001 and 0.35 km2 in
2003 and the spawning population size was estimated to be
80,000 fish (Nemeth, 2005). Changes in population density
among years were assessed using visual SCUBA surveys and
catch per unit effort, i.e., per trap haul (Nemeth, 2005). Most
visual surveys were conducted around the FM period and
encompassed their spawning peaks, which could occur up to
4 days before the FM (Beets and Friedlander, 1999; Nemeth
et al., 2007). Visual surveys were used to measure both the
average and peak spawning densities and revealed that the
aggregation usually peaks in January and that spawning can
occur from 0 to 4 days before the FM (Shapiro et al., 1993;
Beets and Friedlander, 1999; Nemeth, 2005; Nemeth et al., 2007).
During this study, visual surveys at RHB continued annually
during January and February spawning periods (Nemeth
et al. unpublished).

Red hind males produce low frequency mixed tonal-pulse
sounds associated with courtship and territorial behaviors at
spawning aggregations (Mann and Locascio, 2008; Mann et al.,
2010; Zayas, 2019). Two main types of CAS are common during
the spawning aggregation and daily sound production levels
recorded at fixed stations within the FSA show trends similar
to the density increase leading to spawning and sharp decrease
associated to post-spawning departure described by Nemeth
et al. (2007). Maximum sound production was observed around
sunset (Mann et al., 2010) prior to when red hind spawn (Colin
et al., 1987). Using acoustic recording data and visual surveys,
Rowell et al. (2012) showed a significant correlation between
red hind CAS production and fish density at a spawning site in
Puerto Rico. This passive acoustic approach has been used at
multiple red hind and other grouper FSA sites and allows for the
continuous monitoring of the red hind spawning aggregations at
both RHB and GB.

However, to date a consistent relation between spawning and
sound production for the groupers listed in Table 1 has not
been established, although a correlation between reproductive
behaviors that precede spawning and grouper sounds during the
aggregation has (Mann et al., 2010; Schärer et al., 2012a,b, 2013,
2014; Bingham et al., 2012; Zayas, 2019). Nemeth et al. (2007)
estimated that peak spawning of red hind typically occurred
within 2 days of the FM at RHB, along with the highest density.
At another FSA on the western Puerto-Rican shelf (Figure 6)
Rowell et al. (2012) showed that peak density of red hind occurred
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8 days after the full moon (DAFM), sound levels and vocalizations
peaked 7 DAFM and dropped to almost zero immediately after
that, suggesting that peak spawning occurred and fish departed
soon after. Fixed digital spectrogram recorders (DSG – Ocean,
Loggerhead Instruments) were deployed at RHB and GB, at the
yellowfin grouper main aggregation area during the 2016–2017
spawning season. They were duty cycled and recorded 20-s files
every 5 min. Therefore, 4 min of ocean sounds were recorded
every hour. The number of calls over 4 min was then converted
to number of calls over an hour with the assumption that the call
rate would remain the same over an hour. The daily CAS rate was
calculated as the sum of the number of hourly calls over 24 h and
is shown in Figure 7.

The red hind daily CAS production at RHB exhibited two
peaks of similar magnitude but different duration. The first was
an extended peak observed from December 30th to January
20th, which spans from 14 days before the January FM to 8
DAFM. This peak was followed by a period of lesser CAS
production attesting to the presence of fish that remained at
the aggregation site, and supports visual surveys at this site
by Nemeth et al. (2007). The second peak, in February lasted
for about 1 day on the night of February 14th, 3 DAFM. Red
hind CASs were recorded at both sites and followed similar
daily patterns on 08–14 February, 2017 as shown in Section
“Wave Glider Survey During the Red Hind Peak Calling Week,”
suggesting that another red hind FSA exists at GB yellowfin
grouper main aggregation area. The CAS rate however at GB site
was lower than at RHB.

WAVE GLIDER SURVEY DURING THE
RED HIND PEAK CALLING WEEK

As part of a study on the effect of management on red hind
stock enhancement in the U.S. Caribbean Islands, and based
on the knowledge of the timing of red hind FSA at RHB,

FIGURE 7 | Daily calls at Red Hind Bank fish spawning aggregation from
November 2016 to March 2017. The blue disks indicate the day of full moon.

four wave glider surveys were initially scheduled over two
spawning seasons. Two in January and February 2016 and
2017 respectively. Our first goal was to show the usefulness
of the wave glider platform at mapping reproductive activity
by detecting CAS rate patterns beyond the known FSAs. Our
second goal was to identify other potential FSA sites. And our
third goal was to demonstrate that our system could provide
repeated CAS rate distribution patterns that could be used
to assess the interannual variability of reproductive activity
based on environmental conditions, such as current and water
temperature. In 2016, because of delay in the readiness of the
PAM system, only one survey occurred in March–April 2016.
Noise associated with the tow-body cable and persistent high
sea states (four to five on the Beaufort scale) contributed to
poor acoustic data quality with few fishes (mostly yellow fin
groupers) heard. The next survey scheduled during the week
of the FM in January 2017 was canceled because of equipment
failure and the second survey ultimately occurred during the
week of the FM in February 2017. The survey took place
between 07 and 15 February, 2017 along the southern shelf of
the Island of St. Thomas, in the U.S. Virgin Islands as shown
in Figure 8. Although environmental data were collected, the
ADCP was not functional and no current data were collected,
except for surface currents. The analysis of environmental data
did not reveal any significant correlation between the call rate
patterns and temperature, or salinity, or Chl-a, or turbidity.
Temperature and salinity were relatively uniform during the
survey, confirming a well-mixed environment observed during
winter months (Corredor and Morell, 2001).

Mapping Reproductive Activity Based on
CAS
The analysis of the PAM system detections confirmed the efficacy
of our system at detecting CAS not only at knowns FSAs such
as RHB and GB but also at many other locations beyond those
two sites. As shown in Figure 8C, CAS were recorded all along
the shelf edge. This information provides an indication of the
spatial extent of the fish distribution as revealed by the wave
glider survey. It confirms that red hinds are located in more areas
than the points monitoring has been focused on. In addition, the
real-time detection enables researchers or managers to potentially
verify the fish presence and assess the potential of an FSA by
sending a team of divers when possible. It could also inform
of the presence of vessels in the vicinity of the CAS locations,
which could help authorities and managers deal with illegal
fishing activities.

An Opportunity for Repeated Surveys at
Multiple Locations
Although the results presented here are limited to one survey of
the southern shelf edge between Vieques and the British Virgin
Islands border over 7 days, red hind CAS rates were measured
at least twice at the same locations at a different time as shown
for example on Figure 9 when the wave glider surveyed the
shelf edge west of RHB. The glider surveyed the same area
over two consecutive days and at different times allowing the
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FIGURE 8 | (A) Global (top) and daily maps of the glider path along the southern U.S. Virgin Islands shelf edge from 7 to 15 February, 2017. Background colors
indicate depths. Colors along the track indicate time shown in (B). The wave glider track east of Tampo ends at the British Virgin Islands Border. The boundaries of
the MCD are indicated by the black quadrilateral. (C) Red hind CAS indicated by black crosses as detected by the wave glider. The boundaries of the MCD are
indicated by the red quadrilateral. Red squares also indicate known multi species fish spawning aggregations as labeled in (A).

identification of CAS rate changes over the same locations.
Figure 9 also shows that over two consecutive days, CAS were
not always heard at the same locations. Changes in CAS rates at
the same location or changes in CAS locations taken alone are
impossible to interpret unless the call type could be identified
as it can be related to territorial or courtship behaviors during
encounters between fish as shown by Zayas (2019). However,

the presence of CAS alone would inform of the location of
potential spawning habitat, which is a useful information in
itself. Ultimately, repeating this survey over multiple years and
comparing the locations of CAS detected as well as the CAS rates
at the same time along with environmental data would provide
valuable information on changes in reproductive behavior and
spawning habitat. Such information would not be possible to
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FIGURE 9 | Example of variations in red hind CAS location distribution over two consecutive surveys of the same area. Left column show detection location (top),
local time of detection (middle), and hourly call rate (bottom) for 08 February, 2017 and right column shows the same variables for 09 February, 2017. The
detection locations are colored by time shown in the middle graph.

acquire without the use of an autonomous platform and would
be cost efficient in comparison to manned vessel or diver surveys.

Identifying Potential Spawning
Aggregations Sites
As mentioned in Section “Red Hind Spawning Aggregation
Dynamics,” DSGs were deployed at both RHB red hind FSA
and GB Yellowfin FSA, and recorded red hind CAS during
the week of the wave glider survey. In order to interpret the
wave glider CAS rate patterns, we propose to use the CAS rate
patterns observed at both RHB and GB FSAs as reference patterns
associated with red hind reproductive behavior. We assume in
this approach, that CAS reproductive behavior that will lead

to spawning follows the temporal patterns on an hourly basis
observed at both RHB and GB FSAs during the peak calling
week. Therefore, we assume that any locations surveyed by the
wave glider that exhibited an equal or higher CAS rate than
at RHB or GB FSAs could be indicative of a potential FSA
habitat. In order to conduct the analysis, we interpolated the
glider recording cycle to an hourly cycle and we accounted for
the motion of the glider. Because the glider command system
provides real-time speed over ground data, we estimated the
averaged ground speed of the glider to be 0.5 ms−1. At such
speed the glider was traveling over 100 m in about 6.48 min.
As shown in Section “PAM Detection Threshold and Grouper
Sound Detectability,” the average distance over which grouper
sound SL is less than the DT is about 100 m, meaning that
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FIGURE 10 | Hourly CAS rate for each day of the wave glider survey, from 8 to 14 February, 2017 (full moon was on 11 February). Each daily graph shows the hourly
CAS rate at RHB (dark blue), GB (light blue) and at the wave glider (green).

in a 100-m segment centered around the glider, the PAM
could record CAS from both preceding and succeeding adjacent
segments. Therefore, the CAS rate in each individual 100 m was
calculated as an average over three consecutive segments and
the daily rate for each segment was extrapolated from the PAM
recording cycle.

The results from this analysis are shown in Figure 10 where
the resampled hourly CAS rate are shown simultaneously for
RHB, GB and the WG. The daily CAS rate pattern at RHB and GB
exhibits on most days a bi-modal structure with equally high CAS
rates between the period 03:00–06:00 and the period 15:00–19:00
from 07 to 10 February, 2017. On 11 February, 2017, the morning
CAS rate was even higher than the afternoon one. That tendency
shifted to an evening CAS rate higher than in the morning as
peak calling was approached on the night of 14 February, 2017.
In addition, the mean hourly CAS rate doubles at both sites with

the days approaching 14 February as shown in Table 4. The daily
variation cycles were the most in phase on 11 and 12 February and
the least on 10 February. The standard deviation ratio in Table 4
shows that the difference in CAS rate between RHB and GB
increased most significantly from 8 to 9 February but remained
relatively constant after that.

The CAS rates collected by the wave glider are not in
phase with RHB or GB, however on some days and at certain
times the wave glider CAS were higher, equal, or slightly
less than at RHB and GB. For example, on 9 February,
2017, at 12:00, local time, the CAS rate was higher at the
wave glider location than at GB and higher than at RHB
on 11 February, 2017 at 23:00. Based on these criteria, we
identified several locations that could be spawning habitat
for red hind as shown in Figure 11. The majority of these
location are within the MCD area; however, it appears that
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TABLE 4 | Pattern statistics of the courtship associated sounds at RHB and GB.

Days Mean RHB Mean GB R σ∗

Day 8 234 123 0.66 1.6

Day 9 236 136 0.62 2.0

Day 10 319 139 0.15 2.0

Day 11 303 145 0.80 2.1

Day 12 398 214 0.88 2.0

Day 13 425 246 0.59 2.1

Day 14 478 242 0.56 2.0

The statistical parameters include the arithmetic mean of the daily CAS rate, the
linear correlation coefficient R between daily CAS rates at RHB and GB and the
normalized standard deviation σ ∗, which is the ratio between the CAS rate standard
deviation at RHB and at GB respectively. R is indicative of the agreement between
CAS rate patterns and σ ∗ of the agreement in amplitude.

FIGURE 11 | Potential spawning habitat locations derived from the wave
glider data as indicated by the green vertical bars. The length of each bar is
relatively proportional to the CAS rate at each location.

some specific spawning habitat could be located just west of
the MCD, near RHB main spawning site, between RHB and
GB, near GB Yellowfin grouper FSA site, west of Tampo and
near the BVI border.

Follow-up surveys were conducted on January 18, 2019 (3 days
before full moon) by a team of technical divers using closed
circuit rebreathers and underwater scooters at three potential red
hind spawning aggregation sites identified by the wave glider.
Two of these sites had 20 to 40 red hind on well-developed
mesophotic coral reef at 40 to 50 m depth where males exhibited
signs of territorial defense and coloration patterns similar to
those that occur on spawning grounds (Nemeth, 2012b). These
two nearby site were located on the northern boundary of the
Grammanik Bank seasonal closed area and about 150–300 m
northeast and 600–1100 m northwest of the GB yellowfin grouper
main aggregation area (Nemeth et al., 2006, in press), which is
the site identified on Figure 11 by the wave glider near GB and
revealed by our analysis.

DISCUSSION

Findings from the wave glider survey provide for the first time
an extensive spatial and temporal view of the distribution of
grouper spawning habitat along the extent of the southern shelf
of the U.S. Virgin Islands during the main calling week in
February 2017. These findings suggest that the reproductively
active red hind groupers are widely distributed warranting
directed diver observations at specific sites and a fine-scale
analysis of the CAS types produced by grouper. Indeed, evidence
is emerging that within a species, CAS types can be associated
with particular behaviors (Bingham et al., 2012; Zayas, 2019).
Therefore, such analysis would provide a better understanding of
the reproductive strategies of grouper, migrations for spawning
and the reproductive behavior dynamics prior to and after
spawning. However, our observations are limited to 1 week but
could be easily repeated over multiple spawning seasons with
the wave glider platform. Yearly surveys could provide insightful
information on the spatiotemporal dynamics of groupers
reproductive behaviors in correlations with oceanographic
interannual variability but also long-term changes and fishing
pressure. In addition, with the recent development in fish
call types detections and classification, future surveys could
provide a refined call type spatial and temporal distribution,
hence a habitat related call type. Such information would be
conducive to understanding the role of specific habitat in
reproductive behaviors.

Nonetheless, despite the lack of repeated surveys over multiple
spawning events, a few realizations can be made. Grouper calling
rates appeared to follow the same patterns across a wider extent
of habitat compared with the known FSA sites monitored with
fixed hydrophones. The corollary is that CAS rates collectively
increased as the date of full moon got closer and up to 3 days
after. The wave glider survey also revealed the existence of
multiple potential spawning aggregation sites for red hind and
their relative distribution throughout habitats on the southern
shelf. It confirmed that the red hind tends to occupy habitats on
the shelf rather than the shelf break (Colin et al., 1987; Beets and
Friedlander, 1992; Nemeth, 2005), unlike larger grouper species
(Kobara and Heyman, 2010; Nemeth et al., 2020). It also revealed
the existence of habitats that support a relatively wide distribution
of potential red hind aggregations west of RHB, within the MCD,
near the GB yellowfin grouper spawning aggregation site, and
also further east near the BVI border.

Because a red hind FSA at RHB had been visually confirmed
(Nemeth, 2005; Nemeth et al., 2007), and because CAS rate
patterns at GB showed similar daily patterns and similar increase
in CAS rates, we used changes in the CAS rates throughout the
spawning week at RHB and GB recorded with fixed hydrophone
as controls to assess the changes in CAS rates collected during
the WG survey. To calculate the hourly call rate from the wave
glider data, we assumed that CAS could be beard no further than
100-m. As shown by the TL analysis, the detections range can
be up to 1000-m due to changes in environmental conditions,
meaning that fish sounds heard at any location could be located
much further than 100 m away. But this is the case for both the
wave glider hydrophones and the fixed hydrophones. Therefore,
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the daily call rate estimate, whether in a 100-m segment or
at fixed hydrophones are both equally biased by calls outside
the surrounding 100-m radius area, and therefore consistent
with each other.

In addition to the U.S. Caribbean wave glider surveys, we
have conducted surveys in the Florida Keys National Marine
Sanctuary and on the East Florida shelf at two occasions. Each
mission’s problems helped us streamlined the PAM system on
the wave glider, by reducing instrument and system noise, by
improving PAM payload efficiency and management and by
improving some other aspects of our custom payload such as the
echosounder screen movie streaming and recording, and lastly
the ADCP data acquisition. We now consider that we have a
robust system than can collect fish sound in a wide range of
oceanographic conditions. However, our ocean sound detection
probability can be affected by ocean state, when wave crashing
noise becomes too loud. Such noise is shown on Figure 3B. In
other instances, the fish sounds that we seek to detect, which are
in the lowest frequencies, could be masked by ship noise in the
same frequency band.

CONCLUSION

We presented in this study a new PAM autonomous surface
platform for the study of FSAs of soniferous species. This
platform can carry a payload that includes environmental
sensors, a current profiler, and a PAM system that can record and
classify (in real-time) at least four species-specific grouper CAS
based on the automated detection algorithm by Ibrahim et al.
(2018b). Although, we focused this study on red-hind grouper,
other species’ CAS from Nassau and yellowfin grouper were also
identified. Environmental data and ocean sounds were collected
from the sensors on the tow-body located 8 to 15 m below the
surface and about 10 m behind the wave glider in depths ranging
from 30 to 80 m and in various sea states.

In this study we demonstrated the usefulness of such platform
for monitoring grouper reproductive behaviors and identifying
their reproductive habitat. It enables scientists and resource
managers to conduct low cost repeated surveys at any frequency
in order to capture the variability of the reproductive dynamics
that they intend to study. It also provides an oceanographic
context to the CAS temporal patterns and spatial distribution,
which can be used to assess long term anthropogenic effects
including climate change and warming ocean temperatures.
This platform can also be used for an initial assessment of the
presence of FSAs, anywhere and constitute in itself an efficient

tool for analyzing acoustic data. One of the products of the
PAM system is an analyzed acoustic dataset, which would take
months to process by a human. In addition, boat traffic, currently
classified as noise could be added as a product of the detection
algorithm. More sophisticated algorithms will support a larger
number of soniferous species including both fish, crustaceans
and marine mammals that can be accurately identified, which
would increase the range of passive acoustic fisheries application
and ecosystem studies of the wave glider platform. However,
in regards to FSA, parallel monitoring from fixed hydrophones
and diver observations is paramount to the interpretation of any
moving platform data.
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