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Abstract 

Fish spawning aggregations (FSAs) are elevated concentrations of conspecific fish, often predictable in time and space, that gather 
for the main purpose of reproduction. For some grouper species, distinct courtship sounds are associated with specific reproductive 
behaviors, and this association has yet to be elucidated. If known, long-term trends in courtship sounds can thus be used as indicators 
of change in spawning aggregations. Red hind ( Epinephelus guttatus ) form spawning aggregations annually at recurring locations 
and times. Red hind have the ability to produce four distinct types of sounds (labeled RH1–4) that are most commonly heard during 

FSAs. Of these courtship-associated sounds (CAS), mostly two, produced by males, are used during courtship displays toward gravid 

females (RH1) and territorial/harem defense with other males (RH2), respectively. To elucidate the role of these two CAS in the red hind 

reproducti ve behavior s we analyzed the evolution of the partitioning between RH1 and RH2 call types in acoustic recordings spanning 

12 years of spawning seasons, between 2011 and 2022 at a Caribbean FSA, off western Puerto-Rico. The relative temporal variations of 
call types were linked to the dynamics of the spawning population and suggests that daily to hourly variations in call numbers are linked 

to changes in sex ratios associated with egress and ingress from and to the spawning site, respectively. Specifically, RH2 was the most 
common call type during FSA. However, RH1 call type numbers peaked at the time of presumed spawning, while RH2 call type numbers 
decreased, confirming RH1 association with courtship display toward a female or a harem. At the interannual scale, the evolution of the 
relative variation of the two call types suggests either a significant change in the sex ratio tending toward a male dominated population 

or a spatial shift of the spawning site away from the location of the acoustic recorder. Understanding the relative role of call types 
and monitoring the relative variations of call type numbers in the reproductive dynamics of socially structured populations enables 
the understanding of potential changes in a spawning aggregation over time that could result from fishing pressure or environmental 
changes. 
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Introduction 

Passive acoustics is a rapidly emerging field of fisheries man- 
agement that has been gaining attention from fisheries sci- 
entists and managers over the last decade. While the most 
common application of passive acoustics has been to use 
sound as an aid in locating fish to study their habitat and 

behavior (Rountree et al. 2006 ), more recently a new field 

of passive acoustic is rapidly emerging in fisheries manage- 
ment (Luczkovich et al. 2008a, Gannon 2008, Aalbers and 

Sepulveda 2012 , Parmentier et al. 2018 , Di Iorio et al. 2020 ,
Stratoudakis et al. 2024 ). Indeed, passive acoustics provides 
the capability of continuous long-term monitoring as well 
as remote monitoring. Such long-term monitoring can pro- 
vide important information on daily, seasonal, and interan- 
nual activity patterns of fishes and other marine organisms.
This is particularly true for fish that produce sound dur- 
ing reproductive activity. Those courtship-associated sounds 
(CASs) are, for most species, only produced during re- 
productive periods and therefore, can be used to monitor 
the reproductive activity of fishes. For some species that 
© The Author(s) 2025. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License
reuse, distribution, and reproduction in any medium, provided the original work
ggregate to spawn including Epinephelids and Sciaenids, the 
redictability of their spawning aggregation makes them vul- 
erable to overfishing (Sadovy de Mitcheson 2016 , Heyman 

t al. 2019). As an example, long-term passive acoustic mon-
toring (PAM) of the meagre ( Argyrosomus regius ) spawning
ggregation in Portugal and concurrent daily commercial fish- 
ry data such as catch per unit effort data were combined to
stablish management measures of the fishery where sound is
sed as catch indicator (Stratoudakis et al. 2024 ). In the study
erein, we analyzed more than a decade of CAS recordings
t a red hind ( Epinephelus guttatus ) spawning aggregation on
he shelf break of a Caribbean Island. While most PAM stud-
es monitoring indicators are based on sound pressure levels
SPLs) of sound production or choruses in the frequency range
ertaining to the species of interest, we instead analyzed the
ong-term evolution of CAS call types and used them as indi-
ators of changes in the spawning population. 

The red hind is a midsized, long lived, slow growing grouper
hat inhabits shallow coral reefs 3–180 m deep from North
arolina, USA to the central coast of Venezuela. It is a com-
tional Council for the Exploration of the Sea. This is an Open Access
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
is properly cited.
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ercially important fishery in the West Indies including Puerto
ico (Matos-Caraballo and Sadovy 1990, Matos-Caraballo
997), the US Virgin Islands (USVI) (Beets and Friedlander
998), the British Virgin Islands (Eristhee et al. 2006 ), the
ortheastern Antilles (Munro and Blok 2005 , Nemeth et al.
008 , Kadison et al. 2009 ), Jamaica (Munro et al. 1973), and
ermuda (Luckhurst and Trott 2008). Red hind is a protogy-
ous hermaphrodite in which individuals function first as fe-
ales and then as males (Shapiro, 1987). 
This species forms spawning aggregations annually at re-

urring locations and times (Shapiro et al. 1993 , Sadovy et
l. 1994 b, Beets and Friedlander 1997, 1999, Whiteman et al.
005, Nemeth 2005 ) with high site fidelity and predictabil-
ty of the fish spawning aggregations (FSAs), which makes
hem especially vulnerable to exploitation (Domeier and Colin
997 ). Red hind spawning aggregations consist of hundreds to
ens of thousands of fish, which migrate up to 33 km or more
rom their home reef to reproduce (Nemeth 2005 ). At the on-
et of the aggregation, males arrive to an extended area to es-
ablish and defend territories from other males (Whiteman et
l. 2005, Nemeth et al. 2007 ). They exhibit distinct body col-
rations and also display courtship behaviors toward females
Colin et al. 1987 , Shapiro et al. 1993 ). This mating strategy is
escribed as a lek-like behavior (Zayas-Santiago et al. 2020 )
nd has been observed in other species such as the red grouper
 Epinephelus morio ; Nelson et al. 2011) and in Atlantic cod
 Gadus morhua , Hutchings et al. 1999). 

The spatial structure of red hind grouper aggregations con-
ists of small harems with one male defending three to five
emales and spawning occurs in pairs or small groups of indi-
iduals 1–2 m above the seafloor (Shapiro et al. 1993 ). Four
o five days before spawning females arrive and dominate sex
atios at the FSA site and in surrounding areas (Nemeth et al.
007 ). Colin et al. (1987) suggest that males join clusters of
emales as they arrive to the sites, hence described as haremic.
wo to three days before the full moon (DBFM) the sex ratio
ends toward unity or becomes dominated by males (Colin et
l. 1987 , Nemeth et al. 2007 ) then becomes dominated by fe-
ales the day of apparent spawning up to 2 days after the

ull moon (DAFM). Fish may disperse soon after spawning or
ome individuals remain on site until the following lunar cy-
le to spawn again (Sadovy et al. 1994 b, Nemeth et al. 2007 ,
008 ). At the red hind FSA of St. Croix, USVI, Nemeth et
l. (2007) noticed that the largest males and females of the
pawning population remained on site between subsequent
pawning peaks. 

Between one and three spawning events occur per season
nd are tied to the lunar and solar cycles (Nemeth et al. 2007 ).
pawning in the Caribbean is tied to the full moon and is asso-
iated with seawater temperature between 25◦C and 27.5◦C
nd concurs with periods of decreased current speeds at FSAs
etween December and February each year (Sadovy et al.
994 b, Nemeth et al. 2007 , 2008 ). The timing of aggregation
ormation relative to the full moon varies between sites and
ithin a site it varies following the winter solstice (Nemeth et
l. 2007 , Rowell et al. 2012 , Appeldoorn et al. 2016 ). At the
ed Hind Bank, St. Thomas (USVI), within a season, some lu-
ar cycles have aggregations with higher densities than others,
nd this has been shown to vary across years with predictable
emporal patterns relative to the number of days between the
inter solstice and the January full moon (Nemeth et al. 2007 )
lthough in Puerto Rico there have been observations of di-
ergence from this model (Appeldoorn-Sanders et al. 2023 ).
hen the January full moon occurs between 10 and 20 days
fter the winter solstice, January and February will be the pri-
ary months for aggregation. When the full moon occurs be-

ween 20 and 30 days, the aggregation forms primarily in Jan-
ary. If the full moon occurs between 30 and 40 days after the
inter solstice, December and January will be the primary ag-
regation months. 

Red hind are also soniferous and during their spawning ag-
regation, they produce sounds associated with reproductive
ehaviors, such as courtship, territorial, and harem defense
Mann et al. 2010 ). The production of sounds during repro-
uction has been observed for soniferous fishes in many fami-
ies including Epinephelidae (Nelson et al. 2011, Schärer et al.
012a, 2012b, 2014), Pomacentridae (Myrberg et al. 1986,
obel and Mann 1995), Sciaenidae (Mok and Gilmore 1983,
amcharitar et al. 2006), Gaddidae (Engen and Folstad 1999,
awkins and Amorim 2000), and Batrachoididae (McKibben

nd Bass 1998, Fine et al. 2001). Some species exhibit dif-
erent sounds with specific reproductive behaviors (Winn et
l. 1964, Mok and Gilmore 1983, Connaughton and Taylor
995, Mann and Lobel 1995, McKibben and Bass 1998, John-
ton and Johnson 2000, Locascio and Mann 2008, Malavasi
t al. 2009, Mann et al. 2010 , Nelson et al. 2011) including
ed hind (Zayas-Santiago et al. 2020 ). 

Red hind produce sounds associated with reproductive be-
aviors that are only observed when they aggregate to spawn
nd are mainly produced by males during courtship displays
oward gravid females and territorial/harem defense with
ther males (Mann et al. 2010 ). Females are also capable of
ound production as shown by Zayas-Santiago et al. (2020)
n captivity. Males produce at least three distinct stereotypical
ound types that are common during FSAs and were also de-
ected in captivity during the week prior to spawning (Wilson
t al. 2020 , Zayas-Santiago et al. 2020 , Appeldoorn-Sanders
t al. 2023 ). The first call type, RH1 is a combination of one
r two pulses followed by a pulse train with increasing inter-
ulse period ( Fig. 1 a) with frequency range 20–360 Hz. The
econd call type, RH2 is generally composed of a pulse train
ollowed by an extended tone in the same frequency range as
H1 ( Fig. 1 b). The tonal part duration can vary and the RH2
all is nonetheless substantially longer than RH1 with a du-
ation of > 3 s in average versus 2 s for RH1 (Wilson et al.
020 ). The third type of call is named grunt/grunt train, RH3,
nd can be seen as a single grunt or grunt train mostly con-
isting of two or three successive grunts ( Fig. 1 c). It is this call
hat was shown to be produced by a female (Zayas-Santiago et
l. 2020 ). The fourth type of call is the pulse/pulse train. This
all can be produced as multiple consecutive pulses that can
e found alone or as part of other type of calls, usually before
r after another call such as RH1 or RH2. Fig. 1 d shows con-
ecutive short pulses (RH4), resulting in a pulse train without
ny other type of calls. The frequency range of RH3 and RH4
s greater than the previous two calls, between 20 and 500 Hz.
heir durations also vary depending on the number of pulses
r grunts that are produced but generally do not exceed 3 s. 
The behavioral context associated with each of the four

all types was described in depth by Zayas-Santiago et al.
2020) . Observations in captivity revealed distinct scenarios
ssociated with each call type. The most common call types,
H1 and RH2, were associated with reproductive displays
f different interactions, where RH1 was heard when a male
wam over to court a female, whereas RH2 was associated
ith harem defense or when a rival male was present. Male–
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Figure 1. Red hind call types. (a) RH1, which consists of a pulse followed by a pulse train of increasing interpulse interval, (b) RH2, a pulse train followed 
by a tone, (c) RH3, a grunt train, and (d) RH4, a pulse train. 
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male interactions were observed when RH3 and RH4 were 
detected, while the latter was presumed to be produced by a fe- 
male. Passive acoustics monitoring (PAM) of red hind sounds 
has thus been used to locate FSAs (Appeldoorn et al. 2014 ,
Chérubin et al. 2020 , Woodward et al. 2023 ) and to identify 
the temporal dynamics of these aggregations. 

Long-term monitoring by Mann et al. (2010) and Row- 
ell et al. (2012) in Puerto-Rico revealed the peaks in SPLs in 

the 100–200 Hz band between January and March. It was 
shown to be from red hind aggregating near the hydrophones 
at the FSA site, associated with the lunar cycle and exhibited a 
diel pattern. Sound production by red hind increased toward 

the day(s) of presumed spawning, which varied from 0 to 13 

DAFM at Abrir la Sierra (ALS) off western Puerto Rico. In 

contrast, peaks in red hind density were shown to occur 0- 
to 4-DBFM at the red hind FSA south of St Thomas, USVI 
(Nemeth 2005 , Nemeth et al. 2007 ). Peaks in CAS were fol- 
lowed by a decline in acoustic activity, suggesting a reduction 

in reproductive-related behaviors (Mann et al. 2010 , Rowell 
et al. 2012 , Appeldoorn et al. 2016 ). 

Red hind also exhibit a chorusing acoustic behavior dur- 
ing their spawning aggregation that has been shown to only 
ccur once per day at dusk and over a maximum period of 3 h
Appeldoorn-Sanders et al. 2023 ). As daily CAS rates increase
pproaching the presumed spawning nights, calls become con- 
inuous and overlapping in a crescendo , forming the “chorus”
Zayas-Santiago et al. 2020 ), which has been deemed as an
ndicator of imminent spawning (Appeldoorn-Sanders et al.
023 ). These chorusing periods were identified by the max-
mum SPL values during those times, with intensity at least
0 dB higher and a dominant frequency 100 Hz lower than the
mbient soundscape at dusk when chorusing was absent. Days
hen chorusing was present occurred mostly in clusters of 

hree or more successive days, while the duration of chorusing
eaked at some point during that period. Appeldoorn-Sanders 
t al. (2023) suggest that sunset times influence the red hind
alling behavior on a seasonal scale, and it has been suggested
s a possible cue for synchronized spawning (Nemeth 2009 ).
he only observation of red hind spawning to date were 30
nd 5 min prior to sunset in La Parguera, southwest Puerto
ico (Colin et al. 1987 ) where one female and one male rose
.5 m from the seafloor to release gametes and were joined
y a second female. The reproductive and acoustic behav- 
ors of Gulf grouper Mycteroperca jordani show similarities 
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Figure 2. Map of western Puerto Rico and three seasonal MPAs with the study site at ALS. 
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ith the red hind. Adult M. jordani also display a lek mat-
ng system in which large males formed territories over sand
djacent to a rocky reef where females moved into male ter-
itories during evening hours to spawn (Rowell et al., 2018).
ounds associated with spawning rushes, prior to gamete re-
ease were documented and sound production increased to-
ard peak spawning hours. Sound production associated with

pawning is not unique to Epinephelids. It is been observed in
ed drum Sciaenops oceallatus spawning aggregations where
alls consisting of at least eight pulses per calls are associ-
ted with spawning (Lowerre-Barbieri et al. 2008 ). Rowe et
l. (2006) described a sound as a “hum,” which was produced
hen a male and female cod Gadus morhua swam together

n a formation that led to spawning. Spawning at red hind ag-
regations sites where PAM is ongoing has yet to be observed,
nd the fish behaviors during chorusing are unknown. 

Daily variations and diel patterns of relative call type pro-
uction across multiple spawning periods are yet to be de-
cribed and may further illuminate the significance of the call
ypes throughout the dynamics of the FSA. This study ana-
yzed 12 continuous years of sound recordings at the ALS FSA
o describe the relative temporal variation of RH1 and RH2
all types. We suggest that the shift in the proportion between
he two dominant call types (RH1 and RH2) over the spawn-
ng period may provide further information on their perceived
urposes relating to agonistic interactions between males or
esponse to harem formation by females, respectively. Inter-
nnual variations of the ratio between call types may also be
ndicative of overall changes in the red hind spawning popula-
ion at ALS monitoring site, such as a change in the sex ratios
r in the location of the nucleus of the spawning site. 

ethods 

ata collection and processing 

he sound recordings used in this study were collected at ALS
here red hind are known to aggregate to spawn ( Fig. 2 ).
his FSA is located within one of three seasonally closed ma-
ine protected areas (MPA) off western Puerto Rico (Schärer-
mpierre et al. 2014). These three MPAs were established in
996 to protect red hind spawning stocks, and ALS is closed
o all fishing from 1 December to 28 February each year. 

The PAM conducted at the study site since 2007 consists of
he deployment of at least one acoustic recorder at a location
hich has been identified as the midpoint of the area where
ensities of red hind are higher than background (Rowell et
l. 2010 ). The midpoint of the FSA was previously identified
hrough repeated drift surveys during late afternoon and early
vening hours where a hydrophone was lowered from a sur-
ace vessel in the water column. The repeated surveys over the
LS FSA were used to map the calls distribution of red hind
uring presumed spawning hours and the location of the high-
st density of calls was selected as the location of the acous-
ic recorder. The recorder’s location was about 500 m from
he shelf edge at 24 m depth, which is at the midpoint of an
rea ∼500 m long where red hind density is up to 40 times
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higher than background during the aggregations, and it is the 
only species known to aggregate at this location (Rowell et al.
2012 ). 

The recordings used in this study encompass the period 

2011–2022 and were obtained with Loggerhead Instruments 
Digital Spectrogram recorders (DSG), that were deployed for 
6 months from December to May each year to encompass the 
red hind spawning season and its temporal variability. The 
sampling rate varied between 44.1 and 80 kHz, and a duty 
cycle of 20 s every 5 min was set for each recorder, which 

yielded more than half a million acoustic files. Because of the 
high volume of acoustic data generated in our study, we used 

the fish acoustic detection algorithm research (FADAR) soft- 
ware (Ibrahim et al. 2018 a, 2019 , 2024) to conduct automatic 
red hind classification of CAS types. 

FADAR (Ibrahim et al., 2024) is a Matlab executable pro- 
gram that uses an ensemble of convolutional neural networks 
(CNN) to detect and classify the CAS of four grouper species,
including differentiating between within-species CAS types 
with species specific deep learning algorithm. Unlike con- 
ventional machine learning classification algorithms, FADAR 

does not rely on sophisticated preprocessing and hand-crafted 

feature extraction procedures. In fact, deep learning models 
act as both feature extractors and classifiers (Zhang et al.,
2017). CNNs are especially effective in identifying spatial pat- 
terns from images. Therefore, spectrogram images of the au- 
dio files from the DSGs ( Fig. 1 ) are used as input to FADAR,
rather than the sound signal itself after denoising of the sig- 
nal by a discrete wavelet transform (Ibrahim et al. 2018 a).
FADAR accuracy has been assessed in previous work (Ibrahim 

et al. 2018 a, 2019 , 2024) as part of the evaluation of the 
species-specific algorithms that are used in FADAR. This algo- 
rithm can identify seven CAS types of different Atlantic Ocean 

grouper species in their natural environment with a classifi- 
cation accuracy above 90%. Van Horn et al . (2024) applied 

FADAR to the analysis of Nassau grouper movements dur- 
ing spawning aggregation using an array of six hydrophones.
Half were Loggerhead DSGs and half were Ocean Instru- 
ments SoundTrap recorders, with different sensitivities, sam- 
pling rates and gain settings. FADAR accuracy was evaluated 

on this set of recorders by comparing the results of FADAR 

and a manual classification on randomly chosen audio sam- 
ples. Their results showed that FADAR reached an accuracy 
of 85.6% with new data collected in the Cayman Islands for 
Nassau grouper call types. 

In this study, a similar approach was followed in which 

FADAR’s accuracy was measured as the rate of misclassifica- 
tion, i.e. the number of false positives (FP) and false negatives 
(FN), by conducting manual detections of red hind grouper 
call types in spectrograms created in Audacity (version 3.4.2) 
on 100 randomly chosen files for each spawning season that 
have at least one red hind grouper call of any type. The mis- 
classification rate, calculated as (FP + FN)/ T , where T is the 
total number of detections (true positive), was used as a mea- 
sure of FADAR’s detection error for each season. The error is 
shown as a shaded area in the CAS types time series. 

Call counts and assumptions 

In order to create hourly time series of standardized call rates 
across spawning season and years, the number of detects of 
each call type (RH1 and RH2) were summed for the total 4 

min of recordings within each hour. That number was then 
ultiplied by 15 under the assumption that a measured call
ate within any given hour would be consistent throughout 
hat hour (Rowell et al. 2012 , Chérubin et al. 2020 , Wood-
ard et al. 2023 ). Daily CASs are the sum of the hourly de-

ects over a 24-h period, which provided the time series of
aily CAS types for each year. 
An important assumption is regarding the presumed listen- 

ng area. Chérubin et al. (2020) estimated that the detection
ange of red hind CAS was at best 100 m given the background
oise at Red Hind Bank in the USVI. Therefore, we also as-
ume that the red hind CAS detection range is 100 m from
he hydrophone in all directions. This distance constitutes a
ubportion of the greater FSA area at ALS. And although the
coustic recorder is deployed in the same position year af-
er year, the fish move when they arrive each year, therefore
hey could disperse and set up territories differently around 

he recorder. 

ata analysis 

nterpolated CAS were grouped by factors according to 

AFM, season year (i.e. spawning season year 2014 spanned 

rom December 2013 to May 2014), and lunar cycle (i.e.
hether the measurement fell within the first or second 

pawning event of its respective season). Euclidean distances 
ere then calculated for both RH1 and RH2 detections, and a
ermutational analysis of variance (PERMANOVA) was con- 
ucted in Matlab (R2023a) via the Fathom Toolbox (Jones 
017 ) with DAFM, season year, and lunar cycle as fixed fac-
ors of 16, 12, and 2 levels respectively. The PERMANOVA
as conducted with 999 permutations. 
Finally, for each spawning season, RH1 and RH2 CAS es-

imates were averaged in 4-hourly blocks (0:00–3:00, 4:00–
:00, 8:00–11:00, 12:00–15:00, 16:00–19:00, and 20:00–
3:00) for each day of the 0–15 DAFM window to assess the
resence or absence of the dusk (16:00–19:00) calling peak 

resumed to precede spawning. Colin et al. ( 1987 ) observed
pawning only twice, within 30 min before to sunset. Hourly
ime series of RH1 and RH2 were further compared with the
resence of chorusing that was also quantified in this study
nder the hypothesis that choruses may mask the detection 

f RH1 calls during dusk hours on the days of peak calling
ctivity. 

As shown in Appeldoorn-Sanders et al. (2023) , chorusing 
sually occurs on days of peak calling activity associated with
ourtship behaviors that precede spawning. Chorusing is char- 
cterized by continuous overlapping calls dominated by RH1 

Zayas-Santiago et al. 2020 ). Since the individual calls become
lmost undistinguishable during chorusing events in a spectro- 
ram it could decrease the detector’s capacity to identify the
alls. Chorusing times were thus obtained from Appeldoorn- 
anders et al. (2023) who analyzed the same data used in this
tudy. 

isual drift census surveys 

tarting in 2007, drift dive surveys of the same study sites were
onducted to quantify red hind densities, both near ALS as
ell as in neighboring habitat along the shelf break. Follow-

ng the survey methods of Rowell et al. (2012) , divers counted
ach grouper observed within 2 m about a centerline transect
n a pre-established 400 m long by 100 m wide area, recording
pproximate length and observation time for each individual.
heir potential spawning condition and behaviors (e.g. dis- 
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Table 1. PERMANOVA of the significance of DAFM, the lunar cycle and the season year on the RH1 and RH2 calls 

RH1 

df SS MS Pseudo -F P-v alue 

DAFM (1) 15 8.4e + 07 5.6e + 06 144 .4 .001 
Lunar Cycle (2) 1 2.1e + 07 2.1e + 07 542 .4 .001 
Season Year (3) 4 1.8e + 07 4.4e + 06 113 .5 .001 
1 × 2 15 7.9e + 06 5.3e + 05 13 .5 .001 
1 × 3 60 5.1e + 07 8.5e + 05 21 .7 .001 
2 × 3 4 3.6e + 07 8.9e + 06 228 .6 .001 
1 × 2 × 3 60 1.8e + 07 3.0e + 05 7 .8 .001 
Residual 3680 1.4e + 08 3.9e + 04 
Total 3839 3.8e + 08 

RH2 

DAFM (1) 15 5.7e + 07 3.8e + 06 155 .8 .001 
Lunar Cycle (2) 1 1.3e + 07 1.3e + 07 551 .7 .001 
Season Year (3) 4 8.3e + 07 2.1e + 06 841 .3 .001 
1 × 2 15 1.9e + 06 1.3e + 05 5 .2 .001 
1 × 3 60 2.5e + 07 4.2e + 05 17 .1 .001 
2 × 3 4 2.1e + 07 5.4e + 06 218 .5 .001 
1 × 2 × 3 60 7.1e + 06 1.2e + 05 4 .8 .001 
Residual 3680 9.0e + 07 2.4e + 04 
Total 3839 2.9e + 08 

sdf, Degrees of Freedom; SS, Sum of Squares; MS, Mean Sum of Squares. Significance values are based on 1000 permutations 
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ention and coloration) were also noted. Time of observation
as used to determine location using GPS measurements from
 handheld situated on the diver’s surface buoy. Red hind den-
ity (number of fish 100 m−2 ) was calculated for each survey
y dividing the total the number of red hind by the total area
urveyed. Mean fish density and standard deviation was calcu-
ated from the two transects when available and will be com-
ared to the evolution of CAS on the same day as the surveys.

esults 

nterannual monthly variability of overall CAS rates 

ver 2000 h across 12 years of acoustic recordings at ALS
ere analyzed for red hind CAS types. The PERMANOVA
utput ( Table 1 ) shows high significance for all factors and
ach combination of interactions. These results indicate that
ifferences in CAS across years are contingent on both the lu-
ar cycle within that season as well as the DAFM within each
ycle. Call type rates appear to follow the lunar cycle, which
ictates the monthly variations across each spawning season
 Fig. 3 ). The temporal variation of both RH1 and RH2 reveals
 consistent increase from mid-December, reaches a maximum
n January for most years, and is followed by a secondary peak
n February, of smaller magnitude than in January, except in
016 and 2021 when the latter peak was slightly greater than
n January. In 2018, 2020, and 2022, the February CAS peak
as of similar magnitude as the January one. The timing of

he peaks follows, for the most part, the peak aggregation
onth(s) prediction model of Nemeth et al. (2007) with some

xceptions ( Table 2 ). 
The timing of peak CAS shown in Table 2 confirms the pre-

ictability of the timing of the spawning period at ALS as done
y Nemeth et al. (2007 ) at Red Hind Bank, USVI, although
ith a few exceptions. In 2013 and 2019, when two major
eaks were expected, only one was higher in CAS detections.
n 2019, the CAS numbers peaked twice in January, around 15
nd 23 DAFM. In 2020, while the model predicted one peak
onth, two were observed, one in January and one in Febru-
ry. In all other years, except 2022, CAS numbers peaked be-
ween 0 and 15 DAFM. 

Appeldoorn-Sanders et al. (2023) analyzed the red hind
horuses over the same years and noticed the same shift
n chorusing months. When choruses occurred, their time
atched peak CAS times, which suggests that choruses are

ssociated with peak CAS detected by FADAR. In 2021, CAS
eaked three times and correspond to the three chorusing
eriods shown in Appeldoorn-Sanders et al. (2023) . How-
ver, peak CAS occurred when choruses were not present
s well, for example in February 2017 and 2019. These
eaks were lower than the January CAS peak, when choruses
ccurred. 
Over the 12-year period presented in Fig. 3 a gradual in-

rease in the magnitude of RH1 CAS and a sudden rise in RH2
AS are evident in the 2011–2017 period ( Fig. 4 ). In 2011 and
012, the RH2 CAS type was always greater than RH1 and
eak RH2 CAS were lower than 15 000 calls. Starting in 2013,
H1 CAS type became greater than RH2 during the peak CAS
eriods. CAS jumped to nearly 24 000 in 2013. It remained
lose to the same level in 2014 and peaked to almost 27 000
n 2015. That number dropped back to just below 20 000
n 2016 and reached 22 000 in 2017. Starting in 2018, the
H2 CAS type became significantly greater than RH1 over

he spawning season. In 2018, peak RH2 CAS type reached
2 000 and in 2019, the RH2 CAS type reached close to 27
00, dropped to 25 000 in 2020 and 2021 before reaching
gain 27 000 in 2022. In summary, the number of RH2 CAS
alls nearly tripled over a 12-year period. RH1 CAS numbers
nstead reached 9000 in 2018 and increased to a peak of about
3 000 the following years. 

elative variation of CAS type rates at the hourly 

nd seasonal scale 

he pattern of increasing CAS types during each lunar pe-
iod seems to follow the gradual increase in red hind abun-
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Figure 3. Daily interpolated RH1 (solid line, yellow) and RH2 (dotted line, green) CAS (counts d−1 ) over each reproductive season of E. guttatus between 
2011 and 2022 at Abrir la Siera FSA. The shaded areas show FADAR’s misclassification error. Black circles show the full moon. 

 

n  

g  

t  

a

dance over the same lunar time periods at FSA sites in general 
(Colin et al. 1987 , Shapiro et al. 1993 , Whiteman et al., 2005,
Nemeth et al. 2007 , 2008 , Rowell et al. 2012 , Zayas-Santiago 

et al. 2020 , Appeldoorn-Sanders et al. 2023 ). Namely, as the 
umber of fish, first males, then females, increases at the aggre-
ation site, the number of CAS per day increases as well and
hen abruptly drops to almost 0 at the end of each spawning
ggregation peak. This would align with the observation of 
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Table 2. Comparison of peak predicted spawning months by Nemeth et al.’s (2007) model and observed calling peaks. Row color indicates a repeat in 
the number of days after the winter solstice. Each color corresponds to a different winter solstice elapsed period. Rows with two tones of the same color 
indicate that only one peak calling month instead of predicted two 

Year Number 
of days 
after 
the 
winter 
solstice

Nemeth et al. 
2007 primary 
aggregation 
month(s) 
prediction (4-0 
DBFM)

Peak CAS 
numbers 
month(s)

Full moon 
day
December

Full moon 
day
January

Full moon 
day
February

10-2011 20-30 January 6-10 DAFM 
January

21 19 18

11-2012 10-20 January -
February

3-11 DAFM 
January –
6-13 DAFM 
February

10 9 7

12-2013 30-40 December -
January

7-13 DAFM
February

28 27 25

13-2014 20-30 January 8-15 DAFM
January

17 16 15

14-2015 10-20 January -
February

9-16 DAFM 
January 
10-16 DAFM 
February

6 5 4

15-2016 30-40 December -
January

9-16 DAFM 
January 
6-15 DAFM 
February

25 24 22

16-2017 20-30 January 6-14 DAFM 
January

14 12 11

17-2018 10-20 January -
February

9-15 DAFM 
January 
8-14 DAFM 
February

3 2 Jan. 31

18-2019 30-40 December -
January

14-27 DAFM 
January 

22 21 19

19-2020 20-30 January 6-14 DAFM 
January 
6-12 DAFM 
February

12 10 9

20-2021 30-40 December -
January

7-15 DAFM 
January
8-14 DAFM 
February

30 28 27

21-2022 30-40 December -
January

8-13 DAFM 
January
8-13 DAFM 
February

19 18 16

m  
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a  

v  

a  
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d
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a  

R  

t  

t
5

ost fish leaving the aggregation, in particular when there is
nly one primary spawning month as observed by Rowell et
l. (2012) and as seen in 2013, 2014, and 2019. The CAS type
ariation, while it follows the seasonal trends, shows some rel-
tive changes during each spawning month. Zayas-Santiago et
l. (2020) showed in their analysis of the call type variation
uring the month of January 2017 that during the period 0–
2 DAFM, the number of RH1 CAS type increased toward
he middle of that period and became greater than the RH2
or a few days. Our results reveal that the RH2 CAS type is
he most common one at the onset of each aggregation period
s shown by Fig. 3 . However, between 2013 and 2017, while
H2 CAS number increased toward peak spawning activity,

he number of RH1 CAS overtook the number of RH2 CAS
ype detections ( Fig. 3 ), during the 5–15 DAFM period ( Fig.
 ). 
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Figure 4. Annual peak CAS (counts d−1 ) for RH1 (yellow) and RH2 (green) 
CAS over each reproductive season of E. gutt atus bet ween 2011 and 
2022 at Abrir la Siera FSA. The error bars show FADAR’s misclassification 
error. 
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We found considerable diurnal variation in RH1 and RH2 

CAS for each spawning month ( Fig. 5 ). In 2013, when peak 

CAS were in February ( Fig. 5 a), the hours of peak RH1 sound 

production were in the 20:00–23:00 AST window between 

1 and 5 DAFM, then switch to the 16:00–19:00 AST period 

primarily between 6 and 13 DAFM. Secondary peaks were 
observed in the 20:00–23:00 and 0:00–7:00 periods in par- 
ticular between 7 and 10 DAFM. During the second peak of 
CAS numbers in March 2013, the main calling hours for RH1,
also above the call numbers of RH2, were around sunset in the 
16:00–19:00 ( Fig. 5 a). 

A similar pattern is observed in 2014, although the month 

of peak CAS is January ( Fig. S1 ). RH1 exhibit the highest CAS 
numbers, starting on 5 DAFM in the 20:00–23:00 window,
then shifted to the 16:00–19:00 window from 8 to 15 DAFM.
The second highest RH1 call numbers were in the 0:00–7:00 h 

window. In February 2014, a peak in RH1 CAS numbers also 

occurred in the 16:00–19:00 window from 9 to 14 DAFM. In 

2015, the peak in RH1 CAS numbers overpassed RH2 num- 
bers on 8 DAFM until 13 DAFM in the 16:00–19:00 win- 
dow. During the second spawning month of 2015, the highest 
number of RH1 call were seen during the 16:00–19:00 period 

from 10 to 16 DAFM. Nighttime RH1 CAS numbers were 
not higher than RH2 CAS numbers. In 2013 and 2014, dur- 
ing the second peak of RH1 CAS numbers, RH2 CAS num- 
bers remained relatively very low, and no chorusing were ob- 
served (Appeldoorn-Sanders et al. 2023 ). In 2015, RH2 num- 
bers were relatively high, and chorusing was present during 
the second aggregation month ( Fig. S2 ). 

In 2016, the highest numbers of RH1 call type during the 
January aggregation were only observed during the 16:00–
19:00 window from 9 to 16 DAFM, which is when choruses 
were also recorded. Greater numbers were observed during 
the February aggregation during the same period. RH1 day- 
time calling became more significant in 2015 and 2016, in 

both spawning months, especially on the day of peak RH1 

calling in the 16:00–19:00 period ( Figs. S2 and S3 ). In 2017,
the highest RH1 call numbers were observed from 16:00 to 

19:00 as in previous years ( Fig. S4 ) both in January and Febru- 
ary. RH1 calls, were also prominent in the nighttime, higher 
n numbers than RH2 calls. Peak calling occurred between 6
nd 13 DAFM in January and February. A common pattern
o all those years is the decrease in RH2 call numbers during
eak RH1 calling hours, from 16:00 to 19:00. 
Starting in 2018, the pattern of RH1 and RH2 CAS type

umbers changed notably from the previous 5 years, despite 
he presence of choruses in the 16:00–19:00 period as shown
n Appeldoorn-Sanders et al. (2023) . From 2018 to 2022, the
H1 CAS numbers were no longer greater than RH2 at the
eak of the RH2 CAS production ( Fig. 4 ). In 2018, the relative
AS distribution by hours had changed and peak RH1 call
umbers no longer occurred in the 16:00–19:00 period but 
nstead in the 20:00–23:00 window ( Fig. 5 b). The RH2 CAS
umbers no longer exhibited a decrease during the 16:00–
9:00 period. This trend continues into the following years
here the time of peak RH1 CAS numbers is seen during day-

ime hours as in February 2019 ( Fig. S5 ), early morning hours
n January 2020 ( Fig. S6 ) and February 2021 ( Fig. S7 ), late
orning in January 2021 and 2022 ( Figs. S7 and S8 ), or late

vening hours in February 2020 ( Fig. S6 ) and even late night of
ebruary 2022 ( Fig. S8 ). One exception though is in January
019 when peak RH1 CAS numbers are in the 16:00–19:00
eriod on days 23 and 24 after the full moon ( Fig. S5 ). 
Despite the shifts observed in the hourly peak CAS num-

ers for RH1 starting in 2018, chorusing seems to have oc-
urred at the same peak hours, between 17:00 and 21:00 as
hown in Appeldoorn-Sanders et al. (2023) . This would sug-
est that chorusing could have a masking effect on the detec-
ion of RH1 call types by FADAR, which is discussed in the
ext section. 

H1 call detection masking by chorusing 

e estimated the time and duration of chorusing hours and
verlaid the results on the hourly call rates of RH1 and RH2 to
ssess the potential effect of chorusing on RH1 and RH2 CAS
ype detection ( Fig. 6 ). In 2017, at the peak chorusing hours,
H1 calls become significantly higher than RH2 CAS, and 

he peak in RH1 calls is associated with a marked decrease in
H2 CAS ( Fig. 6 a). This result suggests, that while chorusing

s present, the detector can capture the increase in RH1 CAS,
hich aligns with the observations of the relative variation of

he same call types in captivity reported by Zayas-Santiago et
l. (2020) . In subsequent years, this relationship is no longer
resent, where chorusing at the FSA site is associated with a
ecrease in RH1 CAS type detected by FADAR, while not cor-
elated with the RH2 CAS variations. This may indicate that
ess RH1 CAS types are detected near the hydrophone, but
horusing remains detectable. The 2019 chorusing periods as- 
ociated with the two major peaks in call numbers in January
 Fig. 6 b), show that chorusing is not necessarily related to in-
rease in RH1 calls at ALS, which is opposite to what was
bserved in 2017. However, the two overlap during the two
ays when the peak in RH1 calls is during dusk hours (23–25
AFM in January 2019). 
Fig. 6 also reveals that the inverse relative variation of the

H1 and RH2 observed during chorusing hours in 2017 and
efore is also present during the time of higher RH1 call pro-
uction in the 2018–2022 period. Fig. 6 b, d, e, and f shows
hat RH1 continue to be associated for the most part with a
rop in RH2 calls. Although no chorusing was observed dur-
ng those events. This would suggest that some courtship in-
eraction would be occurring during that time as well. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
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Figure 5. Four-hour block time series of RH1 and RH2 call type numbers for each spawning period [0–16 DAFM] of each month (January, February, and 
March if the main spawning peak is in February) for years 2013 (a) and 2018 (b), respectively. The pink color corresponds to dusk, hence the 16:00–19:00 
h period. Each year is associated with four blocks corresponding to RH1 call type in the top row and RH2 call type in the second row. The time series 
corresponding to the other years are shown in the online Supplementary Material and are labeled Figs. S1–8 . 
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ASs and fish density 

he density estimates per day of underwater visual drift cen-
us surveys confirms that increases in CAS numbers are associ-
ted with increases in fish density ( Fig. 7 ). As density increases,
he difference between RH2 and RH1 CAS numbers also de-
reases, suggesting a density dependent effect. However, peak
ensity is not necessarily associated with the RH2 and RH1
AS peaks. In February 2013, fish density increased after the
eak in CAS. In February 2017, fish density decreased, while
AS numbers increased. Despite these differences, the trend
n fish density is parallel to the trend in CAS and the relatively
aster increase of RH1 call types over RH2 CAS toward peak
ensity and peak CAS numbers. 

iscussion 

his study provides a long-term (12 years), continuous sam-
le of the red hind acoustic dynamics at ALS since all record-
ngs were made at the same exact location, which is where the
ighest relative density of red hind was first observed in the ag-

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf138#supplementary-data
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Figure 6. Hourly time-series of RH1 and RH2 call type numbers during the spawning weeks of years 2017 (a) and 2019 (b) spawning seasons. On the 
right-hand axis is shown the CAS counts and on the left-hand axis the minutes of chorusing shown for each hour by the blue bar plots. The tick mark 
associated with each day indicates the 18:00 h. The vertical line indicates the date change. 
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gregation area, and recorded with PAM since 2007 (Mann et 
al. 2010 ). Using FADAR, we analyzed large, multiyear acous- 
tic data sets and identified important temporal patterns in red 

hind CAS at the ALS spawning aggregation site. These pat- 
terns included validating a temporal model of red hind timing 
of FSA formation among years (i.e. Table 2 ), identifying the 
relationship and variation in RH1 and RH2 call types among 
spawning seasons, months and diurnal time periods (i.e. Figs.
3 –5 ), a progressive increase in red hind CAS numbers over 
the 12 year study period (i.e. Fig. 4 ), patterns among chorus- 
ng and RH1 and RH2 call peaks (i.e. Fig. 6 ) and a corre-
pondence between monthly red hind CAS and red hind max
ensity estimates (i.e. Fig. 7 ). 
At the interannual scale, the analysis of the 12 spawning

easons spanning 12 years revealed that the prediction model 
f the main spawning month by Nemeth et al. (2007) was ap-
licable to ALS. The model was originally devised for the Red
ind Bank FSA in St. Thomas, USVI, where red hind peak
ensity during spawning months was observed 4–0 DBFM.
hen the full moon occurred late in the month, peak CAS
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Figure 7. CAS counts overlaid on density estimates per day of underwater visual drift census surveys. The error bar is shown for surveys with more than 
one count. Please note that the max density day of each month/year may have been missed in years with fewer replicates. Black dots show the fish 
density as the average number of individuals per 100 m2 . Black circles show the full moon, blue circles the number of RH2 calls, and red circles the 
number of RH1 calls on the same day as the density estimates. The logarithmic scale is used on the y-axis. 
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ould be expected the next month due to this offset. Peak CAS
onths in 2013, 2016, 2019, and 2021 would thus be in Jan-
ary and February instead of December and January, which
atches the model’s prediction. By adjusting for the fact that

ed hind density and CAS peak between 6 and 15 DAFM this
odel can still predict the peak aggregation months at ALS.

ubsequently, one can hypothesize that peak CAS is associated
ith peak fish density at the FSA as suggested by Rowell et al.

2012) . 
The difference in timing related to the DBFM and DAFM

hat are observed between ALS and the Red Hind Bank (i.e.
–0 DBFM, Nemeth 2005 ) have also been reported for Saba
ank, Netherland Antilles, St. Croix, USVI and Bajo de Sico,
uerto Rico. At Saba Bank red hind aggregated from 4 DBFM
o 1 DAFM (Kadison et al. 2009 ). In St. Croix at the Lang
ank red hind FSA site, red hind densities peaked 3 DBFM to
 DAFM (Nemeth et al. 2007 ) and at Bajo de Sico red hind
onad-somatic index peaked the week before the new moon
r about 5–9 DAFM (Sadovy et al. 1994 ). These differences in
iming may be due to the differences in density or population
bundance. Whereas the maximum density estimated in drift
ransects for ALS is < 4 indiv./100 m2 ( Fig. 7 ) compared to a
ean maximum density of 40 at the Red Hind Bank (Nemeth
005 ) and 35 at Saba Bank (Kadison et al. 2009 ). Population
izes were also considerably lower at Lang Bank, St. Croix
han at Red Hind Bank, St. Thomas (Nemeth et al. 2006 ). A
imilar delay in the aggregation has been observed in the con-
ener E. striatus where FSA with significantly higher abun-
ances spawn on or near the full moon, whereas FSAs with
ower total abundances show peak abundances later with re-
ation to the full moon increasing their vulnerability to fishing
s they spend more time overall on site (Heppell et al. 2014 ). 

Deviance from the model was associated with a decrease
n the number of spawning months on two occasions and an
ncrease on one occasion. Appeldoorn-Sanders et al. (2023)
ound the same exceptions to the 30–40-day period based on
he chorusing analysis. Although peaks in CAS were tied to
horusing activity in the 2013–2017 period, this relationship
o longer holds in the 2018–2022 period as discussed further
n this section. The temporal dynamics of the red hind FSA
here fish progressively arrive and then leave all at once, af-

er spawning, appears to align with the increase in sound pro-
uction and CAS numbers as shown by Rowell et al. (2012)
t ALS and Mona Island (Mann et al. 2010 , Appeldoorn et
l. 2013 ). We further showed that the increase in CAS is pos-
tively correlated with the fish density, especially during the
uildup phase of the spawning aggregation. 
At the seasonal scale, the CAS times series revealed two spe-

ific patterns in the relative numbers of RH1 and RH2 CAS.
ne in which RH1 CAS peaks were greater than RH2 dur-

ng the spawning period and one where this difference was re-
ersed. The former case is validated by the call type analysis of
ppeldoorn et al. (2019) . They analyzed the call type produc-

ion during the lunar cycle of 11 January–13 February 2013
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for a 1-h period, 18:00–19:00. During the days of higher than 

background sound production for a typical lunar cycle, they 
noticed B-type calls (RH2 herein) were most abundant from 0 

to 6 DAFM, presumably the onset of the aggregation. This call 
decreased in abundance sharply and A-type calls (RH1 herein) 
increased from 7 to 12 DAFM, during the presumed spawning 
peak. During this latter time period, chorusing, indicative of 
high CAS activity, also increased. This pattern and timing in 

the relative variation of RH1 and RH2 is identical to the pat- 
tern seen in Fig. 5 a. Zayas-Santiago et al. (2020) analyzed the 
CAS recording at ALS in January 2017 and showed that RH2 

CAS numbers were greater 0–4 DAFM while RH1 CAS num- 
bers were greater through 12 DAFM, which agrees with our 
results. Our analysis also shows that RH2 is the most com- 
mon CAS type during spawning season, except for the spawn- 
ing peak period, but only between 2013 and 2017. The den- 
sity of red hind and CAS levels are known to increase during 
the build-up of the ALS aggregation (Rowell et al. 2012 ), and 

in the USVI, where most females arrive over the course of a 
few days (Whiteman et al. 2005, Nemeth et al. 2008 ). Based 

on Zayas-Santiago et al. (2020) captivity experiments, RH2 

CAS numbers would increase because of the increased court- 
ing activity between male and harem, and male territorial de- 
fense against other males. Therefore, RH1 CAS type numbers 
would increase at a later stage during the spawning period to- 
ward peak spawning activity, overtake RH2 call numbers and 

decline rapidly afterwards as shown by Zayas-Santiago et al.
(2020) . 

In February 2017, the ALS site was surveyed with a Wave 
Glider, an autonomous surface vehicle equipped with a PAM 

system that recorded red hind grouper CAS over the aggrega- 
tion area in addition to the recorder deployed on the seafloor.
Woodward et al. (2023) noticed that the CAS type captured 

by the Wave Glider during the spawning week of 2017 was 
mostly RH2, which suggest that RH1 and RH2 have dif- 
ferent propagation characteristics. Hence it is possible that 
RH2 CAS could be used for longer range communications 
than RH1, whose sound production peaks during the spawn- 
ing period, toward peak spawning activity as shown herein.
RH2 was indeed shown to have the highest SPL in captivity 
(Zayas-Santiago et al. 2020 ). This call type may ultimately 
serve to keep males from entering other males’ territories, as 
part of the behaviors observed include “arching” where males 
pose higher (1–2 m) above the seafloor to warn neighbor- 
ing males in territorial displays (Nemeth 2012 ). As suggested 

by Appeldoorn-Sanders et al. (2023) , not only chorusing but 
also RH1 may stimulate hydration prior to gamete release 
or synchronize spawning (Tavolga 1971, Lobel 1992, Biggs 
and Erisman 2021). This may occur across multiple harems 
over the extended area of the FSA sites that are distributed 

along the western shelf of Puerto-Rico as shown by Wood- 
ward et al. (2023) . This would also explain as well, the syn- 
chronized spawning across the Red Hind Bank, in the USVI,
which consists of multiple small FSAs as shown by Chérubin 

et al. (2020) . 
At hourly scales, the diel cycles of CAS consist of a peak 

near dusk with a smaller peak near dawn, all call types consid- 
ered, with the lowest number of calls being observed around 

midday and midnight as shown in previous studies (Mann et 
al. 2010 , Rowell et al. 2012 , Zayas-Santiago et al. 2020 ). The 
diel patterns revealed that RH2 CAS were more frequent on 

average over a 24-h period between 0 and 13 DAFM, except 
during dusk in the years 2013–2017. Peaks in RH1 CAS, and 
bove RH2 CAS were specifically occurring at dusk in the
6:00–19:00 period, this includes sunset, when red hind have 
een observed to spawn in Puerto Rico (Colin et al. 1987 ). 
The significant changes observed after 2017 in the relative 

umbers of CAS types could be explained by several factors,
nd we propose to explore two of them. The first factor is
ssociated to a relative increase in male abundances that re-
ulted in a long-term shift in sex ratios, without a decrease in
pawning biomass, or a possible increase, which the increase 
n CAS over the years suggests. The significant decrease in
H1 (from 26 to < 15 000) may indicate a decrease in the
umber of direct courtship events and male/female interac- 
ions. Subsequently an increase in RH2 could signify higher 
ompetition (male/male interaction or chasing) or the need to 

ttract females that are not in proximity or in relative high
bundance. Starting in 2019, in 2021 and 2022 more than
wo CAS peaks were observed with associated chorusing ( Fig.
 ), suggesting that spawning days relative to the full moon
ay have changed as well, although RH1 CAS numbers never
eaked over RH2 at sunset. Chorusing however, which ex- 
ibits higher SPLs than RH2 and RH1 (Appeldoorn-Sanders 
t al. 2023 ) was detected, but can be heard much further away
han RH1. This begs the question whether chorusing is the ul-
imate long-range call associated with spawning rushes, sim- 
larly to the camouflage grouper who produces a boom just
efore ascent of the spawning rush (Jublier et al. 2019 ) 
The fact that RH1 CAS peaks are no longer occurring at the

unset hours brings us to our second factor. Our results con-
rmed that chorusing is mostly produced by the symphony 
f RH1 CAS, as evidenced by the drop in RH2 when RH1
alls peak. However, the fact that chorusing is present with
ow levels of RH1 at the recorder site in the 2018–2020 pe-
iod, suggests that chorusing may be happening further than 

00 m away from the recorder. Nemeth et al. (2007) observed
hat at spatial scales of < 1 km, red hind showed daily fluctu-
tions of sex ratios around the full moon most likely associ-
ted with reproductive activity of females and males during a
pawning aggregation. Trap catch data from St. Croix, USVI 
howed that females occupied outlying areas while males pre- 
eded to the aggregation site apparently to establish territories 
Colin et al. 1987 ). Four and three DBFM, trap catches were
ominated by males in an area of reef 50–200 m west of the
pawning site. One hundred and fifty meters east and west of
his male-dominated area, trap catches were mostly females,
hile in between, catches were composed of equal proportions 
f males and females. These observations suggest that the calls
etected at the location of the hydrophone relative to the fish
ale/female distribution could be biased by the type of activity

e.g. courtship or territorial/harem defense, or staging) occur- 
ing near the hydrophone and within a 100 m radius. The hy-
rophone could be in a male or female dominated area, a few
undreds of meters away from the spawning site as shown in
ig. 8 of Nemeth et al. (2007) . Therefore, the presence of RH1
eaks at hours other than sunset, associated with a decrease in
H2, as seen in the 2013–2017 period could be indicative of
ourtship activity outside the nucleus of the aggregation area 
nd associated with the daily movement of both males and fe-
ales. This would imply that starting in 2018, the spawning

ite is no longer near the current location of the ALS recorder,
ut chorusing, which is 10 dB louder than ambient sounds can
till be captured by the recorder. RH1 CAS, however, could
ot be as detectable unlike RH2 in a male dominated area,
or example. 
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If it is true that the spawning site within the aggregation
rea has changed, it thus begs the question as to why. Re-
roductive phenology is one of the key characteristics of fish
opulations that may be affected by climate change due to
hifts in temperature regimes. For example, modeling the im-
acts of oceanographic variables on red hind phenology sug-
ested a potential delay in their spawning season over decadal
ime scales and identified eddy kinetic energy as an important
ariable (Gokturk et al. 2022 ). Several studies have suggested
hat spawning occurs in areas or at times with slower cur-
ents that may results in greater probability of self-recruitment
Nemeth et al. 2007 , 2008 , Kadison et al. 2009 , Appeldoorn
t al. 2019 ). Slow currents are the result of a balance between
ide driven flows and the mesoscale circulation as shown in
hérubin et al. (2011). Therefore, any change in the mesoscale
irculation can affect that balance, hence forcing the fish to
nd a more suitable location for spawning and gamete release
o occur. The latter could be explained by changes in the circu-
ation associated with the mean circulation of the Caribbean
ea and subtropical gyre, which seems to undergo a weaken-
ng of its circulation (Jury 2020 ). 

The analysis of the CAS cycles over a 12-year period has
onfirmed patterns related to celestial cycles that confer pre-
ictability to this species’ CAS production. The analysis has
lso revealed the relative temporal variation in CAS type pro-
uction, which is revealing of their respective roles, behaviors
nd social structure within the FSA, as suggested by Appel-
oorn et al. (2019) and confirmed by Zayas-Santiago et al.
2020) in captivity and in the wild. The timing in increased
roduction of RH1 over RH2 operates as an indicator for tim-
ng of spawning-related activity at the FSA, allowing fisheries
anagers to potentially predict reproduction events via real-

ime acoustic monitoring. This contribution to the description
f red hind ecology further offers means for identifying shift-
ng baselines or changes in the behavior via long-term moni-
oring effort. The increase in RH2 CAS numbers over the years
nd in the number of peak calling periods, all associated with
horusing, would suggest a significant change in the red hind
opulation, such as an increase in older males over time and
 potential shift of the spawning site, both of which remain
o be verified. However, the findings of this study, suggest ex-
anding visual and acoustic monitoring beyond the current
SA recording location to confirm such changes. 

onclusion 

nalyzing this large dataset was made possible with the au-
omatic classifier FADAR, which enabled the enumeration of
oth red hind CAS types RH1 and RH2 in < 1 month for the
2-year dataset. As shown in Ibrahim et al. (2024), FADAR is
 powerful and effective classifier with high accuracy that also
nables the user to quantify FADAR’s accuracy on its dataset.
ithout such classification tool, the analysis of the acoustic

ata would have taken several years, which is a significant
imitation on the usability of long-term acoustic monitoring
ata in fisheries management. 
The presumptive spatiotemporal predictability of FSAs and

se of CAS by aggregating species has resulted in the consider-
tion of PAM as an efficient, cost-effective tool to collect data
n aggregating populations of soniferous fishes. The hypoth-
sis that CAS detection rates generally scale with population
ensity prompted several recent studies to investigate how ac-
urately such rates can be used to infer fish stock size (Rowell
t al. 2012 , 2017, Schärer et al., 2012, Sanchez et al., 2017,
aiger et al., 2020, Looby et al., 2022). Despite these efforts,

hallenges persist. By using an array of hydrophones and mon-
toring the location of aggregating fishes in relation to these
ydrophones across time, van Horn et al. (2025) were able to
artition the competing effects of time, space and behaviors
n CAS detection rates. 
We showed in this study that the relative variation of call

ypes, associated with reproductive behaviors can help distin-
uish periods of protracted courtship without spawning, if we
ssume that choruses are indicative of imminent spawning.
ecause of the key association of the relative RH1 to RH2
AS ratios to chorusing and potential spawning, the absence
f such patterns is most likely indicative of a change in the
pawning site and the spatiotemporal dynamics of the red hind
SA, rather than a change in sex-ratios of the spawning pop-
lation, which is also a possibility. Thus, this understanding
nables the use of a single hydrophone to assess population
hanges and potential spatial shift of the spawning location,
lthough a hydrophone array would provide a more compre-
ensive view of the aggregation dynamics (van Horn et al.
025 ). Therefore, understanding the relative role of call types
nd monitoring the relative variations of call type numbers in
he reproductive dynamics of socially structured populations
nables the understanding of potential changes in a spawning
ggregation over time as Gokturk et al. (2022) suggested in re-
ponse to future climate scenarios. Understanding the mating
ystem and reproductive behaviors of aggregating fish are es-
ential for the establishment of effective restoration and man-
gement strategies (Grüss et al. 2014 , Sadovy de Mitcheson
016 , Erisman et al. 2017 ). Calling activity and calls’ tempo-
al features can be used to inform about fish reproductive con-
ition and spawning in cultured Sciaenidae species (Bolgan et
l. 2020 ). With interpretation of acoustic behavior to extract
nowledge of the spatio-temporal patterns of spawning (van
orn et al., 2024, Rowell et al. 2019 ), changes in population

tructure, in phenology and in the location of the spawning
ite can be estimated. The assessment of these changes can
e used to assess their driving factors, whether related to en-
ironmental, biological or anthropogenic stressors associated
ith fishing pressure for example (Sala et al. 2001 , Sadovy de
itcheson et al. 2013 ). Areal and temporal regulations can be

esigned and implemented to protect spawning aggregations
s means to restore reproductive stocks and regional popula-
ions (Nemeth 2005 , Heppell et al. 2012 , Rowell et al. 2019 ).

However, many of the hypotheses proposed in this study
emain to be validated with an understanding of the short-
erm movements of the red hind male and female cohorts at
LS. 
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