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ABSTRACT: In this study, our goal was to perform
acoustic monitoring of the May River, South Carolina
(USA), for a 9 mo period and estimate reproductive
timelines for a community of soniferous fishes.
Acoustic recorders were deployed to collect sound
samples for 2 min, every 20 min at 4 stations from the
source to the mouth from February to November
2013. We detected the acoustic presence of 6 fish
species: Atlantic croaker Micropogonias undulatus,
black drum Pogonias cromis, silver perch Bairdiella
chrysoura, oyster toadfish Opsanus tau, spotted sea-
trout Cynoscion nebulosus, and red drum Sciaenops
ocellatus. Acoustic detection rates and diversity of
soniferous fish were higher near the mouth and de-
creased towards the source, suggesting a selection of
deeper water and/or more stable water quality condi-
tions for spawning. We estimated the start and end
dates of the spawning season and calculated the total
hours of chorusing for silver perch, oyster toadfish,
spotted seatrout, and red drum. Each species fol-
lowed a specific seasonal and daily pattern of calling,
and we observed synchrony of these calling patterns
among stations. For silver perch, oyster toadfish,
black drum, and spotted seatrout, a negative tem-
perature anomaly correlated with decreased calling
intensity, while a positive anomaly increased sound
production. For oyster toadfish and spotted seatrout,
the lunar phase significantly influenced calling.
These data serve as a foundation for future studies
that are investigating how climate variability may
affect seasonal spawning timelines and year class
strength of fish populations using passive acoustic
monitoring.
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Long-term acoustic recorders (black instrument in figure)
can be used to estimate spawning timelines and rhythms by
detecting fish calls associated with courtship.
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INTRODUCTION

In estuarine ecosystems of the southeastern USA,
significant contributors to the marine soundscape are
the sounds produced by fish. In the family Batrachoi-
didae, 1 sound-producing fish native to estuaries is
the oyster toadfish Opsanus tau (Gray & Winn 1961,
Fine 1978, Maruska & Mensinger 2009, Montie et al.
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2015). In the family Sciaenidae, sound-producing
fishes include Atlantic croaker Micropogonias undu-
latus, silver perch Bairdiella chrysoura, black drum
Pogonias cromis, spotted seatrout Cynoscion nebulo-
sus, weakfish C. regalis, red drum Sciaenops ocella-
tus, spot Leiostomus xanthurus, and southern king-
fish Menticirrhus americanus (Luczkovich et al. 1999,
2008, Sprague 2000, Ramcharitar et al. 2006, Gannon
& Taylor 2007, Lowerre-Barbieri et al. 2008, Walters
et al. 2009, Tellechea et al. 2011, Montie et al. 2015).
Sound production in these fishes typically involves
rapid movement of the sonic muscle surrounding the
swim bladder. The resulting calls are species-specific
due to anatomical differences in swim bladder and
sonic muscle morphology as well as neural program-
ming; therefore, call types can be used for species
identification (Winn 1964, Ramcharitar et al. 2006).
Sound production in fish species has been associ-
ated mainly with courtship behavior and reproduc-
tion (e.g. Saucier & Baltz 1993, Mann & Lobel 1995,
Luczkovich et al. 2008, Walters et al. 2009, Mann et
al. 2010, Montie et al. 2016, 2017). Studies have
recorded underwater sounds during spawning sea-
sons and have shown that patterns of peak calling
coincide with patterns of reproductive senescence
(i.e. gonadosomatic indices, sperm motility, and plasma
androgen levels; Connaughton & Taylor 1995). Other
wild studies have simultaneously collected acoustic
recordings and plankton tows, and these data have
shown that fish calling and spawning are tightly
associated (Mok & Gilmore 1983, Saucier & Baltz
1993, Luczkovich et al. 1999, Aalbers & Drawbridge
2008, Lowerre-Barbieri et al. 2008). For example, the
timing and amount of calling in wild weakfish were
positively correlated with the timing and numbers of
sciaenid eggs collected (Luczkovich et al. 1999). Sim-
ilar findings have been observed in captive studies
(Guest & Lasswell 1978, Connaughton & Taylor 1996,
Lowerre-Barbieri et al. 2008, Montie et al. 2016, 2017).
In weakfish held in laboratory tanks, courtship be-
havior, male calling, and spawning were correlated
(Connaughton & Taylor 1996). In a quantitative study
with captive red drum, findings revealed that spawn-
ing was more productive when the amount of calling
increased; more eggs were collected when calls were
longer in duration and contained more pulses (Mon-
tie et al. 2016). In a similar study with captive spotted
seatrout, spawning was more likely to occur when
male fish called more frequently; a positive relation-
ship was found between sound pressure levels in
tanks and the number of eggs collected (Montie et al.
2017). These findings indicate that acoustic metrics
can accurately predict spawning potential for some

soniferous fishes and that deployment of long-term
acoustic recorders can estimate reproductive time-
lines.

This knowledge is important because it could pro-
vide a model system to detect phenological shifts in
reproduction associated with climate change. In fact,
there is now clear evidence that climate change has
affected Earth's ecosystems by affecting the timing of
reproduction, which for many animals, is finely tuned
to specific seasons and environmental temperatures
(Walther et al. 2002, Hoegh-Guldberg & Bruno 2010).
In marine ecosystems, it can be challenging to deter-
mine when reproductive seasons begin and end be-
cause of the logistical challenges of visually observ-
ing reproduction underwater. It is time consuming to
sample and process the water column for identifica-
tion of eggs and larvae at the necessary time scales.
In addition, plankton sampling and quantification of
eggs and larvae (i.e. by hatching or molecular tech-
niques) does not provide exact information about
when and where spawning occurred, since the num-
ber of eggs/larvae collected in the field is likely
affected by predator activity and water currents (Holt
et al. 1985, Brown et al. 2005, Goffredi et al. 2006,
Mortensen et al. 2015). To our advantage and as dis-
cussed previously, many fish produce acoustic sig-
nals as part of their courtship behavior. We can
capitalize on detecting these sounds to eavesdrop
on species-specific spawning seasons. In fact, this
approach has been used to detect earlier choruses
and spawning in amphibians (Beebee 1995, Loman
2016) and earlier breeding or first singing of birds as
a result of warmer springs (Crick et al. 1997, Crick
& Sparks 1999, Brown et al. 1999, Dunn & Winkler
1999).

In a past study in the May River, South Carolina,
we defined the general seasonal patterns of sound
production for black drum, silver perch, oyster toad-
fish, spotted seatrout, and red drum (Montie et al.
2015). Seasonally, silver perch, oyster toadfish, and
black drum began calling in early spring and ended
in May; sound production of spotted seatrout began
in late winter (February) and ended in early fall (end
of September), and the majority of red drum sound
production occurred in August and September (Mon-
tie et al. 2015). These sound production timelines
were consistent with the spawning timelines ob-
served in other studies along the Southeast Atlantic
coast and the Gulf of Mexico, which were based
upon on the detection of courtship sounds, gonad
indices, the presence of eggs and larvae in the water
column, and/or appearance of young of the year (YOY)
(Dobrin 1947, Tavolga 1960, Fish & Mowbray 1970,
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Overstreet 1983, Fine et al. 1984, Beckman et al.
1988, Brown-Peterson et al. 1988, 2002, McMichael &
Peters 1989, Murphy & Taylor 1990, Saucier & Baltz
1993, Ross et al. 1995, Sprague 2000, Brown-Peterson
& Warren 2002, Nieland et al. 2002, Roumillat &
Brouwer 2004, Ramcharitar at al. 2006, Locascio &
Mann 2008, Luczkovich et al. 2008, Locascio & Mann
2011, Wall et al. 2013, Montie et al. 2015). For exam-
ple, spotted seatrout have an extended spawning
season from April to September along the Gulf of
Mexico and South Atlantic coasts, with YOY appear-
ance occurring throughout the summer (Overstreet
1983, Brown-Peterson et al. 1988, 2002, McMichael &
Peters 1989, Saucier & Baltz 1993, Brown-Peterson
& Warren 2002, Nieland et al. 2002, Roumillat &
Brouwer 2004). Red drum have a shortened spawning
timeframe, which occurs from mid-August through
October along the Atlantic coast and the Gulf of
Mexico, with sexually mature adults, larvae, and
YOY (<150 mm) occurring only in the fall (Murphy &
Taylor 1990, Ross et al. 1995).

Our overall goal in the present study was to pro-
vide baseline information on reproductive timelines
for a community of soniferous fishes in the May River,
South Carolina, predicted by the detection of fish
courtship sounds using an array of long-term acoustic
recorders. The specific objectives were to: (1) identify
and characterize the power spectrum of fish sounds
and choruses that were significant contributors to the
estuarine soundscape; (2) describe the spatial differ-
ences of sound production and changes in species
distribution from the source to the mouth of this large
tidal river; (3) estimate spawning start and end dates,
temperature ranges of spawning, duration of the
reproductive season, and spawning frequency based
on the detection of chorusing aggregations; and (4)
determine how certain factors (i.e. location, month,
day length, water temperature anomaly, lunar phase,
and tidal range) influence calling and chorusing.
These data will provide a foundation for future stud-
ies that are investigating how climate change may
affect estuarine soundscapes and seasonal reproduc-
tion of soniferous fishes.

MATERIALS AND METHODS
Study area
We performed long-term acoustic monitoring of the
May River (32°12'49"N, 80°52'23"W), South Car-

olina, a large subtidal river estuary that is approxi-
mately 22 km long and 0.01 km wide near the source
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Fig. 1. Locations of Stations 4M, 9M, 14M, and 37M that

were acoustically monitored from 23 February to 23 Novem-

ber 2013. Stn 4M (red circle) was located near the source

and Stn 37M (blue circle) was located at the mouth of the

tidal river. Inset: May River, South Carolina (black circle),

showing the approximate location of this large tidal river in
reference to the US east coast

and 1 km wide at the mouth (Fig. 1). The water depth
ranges from ~3 to 7 m near the source and from ~4 to
18 m near the mouth. There are smaller subtidal
creeks (i.e. Savage, Bull, and Bass Creeks) and
numerous intertidal creeks along the river. Bordering
the river and creeks are intermittent oyster rubble
and live oyster reefs and vast areas of salt marsh
composed of smooth cord grass Spartina alterniflora.
This estuary is strongly influenced by ~2.5 to 3 m
semi-diurnal tides. The salinity variability is high,
ranging from 21.12 + 7.76 %o (+ SD) near the source to
29.23 + 2.56 %0 near the mouth. Salinity values vary
depending upon the tidal cycle and the degree of
stormwater runoff; however, the greatest variability
is near the source because of the low volume of
water.

Acoustic and environmental data collection

We deployed autonomous, acoustic recorders
(DSG-Ocean, Loggerhead Instruments) to monitor
the estuarine soundscape at 4 locations (i.e. Stations
4M, 9V, 14M, and 37M) based upon previous work
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(Fig. 1; Montie et al. 2015). In that study, fish sound
production was investigated by collecting monthly,
short-term acoustic recordings at 27 stations through-
out the May River from January to December 2012.
Using these data, we deployed an acoustic recorder
at Stn 4M because this location exhibited minimal
calling; we deployed acoustic recorders at Stns 9M,
14M, and 37M because data revealed that those
locations contained large chorusing aggregations of
silver perch, spotted seatrout, and/or red drum.

We mounted DSG-Ocean recorders in custom built
instrument frames (Mooring Systems) with attached
water level and temperature loggers (HOBO 100-
Foot Depth Water Level Data Logger U20-001-02-Ti
and HOBO Water Temperature Pro v2 U22-001,
Onset Computer; Fig. 2). Water depth measurements
were scheduled to record every 10 min. These
measurements were determined from bottom depth
pressure and atmospheric pressure readings (HOBO
100-Foot Barometric Pressure Level Data Logger
U20-001-02-Ti, Onset Computer) using formulas pro-
vided by Onset Computer. The factory-calibrated
range for the HOBO depth water level logger is
between 69 and 400 kPa, which was within our bot-
tom pressure ranges of 100-180 kPa. The maximum
error for the absolute pressure sensor is +1.2 kPa.
Water temperature loggers were scheduled every
hour. These HOBO loggers can measure tempera-
tures between -40 and +50°C in water with £0.21°C
accuracy. Both water depth and temperature loggers
were calibrated by the factory. The HOBO loggers
were placed in PVC hous-
ing and attached to the
inside of the instrument
frame with zip ties. The
instrument frame, DSG-
Ocean, and PVC logger
housings were spray-
painted with antifouling
paint (Trilux 33, West
Marine). The instrument
frames were then de-
ployed on the bottom
approximately 10 m from

Fig. 2. Long-term acoustic
recorders (DSG-Ocean) were
deployed on the bottom of
the May River. DSG-Ocean
recorders were mounted in
frames to minimize noise ar-
tifacts and impacts on the
instruments

the shoreline. This deployment method was accom-
plished by attaching a 7 m galvanized chain to the
instrument frame. The chain was then attached to a
line, which stretched along the river bottom to an
auger that was inserted into the sediment along the
side of the marsh. This method allowed deployment
and retrieval of instruments without the need for
scuba diving. In addition, this setup minimized
moving parts and noise artifacts and protected the
recorder and loggers.

The DSG-Ocean recorder is equipped with a High
Tech hydrophone (i.e. sensitivity of —185 dBV pPa™)
with a flat frequency response between ~0.1 and
30 kHz. The system is calibrated by the manufacturer
with a 0.1 V (peak) frequency sweep from 2-100 kHz,
and it is powered by 24 D-cell alkaline batteries
housed in a cylindrical PVC tube (i.e. 0.65 cm length,
11.5 cm diameter). In this study, the DSG-Ocean
units were scheduled to record the soundscape for
2 min every 20 min Eastern Standard Time (EST) at
a sampling rate of 80 kHz from 23 February to
23 November 2013 over 3 deployments. Acoustic
recordings were saved as DSG files on a 128 GB SD
card. DSG files were downloaded and batch con-
verted into wav files using DSG2wav© software
(Loggerhead Instruments). HOBO logger data were
downloaded using HOBOware®Pro software (Onset
Computer). DSG-Ocean recorders were then outfit-
ted with new batteries and reassembled in instru-
ment frames with HOBO loggers for redeployment
following methods previously described. Additional
environmental parameters (i.e. salinity and pH) were
recorded with a YSI 556 Handheld Multiparameter
Instrument (YSI/Xylem) approximately once a month
at the acoustic stations. For each parameter, means,
standard deviations, minimum, and maximum values
are reported. Salinity and pH were not included in
statistical analysis because these parameters were
not recorded continuously.

Acoustic analysis

During this study, we collected a total of 70272
acoustic files. Each 2 min wav file was manually re-
viewed using Adobe Audition CS5.5 software (Adobe
Systems). Spectrograms were visualized using a spec-
tral resolution of 2048 (i.e. the number of vertical
bands used to draw frequencies in the Adobe Audi-
tion spectrogram) and a 10 s time window (i.e. zoom-
ing in the Adobe Audition spectrogram to show 10 s
at a time). Calls of black drum, oyster toadfish, silver
perch, spotted seatrout, red drum, and Atlantic
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croaker were detected during the analysis. These
calls were identified by comparing acoustic record-
ings to spectrograms published in previous studies
(Tavolga 1958, Luczkovich et al. 1999, Sprague 2000,
Rountree et al. 2006, Montie et al. 2015, 2016, 2017).
For each 2 min wav file, an observer scored the file
based upon the intensity of calling for each fish spe-
cies. The calling intensity score was based on 4 cate-
gories (i.e. 0 = no calls; 1 = 1 call; 2 = multiple calls;
3 = overlapping calls or chorus) following similar
methods described previously (Luczkovich et al.
2008). An observer also recorded other sounds and
noises originating from boats, rain, bottlenose dol-
phins Tursiops truncatus (i.e. echolocation, whistles,
and burst pulse sounds), and unknown sounds.
These data were entered into a standardized spread-
sheet in Microsoft Excel 2010. For oyster toadfish, we
only categorized the 'boat whistle' call, which has
been associated with courtship, and did not quantify
‘grunt’ calls, which have been associated with non-
advertisement vocalizations (Fine & Thorson 2008,
Maruska & Mensinger 2009). For spotted seatrout,
we grouped ‘grunts,” 'drums,’ and ‘staccato’ calls
during analysis (Mok & Gilmore 1983, Montie et al.
2015, 2017). From these data, we summed calling
intensity scores per night (12:00 to 11:40 h the next
day) for black drum, silver perch, oyster toadfish,
spotted seatrout, and red drum.

We determined the frequency range of each spe-
cies-specific call or chorus by performing an aver-
age power spectral density (PSD) between 50 and
10000 Hz using a Fast Fourier Transform with
80000 samples, which corresponded to a frequency
resolution of 1 Hz. To construct average PSDs, we
used between 50 and 100 sound clips of the same
length for each call or chorus. For each 2 min wav
file and each fish species, we attempted to determine
the root mean square (rms) received sound pressure
level (SPL) by focusing on fish-specific frequency
bands (i.e. black drum 70-90 Hz; silver perch 1000—-
1280 Hz; oyster toadfish 190-200 Hz; spotted sea-
trout 200-270 Hz; and red drum 120-160 Hz) that
were derived from the comparisons of PSDs. The
equations for received SPL determination followed
Merchant et al. (2015):

S=h+ g+201logi (1/Vaa) (1)
b = 20 logy, {sqrt[mean(y?)]} (2)
a=b-S 3)

where a = calibrated sound level in dB re 1 uPa;
b = uncorrected signal; S = correction factor; h =
hydrophone sensitivity (i.e. =185 dBV uPa™); g =

DSG gain (i.e. 20 dB); V4. = analog-to-digital conver-
sion (i.e. 1 volt); y = signal. A 5-point moving average
was applied to SPL data to smooth and reduce vari-
ability from boat sounds.

Statistical analysis

Statistical analyses were performed using SPSS
Statistics 24 (IBM). Spearman's correlation tested the
relationship between the maximum calling intensity
score and the maximum rms-received SPL each night
for each fish species at each station. To examine the
general spatial differences in fish calling and diver-
sity, we determined the number of acoustic files with
calls or chorusing for each species at each station. We
determined the dates when calling and chorusing
began and ended as well as temperature ranges,
daylight ranges, and the frequency of calling or
chorusing. In addition, we estimated the total num-
ber of hours in which chorusing occurred over the
calling season. We assumed that the chorus contin-
ued throughout the 18 min interval.

To investigate the temporal patterns of calling, we
plotted the nightly summed intensity score and cor-
responding water temperature, hours of daylight,
and lunar cycle versus the date. To examine temporal
synchrony of calling among the different stations
sampled, we performed a series of Pearson correla-
tion coefficient tests between the stations (i.e. 4M vs.
OM; 4AM vs. 14M; 4M vs. 37M; OM vs. 37M; and 14M
vs. 37M) using the nightly summed calling intensity
scores as variables. We then calculated the distances
between stations to determine if calling patterns at
stations closer to each other had higher correlations
than stations further apart. To investigate and com-
pare the daily patterns of sound production for each
fish species, we calculated the mean calling intensity
score and the species-specific rms SPL for each time
period.

We used a general linear model (GLM) to test which
variables (i.e. station, month, day length, temperature
anomaly, lunar phase, and tidal range) significantly
influenced the nightly summed intensity score for
each species. We examined the histogram and skew-
ness of the residuals. The skewness for each species
test was between -0.5 and 0.5, which indicated that
the data were close to a normal distribution (Gha-
semi & Zahediasl 2012, Kim 2013). The temperature
anomaly was calculated by first performing a 30 d
moving average of the water temperature data and
then subtracting the observed temperature data. A
positive anomaly indicated that the observed temper-
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ature was warmer than the 30 d moving average,
while a negative anomaly indicated that the ob-
served temperature was cooler than the 30 d moving
average. We used 4 categories to differentiate the
lunar cycle: new moon (lunar days 27-4), first quarter
(lunar days 5-11), full moon (lunar days 12-19), and
third quarter (lunar days 20-26) (Eggleston et al.
1998). If categorical variables (i.e. station, month, and
lunar phase) significantly influenced calling inten-
sity, we performed additional tests to determine
whether group means were significantly different.
We used Tukey's honestly significant difference (HSD)
test if assumptions were not violated; otherwise, we
used Dunnett's test. We did not perform GLM analy-
sis for black drum and red drum since calling was
only detected at 1 and 2 stations, respectively. In
addition, we performed separate linear regressions
that tested the relationship between temperature
anomalies and calling intensity for each species com-
bining data from all stations.

RESULTS
Fish sounds in the May River

Through manual analyses of the acoustic files col-
lected between 23 February and 23 November 2013,
we detected the acoustic presence of 6 fish species:
Atlantic croaker, black drum, silver perch, oyster
toadfish, spotted seatrout, and red drum (see Fig. S1
in the Supplement at www.int-res.com/articles/suppl/
mb581p001_supp.pdf). Silver perch and spotted sea-
trout often formed chorusing aggregations, which
were detected in the 2 min recordings as overlapping
calls (Fig. S2). In some cases, chorusing was ob-
served in oyster toadfish and red drum (Fig. S2).
Atlantic croaker calls were detected infrequently (i.e.
in 130 files; 0.18 % of 70 272 wav files reviewed). These
detections occurred between August and November
at all stations (i.e. 4M = 10 files; 9M = 41 files; 14M =
58 files; and 37M = 21 files). Further analysis of this
species was not performed. Spatially, the highest
species diversity was detected at the mouth of the
May River (i.e. Stn 37M; 5 fish species), where we
heard black drum, oyster toadfish, silver perch, spot-
ted seatrout, and red drum; the lowest diversity was
observed near the source (i.e. Stn 4M; 2 fish species)
with only oyster toadfish and silver perch calls de-
tected (Fig. 3A). The highest number of files with fish
calls present was observed at Stn 37M (i.e. 10762;
61% of the total files analyzed) and the lowest at
Stn 4M (i.e. 2912; 17% of the total files; Fig. 3A).

Chorusing aggregations of silver perch were found at
all stations, with fewer detections near the source
(i.e. 4M) and most detections at the mouth (i.e. 37M;
Fig. 3B). Oyster toadfish calling was so abundant at
Stn 14M that many recordings indicated synchronous
calling episodes (i.e. 2216 wav files; 13 % of the total
detections of oyster toadfish). Spotted seatrout cho-
rusing aggregations were detected at Stns 9M, 14M,
and 37M, while red drum chorusing aggregations
were only detected at the mouth of the May River
(i.e. 37M). The source of the May River experienced
intense fluctuations in environmental parameters
(salinity, temperature, and pH), while the mouth of
the river experienced less variability in salinity
(Table 1). These water quality patterns may explain
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Fig. 3. Number of acoustic files in which (A) calling and (B)

chorusing were detected for fish that dominated the May

River soundscape. Choruses of oyster toadfish Opsanus tau
at Stn 14M were not included in panel B
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Table 1. Comparison of water quality parameters among stations in the May River, South Carolina

Stn Salinity (%o) Temperature (°C) pH

Mean + SD Max. Min. Mean + SD Max. Min. Mean + SD Max. Min.
4M 21.12 + 7.76 31.25 4.88 23.79 £5.99 34.36 7.43 8.35 £ 3.17 11.12 6.84
IM 24.92 £ 5.30 32.19 15.89 23.91 £ 5.93 33.34 9.10 8.56 + 2.36 11.08 7.13
14M 26.86 + 2.30 32.40 22.20 23.89 + 5.66 32.77 10.75 8.83 £ 2.31 11.45 6.00
37M 29.23 £ 2.56 33.92 25.90 23.47 £4.99 32.77 10.86 9.08 + 3.07 11.57 7.51

the higher species diversity and more abundant call-
ing detected at the mouth of the May River as com-

pared to the source.

Average PSDs revealed unique acoustic signatures
for each fish species (Fig. 4; Fig. S3). Using species-

specific frequency bandwidths derived from the
comparisons of the average PSDs, we correlated the
maximum calling intensity scores and the maximum
rms SPL night™! for each fish species (Table 2). We
observed significant positive correlations between
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Fig. 4. Individual power spectral densities (PSDs) and mean PSDs (red lines) for (A) black drum Pogonias cromis, (B) oyster

toadfish Opsanus tau, (C) silver perch Bairdiella chrysoura, (D) spotted seatrout Cynoscion nebulosus, (E) red drum Sciaenops

ocellatus, and (F) snapping shrimp (genera Alpheus and Synalpheus) sounds recorded in the May River. Arrows and
corresponding numbers indicate dominant frequency peaks of acoustic communication
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intensity score and species-specific rms SPL for silver
perch and oyster toadfish at Stn 37M; spotted sea-
trout at Stns 9M, 14M, 37M; and red drum at Stns 9M

Table 2. Spearman’s rho correlations (rs) and p-values com-
paring maximum calling intensity and maximum species-
specific root mean square sound pressure levels per night;
nd: calling was not detected. Values in bold are significant

atp <0.05
Species Station Ts P
Black drum Pogonias cromis 4M nd nd
M nd nd
14M nd nd
37M -0.05 0.43
Silver perch Bairdiella 4M -0.07 0.30
chrysoura IM -0.10 0.13
14M -0.12 0.10
37M 0.50 <0.01
Opyster toadfish Opsanus tau 4M 0.12 0.10
M -0.04 0.53
14M 0.11 0.08
37M 0.33 <0.01
Spotted seatrout Cynoscion 4M nd nd
nebulosus M 0.87 <0.01
14M 0.79 <0.01
37M 0.85 <0.01
Red drum Sciaenops 4M nd nd
ocellatus IM 0.25 <0.01
14M nd nd
37M 0.17 0.01

and 37M (Table 2). We found that the patterns of
calling intensity scores were similar to the patterns
of the maximum rms SPL night~! for spotted seatrout
at Stns 9M, 14M, and 37M and for silver perch at
Stn 37M (Fig. S4).

Temporal patterns of sound production

Long-term acoustic monitoring allowed us to
determine the dates when calling began and ended
for 5 fish species (Table 3). Similar to other studies,
we detected seasonal patterns of calling for black
drum, silver perch, oyster toadfish, spotted seatrout,
and red drum (Fig. 5). In the spring, as the water
temperature and daylight hours increased, calling
by silver perch, oyster toadfish, black drum, and
spotted seatrout was more prevalent; these acoustic
signals overlapped in space and time. As summer
approached and water temperature rose and day-
light lengthened, black drum and silver perch call-
ing ended, oyster toadfish called less frequently,
and spotted seatrout became the dominant sound
producer. As fall approached, and the water tem-
perature declined and daylight hours shortened,
spotted seatrout calling began to wane, and red
drum began calling. Red drum sound production
peaked in the fall.

Table 3. Seasonal timelines, temperatures, hours of daylight, and frequency in which calling was detected for each fish species
at each station. % of days calling: the number of days calling divided by the number of days monitored multiplied by 100;
temperature and daylight ranges are given as minimum to maximum; nd: calling was not detected

Species Station Date range Temperature Daylight Number (and %)
(mm/dd/yy) range (°C) range (h) of days calling
Black drum Pogonias cromis 4M nd nd nd 0 (0)
IM nd nd nd 0 (0)
14M nd nd nd 0 (0)
37M 03/15/13-05/07/13 13.18-24.37 11.97-13.62 54 (22)
Silver perch Bairdiella chrysoura 4M 03/12/13-04/11/13 11.23-25.94 11.87-12.85 31 (13)
IM 03/07/13-06/01/13 10.23-29.72 11.7-14.13 78 (32)
14M 03/18/13-06/05/13 13.26-30.07 12.07-14.18 71 (29)
37M 03/19/13-06/26/13 13.18-29.92 12.07-14.25 91 (37)
Oyster toadfish Opsanus tau 4M 04/01/13-06/12/13 14.57-33.18 12.53-14.23 64 (26)
IM 03/08/13-10/22/13 10.99-33.34 11.73-11.17 198 (81)
14M 03/18/13-09/04/13 13.26-32.77 12.07-12.72 140 (57)
37M 03/01/13-11/05/13 10.86-31.38 11.52-10.77 219 (90)
Spotted seatrout Cynoscion 4M nd nd nd 0 (0)
nebulosus M 04/01/13-10/07/13 15.56-33.34 12.53-11.65 160 (66)
14M 04/04/13-10/18/13 16.38-32.77 12.63-11.3 167 (68)
37M 04/12/13-10/31/13 19.19-31.38 12.88-10.9 172 (70)
Red drum Sciaenops ocellatus AM nd nd nd 0 (0)
IM 06/11/13-11/23/13 13.76-33.34 14.22-10.33 126 (52)
14M nd nd nd 0 (0)
37M 06/17/13-10/28/13 19.94-31.38 13.65-10.98 133 (595)
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Based on captive studies that illustrated a positive
relationship between the amount of calling and
spawning success in sciaenids (Connaughton & Tay-
lor 1996, Luczkovich et al. 1999, Lowerre-Barbieri et
al. 2008, Montie et al. 2016, 2017), we speculated that
chorusing (i.e. calling intensity score = 3) was a reli-
able indicator of spawning for silver perch, spotted
seatrout, and red drum (Table 4). Following this
hypothesis, we estimated the start and end dates for
the spawning season as well as the number of days
that chorusing occurred for each species at the 4
locations (Table 4). Interestingly, we detected a tem-
poral shift in the start and end dates for silver perch
chorusing at the different stations (Table 4, Fig. 5).
Chorusing was first detected at Stn 9M,, then 4 d later
at Stn 14M, and 23 d later at Stn 37M. This shift fol-
lowed a differential heating pattern observed at
these sampling locations, with water warming more
rapidly at stations closer to the source of the May
River (i.e. 9M > 14M > 37M).

We estimated the number of spawning days that
occurred within the reproductive season for silver
perch, spotted seatrout, and red drum based on the
detection of chorusing aggregations (Table 4). Silver
perch chorusing was detected anywhere from 1 to
19% of the days monitored, depending upon the sta-
tion. Based on chorusing, spawning aggregations of
silver perch were detected more frequently at the
mouth (i.e. 37M = 47 d), and less towards the source
(i.e. 14M =15d > 9M = 13 d > 4M = 3 d). Spotted
seatrout had the longest spawning season, with cho-

rusing detection percentages ranging from 37 to 53 %
of the days monitored. This species chorused for
129 d at Stn 9M, 91 d at Stn 14M, and 110 d at Stn 37M.
Red drum chorusing was only detected at the mouth
of the May River (i.e. 37M). Red drum had the short-
est spawning season, and chorusing was detected
only 5% of the days monitored. This percentage
equated to 13 d in which chorusing was detected.
We observed temporal synchrony in peaks of calling
intensity among the various stations for silver perch,
oyster toadfish, and spotted seatrout (Figs. 5 & 6). For
silver perch, we detected peak dates in calling inten-
sity on 20 March, 3 April, and 10 April 2013 at
Stns 4M, 9M, and 14M, respectively. Silver perch
calling at Stn 37M was delayed; therefore, calling
at Stn 37M was less in synchrony with calling at
the other stations (Fig. 5). For oyster toadfish, we de-
tected peak dates of calling that centered on 14 April,
5 May, and 23 May 2013 at Stns 4M, 9M,, and 14M,
respectively; peak calling at Stn 37M was less in
synchrony with calling at the other stations. Spotted
seatrout exhibited synchronistic patterns of peak
calling intensity at Stns 9M, 14M, and 37M (Figs. 5 &
6). The patterns between Stns 9M and 37M became
more synchronous during the summer. For spotted
seatrout, peak intensities were observed around
the first and third quarter lunar phases (Figs. 5 & 6).
We found a significant positive correlation for call-
ing intensity patterns of silver perch, spotted sea-
trout, and oyster toadfish between stations (Table 5).
Stations closer to each other had higher correlation

Table 4. Seasonal timelines, temperatures, hours of daylight, and frequency in which chorusing was detected for each fish
species at each station. % of days chorusing = the number of days chorusing divided by the number of days monitored multi-
plied by 100; temperature and daylight ranges are given as minimum to maximum; nd: calling was not detected

Species Station Date range Temperature Daylight  Number (and %) Total chorus
(mm/dd/yy) range (°C) range (h) of days chorusing duration (h)
Silver perch Bairdiella 4M 04/02/13-04/04/13  16.68-21.34  12.57-12.63 3(1) <1
chrysoura IM 03/16/13-04/10/13  12.18-23.54 12.00-12.83 13 (5) 51
14M  03/20/13-04/17/13  13.26-24.93  12.13-13.05 15 (5) 63
37M  04/08/13-06/02/13  16.86-28.00 12.77-14.15 47 (19) 269
Opyster toadfish Opsanus tau ~ 4M nd nd nd 0 (0) 0
IM nd nd nd 0 (0) 0
14M  04/03/13-05/31/13  16.38-28.79  12.6-14.12 50 (20) 609
37M nd nd nd 0 (0) 0
Spotted seatrout Cynoscion 4M nd nd nd 0 (0) 0
nebulosus M 04/10/13-09/22/13  19.51-33.34  12.83-12.13 129 (53) 496
14M  04/11/13-09/18/13  20.20-32.77 12.85-13.23 91 (37) 538
37M  04/26/13-09/17/13  20.21-31.38  13.32-12.3 110 (45) 409
Red drum Sciaenops 4M nd nd nd 0 (0) 0
ocellatus IM nd nd nd 0 (0) 0
14M nd nd nd 0 (0) 0
37M  09/04/13-09/24/13  26.11-30.93  12.72-12.07 13 (5) 27
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coefficients than the stations located further apart
(Table 5).

We detected daily patterns in calling and chorus-
ing that were unique to each species. All detected
sciaenids followed a general daily pattern in calling,

Table 5. Pearson correlation coefficients (rs) and p-values of

calling intensity scores between stations and corresponding

distances; na: correlation was not completed because calling

was not detected at 1 or both stations. Values in bold are
significant at p < 0.05

with peak sound production occurring at dusk Species Stations Is p Distance
(Fig. 7). Seasonally and in some cases spatially, black (km)
drum., silver perch, and the initial §eason of oyster Silver perch AM vs OM 0.80  <0.01 36
toadfish and spotted seatrout calling overlapped; Bairdiella 9Mvs 14M  0.75 <0.01 4.7
however, peak sound production during the day var- chrysoura 4Mvs 14M  0.64 <0.01 83
ied for each of these species. Black drum started to 151&/[‘;’:33771\1)[4 gi; :gg: 128
call 1 h before sunset, with peak sound production at AMvs37M  0.09 015 216
dusk. Silver perch exhibited long chorus durations; Oyster toadfish ~ 4M vs 9M 0.85 <0.01 3.6
calling peaked 3 h after sunset and continued into Opsanus tau 9Mvs 14M  0.96 <0.01 4.7
the early morning hours. Spotted seatrout calling in- AMvs 14M - 0.83  <0.01 8.3
. . 14Mvs 37M  0.85 <0.01 13.3
creased 1 h before sunset, with a peak occurring 2 h 9Mvs 37M  0.80 <0.01 18.0
after sunset and continuing for 1 h before the inten- AMvs 37M 0,59 <0.01 216
sity began to decrease. Later in the season at some Spotted seatrout 4M vs 9M na na na
stations, spotted seatrout and red drum calling over- Cynoscion 9M vs 14M 0.94 <0.01 4.7
1 d h dd b t 1 lier i nebulosus 4M vs 14M na na na
apped; however, red drum began to call earlier in 14Mvs 37M  0.86 <0.01 133
the day. Red drum began to call 3 h before sunset, 9Mvs 37M  0.88 <0.01 18.0
with peak sound production occurring at dusk. Call- 4Mvs37M  na  na na
ing decreased shortly after sunset. Red drum 4Mvs OM na  na na
The chorus duration per evening varied over the Sclaenops M s 14M na na na
) . ‘p g ocellatus 4Mvs 14M na na na
recording period for silver perch, spotted seatrout, 14Mvs37M  na na na
and red drum (Fig. 6; data not shown for silver perch 9Mvs 37M  0.32 <0.01  18.0
. : 4M vs 37M na na na
and red drum). The duration of silver perch chorus-
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ing varied between 0.3 and 13 h. The longest silver
perch chorus was detected on 10 April 2013 at
Stn 14M and lasted for 13 h. On the same day, we
detected the longest chorus at Stn 9M, which lasted
5 h. The longest chorusing episode at Stn 37M was
recorded on 17 April 2013 and lasted 12 h. During the
reproductive season, we estimated that silver perch
chorused for approximately 269 h at Stn 37M; 63 h
at Stn 14M; 51 h at Stn 9M; and 0.13 h at Stn 4M
(Table 4). The duration of spotted seatrout chorusing
varied between 0.3 and 9 h. The longest spotted
seatrout chorus occurred for 9 h at Stn 9M on 29 April
and 29 July 2013; for 8 h at Stn 14M on 28 April 2013;
and for 8 h at Stn 37M on 28 July 2013. For the repro-
ductive season of spotted seatrout, we estimated the
total chorusing time to be 538 h at Stn 14M, 496 h at
Stn 9M, and 409 h at Stn 37M (Table 4). As stated
previously, we only detected red drum chorusing
aggregations at Stn 37M. Chorus durations varied
from 1 to 4 h, with the longest chorus occurring on 17
September 2013. Over the entire reproductive sea-
son, we estimated that red drum chorused approxi-
mately 27 h (Table 4).

Factors that influenced sound production

Using a GLM, we tested whether certain factors
(i.e. station, month, day length, temperature anom-
aly, lunar phase, and tidal range) significantly influ-
enced the summed calling intensity per night. For sil-
ver perch, station, month, and temperature anomaly
influenced calling intensity (Table 6). Calling activity
at Stn 37M was higher than all other stations (p <
0.05). Peak calling occurred in April and was higher
than in all other months (p < 0.05). For oyster toad-
fish, station, month, and lunar phase influenced call-
ing activity (Table 6). Calling intensity at Stn 14M
was higher than calling at Stns 9M and 37M (p <
0.05). Oyster toadfish calling was more frequent dur-
ing the months of April and May as compared to all
other months (p < 0.05). Calling intensity on the full
moon and third quarter were higher than calling on
the new moon (p < 0.05). For spotted seatrout, station,
month, day length, temperature anomaly, and lunar
phase significantly influenced sound production
(Table 6). Calling intensity at Stn 4M was lower than
the intensity observed at Stns 9M, 14M, and 37M (p <
0.05). Calling intensity was the highest in June, July,
and August compared to calling in April, May, Sep-
tember, and October (p < 0.05). Calling intensity of
spotted seatrout increased as the amount of daylight
lengthened. Drops in temperature (i.e. a negative

Table 6. Results of general linear models that tested the sig-
nificance of specific variables on the amount of calling per
night. Values in bold are significant at p < 0.05

df F P
Silver perch Bairdiella chrysoura
Station 3 41.55 <0.01
Month 3 6.38 <0.01
Day length 1 1.70 0.20
Temperature anomaly 1 5.15 0.02
Lunar phase 3 1.88 0.14
Tidal range 1 1.06 0.30
Opyster toadfish Opsanus tau
Station 3 60.17 <0.01
Month 6 153.87 <0.01
Day length 1 2.50 0.12
Temperature anomaly 1 2.57 0.11
Lunar phase 3 4.77 <0.01
Tidal range 1 0.17 0.68
Spotted seatrout Cynoscion nebulosus
Station 3 125.26 <0.01
Month 5 14.14 <0.01
Day length 1 34.76  <0.01
Temperature anomaly 1 38.53 <0.01
Lunar phase 3 11.24 <0.01
Tidal range 1 2.64 0.11

anomaly) decreased spotted seatrout calling, while
rises in temperature (i.e. a positive anomaly) in-
creased sound production (Table 6; Fig. S5). In addi-
tion, we observed cyclic patterns in calling intensity
that followed the lunar phase. More calling was
detected on the first quarter compared to calling on
the new moon and on the third quarter compared to
the full moon (p < 0.05). For black drum, silver perch,
oyster toadfish, and spotted seatrout, separate linear
regressions indicated that negative temperature
anomalies decreased calling intensity, while positive
temperature anomalies increased sound production
(Fig. S5; p < 0.05).

DISCUSSION

Advances in recording systems within the field of
passive acoustics allow scientists to study in detail
the soundscapes of marine ecosystems. Long-term
recordings of a large, tidal river revealed 5 species of
fish that dominated the estuarine soundscape, which
included calling of black drum and oyster toadfish
and chorusing of silver perch, spotted seatrout, and
red drum. Spatially, the highest species diversity was
detected at the mouth of the May River, and the
lowest diversity was observed near the source. We
observed that fish courtship sounds followed distinct
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temporal patterns over seasonal, lunar, and daily
time scales, and that temperature anomalies within
a courtship season significantly influenced calling
intensity and duration. Across locations, we detected
temporal synchrony in peaks of calling intensity.
These findings provide baseline information on the
temporal rhythms of sound production and estimates
of spawning patterns for 5 fish species that dominate
the soundscape. These acoustic data may be espe-
cially helpful in comparing the timing and length of
reproductive seasons from one year to the next,
where variation may be driven by fluctuations in cli-
mate. It is possible that differences in these calling
parameters (i.e. timing, length, and frequency) may
influence year class strength of recreationally im-
portant fish species like spotted seatrout and red
drum and that passive acoustic monitoring provides a
powerful analysis tool.

Identifying fish calls and chorusing in large data sets

We reported species-specific frequency ranges of
calling for black drum, oyster toadfish, silver perch,
spotted seatrout, and red drum that were similar
to the frequency ranges reported in other studies
(Tavolga 1958, Sprague 2000, Gilmore 2003, Lucz-
kovich et al. 2008, Maruska & Mensinger 2009, Wall
et al. 2013). Using specific frequency ranges driven
from PSD analysis, we applied filters and performed
SPL analysis to determine if SPL correlated with
calling intensity. This approach worked for spotted
seatrout and silver perch that produced loud cho-
ruses well above the background noise of snapping
shrimp (genera Alpheus and Synalpheus) but not for
oyster toadfish, black drum, and red drum that had
quieter calls and choruses. SPL analysis might be a
way to detect presence or absence of fish calls but
will not work as the sole feature in signal detection of
specific fish species.

Recent advances in automatic speech recognition
have enabled the automatic analysis of bioacoustic
signals originating from birds (Trifa et al. 2008,
Potamitis et al. 2014, de Oliveira et al. 2015, Ganchev
et al. 2015), amphibians (Acevedo et al. 2009), terres-
trial mammals (Parsons 2001, Dylla et al. 2013, Zep-
pelzauer et al. 2015), and marine mammals (Kandia &
Stylianou 2006, Helble et al. 2012, Pace et al. 2012,
Baumann-Pickering et al. 2013). However, there are
not many studies where signal detectors have been
created to detect fish acoustic signals, especially
successful ones that can identify fish calling amidst a
noisy background. Recently, automatic call recogni-

tion was applied to identify Lusitanian toadfish Halo-
batrachus didactylus vocalizations in Portugal and
red grouper Epinephelus morio calls on the West
Florida Shelf, but these soundscapes are quieter than
estuaries and the diversity of soniferous fishes was
less than in the May River (Wall et al. 2014, Vieira at
al. 2015). There is a need to develop signal detectors
to detect and quantify fish calling amidst a noisy,
estuarine soundscape in order to shorten the time of
analysis when analyzing large acoustic data sets.

Spatial patterns in sound production

We observed spatial patterns of fish sound produc-
tion in the May River similar to previous studies
(Montie et al. 2015). Calling was more frequent at the
mouth compared to the source. This pattern may sug-
gest that locations near the source are unsuitable
spawning habitats for sciaenids and oyster toadfish.
The source of the May River experiences intense
fluctuations in environmental parameters (salinity,
temperature, and pH) while the mouth of the river
experiences less variability. In addition, the source
has lower salinity and pH, which can be indicative of
lower water quality. Lower salinity, pH, and dis-
solved oxygen have been shown to negatively affect
spawning as well as egg and larval survival in
Atlantic croaker and spot (Miglarese et al. 1982, Bar-
bieri et al. 1994, Buzzelli et al. 2002, Peterson et al.
2004). Red drum choruses were detected only at the
mouth of the May River, indicating that this location
was a preferred spawning hotspot in this estuary,
similar to the findings of Montie et al. (2015). This
area is approximately 18 m deep, has a high salinity,
and opens to Calibogue Sound connecting the May
River to the Atlantic Ocean. This spatial pattern (i.e.
mouth of estuaries that are deep) seems to be pre-
ferred by black drum, silver perch, and red drum
(Holt et al. 1981, Johnson & Funicelli 1991, Lowerre-
Barbieri et al. 2008, Luczkovich et al. 2008).

Patterns of sound production

The seasonal patterns of courtship sounds we
observed in this study were similar to the patterns of
calling reported in other studies centered along the
Gulf of Mexico and Northwestern Atlantic coast-
lines. In North Carolina, South Carolina, and Florida,
sound production of black drum was observed
between January and April (Nieland & Wilson 1993,
Locascio & Mann 2011, Montie et al. 2015, Rice et al.
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2016), silver perch between February and June (Mok
& Gilmore 1983, Luczkovich et al. 2008, Montie et al.
2015), oyster toadfish between February and Novem-
ber (Gudger 1910, Tavolga 1958, Amorim et al. 2006,
Montie et al. 2015), spotted seatrout between May
and September (Riekerk et al. 1997, Luczkovich et
al. 2008, Lowerre-Barbieri et al. 2008, Montie et al.
2015), and red drum between September and No-
vember (Johnson & Funicelli 1991, Montie et al.
2015). Because we deployed recorders for 9 mo with
10% daily time coverage, we were able to estimate
the dates for the initiation and termination of the
reproductive season, its overall duration, and the
number of days and hours in which chorusing
occurred for 5 fish species, which comprised most of
the fish soundscape.

Long-term monitoring allowed us to examine envi-
ronmental parameters that significantly influenced
calling intensity. Location (station), month, tempera-
ture anomaly, and lunar phase were significant vari-
ables that affected calling intensity. Temperature
anomalies, which can change from one year to
another, significantly influenced calling intensity of
black drum, silver perch, oyster toadfish, and spotted
seatrout. Positive temperature anomalies increased
calling, while negative temperature anomalies de-
creased sound production. These findings are similar
to reports from captive studies with spotted seatrout,
weakfish, oyster toadfish, and red drum, where higher
temperatures increased the amount of calling and
the number of pulses in a call (Fine 1978, Con-
naughton et al. 2000, Maruska & Mensinger 2009,
Montie et al. 2016, 2017).

The lunar phase significantly influenced calling
intensity of oyster toadfish and spotted seatrout. We
detected pronounced cyclic patterns in the amount of
calling and chorus duration for spotted seatrout.
Other studies have provided some evidence that
spotted seatrout calling and spawning are related to
the lunar cycle. Gilmore (1994) discovered that spot-
ted seatrout calling occurred most often around the
full moon. However, our findings indicate different
patterns than the findings observed by Gilmore
(1994). Longer chorusing episodes with earlier start
times occurred on the first and third quarter phases
rather than on the full moon as observed by Gilmore
(1994). From an energetic and biomechanical per-
spective, it is more efficient for spotted seatrout to
spawn on the neap tides when the tidal range is
smaller and the currents are slower, and muscle
movement and energy can be used more for sound
production and less for fighting a swift current. How-
ever, previous studies showed that toadfish calling

does not increase oxygen consumption on a whole
animal basis (Amorim et al. 2002).

We found that black drum, silver perch, spotted
seatrout, and red drum exhibited synchronized daily
patterns of calling. Similar to other studies, black
drum and red drum peak calling occurred in the late
afternoon and spotted seatrout and silver perch a few
hours after sunset (Tavolga 1958, Mok & Gilmore
1983, Gilmore 2003, Locascio & Mann 2008, 2011,
Lowerre-Barbieri et al. 2008, Luczkovich et al. 2008,
Maruska & Mensinger 2009). Sciaenids most likely
spawn at dusk to limit the predation on eggs by many
juvenile and adult fishes (Holt et al. 1985). Inter-
estingly, spatial and seasonal overlap of calling oc-
curred for silver perch and spotted seatrout in the
spring, and for red drum and spotted seatrout in the
fall, yet the maximum daily peak in calling was dif-
ferent for each species. This strategy may lead to a
more successful spawn because it limits competition
for acoustic space. Similar to findings from other
studies, we showed that oyster toadfish were calling
sporadically day and night (Fine et al. 1977, Fine &
Thorson 2008).

Synchronized calling may facilitate reproductive
success

Synchrony of calling over seasonal, lunar, and daily
time scales occurred at the 4 stations that were sepa-
rated over distances between 3.6 and 22 km. It is very
unlikely that fish travel these distances during one
evening and could be recorded at these different
stations. It is more possible that fish produce court-
ship sounds, attract mates to a specific location, form
spawning aggregations, and then release gametes in
a tight formation to ensure fertilization. In addition,
the May River has very complicated topography,
with several creeks, meanders, and sand bars, which
will decrease how calls propagate away from their
source. Therefore, it is very unlikely that the same
call could be recorded on 2 different recorders, and it
is much more likely that synchrony of calling over
large spatial scales does occur.

The synchronized timing of individual calls in re-
sponse to calling competition is very common in
many insects and amphibians (Moore et al. 1989,
Nityananda & Balakrishnan 2009, Hartbauer et al.
20095). Studies have shown that synchronized calling
can increase success of reproduction, attract females,
and mislead predators (Vasconcelos et al. 2012,
Greenfield et al. 2016). In our study, calling was more
synchronized in time for stations that were closer to
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each other than for stations that were further apart.
This observation may be related to differential, sea-
sonal heating patterns observed among the stations,
with stations closer to the source warming quicker
than stations closer to the mouth.

Detecting phenological shifts in reproduction

Detecting dates when calling started and ended
allowed us to estimate spawning seasons and esti-
mate temperature ranges of spawning for each fish
species. Interestingly, seasonal start dates of calling
varied among the stations in the May River. Silver
perch and spotted seatrout calls were first detected at
Stn 9M, which was located closer to the source of the
river, where water warmed more rapidly than sta-
tions closer to the mouth. Very often, photoperiod is
considered the predominant factor in initiating the
reproductive season in vertebrates (Gilmore 1994,
Paul et al. 2008, Ubuka et al. 2013, Dawson 2015), but
that would not explain temporal shifts in calling
among monitored stations. This finding indicates that
water temperature most likely plays a role in the
timing and duration of spawning seasons.

This knowledge and approach is important be-
cause it could provide a model system to detect phe-
nological shifts in the timing of reproduction asso-
ciated with climate change. Traditional plankton
sampling methods have shown that earlier spawning
is occurring in some fish species. In California (USA),
the phenology of 43 larval fish species was studied
between 1951 and 2008, of which 39% of seasonal
peaks in larval abundance occurred earlier each year
(e.g. jack mackerel Trachurus symmetricus, Pacific
hake Merluccius productus, Pacific mackerel Scomber
japonicus), and 18% of the peaks were delayed in
spring (e.g. chilipepper rockfish Sebastes goodie,
California halibut Paralichthys californicus) (Asch
2015). As shown in captive experiments for spotted
seatrout, red drum, and weakfish, spawning is
strongly associated with the production of courtship
sounds (Connaughton & Taylor 1996, Montie et al.
2016, 2017). Therefore, listening to the estuarine
soundscape may provide an easier, more efficient
alternative to plankton sampling to track inter-
annual variability in spawning. For example, warmer
springs may cause earlier choruses of spotted sea-
trout, extending their spawning season, while warmer
falls may cause later choruses of red drum, shorten-
ing their spawning season. These shifts may be im-
portant to ecosystem function because different
species and trophic levels may vary in the degree of

their response to climate change (Walther et al. 2002,
Edwards & Richardson 2004, Hoegh-Guldberg &
Bruno 2010). These differences may result in phe-
nology mismatches between developing larvae and
food availability or between developing larvae and
predators (Hoegh-Guldberg & Bruno 2010). In addi-
tion, shifts may cause the reproductive season of one
species to overlap with another species, which may
lead to competition for acoustic space and less than
optimal conditions for reproduction. For example,
warmer springs may cause earlier choruses of spot-
ted seatrout, which could cause masking and inter-
fere with the acoustic communication of oyster toad-
fish, silver perch, and black drum, affecting their
spawning potential.

Tracking this inter-annual variability in courtship
sounds may be helpful in fishery management and
understanding how climate variability affects spawn-
ing and populations of black drum, silver perch, spot-
ted seatrout, and red drum. Estimates of the dates for
the initiation and termination of the reproductive
season, its overall duration, and the number of days
and hours in which chorusing occurred may be cor-
related to year class strength. When comparing mul-
tiple years of acoustic data, it is possible that years in
which more hours of chorusing were detected would
result in larger yields of egg biomass (Guest & Lass-
well 1978, Mok & Gilmore 1983, Saucier & Baltz
1993, Connaughton & Taylor 1995, 1996, Luczkovich
et al. 1999, Aalbers & Drawbridge 2008, Montie et al.
2016, 2017). Larger seasonal egg yields may result in
a stronger year class. This hypothesis could be tested
by comparing acoustic data to abundance data col-
lected during South Carolina Department of Natural
Resources electro-fishing and trammel net surveys
conducted in this area since 1985 (Cain & Dean 1976,
Bozeman & Dean 1980, Boynton et al. 2013). Other
factors will influence fish abundance like predation,
competition, and disease, but monitoring estuarine
soundscapes may provide an understanding of maxi-
mum possible yields and the role of climate in influ-
encing these patterns.
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