
1.  INTRODUCTION

Soundscape ecology is an emerging field that stud-
ies the biological (biophony), geophysical (geo -
phony), and anthropogenic sounds (anthrophony)
that are produced in a landscape (Krause et al. 2011,
Pijanowski et al. 2011). In marine ecosystems, these
sounds often vary spatially and temporally, which
can provide key insight into the foraging behavior of
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ABSTRACT: Estuaries are areas known for biological
diversity, and their soundscapes reflect the acoustic
signals used by organisms to communicate, defend
territories, reproduce, and forage in an environment
that has limited visibility. These biological sounds
may be rhythmic in nature, spatially heterogeneous,
and can provide information on habitat quality. The
goal of our study was to investigate the temporal and
spatial variability of sounds in Chechessee Creek
(Stns CC1 and CC2) and an adjacent saltwater
impoundment (Great Salt Pond, GSP) in South Car-
olina, USA, from April to November 2016. Fixed
recording platforms revealed that sound pressure
levels (SPLs) were significantly higher in CC1 and
CC2 compared to GSP. We detected some biological
sounds in GSP (snapping shrimp genera Alpheus and
Synal pheus, silver perch Bairdiella chrysoura, oyster
toadfish Opsanus tau, spotted seatrout Cynos cion
nebu losus, Atlantic croaker Micropogonias undulatus,
and American alligator Alligator mississippiensis);
however, biological sound was much more prevalent
in CC1 and CC2. In Chechessee Creek, snapping
shrimp, oyster toadfish, and spotted sea trout sounds
followed distinct temporal rhythms. Using these data,
we conducted spatial passive acoustic surveys in
Chechessee Creek. We discovered elevated high fre-
quency SPLs (representing snapping shrimp acoustic
activity) near an anti-erosion wall, as well as in -
creased low frequency SPLs (indicating spotted sea -
trout spawning aggregations) near the anti-erosion
wall and at the mouth of Chechessee Creek. This
study has de monstrated the utility of combining sta-
tionary and mobile recording platforms to detect
acoustic hotspots of biological sounds.
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invertebrates (Bohnenstiehl et al. 2016, Monczak
et al. 2019), fish spawning patterns (e.g. Lowerre-
Barbieri et al. 2008, Montie et al. 2015, 2016, 2017,
Monczak et al. 2017), and the foraging and commu-
nication of apex predators (Herzing 1996, Janik 2000,
McCowan & Reiss 2001, Vergne et al. 2009, Rosen-
blatt et al. 2013, Monczak et al. 2019). Current tech-
nology allows long-term monitoring of marine sound-
scapes, which can provide critical data on species
presence and key behaviors over various time scales
(i.e. seasonal, lunar, daily, and tidal rhythms). By lis-
tening to and quantifying the behaviors of soniferous
organisms, soundscape ecology can provide an addi-
tional metric to gauge habitat quality and the health
of marine ecosystems.

Findings indicate that estuaries in the southeastern
USA are rich in biological sound. These sounds can
include the acoustic behavior of snapping shrimp
(Alpheus and Synalpheus spp.) (Bohnenstiehl et al.
2016, Monczak et al. 2019); the courtship calls of
ecologically important fish species such as silver
perch Bairdiella chrysoura, oyster toadfish Opsanus
tau, and Atlantic croaker Micropogonias undulatus,
and economically important species such as black
drum Pogonias cromis, spotted seatrout Cynoscion
nebu losus, and red drum Sciaenops ocellatus (Luczko -
vich et al. 2008a, Montie et al. 2015, Monczak et al.
2017); and vocalizations of apex predators such as
bottlenose dolphins Tursiops truncatus (e.g. Monczak
et al. 2019) and American alligators Alligator missis-
sippiensis. Studies that have described the sound-
scapes of estuaries in the USA include a comparison
of oyster Crassostrea virginica reefs and soft-bottom
habitats in Pamlico Sound, North Carolina (Lillis et al.
2014a); soundscape patterns and processes in a shal-
low estuarine reserve in Middle Marsh, North Car-
olina (Ricci et al. 2016); and temporal rhythms of the
soundscape of a deep tidal river estuary, the May
River, South Carolina (Monczak et al. 2019).

Soundscape data can provide an understanding of
what organisms experience acoustically as they
move through an estuary. In fact, there is some evi-
dence that sound gradients serve as settlement cues
to organisms that pass through the soundscape. Field
experiments showed that oyster larval recruitment
was significantly higher on larval collectors exposed
to oyster reef sounds compared to controls with no
sounds (Lillis et al. 2015). Overall, habitats rich in
biological sound may be more favorable for spawn-
ing, residence, and settlement by invertebrates and
fish because they provide acoustic cues indicating
that these habitats are rich in resources (Mann et al.
2007). Thus, fine-scale acoustic mapping of estuaries

at appropriate times is necessary because many
organisms produce sound only during specific sea-
sons or during specific times of the day.

Recent reports have shown that estuarine sound-
scapes exhibit distinct temporal rhythms that vary
over tidal, daily, lunar, and seasonal time scales (Ricci
et al. 2016, Monczak et al. 2017, 2019). To advance
our knowledge and understanding of sound level
gradients in an estuary, we experimented with a low-
cost method to create spatial heat maps of biological
sound within specific periods. We focused our studies
on Chechessee Creek and an adjacent saltwater
impoundment in South Carolina, USA. The specific
objectives of this study were to (1) compare low fre-
quency (i.e. more indicative of sounds originating
from fish) and high frequency (i.e. more indicative of
snapping shrimp snaps) sound pressure levels (SPLs)
between Chechessee Creek (Stns CC1 and CC2) and
a saltwater impoundment (Great Salt Pond, GSP); (2)
characterize the types of biological sounds and tem-
poral patterns in these habitats from acoustic data
obtained from stationary recorders; and (3) perform
fine-scale spatial mapping of low and high frequency
SPLs in Chechessee Creek using a towable recorder.
We argue that both stationary fixed recorders and
mobile recording platforms are best used in tandem
as a means to understand the spatial variation in the
soundscape because some species follow specific
patterns in sound production that are correlated with
temporal and environmental variables.

2.  MATERIALS AND METHODS

2.1.  Study site

We performed a 6 mo acoustic monitoring study of
Chechessee Creek (Stns CC1 and CC2) and a salt-
water impoundment (GSP) in South Carolina, USA
(Fig. 1). This subtidal creek is between 3 and 15 m
deep, ~6 km long, and ranges from ~0.07 km wide at
the source to ~0.60 km wide at the mouth where it
empties into the Chechessee River. A variety of habi-
tats border the creek including oyster reefs, vast
expanses of smooth cord grass Spartina alterniflora,
docks, and rock anti-erosion walls. The creek has a
strong tidal range of 2.3−3.1 m. GSP is located
approximately 0.27 km inland from Chechessee
Creek and is connected to the Chechessee Creek on
the north end. At this end, control structures are used
to raise and lower the water levels in the pond to pro-
mote flushing and provide an influx of invertebrate
and fish species. At the south end of the pond, water
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flows outward through 2 culverts before emptying
into the salt marsh and the Colleton River. The pond
is 0.10 km2 in area, has a 2.27 km perimeter, and is
approximately 1.25 m deep. GSP was stocked with
numerous fish species between June 2015 and Feb-
ruary 2016 (Table S1 in the Supplement at www.int-
res.com/articles/suppl/m645p001_supp/).

2.2.  Acoustic and environmental data collection

2.2.1.  Fixed recording platforms

We deployed acoustic recorders (DSG-Ocean re -
corders; Loggerhead Instruments) to monitor the sound -

scape at CC1, CC2, and 1 location in
the GSP over 2 deployments between
28 April and 3 November 2016, fol-
lowing methods previously described
(Monczak et al. 2017, 2019) (Fig. 1).
Hydro phones had a sensitivity of
−185 dBV µPa−1 with a flat frequency
response between ~0.1 and 30 kHz.
DSG recorders had a gain of 20 dB and
were scheduled to record the underwa-
ter environment for 2 min every 20 min
standard time at a sampling rate of
80 kHz. In order to minimize noise ar -
tefacts, the DSG-Ocean re corders were
mounted in custom-built instrument
frames (Mooring Systems) (Fig. 2A).
We encased water level and tempera-
ture loggers (HOBO 100-Foot Depth
Water Level Data Logger U20-001-02-Ti
and HOBO Water Temperature Pro v2
U22-001; Onset Computer Corporation)
in PVC pipes and attached them to the
instrument frames using zip ties. The
HOBO loggers measured water depth
every 10 min and water temperature
every hour. Depth loggers were not de-
ployed in GSP because it is not a tidal
system. The DSG-Ocean re corders, in-
strument frames, and PVC pipes were
painted with antifouling paint (Trilux
33; West Marine). We deployed the
DSG-Ocean recorders approximately
10 m from the shoreline at the bottom
of the creek or pond. This was accom-
plished by attaching a 7 m galvanized
chain to the instrument frame, attaching
that chain to a line, and tying that line
to an auger on shore. Upon deployment,

all frames were forced on their sides by pulling the
line taught. This setup minimized moving parts and
noise artefacts and added protection for the recorders
and loggers. The recorders were serviced between
28 July and 4 August 2016.

2.2.2.  Mobile recording platforms

In order to create maps of sound levels in
Chechessee Creek, we conducted spatial passive
acoustic surveys in which we towed a DSG-Ocean
recorder (set to a continuous recording cycle) in the
direction of the tidal flow (Fig. 2B). The DSG-Ocean
recorder was attached to a frame which was then
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Fig. 1. Chechessee Creek (Stns CC1 and CC2) and the saltwater impoundment
(the Great Salt Pond, GSP) in Okatie, South Carolina, USA. (A) Waterways near
Chechessee Creek. Inset: Chechessee Creek, South Carolina (white dot), show-
ing the approximate location of this creek in reference to the US East Coast. (B) 

Locations of the stationary recording platforms at Stns CC1, CC2, and GSP
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suspended in the water column at a depth of 3 m
using a line tied to a hard plastic float (Mooring Sys-
tems) (Fig. 2B). The buoy was then attached to a 4 m
line and affixed to the boat using a heavy duty tow-
ing harness (West Marine). We tested different boat
pro pulsion methods (90 horse power [hp] Yamaha
Four Stroke versus a 1 hp Minn Kota EO Transom-
Mount Electric Outboard Motor) and their contri-
butions to ambient noise levels (Fig. S1). We con-
cluded that the trolling motor was the most effective
method for performing the passive acoustic surveys
because it decreased the background noise associ-
ated with propulsion compared to the Yamaha
Four Stroke motor (Fig. S1). The ambient SPL in the
creek was on average 119 dB re 1 μPa ± 4 dB (mean
± SD). The outboard engine on the boat with ambi-
ent noise had a mean SPL of 147 dB re 1 µPa ±
4 dB, while the trolling motor with ambient noise
had an average SPL of 133 dB re 1 μPa ± 3 dB. We
found that the trolling motor was significantly qui-
eter than the outboard engine (t-test; p < 0.05).

Thus, in order to maintain control of the boat and
the mobile recording platform, we used a trolling
motor during the sound-mapping surveys at a uni-
form power of 11 kg of thrust. With the tidal flow,
the boat towed the recording platform at a speed
of 1.6− 3.2 km h−1.

Dates and times for surveys were determined using
the knowledge of fish calling and chorusing patterns
from passive acoustic data collected in the May
River, South Carolina (Monczak et al. 2017, 2019).
Surveys moved in the direction of the tidal current to
minimize flow noise. Therefore, optimal timing of
the tides and the calling patterns of fish were both
taken into consideration when selecting evenings to
perform mapping surveys. We conducted 5 surveys
in Chechessee Creek (Table S2). The DSG-Ocean
recorder was set to record continuously at a sam-
pling rate of 80 kHz. Acoustic files were saved as
2 min recordings on a 128 GB SD card. These files
were then batch-converted into ‘wav’ files using
DSG2wav© software (Loggerhead Instruments). Dur-
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surveys. This recorder was suspended in an instrument frame under the plastic float and towed behind a boat using an electric 
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ing each tow, we re corded the lo cation of our route
using a Garmin 76CS GPS, which was time-synced
to the DSG-Ocean re corder. The GPS re corded lati-
tude and longitude locations every 30 s. GPS tracks
were downloaded to BaseCamp (Garmin) and then
exported to Micro soft Excel. Depth was recorded
manually every 5 min with a handheld digital
depth sounder (Vexilar). Environmental para meters
were taken using an YSI 556 Hand held Multi -
parameter Instrument (YSI/Xylem) every 5 min.

2.3.  Acoustic analysis

2.3.1.  Fixed recording platforms

We collected a total of 39 308 acoustic files. We per-
formed root mean square (rms) SPL analyses on each
2 min wav file for broadband (1−40 000 Hz), low
(50−1200 Hz) and high (7000−40 000 Hz) frequency
bandwidths using MATLAB version 2014a (Math-
works) scripts previously discussed (Monczak et al.
2019). The broadband bandwidth was designed to
provide a measure of total sound levels at each sta-
tion. Although some recorders produce noise from
0−50 Hz, the bandwidth of 1−40 kHz was kept uni-
form across all stations. SPLs in the low frequency
bandwidth were designed to include the peak fre-
quencies of specific fish calls, lower frequencies of
snapping shrimp sounds, bottlenose dolphin vocal-
izations, and noises of physical and anthropogenic
origin. SPLs in the high frequency bandwidth in -
cluded snapping shrimp snaps, high frequency vocal-
izations of bottlenose dolphins, and noise associated
with anthropogenic and physical sources. We deter-
mined the rms SPL for each wav file using the equa-
tion from Merchant et al. (2015):

S = h + g + 20log10(1 / Vadc) 
b = 20log10{sqrt[mean(y2)]} (1)

a = b − S

where a is the calibrated sound level in dB re 1 µPa;
b is the uncorrected signal; S is a correction factor; h
is the hydrophone sensitivity (i.e. −185 dBV µPa−1); g
is the DSG gain (i.e. 20 dB); Vadc is the analog-to-dig-
ital conversion (i.e. 1 volt); and y is the signal. For
each station, we determined the mean (±SD) for
broadband, low, and high frequency rms SPLs for
each 2 min file over the entire deployment time-
frame. To understand the temporal rhythms in SPL,
we created rms SPL heat maps of each wav file ver-
sus date and hour of day, along with the correspon-

ding temperature. In addition, to count snapping
shrimp snaps we used a custom, feature-based
MATLAB script that reported the number of snaps
per 2 min wav file following the methods outlined in
previous studies (Monczak et al. 2019). The snap
detector featured an amplitude threshold set to 0.9 in
order to keep the detection range relatively constant.
Heat maps of snap rate of each 2 min wav file versus
date and hour of day, along with corresponding
water temperature, illustrated the temporal rhythms
of snapping. For all analyses, we eliminated files that
contained vessel noise, rain, or chain artefacts in
order to exclude the influence of anthrophonic and
geophonic noise sources.

To identify and quantify fish calls, bottlenose dol-
phin vocalizations, and other biological sounds, wav
files were manually reviewed using Adobe Audition
CS5.5 software (Adobe Systems). In Adobe Audition,
we reviewed spectrograms in 10 s windows for each
2 min wav file in order to identify sound-producing
organisms. The spectral resolution was set to 2048 in
Adobe Audition because this setting created the
clearest spectrogram, which allowed us to view call
signatures clearly. We provided spectrograms of spe-
cies calls and vocalizations in Adobe Audition be -
cause observers used this program to review files; in
addition, this software program provided high qual-
ity spectrograms (i.e. better than MATLAB), which
assists with acoustic signature recognition. To assist
the reader in identifying calls and vocalizations to
species, we provide signature audio files in the Sup-
plement (audio files 1−8) at www. int- res. com/ articles/
suppl/ m645p001_ supp/. For fish, we identified calls by
comparing acoustic signatures to spectrograms pub-
lished in other studies (Tavolga 1958, Luczkovich et al.
1999, Sprague 2000, Rountree et al. 2006, Monczak
et al. 2017). To gauge the amount of fish calling that
occurred in each wav file, a scoring system was used
(i.e. 0 = no calls; 1 = one call detected; 2 = multiple
calls; 3 = overlapping calls or chorus) following the
methods outlined in previous studies (Luczkovich et
al. 2008b, Monczak et al. 2017). Dolphin vocalizations
were counted per 2 min wav file as the number of
echolocation bouts, burst pulses, and whistles (Herz-
ing 1996). Echolocation, or click trains, are clusters of
clicks lasting anywhere from 50−80 µs, while burst
pulses have harmonic bands that are highly repetitive
(Hendry 2004). Whistles consist of a single band that
can have several frequency fluctuations, or contours
(Janik 2000). We totaled the number of files with dif-
ferent fish calls, dolphin vocalizations, and unknown
biological sounds at each station. We summed fish
calling intensity scores per day centered on midnight
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(i.e. from 12:00 to 11:40 h the next day, Eastern Stan-
dard Time, EST) and plotted these sums with corre-
sponding water temperature, hours of daylight, and
lunar cycle versus the date.

2.3.2.  Mobile recording platforms

To create spatial heat maps of biological sound, we
calculated high (7000−40 000 Hz) and low (50−1200 Hz)
frequency SPLs for each second of the recorded wav
files (i.e. not the rms SPL of the 2 min wav file) dur-
ing the spatial passive acoustic surveys. We used a
MATLAB-based script in ‘PAMGuide’ to calculate the
1 s SPL values (Merchant et al. 2015). We then manu-
ally averaged the low and high frequency SPLs every
30 s using Microsoft Excel, which corresponded to the
sampling interval of the GPS. In separate low and
high frequency heat maps, these SPL averages were
plotted along the survey track using ArcMap 10.5
(ESRI). The SPL range used in the legend was deter-
mined by taking the lowest and highest values from
all of the surveys and assigning colors to those data.
The point size for each 30 s segment was 22 m, which
was determined by taking the mean distance travelled
in 30 s during the survey and then doubling this dis-
tance to ensure visibility and accuracy in the heat
maps. In all cases, times represent EST without the in-
corporation of daylight savings time.

2.4.  Statistical analyses

We performed general linear model (GLM) tests
using SPSS Statistics 24 (IBM) to evaluate the influ-
ence of location, month, lunar cycle, day/night, tidal
phase, and temperature anomaly on broadband, low,
and high frequency SPLs. To investigate factors that
influence snapping shrimp snap rate, we performed a
similar GLM but included interactive factors (location
× tidal phase and month × day/night). We performed
a GLM to investigate the influence of location, month,
lunar phase, tidal range, and temperature anomaly
on oyster toadfish and spotted seatrout calling. To
classify the lunar cycle, we used 4 categories: 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, Monczak et al.
2017). Temperature anomalies were determined by
subtracting 30 d moving averages from the ob served
water temperature. We used local sunrise and sunset
times to determine day and night. Tidal phases were
determined using depth data and were categorized

into high tide (samples with the deepest depth within
a tidal cycle), falling tide (samples be tween high and
low tide), low tide (samples with the shallowest depth),
and rising tide (samples between low and high tide).

We assessed the normality of the dependent vari-
ables by assessing histograms, skewness, and kurto-
sis. We assumed the data were normally distributed if
the absolute value of skewness was <2 and kurtosis
was <7 (Ghasemi & Zahediasl 2012, Kim 2013). We
performed additional tests to assess significance be -
tween groups if categorical variables had a signifi-
cant influence on the dependent variable. If assump-
tions were not violated, Tukey’s HSD tests were used;
if assumptions were violated, Dunnett’s C-tests were
performed.

3.  RESULTS

3.1.  Spatial and temporal comparisons of SPLs

Based on the results of SPL analysis using data
from our stationary DSG-Ocean recorders, there were
spatial and temporal differences among stations. Our
observations showed that Chechessee Creek (Stns
CC1 and CC2) was louder than the saltwater im -
poundment (Stn GSP) (Figs. 3 & 4). Results from the
broadband analyses showed that GSP mean (±SD)
SPL (118 ± 4 dB re 1 µPa) was lower than CC1 (120 ±
4 dB) and CC2 (120 ± 4 dB) SPLs (Dunnett’s post
hoc test, p < 0.05). The mean low frequency SPL for
GSP (92 ± 8 dB) was significantly lower than the SPLs
for CC1 (108 ± 5 dB) and CC2 (105 ± 8 dB) (Dunnett’s
post hoc test, p < 0.05). The same results were
observed for mean high frequency, with SPLs of the
GSP (96 ± 6 dB) significantly lower than SPLs of CC1
(114 ± 2 dB) and CC2 (113 ± 1 dB) locations (Dun-
nett’s post hoc test, p < 0.05). Water quality was sim-
ilar among CC1, CC2, and GSP (Table S3). The depth
of Chechessee Creek varied from 4.09−7.15 m, while
GSP was consistently around 1.25 m deep.

The temporal patterns observed among the locations
were significantly influenced by month, lunar phase,
tidal phase, and temperature anomaly for broad-
band, low, and high frequency rms SPLs (Table 1). In
addition, low frequency SPLs were influenced by
day/night cycles (Table 1). The most striking patterns
occurred in Chechessee Creek; low frequency SPLs
were highest in the summer months (June, July, and
August) during the night and followed an oscillating
pattern (Fig. 3A,B; Dunnett’s post hoc test, p < 0.05).
In the 1st and 3rd quarter of the lunar cycle, SPLs in
the low frequency bandwidth remained at a higher
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level for a longer period during the night compared
to the new and full moon cycles (Fig. 3A,B).

3.2.  Temporal rhythms of biological sounds

Snapping shrimp, fish, bottlenose dolphins, and alli-
gator acoustic signals were detected in these sound-
scapes (Table 2, Figs. 5 & 6). We provide audio files of
these calls and vocalizations in the Supplement (audio
files 1−8). Snapping shrimp produced an intense,
broad band snap that dominated the soundscape
throughout the estuary (Fig. 5A). Sounds produced by
soniferous fish included oyster toadfish (Fig. 5B,C),
Atlantic croaker (Fig. 5D), silver perch (Fig. 5E), spotted
seatrout (Fig. 5F), red drum (Fig. 5G), and an unknown
biological sound (Fig. 5H). Calls of apex predators such
as bottlenose dolphins were de tec ted in the Che -
chessee Creek (Fig. 6A−C), while an American alliga-
tor vocalization was de tected once in GSP (Fig. 6D).

3.2.1.  Snapping shrimp acoustic behavior

Location, month, lunar phase, tidal phase, day/ night,
and temperature anomaly significantly influenced

9

                                                df                 F                   p

SPL 1−40000 Hz                                                               
Location                                   2             312.13           <0.01
Month                                      7             197.12           <0.01
Lunar phase                            3             89.73           <0.01
Tidal phase                              3             245.39           <0.01
Day/night                                1             0.04           0.83
Temperature anomaly            1             418.52           <0.01
R2                                        0.15
SPL 50−1200 Hz
Location                                   2             7227.32           <0.01
Month                                      7             226.32           <0.01
Lunar phase                            3             13.79           <0.01
Tidal phase                              3             4.61           <0.01
Day/night                                1             354.95           <0.01
Temperature anomaly            1             9.08           <0.01
R2                                        0.55
SPL 7000−40000 Hz
Location                                   2             39543.10           <0.01
Month                                      7             1089.51           <0.01
Lunar phase                            3             32.22           <0.01
Tidal phase                              3             8.30           <0.01
Day/night                                1             0.48           0.49
Temperature anomaly            1             1763.33           <0.01
R2                                        0.89                                  

Table 1. General linear model results investigating the in-
fluence of specific factors on sound pressure levels in
Chechessee Creek and Great Salt Pond, South Carolina. 

Values in bold are significant at p < 0.05

                                                            CC1                               CC2                                GSP
                                                            Files with              Sum                      Files with             Sum                       Files with            Sum 
                                                            detections             intensity                detections            intensity                detections           intensity

Fish                                                                                                                                                                                                             
Silver perch Bairdiella chrysoura    116 (0.90%)          232 (0.60%)          360 (2.78%)         761 (1.96%)          10 (0.80%)           9 (0.02%)
Oyster toadfish Opsanus tau                                                                                                                                                                    
Boatwhistle                                        3538 (27.30%)      6609 (17.00%)      3579 (27.62%)     7324 (18.84%)      61 (0.47%)           73 (0.19%)
Grunt                                                  1707 (13.17%)      3080 (7.92%)        3166 (24.43%)     5433 (13.97%)      14 (0.11%)           18 (0.05%)
Spotted seatrout Cynoscion             2817 (21.74%)      6471 (16.64%)      3167 (24.44%)     7520 (19.34%)      142 (1.10%)         200 (0.51%)
nebulosus

Red drum Sciaenops ocellatus         28 (0.22%)             55 (0.14%)            9 (0.07%)             18 (0.05%)             0 (0.00%)             0 (0.00%)
Atlantic croaker Micropogonias     2676 (20.65%)      3733 (9.60%)        2017 (15.56%)     2637 (6.78%)        3220 (24.85%)    4987 (12.83%)
undulatus

Apex predators                                                                                                                                                                                         
Bottlenose dolphin Tursiops                                                                                                                                                                    
truncatus

Echolocation                                      806 (6.22%)          3627 (27.99%)      173 (1.33%)         1207 (9.31%)        0 (0.00%)             0 (0.00%)
Burst pulses                                        153 (1.18%)          533 (4.11%)          15 (0.12%)           53 (0.41%)             0 (0.00%)             0 (0.00%)
Whistles                                              8 (0.06%)               22 (0.17%)            3 (0.02%)             4 (0.03%)               0 (0.00%)             0 (0.00%)
American alligator Alligator            0 (0.00%)               0 (0.00%)              0 (0%)                  0 (0.00%)               1 (0.01%)             2 (0.01%)
mississippiensis

Unknowns                                                                                                                                                                                                  
Unknown 1                                        927 (7.15%)          4506 (11.59%)      3708 (28.61%)     6924 (17.81%)      57 (0.44%)           76 (0.20%)

Table 2. Prevalence of fish calling, dolphin vocalizations, and alligator sounds in the Great Salt Pond (GSP) and Chech essee
Creek (CC1, CC2), South Carolina. Files with detections: the number of 2 min files with a call detected; percentages were deter-
mined by dividing file detections by the total amount of files analyzed (i.e. 12960). Sum intensity: calculated by summing the
intensity scores; percentages were determined by dividing the sums by the maximum calling intensity (i.e. 38880). For bottlenose 

dolphins and alligators, the sum was based on the counted vocalizations
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the snap rate (i.e. snaps per 2 min) (Table 3, Fig. 7).
The highest mean snap rate was observed at CC1
(752 ± 188 snaps), followed by CC2 (471 ± 243
snaps), and then GSP (17 ± 12 snaps) (Dunnett’s
post hoc test, p < 0.05). The snap rate at CC2 dra -
matically changed on 18 May 2016 due to the move-

ment of the re corder to a deeper location and on
8 October 2016 due to Hurricane Matthew, which
may have been related to movement of the recorder
closer to an oyster reef (Fig. 7B). Tidal phase influ-
enced the snap rate: mean snap rates were signifi-
cantly higher at low tide (509 ± 424 snaps) than at
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high tide (407 ± 335 snaps) (Dunnett’s post hoc test,
p < 0.05). This striking diagonal pattern in snap
rates was similar to the tidal pattern observed in
Che chessee Creek with increased snapping on
the low tide (Figs. 7 & 8). The GSP had no tidal pat-
tern. Increases in snap rates were observed with
positive temperature anomalies (Dunnett’s post hoc
test, p < 0.05).

3.2.2.  Fish calling and chorusing

No chorusing and few fish calls were detected in
the GSP compared to frequent detections at loca-
tions CC1 and CC2 (Table 2, Fig. 9). In Chechessee
Creek, the deployment timelines of our recorders
captured a large portion of the seasonal calling of
oyster toadfish and spotted seatrout, so we focused
our investigation on these fish. For these species,
month, lunar phase, tidal range, and temperature
anomaly significantly influenced calling intensity
scores (Table 4). Oyster toadfish calls (mean sum
calling intensity score per day) were detected at
higher levels at CC2 on average. Within the calling
seasons, we recorded the highest levels of calling
intensity in oyster toadfish during the month of
May (92 ± 65) and the lowest in July (1 ± 1).

For spotted seatrout, location CC2 had a more pro-
tracted calling season than location CC1 (Fig. 9). The
mean calling intensity scores were the highest in
August (43 ± 32) and the lowest in November (1 ± 2).
Temporal heat maps demonstrated a cyclical pattern
in spotted seatrout calling at CC1 and CC2 (Fig. 9),
similar to the SPL patterns observed in the low fre-
quency SPL band (Fig. 3). These patterns indicate
that spotted seatrout began chorusing earlier in the
evening and ended later (i.e. longer chorusing dura-

tions) in the 1st and 3rd quarter of the lunar cycle com-
pared to the new and full moon phases.

3.3.  Fine-scale spatial mapping of biological
sounds in Chechessee Creek

On 9 August 2016 (i.e. a seasonal timeframe in
which spotted seatrout were the dominant sound-
producing fish), we conducted 2 passive acoustic
surveys at different time periods (18:33−20:00 h,
2.8 km tow; 20:16− 22:21 h, 5.1 km tow) (Fig. 10).
Low frequency SPLs from the fixed recorder at
CC1 indicated when sound levels peaked in the
evening (Fig. 10A,B). Data collected from our
towed acoustic survey displayed 3 general locations
of increased low frequency SPL values. Low fre-
quency SPLs reached values as high as 128 dB re
1 μPa (Fig. 10C,E). Spatial variations in high fre-
quency SPLs were also observed. In particular, one
specific location reached levels as high as 127 dB
re 1 μPa (Fig. 10D,F).

On 23 August 2016, we conducted passive
acoustic surveys during the day (14:52−15:42 h;
3.3 km tow) and evening (18:44−20:57 h; 5.6 km
tow) (Fig. 11). We conducted these surveys at these
different times to emphasize the patterns ob served
in our stationary recorders: the soundscape exhib-
ited distinct temporal features, and we ob served
peaks in low frequency SPL in the evening from
spotted seatrout spawning aggregations that we
did not observe during the day. On this date, low
frequency SPLs were lower during the day (max.
value: 114 dB re 1 µPa) compared to SPLs in the
evening (max. value: 124 dB re 1 µPa). Loca tions of
increased low frequency SPL values during the
evening on this date were similar to the locations
noted on 9 August, although the values were gen-
erally lower. It is important to note that the lunar
phases for these 2 trips were different from 9 August,
with the new moon occurring on 11 August and the
first quarter on 18 August. On the 23 August trip,
spatial variations in high frequency SPLs were also
ob served, and higher SPLs (as high as 126 dB re
1 µPa) appeared in similar locations as reported on
9 August 2016.

On 21 September 2016 (a seasonal timeframe in
which spotted seatrout were no longer chorusing),
we performed a passive acoustics survey during the
evening (16:46−17:16 h; a 5 km tow) (Fig. 12). Low
frequency SPL values were minimal and did not
exceed 111 dB re 1 µPa. On this date, spatial varia-
tions in high frequency SPL values were observed,

12

df F p

Location 2 10969.20 <0.01
Month 7 1379.01 <0.01
Lunar phase 3 86.00 <0.01
Tidal phase 3 184.78 <0.01
Day/night 1 3.95 <0.01
Temperature anomaly 1 2388.58 <0.01
Location × tidal phase 6 96.97 <0.01
Month × day/night cycle 9 4.05 <0.01
R2 0.84

Table 3. General linear model results investigating the influ-
ence of specific variables on snapping shrimp snap rates in
Chechessee Creek and the Great Salt Pond. Values in bold

are significant at p < 0.05
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and higher SPLs (as high as 126 dB re 1 µPa)
appeared in similar locations as reported on 9 and
23 August 2016.

4.  DISCUSSION

We found that tidal river estuaries exhibit important
spatiotemporal variations in biological sound that
may provide information to marine organisms, as well
as those who study and manage them. Pairing data
collected by both fixed and mobile recording platforms
allowed for detailed examination of not only the tem-
poral rhythms of biological sounds, but also the spatial
variation of sound throughout the estuary. By assess-
ing SPLs from stationary hydro phones in Chechessee
Creek (Stns CC1 and CC2) and the saltwater im-
poundment (Stn GSP), we were able to examine the
acoustic differences between an estuarine creek and
a saltwater impoundment, providing some insight into
what habitat conditions are necessary to support bio-
logical functions such as foraging in snapping shrimp
and spawning in fish. Spatial hydrophone surveys
provided an organismal perspective of the acoustic
gradients present in Che chessee Creek, mimicking
the movement and passage of estuarine species
through a heterogeneous soundscape. The collection
of these data established a framework showing how
both fixed and mobile platforms can be used in combi-
nation to assess the soundscape variability in an estu-
ary over time and space.

4.1.  Soundscape differences in Chechessee Creek
and the saltwater impoundment

The saltwater impoundment (Stn GSP) exhibited
less biological sound than Chechessee Creek (Stns
CC1 and CC2). This impoundment is connected to
Chechessee Creek through a small tidal channel
with a lock system that can control flow. Water con-
trol structures are used to raise and lower the water
levels to promote maximum flushing during the tidal
cycle, a process which allows movement of estuar-
ine organisms into the GSP. Im poundments are
known as areas used to control mosquitoes and
attract waterfowl, but these water bodies often
have decreased salinity and water exchange com-
pared to estuaries (Montague et al. 1987). A study
conducted on a saltwater impoundment in Indian
River County, FL, USA, found that im pounding a
marsh habitat re duced the number of fish species
from 16 to 5 (Harrington & Harrington 1961). The
impoundment was quickly invaded by 6 species
of gobiids, 5 species of gerreids, and 5 species of
sciaenids when reopened (Gilmore et al. 1981). The
study explained that im pounding the marsh area
reduced species diversity, suggesting the negative
effects impoundments can have on indigenous spe-
cies. However, if tidal fluctuations are reintroduced
to the area, the im poundment can recover to a
more natural ecosystem.

From stocking and survey data, we know that sci-
aenids were present in the GSP. However, acoustic

14

Date (mo/d/y) 

Ti
m

e 
(h

) 

D
ep

th
 (m

) 

Fig. 8. Depth of the water in Chechessee Creek (Stn CC1) measured every 10 min. Tidal patterns are shown in alternating red (high
tide) and green-blue (low tide) lines. The vertical blue lines indicate the time period when the DSG-Ocean recorder was serviced



Mueller et al.: Spatial mapping of an estuarine soundscape 15

0 

5 

10 

15 

20 

25 

30 

35 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

10 

12 

14 

16 

0 

5 

10 

15 

20 

25 

30 

35 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

10 

12 

14 

16 

10 

12 

14 

16 

0 

5 

10 

15 

20 

25 

30 

35 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

Oyster toadfish Silver perch Spotted seatrout Red drum 

Su
m

 o
f c

al
lin

g 
in

te
ns

ity
 sc

or
e 

 

H
ou

rs
 o

f d
ay

lig
ht

 

Te
m

pe
ra

tu
re

 (°
C

) 

Date (mo/d/y)

A 

B 

C 

Passive
acoustic survey

1 2

3

1
2

3

4/29/2016

5/29/2016

6/29/2016

7/29/2016

8/29/2016

9/29/2016

10/29/2016

Fig. 9. Seasonal patterns of fish intensity scores tallied per day centered on midnight (i.e. from 12:00 to 11:40 h the next day
eastern standard time) at Stns (A) CC1, (B) CC2, and (C) GSP. Also shown are water temperature (red line), hours of daylight
(brown dotted line), and new (black circles) and full (white circles) moon phases. Gaps in data indicate timeframes in which
there was a break for acoustic recorder maintenance. In (A) and (B), arrows with respective numbers indicate dates on which 

spatial passive acoustic surveys occurred in Chechessee Creek: 1: 9 August 2016; 2: 23 August 2016; 3: 21 September 2016



Mar Ecol Prog Ser 645: 1–23, 2020

data indicated that there was minimal snapping
shrimp and fish acoustic activity. Compared to the
vibrant soundscape of Chechessee Creek, the GSP
does not seem to support key acoustic behaviors
of soniferous organisms (e.g. foraging of snapping
shrimp, spawning of oyster toadfish and spotted sea -
trout; Patrick & Palavage 1994, Kupschus 2004, Mon-
tie et al. 2015, Rice et al. 2016, Monczak et al. 2017).
We speculate that either the GSP was not suitable
habitat to support these behaviors or the populations
of these organisms were low. Although bottlenose
dolphins do not have access to the impoundment, we
recorded the call of another apex predator, the Amer-
ican alligator. Both male and female alligators pro-
duce a mating bellow, but males preface the call with
infrasonic vibrations (Vliet 1989).

4.2.  Temporal variations of the soundscape

Seasons, lunar cycles, day/night, and tides can in -
fluence the acoustic behavior of marine organisms. A
study in Charlotte Harbor, Florida, investigated the
diel patterns of fish sound production and found
that sand seatrout Cynoscion arenarius had a typical
evening chorus similar to other sciaenids (Locascio &
Mann 2008). Staaterman et al. (2014) found that high
frequency sounds were driven by diel cycles, while
low frequency sounds were driven by lunar cycles in
the Florida Keys, Florida. In a study conducted in the
May River, South Carolina, seasonal, lunar, and daily
species-specific patterns in calling were found in sil-

ver perch, oyster toadfish, black drum, spotted
seatrout, and red drum (Monczak et al. 2017). The
seasonal, lunar, and daily patterns of spotted seatrout
chorusing in Chechessee Creek resembled the pat-
terns detected in the May River (Monczak et al. 2017).
Another notable temporal variation in Chechessee
Creek was influenced by the tidal cycle. At both CC1
and CC2, SPLs in the low frequency bandwidth (i.e.
fish calling and lower portion of snapping shrimp
snaps) and high frequency bandwidth (i.e. snapping
shrimp snaps) were highest on the low tide, poten-
tially reflecting the tidal migration of organisms out
of the marsh grass and into the main channels of
Chechessee Creek (Gibson 2003). GSP did not reflect
any temporal variation in sound production.

Snapping shrimp were one of the main acoustic
contributors to the soundscape of Chechessee Creek.
The most obvious rhythm in snapping shrimp acoustic
activity was associated with the tidal cycle; the high-
est snap rate occurred on the low tide and lowest on
the high tide. This pattern may be explained by in -
creased foraging for prey or a change in distribution
from the marsh grass and intertidal creeks to the
main channel with the ebbing tide (Lehnert & Allen
2002, Bohnenstiehl et al. 2016, Monczak et al. 2019).
The snap detector that we utilized featured a uniform
amplitude threshold at each station regardless of
environmental conditions. The detection range could
vary based upon the ambient noise, but we designed
our analyses to minimize this potential.

Our stationary recorders in Chechessee Creek re -
vealed calling of silver perch, oyster toadfish, Atlantic
croaker, spotted seatrout, and red drum. We recorded
the end of the courtship season of silver perch, which
was supported by nearby soundscape studies in the
May River estuary (Monczak et al. 2017, 2019). In
South Carolina, silver perch typically begin calling in
mid-March, when the water temperature reaches
18°C, and last until early June, when water tempera-
tures consistently exceed 25°C (Monczak et al. 2019).
Using the long-term data sets of oyster toadfish and
spotted seatrout, we detected temporal rhythms in
calling that also followed patterns previously re -
ported in the May River estuary (Monczak et al. 2017,
2019). Most notably, spotted seatrout was the domi-
nant low frequency sound-producing species and
displayed prominent peaks in chorusing activity and
intensity on the first and third quarter of the lunar
cycle—similar to findings ob served in the May River
estuary (Monczak et al. 2017, 2019). With the low tide
in the evening, spotted seatrout began calling earlier
and ended later (i.e. longer durations), which pro-
vides an explanation for the oscillating pattern in our

16

df F p

Oyster toadfish Opsanus tau
Location 2 31.41 <0.01
Month 5 35.62 <0.01
Lunar phase 3 5.55 <0.01
Tidal range 1 15.75 <0.01
Temperature anomaly 1 2.18 0.14
R2 0.5

Spotted seatrout Cynoscion 
nebulosus

Location 2 420.93 <0.01
Month 5 55.08 <0.01
Lunar phase 3 12.02 <0.01
Tidal range 1 26.98 <0.01
Temperature anomaly 1 6.22 <0.01
R2 0.72

Table 4. General linear model results investigating the influ-
ence of specific factors on fish calling in Chechessee Creek
and the Great Salt Pond. Values in bold are significant at 

p < 0.05
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heat maps. It is possible that spotted seatrout spawned
more frequently on these evenings, or that the low
tide caused the aggregations to be more concen-
trated due to lower water volume compared to aggre-
gations occurring during high tides. We did not record
any red drum chorusing activity in Chechessee Creek,

which typically begins later in the summer (August)
and lasts until the late fall (November) in South Caro -
lina (Montie et al. 2015, Monczak et al. 2017). Be -
cause we sampled throughout the calling and spawn-
ing season of red drum, we concluded that red drum
spawning did not occur in Chechessee Creek.
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4.3.  Fine-scale spatial variations of sound

Stationary hydrophones are typically used to de -
monstrate the overall soundscape of a particular en -
vironment. While this tool is necessary for under-
standing temporal rhythms, towed hydrophones or
autonomous vehicles can assist in understanding the
spatial heterogeneity of sound (Holt 2008, DeAngelis
et al. 2017, Lillis et al. 2018). These data can provide an
understanding of what organisms experience acousti-
cally as they move through an estuary. In fact, there is
some evidence that acoustic gradients serve as settle-
ment or spawning cues to organisms that pass through
the soundscape. For example, in the Pamlico Sound,
North Carolina, oyster reefs were found to be signifi-
cantly louder than soft-bottom habitats with sup porting
research that suggested that these acoustic differences
could serve as a cue for planktonic larva to settle (Lillis
et al. 2014b). Several studies have also investigated
the importance of acoustic variation around coral
reefs for larval fish recruitment. One study conducted
around 7 small islands in Bohol, Philippines, found a
correlation between reef quality and sound produced,
suggesting that healthier reefs are more likely to re-
cruit larval fishes because they can be heard from a
greater distance (Piercy et al. 2014). Estuarine larval
fish may congregate in areas with higher sound levels
because these levels may indicate more resources, or
they could avoid these areas because these levels may
indicate the presence of predators.

In our study, the SPLs in the high frequency band-
width were highest near an anti-erosion wall made
from large rocks. Snapping shrimp prefer areas with
crevices and holes (e.g. oyster reefs and rocky sub-
strate) (Johnson et al. 1947), and this artificial struc-
ture provided this type of habitat. Oyster reefs have
distinct soundscapes (Lillis et al. 2013, 2014a,b), and
they serve as significant habitats in estuaries because
of the structure and resources they provide for both
benthic and nektonic organisms (Lehnert & Allen
2002, Kingsley-Smith et al. 2012). More analyses
would be necessary to determine how anthropogenic
structures, such as the anti-erosion wall in Che -
chessee Creek, serve as habitats for larval settlement
and nekton recruitment.

Estuaries in the southeast USA are important
spawning grounds for many sciaenid species includ-
ing silver perch, spotted seatrout, and red drum (Mok
& Gilmore 1983, Montie et al. 2015, Monczak et al.
2017). In these species, it is thought that males pro-
duce courtship calls to attract females to a spawning
location (Roumillat & Brouwer 2004, Ramcharitar et
al. 2006, Walters et al. 2009). In Chechessee Creek,

we discovered that sound levels in the low frequency
bandwidth (i.e. indicative of spotted seatrout chorus-
ing) were spatially heterogeneous and certain areas
(i.e. near the anti-erosion wall and mouth of Che -
chessee Creek) experienced higher sound levels. It is
very possible that females swim through estuaries lis-
tening to male courtship calls and selecting the loud-
est aggregations. As females and males detect these
calls, the aggregations may grow and sound may
facilitate this hyper-aggregating behavior and coor-
dinate mass spawning. As emphasized throughout
our results, timing is essential in understanding fish
sound production rates. However, areas without fish
calling may not necessarily indicate a low fish pres-
ence but rather fish not engaging in this type of
behavior. This conundrum is an important limitation
to consider when conducting these surveys and
drawing conclusions. Combining passive acoustic sur-
veys with active acoustics may provide a means to
understand call dynamics, behavior, and fish numbers
(Erisman & Rowell 2017, Zemeckis et al. 2019).

As supported by data collected from our stationary
recorders, spotted seatrout chorusing is influenced by
temporal variables such as season, lunar cycle, time of
day, and tidal cycle. By conducting 3 passive acoustic
surveys over different periods, we were able to deter-
mine hotspots of chorusing activity. Chorusing was
most notable on 9 August, a survey that occurred in
the midst of the spawning season, closest to the first
quarter of the lunar cycle, and during the evening.
The 2 other hydrophone surveys (23 August and
21 September) did not provide as much insight into
the spatial distribution of aggregations because they
were completed during a time period with less calling
and chorusing. Of course, a limitation of towed sur-
veys is flow noise, but we did minimize this variable
by using a trolling motor and towing in the direction
of the tidal flow. If resources and time were available,
a finer-scale stationary array could be used; this would
increase spatial resolution but not sacrifice temporal
resolution. None theless, our findings do emphasize the
importance of understanding the temporal rhythms of
target species with long-term, stationary platforms
before at tempting to understand spatial patterns with
towed hydrophones.

4.4.  Can soundscapes be used to gauge 
estuarine health?

Previous studies have utilized mobile platforms to
determine spatial variation in sound (Holt 2008, Wall
et al. 2012, DeAngelis et al. 2017, Lillis et al. 2018,
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Zemeckis et al. 2019), but combining this approach
with stationary recorders is innovative for estuarine
ecosystems. A recent study by Lillis et al. (2018) in
Pamlico Sound, North Carolina, and St. John, US Vir-
gin Islands, examined the method of conducting drift-
ing hydro phone surveys over oyster reefs and coral
reefs to highlight the connection between habitat and
sound levels. Results indicated that drifting acoustic
re corders were able to detect small-scale variations
in the soundscape and that both coral and oyster reefs
significantly elevated the sound levels. This pattern
is consistent with the mapping results that we found
in Chechessee Creek. We argue again that both fixed
and mobile platforms are best used in tandem for fine-
scale spatial analysis because species exhibit rhyth-
mic patterns in sound production that are tuned to
temporal and environmental variables. If re sources
are available, an alternative approach, as we discussed
previously, is to increase the number of fixed recording
stations to improve spatial resolution, while re taining
temporal resolution. Nonetheless, un der standing the
spatial complexity of soundscapes must be framed
within a temporal and environmental context.

Collectively, these findings pose a very interesting
question in marine ecology — Are healthier habitats
or ecosystems biologically louder? Costanza & Mageau
(1999) discuss a healthy ecosystem as one that main-
tains its structure (organization) and function (vigor)
over time when faced with external stress (resili-
ence). As we illustrated in the current study, sound-
scape characterization can provide acoustic behavior
measurements at multiple levels of biological organ-
ization. This approach makes it possible to eaves-
drop on key behaviors or functions that can change
rapidly or gradually in response to environmental
changes and human use, thus providing a measure of
resilience or shifting baselines in the face of a glob-
ally changing environment. Collectively, we can
measure these biological sounds as an overall inten-
sity or SPL. In the present study, we did find higher
SPLs in Chechessee Creek compared to the levels
present in the saltwater impoundment, which pro-
vides some support for this hypothesis. However,
these are very different habitats (creek versus an
impoundment), and a more robust study would in -
volve similar estuaries with a control site and sites
with various levels of degradation.

More extensive mapping studies with traditional
biodiversity surveys will be necessary to examine
the correlation between habitat health, biodiversity,
and sound levels. Recently, researchers have applied
soundscape metrics such as the Acoustic Complexity
Index and Acoustic Entropy to marine ecosystems to

determine if these indices correlate with biodiversity
and habitat complexity (e.g. Kaplan et al. 2015,
Staaterman et al. 2017, Bohnenstiehl et al. 2018). We
argue that studying soundscapes could provide a
broader understanding of estuarine health because
this approach acquires behavioral data at multiple
levels of biological complexity (i.e. from snapping
shrimp to fish to marine mammals) at fine spatial scales
and time series that range from minutes to years.
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