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Abstract

Passive acoustics has been used extensively to study

bottlenose dolphins; yet very few studies have examined

the spatial, temporal, and environmental influences on

vocalization types (echolocation, burst pulse sounds, and

whistles), and few are long-term and provide high temporal

resolution over multiple years. We used data from 2013 to

2018 to establish baseline acoustic patterns for bottlenose

dolphins in the May River estuary, South Carolina. We

deployed acoustic recorders at six stations during

2013–2014 and three stations during 2015–2018, with

locations spanning the entire estuary (headwaters to the

mouth). We discovered that acoustic detection of dolphins

varied not only spatially, but also yearly, monthly, and tid-

ally. Higher numbers of echolocation bouts, burst pulse

sounds, and whistles were detected at the mouth as com-

pared to the headwaters. At the mouth, vocalization detec-

tions were greatest in fall and winter for multiple years, and
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echolocation detection was greatest during falling and low

tides. This study provides an example of another tool, long-

term passive acoustics monitoring, to better understand

spatial and temporal distribution of dolphins in a typical salt

marsh estuary, that can be applied to other ecosystems

throughout the southeastern United States and globally.
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1 | INTRODUCTION

Common bottlenose dolphins (Tursiops truncatus, henceforth referred to as bottlenose dolphins) are long-lived, with

many individuals within the western Atlantic Ocean having high site fidelity to bays, sounds, and estuaries of the

southeastern United States (e.g., Balmer et al., 2013; Hayes et al., 2019; Rosel et al., 2011). Thus, bottlenose dolphins

serve as an important sentinel species for the health of marine ecosystems (Bossart, 2011; Wells et al., 2004). As

top-level predators feeding on organisms at multiple trophic levels, dolphins are keystone species and play a critical

role in responding to and maintaining the structure of an ecological community (e.g., Bossart, 2011; Heithaus

et al., 2008; Ritchie & Johnson, 2009). Climate patterns and environmental gradients can impact their distribution,

behavior, and foraging ecology. These same factors may also be influenced by anthropogenic activities such as

boating, fishing, shoreline development, and dredging (e.g., Bejder et al., 2006; Jensen et al., 2009; Pirotta

et al., 2015; Powell & Wells, 2011; Ross et al., 2011; Weilgart, 2007; Wells et al., 2008; Van Ginkel et al., 2017).

Long-term monitoring of local dolphin stocks can help identify changes in health and abundance resulting from

anthropogenic stressors, prey scarcity, or environmental contaminants (Schwacke et al., 2014; Wells et al., 2004).

In the southeastern United States, there is a complex mosaic of overlapping bay, sound, and estuarine (BSE) and

coastal stocks of bottlenose dolphins (Hayes et al., 2019). BSE stocks exhibit localized movements and high site fidel-

ity, while coastal stocks likely have extended movements and lower site fidelity to a given section of coastline

(Balmer et al., 2018; Speakman et al., 2010; Zolman, 2002). In South Carolina, there are currently three BSE stocks

(the Northern South Carolina Estuarine System Stock, the Charleston Estuarine System Stock, and the Northern

Georgia/Southern South Carolina Estuarine System Stock) and two coastal stocks (the South Carolina/Georgia

Coastal Stock and the Southern Migratory Coastal Stock) that have some degree of spatial and temporal overlap

(Hayes et al., 2019). The Southern Migratory Coastal Stock is hypothesized to migrate along the coast between

northern Florida and North Carolina during the spring and fall of each year (Hayes et al., 2019). The South Carolina/

Georgia Coastal Stock has been identified to have some seasonal movements into BSE waters during summer

(Speakman et al., 2010) and extended movements along the coast throughout the year (Balmer et al., 2018). In addi-

tion, some degree of overlap has been identified for adjacent BSE stocks in the South Carolina/Georgia coastal

region (Silva et al., 2019).

Previous long-term, photographic-identification studies throughout the southeastern United States have pro-

vided some insight into site fidelity and seasonality for both BSE and coastal stocks. Many estuaries along the SC

coast are known to have full time residents (e.g., Gubbins, 2002; Sloan, 2006; Speakman et al., 2010; Zolman, 2002).

The Calibogue Sound, South Carolina, has been shown to have summer migrants, whereas areas closer to Charleston,

South Carolina, have been shown to have fall and winter migrants (Speakman et al., 2010; Zolman, 2002). Methodol-

ogies to study distributions and habitat use of these stocks have focused on small vessel surveys and satellite
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telemetry, which are beneficial because they provide reliable identification, exact animal counts, and provide a good

opportunity for recording surface behavior (Barlow & Taylor, 2005; Simard et al., 2015). However, visual survey

methods can be labor intensive, logistically challenging, and lack high temporal resolution (Balmer et al., 2014). While

the studies in the southeastern United States have been multi-year studies, visual surveys were mostly conducted

monthly which provides only a snapshot of the spatial and temporal patterns within and between these stocks.

Passive acoustics can be utilized as an additional method to provide fine spatial and temporal scale (i.e., 24 hr/

day, 7 days/week) approximations of distribution, habitat use, and potential declines of a local population (Marques

et al., 2013; Mellinger et al., 2007). Since passive acoustic recorders have high temporal resolution, this approach

may be particularly useful in identifying the arrival or departure of migratory, seasonal stocks. This approach allows

us to collect long-term, continuous data that is not possible with other techniques. Passive acoustic monitoring can

continue at night, regardless of weather and other conditions that inhibit visual observations, can operate year-round

at relatively low costs, and is particularly useful in areas where there is low water visibility (Mellinger et al., 2007).

Additionally, acoustic recordings can be reanalyzed, which is beneficial for verifying unexpected results or for testing

a new analytical method (Simard et al., 2015).

By identifying baseline patterns in acoustic behavior, we can detect and monitor shifts associated with natural vari-

ability, changes in climate, or anthropogenic activities. Evidence from previous studies suggest that vocalization patterns

can be influenced by vessel presence, stress, underwater noise, group size, prey activity, and season in study areas

across the world (e.g., Buckstaff, 2004; Castellote et al., 2015; Esch et al., 2009; Jacobs et al., 1993; Marley et al., 2017;

Nuuttila et al., 2017; Quick & Janik, 2008; Tellechea et al., 2014). However, there are virtually no studies examining spa-

tial, temporal, and environmental influences on multiple vocalization types (echolocation, burst pulse sounds, and whis-

tles) for one species, and few are long-term studies that provide extensive temporal coverage over multiple years.

In the present study, we monitored the estuarine soundscape from 2013 to 2018 in the May River estuary,

South Carolina, to understand vocalization patterns (the abundances of echolocation, burst pulse sounds, and whis-

tles) of bottlenose dolphins. The May River is a large, tidal river estuary that is characterized as having low volume in

the headwaters and increasing volume towards the mouth. This tidal river estuary exhibits similar geographic charac-

teristics to many other estuaries within the southeastern United States (e.g., Dalrymple et al., 1991; Meade, 1969).

This geography leads to strong physical and chemical gradients (e.g., depth, salinity, pH, and dissolved oxygen) from

the headwaters to the mouth that change seasonally and tidally, which may affect the abundance and distribution of

prey and subsequently dolphins (Dalrymple et al., 1991; Ingram & Rogan, 2002). Dolphins within this estuary are

considered part of the Northern Georgia/Southern South Carolina Estuarine System (NGSSCES) stock but may have

some degree of overlap from the South Carolina-Georgia Coastal stock that inhabits the coastal waters adjacent to

this region as is true of those nearby in Calibogue Sound (Gubbins, 2002; Hayes et al., 2019). The geography and

stock structure of the May River estuary could serve as a model for understanding the spatial and temporal patterns

of dolphin vocalizations in other tidal river estuaries that exhibit similar geographical, physical, and chemical gradi-

ents. Our hypotheses were: (1) echolocation would be the most common vocalization in the repertoire of estuarine

dolphins; (2) the abundance of echolocation bouts, burst pulse sounds, and whistles would vary spatially with the

highest detections near the mouth of the estuary; (3) vocalizations would vary seasonally with more detections in

the spring and summer following the arrival of migrants; and (4) vocalizations would vary across multiple temporal

scales including tidal, diel, and lunar rhythms.

2 | MATERIALS AND METHODS

2.1 | Study area

The May River is a tidal river estuary (32�1204900N, 80�5202300W) that is approximately 22 km in length and the width

ranging from 0.01 km near the source to 1 km at the mouth (Figure 1). This estuary opens to the Calibogue Sound,
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which is semiprotected by Hilton Head Island. Water depth ranges from approximately 3–25 m with shallower

depths towards the headwaters. The May River estuary is associated with large areas of salt marsh and oyster reefs

and is influenced by a 2.5–3.0 m semidiurnal tidal cycle. Previous research conducted from 2015 to 2017 showed

that environmental variables vary spatially from the headwaters to the mouth. Temperature ranges from 19.93�C to

25.42�C, salinity from 7.76‰ to 29.23‰, dissolved oxygen from 2.64 to 11.44 mg/L, and pH from 6.52 to 8.97

(Monczak et al., 2017, 2019, 2020; Montie et al., 2015). Salinity, dissolved oxygen, and pH tend to be lower and

more variable in the headwaters as compared to the mouth.

2.2 | Passive acoustic data collection

Data collection followed methodologies previous described (Monczak et al., 2017, 2019). In 2013–2014, we col-

lected passive acoustic data at six locations in the estuary (stations 4M, 9M, 14M, 19M, 34M, and 37M), and in

2015–2018, we collected passive acoustic data at three of the six stations (stations 9M, 14M, and 37M; Figure 1).

Station 4M was located closest to the headwaters, followed by stations 9M and 14M. Stations 19M, 14M, and 37M

were closest to the mouth with station 37M near the mouth of the river closest to Calibogue Sound. Water depth

increases from the headwaters to the mouth with stations 4M, 9M, 14M, 19M, 34M, and 37M having mean depths

of 2.77 ± 3.42, 4.76 ± 2.71, 4.94 ± 3.00, 5.28 ± 1.85, 5.70 ± 2.29, and 6.69 ± 2.13 m, respectively (Monczak

et al., 2019). All stations are characterized as having a mud bottom with nearby sand bars and intermittent oyster

F IGURE 1 Map of the six passive acoustic recording stations in the May River estuary (yellow circles). Stations
4M, 9M, 14M, 19M, 34M, and 37M were used during 2013–2014. Stations 9M, 14M, and 37M were used from
2013 to 2018. Monthly water temperature, salinity, pH, and dissolved oxygen were measured at all six stations from
2016 to 2018. SCDHEC shellfish monitoring stations 19-19B (near 9M), 19–16 (near 14M), and 20–05 (near 37M)
(blue circles) and locations of NOAA rain gauges (orange circles) are also included. (Inset) May River estuary (black

circle) in reference to the east coast of the United States.
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reefs. Stations were selected based on the abundance of prey activity (calling and chorusing of fish species associ-

ated with spawning) and position along the estuary that followed specific environmental gradients (near the headwa-

ters, middle of the estuary, and near the mouth; Monczak et al., 2017). During 2013–2014, recorders were not

deployed during winter. Recorders were deployed year-round beginning March 2015 through 2018.

At each station, we deployed DSG-Ocean recorders (Loggerhead Instruments, Sarasota, FL) in custom-built

instrument frames (Mooring Systems Inc., Cataumet, MA). Each frame had attachments for depth and temperature

loggers (HOBO Water Temperature Pro v2 U22-001 and HOBO 100-Foot Depth Water Level Data Logger

U20-001-02-Ti; Onset Computer Corporation, Bourne, MA). Water level was measured every 10 min and tempera-

ture was measured every hour. Each recorder had a High Tech hydrophone (sensitivity of −186 dBV μPa−1 and gain

of 20 dB) and was powered by 24 D-cell alkaline batteries. Depth and temperature loggers were housed in PVC

tubes and attached to the frames using zip ties. All frames, recorders, and PVC tubes were painted with antifouling

paint. Each frame was equipped with 7 m of galvanized chain attached to a line. Instrument frames with recorders

were then deployed on the bottom of the river, approximately 10 m from shore. The line was stretched along the

bottom and attached to an auger on the shoreline. We scheduled acoustic recorders to collect sound data with a

duty cycle of 2 min every 20 min at a sample rate of 80 kHz. All 2 min recordings were saved on a 128 GB SD card

as a DSG file. DSG files were downloaded after each deployment and converted into WAV files. DSG-Ocean

recorders were serviced approximately every 3 months. Recorders were tested for functionality before and after

every deployment. To complete this task, we played tones at multiple frequencies (100, 200, 400, 800, 1,600, 3,200,

6,400, and 8,000 kHz) and calculated root mean square (rms) sound pressure levels (SPL) for each frequency.

Due to the complexity of sound propagation in water, the true detection range (the maximum distance a vocaliz-

ing dolphin can be detected from the recorder location) around each acoustic recorder is currently unknown. This

range can be determined using cylindrical spreading models or through empirical measurement via playback experi-

ments (e.g., Jensen et al., 2012; Simard et al., 2015). One study conducted in the West Florida Shelf that used DSG

Ocean recorders (with similar hydrophone sensitivity of −186 dBV/μPa) found that the detection range of

bottlenose dolphin whistles using a cylindrical spreading model was approximately 200–300 m (Simard et al., 2015).

Our recording stations were greater than 3 km apart; therefore, it is unlikely that acoustic signals were recorded at

multiple locations.

2.3 | Environmental data collection

From 2015 to 2018, we utilized six water quality stations throughout the river (4M, 9M, 14M, 19M, 34M, and 37M;

Figure 1). Temperature, salinity, pH, and dissolved oxygen were measured monthly at all six stations using a YSI

556 Handheld Multiparameter Instrument (YSI Inc./Xylem Inc., Yellow Springs, OH) from 2016 to 2018. This data

collection is ongoing; therefore, some 2019 data were presented to further highlight the variability throughout the

estuary. We also compiled salinity data from the South Carolina Department of Health and Environmental Control

(SCDHEC) Shellfish Monitoring Program for 2013–2018 in which salinity was measured monthly at multiple loca-

tions in the estuary. We used data from three SCDHEC locations closest to our acoustic stations (station 19-19B

closest to station 9M, station 19–16 closest to station 14M, and station 20–05 closest to station 37M; Figure 1). To

supplement these salinity data, we also used rainfall data provided by the National Oceanic and Atmospheric Admin-

istration (NOAA) rain gauges that were located within the May River watershed.

2.4 | Acoustic file review

We manually reviewed 2 min WAV files collected on the hour using Adobe Audition CS5.5 software (Adobe Inc., San

Jose, CA). Spectrograms were reviewed using a 10 s time window, a spectral resolution of 2,048 set in Adobe
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Audition, 50% window overlap, and no filter with frequency ranging from 0 to 40 kHz. In each file, we identified and

counted individual bottlenose dolphin whistles, burst pulse sounds, and echolocation bouts by comparing each vocal-

ization to example spectrograms published in previous studies (Herzing, 1996; Tyack, 1986; Figure 2). For our pur-

poses, we only identified echolocation click bouts and did not analyze individual clicks. Echolocation bouts (click

trains) were defined by the first and last visible click, each having durations of approximately 50–80 μs (Au, 1997;

F IGURE 2 Spectrograms highlighting examples of bottlenose dolphin (a) echolocation bouts (b) burst pulse
sounds (c) and whistles detected in the May River estuary (white arrows). Each example was recorded using a DSG
Ocean recorder during this study. White dots indicate the onset of each vocalization that was counted: (a) three

echolocation bouts, (b) fourteen burst pulse sounds, and (c) four whistles.
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Hendry, 2004). To be considered a separate echolocation bout, the interbout interval was two times greater than the

preceding inter-click interval (Simard et al., 2010). Individual burst pulse sounds were defined by the start and end of

clearly defined harmonic bands with high repetition (pulse intervals of 25–175 ms; Au, 1997; Watkins, 1968). Burst

pulse sounds were not separated by subtype (e.g., feeding buzzes and squawks). Individual whistles were tonal sig-

nals identified by the onset and termination of a single band with a duration >0.1 s that may have one or more fre-

quency modulations (or inflection points; Gridley et al., 2017; Janik & Slater, 1999; Janik et al., 2013). While rare,

overlapping whistles were counted only once for consistency. Any vocalizations not clearly defined were not

included in our analysis.

2.5 | Data and statistical analysis

We performed statistical analysis using R software version 3.6.1. We used generalized linear models to investigate

factors (location, year, month, lunar phase, tidal phase, day/night cycle, and temperature) that influenced acoustic

detections for the 2013–2014 (included stations 4M, 9M, 14M, 19M, 34M, and 37M) and 2013–2018 (included sta-

tions 9M, 14M, and 37M) data sets. To account for gaps in data due to servicing equipment or equipment failure, we

used data from the same date ranges each year in our models. First, we attempted to use a Gaussian general linear

model followed by a Poisson generalized linear model, both of which did not fit our data. Our data contained a large

number of zeros and were not normally distributed. To account for this over-dispersion, a negative binomial distribu-

tion was used for analysis. Lunar phase was categorized as new moon, first quarter, full moon, or last quarter follow-

ing Eggleston et al. (1998). Tidal phase was categorized as high tide, falling tide, low tide, or rising tide based on

depth data collected at each station. Samples with the greatest depth in a tidal cycle were categorized as high tide,

while samples with the smallest depth were categorized as low tide. Samples that fell between high and low tide

were categorized as falling tide and samples that fell between low and high tide were categorized as rising tide. We

used a separate model for each type of dolphin vocalization (echolocation, burst pulse sounds, and whistles). These

models were sequential nested models and model selection was based on a forward stepwise selection process and

relied upon Akaike information criterion (AIC). For the selected models, we performed a likelihood-ratio chi-square

test for each factor to compare the goodness of fit of the model with and without the factor. This approach assisted

in understanding the effect size of each factor in our models. Dissolved oxygen, pH, and salinity were not included in

our statistical models because they were measured only once a month from 2016 to 2018. Dunnett's post hoc com-

parisons were conducted for each selected model to understand differences between group means within each

factor.

3 | RESULTS

3.1 | Acoustic detections

In the 2013–2014 data set, we reviewed 71,098 acoustic files collected at six stations (Table 1). Bottlenose dolphin

vocalizations that we were able to identify included echolocation, burst pulse sounds, and whistles (Figure 2). For this

2-year data set, echolocation occurred in the most WAV files (20,409) as compared to the number of files with burst

pulse sounds (3,043) and whistles (759). In addition, the total bouts of echolocation we detected was much higher

than the numbers of individual burst pulse sounds and whistles (137,574, 12,482, and 3,840, respectively). For the

2013–2018 data set, we reviewed approximately 96,220 acoustic files from three stations (Tables 1 and 2). Relative

numbers of echolocation bouts, burst pulse sounds, and whistles followed a similar pattern with echolocation occur-

ring in the most WAV files (27,324) as compared to burst pulse sounds (4,954) and whistles (2,134). The total
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number of echolocation bouts detected was higher than the number of burst pulse sounds and whistles (213,430,

25,440, and 15,664, respectively).

3.2 | Models

For the 2013–2014 data set, the best fitting model for echolocation, burst pulse sounds, and whistles included sta-

tion, year, month, lunar phase, and day/night cycle as factors (Tables 3 and S1). These models also included a month

× station interaction and year × station interaction. For the 2013–2018 data set, we found that the best model for

echolocation and burst pulse sounds included station, year, month, lunar phase, day/night cycle, and tide as factors

with month × station interaction, year × station interaction, and tide × station interaction (Tables 4 and S2). For

whistles, the best model included station, year, month, and day/night cycle as factors with a month × station interac-

tion and a year × station interaction.

3.3 | Spatial patterns

Both the 2013–2014 and 2013–2018 data sets were used to investigate spatial patterns in the May River estuary.

Relative proportions of each vocalization type varied by location (p < .001; Tables 3 and 4). At the headwaters (sta-

tions 4M, 9M, and 14M), we detected the lowest number of echolocation bouts and observed the smallest percent-

age of echolocation (203 detections in 2013 and 84 in 2014; 75% and 51%, respectively; Table 1). Generally, the

TABLE 1 Bottlenose dolphin acoustic detections at six stations in the May River estuary, South Carolina, from
2013 to 2014.

File detections Total vocalizations

Total files
Echolocation
(%)

Burst pulse
sounds (%)

Whistles
(%)

Echolocation
(%)

Burst pulse
sounds (%)

Whistles
(%)

2013

4 M 6,003 35 (0.58) 12 (0.20) 2 (0.03) 203 (75.20) 61 (22.60) 6 (2.22)

9 M 5,988 1,195 (19.97) 339 (5.66) 41 (0.68) 2,257 (77.70) 585 (20.10) 63 (2.17)

14 M 5,985 615 (10.28) 91 (1.52) 60 (1.00) 2,605 (75.00) 572 (16.50) 295 (8.50)

19 M 5,967 3,060 (51.28) 600 (10.05) 112 (1.88) 24,437 (90.10) 2,193 (8.08) 495 (1.82)

34 M 5,965 2,851 (47.80) 260 (4.36) 64 (1.07) 19,564 (94.30) 921 (4.44) 263 (4.27)

37 M 5,965 3,951 (66.24) 468 (7.85) 257 (4.31) 31,611 (88.40) 2,363 (6.61) 1769 (4.95)

2014

4 M 5,869 15 (0.26) 14 (0.26) 1 (0.02) 84 (51.50) 78 (47.90) 1 (0.61)

9 M 5,868 756 (12.88) 186 (12.88) 7 (0.12) 4,530 (89.30) 510 (10.00) 35 (0.69)

14 M 5,870 223 (3.80) 73 (3.80) 2 (0.03) 940 (79.50) 240 (20.30) 2 (0.17)

19 M 5,875 2,442 (41.57) 428 (41.57) 87 (1.48) 19,451 (89.20) 1,930 (8.85) 429 (7.97)

34 M 5,872 2,828 (48.16) 371 (48.16) 78 (1.33) 20,577 (92.00) 1,543 (6.90) 244 (1.09)

37 M 5,871 2,438 (41.53) 201 (41.53) 48 (0.82) 11,315 (86.80) 1,486 (11.40) 238 (1.83)

Note. File detections = the number of files in which each vocalization type was detected; % = number of detections divided

by the number of files analyzed, multiplied by 100%. Total vocalizations = the sum of all detections that were counted in

WAV files for each vocalization type; % = the summed detections of each vocalization type divided by the sum of all

vocalization types, multiplied by 100%.
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number of echolocation bouts detected, and the percentage of total detections increased towards the mouth

(Table 1; Figure S1). The opposite was true for burst pulse sounds with larger percentages of total vocalizations

detected near the headwaters (stations 4M, 9M, and 14M; Table 1; Figure S1). However, the number of file detec-

tions of burst pule sounds were generally higher towards the mouth similarly to echolocation. Interestingly, at station

9M, we generally observed more file detections of echolocation bouts and burst pulse sounds relative to stations

4M and 14M. The number of whistles detected was greatest at station 37M, while the fewest were detected at sta-

tion 4M (Table 1).

Overall, total vocalizations detected (including echolocation, burst pulse sounds, and whistles) increased from

the headwaters to the mouth. For the 2013–2014 data set, stations 4M, 9M, and 14M (closer to the headwaters)

had significantly lower detections compared to stations 19M, 34M, and 37M (closer to the mouth of the estuary;

Dunnett's post hoc test, p < .001; Figures 3 and S2). Similarly, in the 2013–2018 data set, detections were lower at

stations 9M and 14M (i.e., closer to the headwaters) as compared to station 37M (at the mouth of the estuary;

Dunnett's post hoc test, p < .001; Figure 4). Additionally, we observed notable variability in environmental parame-

ters among stations. From 2016 to 2018, we measured the lowest salinity, pH, and dissolved oxygen at the headwa-

ters (station 4M; Figure 5). This station also had the largest overall variability in salinity and dissolved oxygen as

compared to stations closer to the mouth (stations 34M and 37M).

TABLE 2 Bottlenose dolphin acoustic detections at three stations in the May River estuary, South Carolina, from
2015 to 2018.

File detections Total vocalizations

Total
files

Echolocation
(%)

Burst pulse
sounds (%)

Whistles
(%)

Echolocation
(%)

Burst pulse
sounds (%)

Whistles
(%)

2015

9 M 7,063 606 (8.58) 160 (2.27) 102 (1.44) 4,069 (67.00) 790 (13.00) 1210 (19.90)

14 M 7,065 184 (2.60) 18 (0.25) 3 (0.04) 668 (79.40) 42 (4.99) 131 (15.60)

37 M 7,062 2,792 (39.54) 194 (2.75) 198 (2.80) 20,209 (87.40) 1,287 (5.57) 1,618 (7.00)

2016

9 M 8,758 865 (9.88) 256 (2.92) 62 (0.71) 5,776 (77.90) 985 (13.30) 656 (8.44)

14 M 8,757 322 (3.68) 29 (0.33) 6 (0.07) 1,760 (84.30) 268 (12.80) 61 (2.92)

37 M 8,749 3,237 (37.00) 306 (3.50) 237 (2.71) 24,627 (85.50) 2,039 (7.08) 2,127 (7.39)

2017

9 M 8,733 1,029 (11.78) 493 (5.65) 89 (1.02) 7,075 (66.10) 2,662 (24.88) 962 (8.99)

14 M 8,734 387 (4.43) 37 (0.42) 9 (0.10) 2,258 (92.30) 102 (4.17) 87 (3.56)

37 M 7,028 3,144 (44.74) 758 (10.79) 313 (4.45) 38,241 (87.00) 3,782 (8.60) 1,939 (4.41)

2018

9 M 6,866 650 (9.47) 254 (3.70) 44 (0.64) 4,574 (77.20) 938 (15.80) 412 (6.95)

14 M 8,702 451 (5.18) 49 (0.56) 12 (0.14) 2,670 (90.80) 129 (4.86) 143 (4.86)

37 M 8,703 4,479 (51.47) 1,042 (11.97) 644 (7.40) 48,245 (82.00) 6,660 (6.66) 3,916 (6.66)

Note. File detections = the number of files in which each vocalization type was detected; % = number of detections divided

by the total number of files analyzed, multiplied by 100%. Total vocalizations = the sum of all detections that were counted

in WAV files for each vocalization type; % = the summed detections of each vocalization type divided by the sum of all

vocalization types, multiplied by 100%.
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3.4 | Temporal patterns

In the 2013–2018 data set, we observed high levels of variability in acoustic detections over multiple temporal

scales. Detections of echolocation, burst pulse sounds, and whistles were significantly influenced by year (p < .001;

Table 4). For stations 14M and 37M (stations closest to the mouth), we detected the most echolocation in 2013,

2017, and 2018 (Dunnett's post hoc test, p < .001; Figure S3). This same pattern was observed for burst pulse

sounds and whistles at station 37M (Dunnett's post hoc test, p < .001; Figure S3). We investigated whether average

yearly salinity and rainfall levels influenced yearly dolphin vocalizations but did not find any clear patterns

(Figure S3). In addition to year, acoustic detections were significantly influenced by month (p < .001; Table 4). The

most prominent acoustic pattern we observed was at station 37M, which had the most echolocation, burst pulse

sounds, and whistles during November, followed by December, January, and then February, with detections decreas-

ing in the spring and summer months (Dunnett's post hoc test, p < .001; Figure 6). In June and July, we observed the

lowest overall detections (Dunnett's post hoc test, p < .001).

TABLE 3 Results of the best
generalized linear models that
investigated the influence of various
factors on bottlenose dolphin
vocalizations in the May River estuary,
South Carolina in 2013–2014.

Model Likelihood ratio chi-square p

Echolocation

Station 18,678.96 <.001

Month 2,008.51 <.001

Month*Station 1,798.66 <.001

Year 1,344.27 <.001

Year*Station 1,075.60 <.001

Lunar phase 12.55 .006

Day/Night 0.32 .574

Burst pulse sounds

Station 2,013.46 <.001

Month 1,221.97 <.001

Month*Station 777.21 <.001

Year 67.10 <.001

Year*Station 65.61 <.001

Lunar phase 24.71 <.001

Day/Night 14.47 <.001

Whistles

Station 851.10 <.001

Month 321.18 <.001

Month*Station 223.78 <.001

Year 139.28 <.001

Year*Station 68.15 <.001

Lunar phase 19.39 <.001

Day/Night 0.56 .455

Note: Likelihood ratio tests comparing factor effects for 2013–2018.
Factors are arranged according to effect size. Bold values indicate

significant parameters in the negative binomial model (p < .05).
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F IGURE 3 Total vocalizations for bottlenose dolphins by station in the May River estuary during 2013 ordered
from the headwaters (top) to the mouth (bottom). Sum of vocalizations per day, average daily temperature (red line),
and hours of daylight (brown dotted line) for all six stations. Gaps in data (gray boxes) were due to breaks in
deployments. Similar patterns were observed during 2014.
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Furthermore, we identified distinct patterns for echolocation and burst pulse sounds that followed the

day/night, lunar, and tidal cycles. We detected significantly more echolocation and burst pulse sounds during the

night, particularly during winter as compared to summer (Dunnett's post hoc test, p < .001; Figure 7). Lastly, we

observed a very distinct pattern in echolocation at the estuary mouth (station 37M) that followed the tidal cycle. We

detected significantly more echolocation during the falling and low tide as compared to the rising and high tide

(Dunnett's post hoc test, p < .001; Figures 8–10).

4 | DISCUSSION

4.1 | Acoustic repertoire

Bottlenose dolphins produce a variety of detectable vocal signals (e.g., echolocation clicks, burst pulse sounds, and

whistles) as a way to respond to and interact with conspecifics and their environment (e.g., Caldwell &

Caldwell, 1968; Cook et al., 2004). As expected, in the May River estuary, bottlenose dolphins primarily utilize echo-

location, but burst pulse sounds and whistles are also included in their repertoire. Echolocation click trains and

F IGURE 4 Total vocalizations for bottlenose dolphins for three stations in the May River estuary from 2013 to
2018 ordered from the headwaters (top) to the mouth (bottom). While not included in results and statistical analysis,
the beginning of 2019 was included here to help illustrate acoustic patterns observed at station 37M during the
winter–spring of 2019. Sum of vocalizations per day, average daily temperature (red line), and hours of daylight
(brown dotted line) for three stations. Dashed blue lines indicate the end/onset of each year. Gaps in data (gray
boxes) were due to breaks in deployments or equipment failure.
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buzzes are directional, high frequency vocalizations that are used for navigation and foraging (Herzing, 1996, 2014;

Janik, 2000). In the May River estuary, echolocation accounted for approximately 51%–89% of the total vocaliza-

tions near the headwaters (i.e., stations 4M, 9M, and 14M) and accounted for approximately 87%–94% near the

mouth (i.e., stations 19M, 34M, and 37M.

F IGURE 5 Comparisons of environmental parameters observed in the May River estuary from 2016 to 2019 at all
six stations. Data from 2019 were included here to further highlight the variability throughout the May River estuary.
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Burst pulse sounds are more diverse and complex; these sounds are often referred to as barks, squawks, grunts,

and screams that are used in a variety of social behaviors including aggression, discipline, courtship, and sexual activ-

ity (e.g., Herzing, 1996, 2014). Because of their complexity, they are the least studied vocalization type but there has

F IGURE 6 Monthly detections for bottlenose dolphin vocalizations at three stations in the May River estuary for
2013–2018 collectively. In order to see patterns at stations 9M and 14M, y-axes are not the same as 37M. Error
bars indicate the standard error. Lettering above bars are based on Dunnett's post hoc tests. Different letters
indicate significant differences in group means (p < .05).
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been suggestion that burst pulse sounds comprise the majority of bottlenose dolphin vocalizations (e.g., Herman &

Tavolga, 1980; Herzing, 2000). However, burst pulse sounds in the May River estuary only accounted for 10%–48%

of the total vocalizations near the headwaters and 4%–11% near the mouth. Whistles are frequency and amplitude

modulated vocalizations that are used for identification and localization (Caldwell & Caldwell, 1968; Herzing, 2014).

In the May River estuary, whistles accounted for approximately 1%–8% of the total vocalizations both near the

headwaters and the mouth.

4.2 | Spatial patterns

In the May River estuary, echolocation was most commonly detected at the mouth, which suggests this habitat may

be important for foraging. Many studies have found that in coastal areas, habitat selection for foraging is influenced

F IGURE 7 Detections of bottlenose dolphin echolocation collected on the hour at station 37M in the May River
estuary for (a) one full week in summer and (b) one full week in winter.

MARIAN ET AL. 15



F IGURE 8 Temporal patterns of echolocation of bottlenose dolphins at station 37M in the May River estuary
showing daily patterns collected at the mouth of the estuary for 3 years. Time interval indicated on the y-axis is
between midnight and midnight the following day. The color scale indicates the number of echolocation bouts
(warmer colors indicate more echolocation bouts detected). Gaps in data (white areas) are due to breaks in
deployments or equipment failure. Stations 9M and 14M did not exhibit these patterns.
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F IGURE 9 Depth data collected at station 37M in the May River estuary for 3 years. Depth loggers collected data
every 10 min (HOBO 100-Foot Depth Water Level Data Logger U20-001-02-Ti; Onset Computer Corporation, Bourne,
MA). Time interval is between midnight and midnight the following day. The color scale indicates depth (warmer colors
indicate greater depths). In addition, warmer colors correspond to rising and high tides while cooler colors correspond to
falling and low tides. Gaps in data (white areas) are due to breaks in deployments or equipment failure. Black arrows

indicate servicing of recorders and loggers. Depth data from stations 9M and 14M exhibited similar patterns.
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by changing depth and dynamic environmental variables, level of human development, and fish abundance (Allen

et al., 2001; Harzen, 1998; Ingram & Rogan, 2002; Miller & Baltz, 2009). Previous research in the May River estuary

F IGURE 10 Detections of bottlenose dolphin vocalizations in the May River estuary during each phase of the
tidal cycle at three stations for 2013–2018 collectively. Whistles were not included because tide was not a
significant factor in the statistical model. In order to see patterns at stations 9M and 14M, y-axes are not the same
as 37M. Error bars indicate the standard error. Lettering above bars are based on Dunnett's post hoc tests. Different
letters indicate significant differences in group means (p < .05).
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detected fewer fish calls in the headwaters as compared to the mouth suggesting that the mouth may be a more favor-

able spawning location (Monczak et al., 2017; Montie et al., 2015). Bottlenose dolphins do prey on soniferous (sound-

producing) fish such as those from the family Sciaenidae (Barros & Wells, 1998; Gannon et al., 2005; McCabe

et al., 2010). These fish species, specifically spotted seatrout (Cynoscion nebulosus), red drum (Sciaenops ocellatus), black

drum (Pogonias cromis), and silver perch (Bairdiella chrysoura), call more frequently at the mouth of the May River, possi-

bly indicating higher abundance and larger spawning aggregations (Monczak et al., 2017; Montie et al., 2015). In Galves-

ton, Texas, the mouth of the Galveston Shipping Channel was a core feeding area for bottlenose dolphins, most likely

because it is an area of confluence with a visible tidal front, which may lead to the aggregation of prey (Moreno, 2005).

Similarly, the mouth of Tampa Bay is known to have higher densities of dolphins as well as greater acoustic detections

(Irvine et al., 1982; Simard et al., 2015). The Gulf of California is also an area in which dolphins have been observed in

higher densities at the mouth of estuaries; dolphins use this area primarily for foraging (Ballance, 1992). Perhaps, the

mouth of the May River estuary operates similarly and is an important area for feeding.

4.3 | Temporal patterns

Acoustic detections varied across multiple temporal scales with the clearest patterns seen at the mouth of the estu-

ary. On an annual level, we detected more echolocation, burst pulse sounds, and whistles at the mouth during 2013,

2017, and 2018. These yearly patterns did not have any clear relationships with average yearly salinity or rainfall

levels. During 2014, 2015, and 2016, it is possible that the overall abundance of dolphins in the estuary decreased or

acoustic behavioral patterns changed.

Acoustic detections were also influenced by month with more echolocation, burst pulse sounds, and whistles

detected at the mouth during November, January, and December. Preliminary visual survey data indicate that dol-

phin abundance at the mouth of the May River estuary is the highest in the spring and summer (data not shown).

One alternative explanation for seasonal changes in acoustic behavior may be related to prey patterns. Dolphins

have been found to select for soniferous fish; therefore, it may be possible that during times when fish are producing

more sound (during their courtship and reproductive seasons) dolphins may rely on passive listening to forage

(Barros & Wells, 1998; Gannon et al., 2005; McCabe et al., 2010). In the May River estuary, silver perch and black

drum call from March to May, spotted seatrout begin calling in May and end in October, and red drum call mostly

September to November (Monczak et al., 2017; Montie et al., 2015). The months in which dolphin vocalizations at

the mouth were highest (November, December, and January) coincided with the fewest fish calls and choruses

(Monczak et al., 2017; Montie et al., 2015). Thus, one hypothesis is that dolphins use passive listening during forag-

ing in spring and summer when more fish are calling, resulting in a lower abundance of echolocation. In the winter,

when less fish are calling and prey is scarce, dolphins may need to rely more on echolocation to locate and find food

(Gannon et al., 2005; McCabe et al., 2010). This finding can have major implications for passive acoustic monitoring.

How you interpret your results when using passive acoustics to monitor the occurrence of dolphins or foraging activ-

ity may be affected by times of the year when dolphins are utilizing more passive listening or changing echolocation

rates based upon prey availability. Changes in foraging tactics by dolphins is why it may be necessary to count vocal-

izations other than echolocation, as we have done here. Future research such as fish sampling during different sea-

sons throughout the May River estuary would provide insight into the abundance, distribution, and temporal

changes in prey species in relation to echolocation detections.

Another hypothesis that may explain the distinct monthly patterns in acoustic detections near the mouth of the

May River estuary is potential seasonal shifts in dolphin movements during the fall and winter from BSE (resident

individuals) and overlapping coastal stocks. Movement patterns of these stocks may alter the abundance of dolphins

in the May River estuary, particularly at the mouth, which is more accessible to the Atlantic Ocean. As we mentioned

previously, we detected more vocalizations at the mouth during late fall and winter (November, December, and

January). During this time of year, individuals from the Southern Migratory and/or South Carolina/Georgia Coastal
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Stocks may enter the estuary. In addition, there is potential overlap from adjacent BSE stocks in this region. Prelimi-

nary visual data in the May River estuary suggests there may be a shift in overall distribution of residents towards

the mouth during the fall and winter months; however, the overall abundance of dolphins is lowest in the fall and

winter months (data not shown). Further studies integrating visual surveys are warranted and underway.

Movement of prey may explain the tidal patterns of echolocation we observed at the mouth of the estuary.

Studies have shown that fish will follow the flooding tide into the marsh in search of shelter or food and then retreat

to deeper water on the ebbing tide (Boesch & Turner, 1984; Butner & Brattstrom, 1960; Nixon & Oviatt, 1973;

Peterson & Turner, 1994; Shenker & Dean, 1979). Perhaps during the ebb tide, dolphins increase their foraging

behavior or shift their distribution from shallower tidal creeks to the main channels of the May River estuary,

resulting in increased echolocation detections.

4.4 | Limitations

With passive acoustics come certain limitations, the first of which is decreased reliability of species identification and

group size (Marques et al., 2013). In addition, in order for dolphins to be detected, animals need to be producing

sound, and acoustic behavior can be influenced by many factors including anthropogenic activity, vessel presence,

group size, and perhaps prey availability (Jones & Sayigh, 2002; Simard et al., 2015; Quick & Janik, 2008). Further-

more, we do not know the precise detection range of our acoustic recorders. Sound propagation varies depending

on the environment and is affected by bottom type, salinity, temperature, bathymetry, and vegetation (Nowacek

et al., 2001). Detection range can be determined using cylindrical spreading models or through empirical measure-

ment via playback experiments (e.g., Jensen et al., 2012; Simard et al., 2015). However, both methods can be compli-

cated and logistically challenging. One study conducted in the West Florida Shelf that used DSG Ocean recorders

(with similar hydrophone sensitivity of −186 dBV/μPa) found that the detection range of bottlenose dolphin whistles

using a cylindrical spreading model was approximately 200–300 m (Simard et al., 2015). Lastly, there is the physical

act of deploying and retrieving equipment (Nuuttila et al., 2017). In our study, there were unavoidable gaps in data

collection due to weather and equipment failure. All of these limitations need to be taken into consideration when

interpreting these results.

4.5 | Summary

Our study demonstrated the utility of passive acoustics for studying the ecology and distribution of estuarine marine

mammals. We used long-term passive acoustic data to monitor dolphins with much higher temporal resolution (sam-

pling 24 hr, 7 days/week, 2 min every hour) than is possible with other methods. We found that higher numbers of

echolocation bouts, burst pulse sounds, and whistles occurred at the mouth as compared to the headwaters. At the

mouth, vocalizations were greatest in fall and winter for multiple years, and echolocation was greatest during falling

and low tides. These results suggest that the mouth is a particularly important area for dolphins, likely for foraging.

These data provide important information regarding acoustic behavior below the surface and may help to identify

core foraging areas. Long-term monitoring of the acoustic patterns of bottlenose dolphins may be an additional

gauge used to measure habitat and estuarine health. This approach allows us to eavesdrop on key behaviors that

may change in response to environmental and human-induced changes, thus providing a measure of resilience or

shifting baselines in a globally changing environment.
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