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ABSTRACT
As climate change and anthropogenic activities continue to impact cetacean species, it
becomes increasingly urgent to efficiently monitor cetacean populations. Continuing
technological advances enable innovative research methodologies which broaden
monitoring approaches. In our study, we utilized an autonomous wave glider equipped
with acoustic and environmental sensors to assess delphinid species presence on
the east Florida shelf and compared this approach with traditional marine mammal
monitoring methods. Acoustic recordings were analyzed to detect delphinid presence
along the glider track in conjunction with subsurface environmental variables such as
temperature, salinity, current velocity, and chlorophyll-a concentration. Additionally,
occurrences of soniferous fish and anthropogenic noise were also documented. These
in-situ variables were incorporated into generalized additivemodels (GAMs) to identify
predictors of delphinid presence. The top-performing GAM found that location, sound
pressure level (SPL), temperature, and chlorophyll-a concentration explained 50.8%
of the deviance in the dataset. The use of satellite environmental variables with the
absence of acoustic variables found that location, derived current speed and heading,
and chlorophyll-a explained 44.8% of deviance in the dataset. Our research reveals the
explanatory power of acoustic variables, measurable with autonomous platforms such
as wave gliders, in delphinid presence drivers and habitat characterization.

Subjects Fisheries and Fish Science, Ecology, Marine Biology
Keywords Autonomous gliders, Habitat characterization, Generalized additive models, Passive
acoustic monitoring, Marine mammal monitoring, Delphinids

INTRODUCTION
Cetaceans are widely distributed in Florida waters, from shallow coastal areas to the deep
offshore environment, playing a critical role in ecosystem function as upper trophic level
species (Bowen, 1997; Kiszka, Woodstock & Heithaus, 2022). Bottlenose dolphins (Tursiops
truncatus) inhabit nearshore waters, including bays, estuaries, and the continental shelf
year-round (Mazzoil et al., 2011;Mazzoil et al., 2020), while species such as Atlantic spotted
dolphins (Stenella frontalis), short-finned pilot whales (Globicephala macrorhynchus), and
Risso’s dolphins (Grampus griseus) are more commonly found offshore (Griffin & Griffin,
2004;Herzing & Elliser, 2016). Seasonal visitors like North Atlantic right whales (Eubalaena
glacialis) use Florida’s Atlantic waters as critical calving grounds during winter months
(Keller et al., 2006; Garrison et al., 2012). As upper trophic level species, including some
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apex predators, these marine mammals play a critical role in ecosystem function (Bowen,
1997; Kiszka, Woodstock & Heithaus, 2022), emphasizing the importance of understanding
their distribution and habitat utilization for effective management and conservation.

Historically, efforts to monitor cetacean populations have relied heavily on visual
shipboard and aerial surveys or opportunistic sightings (Di Tullio et al., 2016; Herzing &
Elliser, 2016; Roberts et al., 2016; Garrison & Dias, 2023). While these methods can facilitate
species identification, behavioral assessment, and in some cases, population abundance
estimates (Griffin & Griffin, 2004; Elliser & Herzing, 2012; Herzing & Elliser, 2016; Haria
et al., 2023), they also have considerable drawbacks, such as high costs and susceptibility
to inclement weather. Research in the coastal and continental shelf waters off Florida’s
east coast has provided insights into habitat suitability and population density for several
delphinid species and right whales (Herzing & Elliser, 2016; Roberts et al., 2016; Chavez-
Rosales et al., 2019; Chavez-Rosales, Josephson & Garrison, 2022). However, these studies
have primarily relied on visual observations and contain limited contemporary data, with
a notable scarcity of observations in our specific study area (Rickard, 2015). Given the
high costs of visual surveys, their susceptibility to weather conditions, and challenges in
detecting species with prolonged dive durations, alternative approaches are necessary to
improve data collection and coverage.

The incorporation of environmental predictors such as sea surface temperature (SST),
salinity, bottom temperature among others into models of cetacean presence and density
has been shown to enhance our understanding of cetacean habitat selection (Forney,
2000; Chavez-Rosales et al., 2019). For example, SST can distinguish thermal boundaries,
and depth can establish habitat partitioning (Forney, 2000; Chavez-Rosales et al., 2019).
Identifying and analyzing these environmental variables can help researchers better
delineate important habitats, predict cetacean presence, and inform the design of future
research and conservation strategies. Yet, traditional approaches often overlook these
factors, and when included, rely on satellite data for environmental variables which can
introduce constraints due to the lack of fine-scale resolution and sub-surface information
compared to in situ data sources, susceptibility to cloud coverage, and synopticity. As such,
there is a pressing need to explore innovative and cost-effective monitoring strategies that
also continuously measure environmental variables while tracking the presence of the
animals.

Recognizing the inherent limitations in traditional survey methods, there has been an
increasing shift toward acoustic monitoring methods, such as stationary passive acoustic
monitoring (PAM) (Wiggins & Hildebrand, 2007; Sousa-Lima et al., 2013; Malinka et al.,
2018; Rafter et al., 2021) and autonomous platforms equipped with acoustic recorders
for monitoring of cetacean species (Klinck et al., 2012; Klinck et al., 2016; Bittencourt et
al., 2017; Bittencourt et al., 2018). Acoustic monitoring offers a less invasive and more
cost-effective alternative to traditional survey methods, allowing for extended deployments
and improving detectability of species with long dive times. Unlike vessels, which may
alter cetacean behaviors (Richardson & Würsig, 1997; Hawkins & Gartside, 2009; Bas et al.,
2017), acoustic monitoring systems, particularly stationary PAM, are quieter and less likely
to interfere with natural behaviors. These systems can operate continuously 24 h a day, 7
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days a week, even in inclement weather conditions, without the need for human presence
in the field. Stationary hydrophones provide valuable data for long-term monitoring,
capturing vocalizations over extended periods, which is crucial for understanding diel
patterns and seasonal migrations. PAM also enables the assessment of changes in the
soundscape associated with the habitat spatial and temporal variability. Changes to
the ocean soundscapes caused by anthropogenic activities (e.g., shipping, oil, and gas
exploration) may not only impact cetaceans (Weilgart, 2007; Martin et al., 2023), but also
affect the presence of soniferous fish species (Simpson et al., 2016; De Jong et al., 2020),
some of which may be prey species (Barros & Wells, 1998; Gannon &Waples, 2004). The
life history of marine animals, including mammals, fish, and invertebrates can be impacted
by each species’ perception of various sound sources and how an individual animal may
rely on sound to forage, communicate, and/or avoid predators (Erbe et al., 2019; Popper
& Hawkins, 2019; Haver et al., 2023). Jensen et al. (2009) showed that vessel noise can
impact delphinids communication in shallow water. They found that bottlenose dolphins
(Tursiops sp.) could suffer a reduction in their communication range of 26% within 50
m. Effects on the movement, behavior and vocalizations of bottlenose dolphins were
also identified in Marley et al (2017). PAM can enhance detection capabilities for cetacean
species with extended dive durations (i.e., beaked whales,Hildebrand et al. (2015)), offering
the potential for new ecological insights such as preferred habitat and related activity.

Stationary PAM has been used to monitor species like the Risso’s dolphin along the
California coast and Antarctic blue whales (Balaenoptera musculus) (Soldevilla, Wiggins
& Hildebrand, 2010; Thomisch et al., 2016). These systems typically do not measure
environmental variables, although sea surface conditions are accessible through satellite
measurements. The limiting factor with stationary systems is the limited acoustic detection
range which necessitates multiple spatially distributed units for broader coverage. In
contrast, autonomous vehicles equipped with acoustic recorders offer a more dynamic
approach, enabling cetacean monitoring over larger spatial scales. These tools have been
used to monitor beaked whales off the coast of Hawai’i, delphinid species off the coast
of Brazil and several species of baleen whales in the Gulf of Maine (Klinck et al., 2012;
Baumgartner et al., 2013; Bittencourt et al., 2017). These platforms can traverse vast ocean
areas, enabling the monitoring of a broader range of cetacean species, from coastal
to deep-diving species, such as beaked whales and sperm whales, across continental
shelf and slope waters (Klinck et al., 2012; Bittencourt et al., 2017; Bittencourt et al., 2018).
Autonomous platforms not only capture cetacean vocalizations but are also often equipped
with additional sensors to measure environmental variables, such as temperature, salinity,
and chlorophyll-a concentration,which canhelp researchers understandhabitat preferences
and distribution patterns of the monitored species. This combination of sensors may prove
particularly informative in regions where fixed hydrophones might be impractical. The
ability to monitor cetaceans over broad spatial scales with mobile platforms complements
the long-term data gathered by stationary systems, providing a comprehensive picture of
cetacean presence and behavior in various ocean environments.

In this study, we describe a wave glider survey that took place on the east Florida shelf.
The wave glider carried a PAM system, an environmental sensors payload, a CTD, and a
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current velocity profiler that enabled simultaneous habitat and soundscape monitoring
associated with the habitat spatial and temporal variability. The collected data reveals the
association of environmental variables, biological, and anthropogenic noise in explaining
delphinid presence using generalized additive models (GAMs). We ultimately demonstrate
that the addition of the acoustic variables improves the explanatory performance of the
model, more than the use of in-situ versus satellite measured environmental variables.

METHODS
Data processing
In March 2019, a Liquid Robotics autonomous wave glider (WG) was deployed for a
two-month long survey on the east Florida shelf between Fort Pierce and Jacksonville,
Florida. The WG survey consisted of successive across-shelf transects from the 10 m
isobath to the edge of the Gulf Stream (Fig. 1). The WG which belongs to the autonomous
surface vehicle category (seeChérubin et al. (2020) for further details), is wave propelled and
consists of a surface float with solar panels tethered to a submersible glider by an umbilical
cable. The surface float houses the electronics, power, lights, surface current sensor and
communication getaways, including user-specified payload. The submersible glider acts as
the propulsion mechanism and is connected to a custom-built tow-body equipped with
acoustic and environmental sensors (Fig. 2). The tow-body is ballasted to be neutrally
buoyant between four and ten m below the surface float and trails ten m behind the
submersible glider. A web-based interface, called WGMS is used to navigate, communicate
and access in real-time glider and sensor data during missions. Communication with the
WG is done through cellular network or Iridium satellite.

During the 2019 survey, the glider measured environmental variables such as surface
current speed and direction, and velocity profiles down to 50m using a 600 kHzWorkhorse
ADCP mounted on the surface float. The tow-body was equipped with a self-powered,
self-logging EXO1 YSI multiparameter sonde which collected pressure, pH, temperature,
salinity, and dissolved oxygen data. Additionally, a Turner C3 Fluorometer measured
CDOM, chlorophyll-a, and backscattering fluorescence. Acoustic recordings were obtained
with a standalone Remora-ST from Ocean Instruments mounted on the tow-body (Fig.
2), following a duty cycle of 15 s every five minutes. This duty cycle enables a two-month
long battery life, the Remora-ST recorded continuously over a 54-day period from 8March
2019 until 30 April 2019. Recordings were made at a sampling rate of 48 kHz with pre-amp
gain that results in a hydrophone sensitivity of −176 dB re: 1V/µPa. Additionally, the
glider operated a real-time acoustic monitoring system designed for low frequency sound
recording with a sampling rate of 10 kHz, a hydrophone sensitivity of−201 dB re: 1 V/µPa
without pre-amp. Recordings were made for 30 s every minute. This passive acoustic
monitoring system was mostly used for the assessment of fish presence and provides to the
glider user real-time access to the audio recordings. The low sampling frequency enables
the storage of a larger amount of acoustic data files on the glider and the possibility of
transferring acoustic files through cellular or over Iridium at reasonable costs.
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Figure 1 Glider track along the Florida Atlantic coast. The glider track is colored by date with the start
date (indicated by the green arrow) represented with the lightest color and the end date (indicated by the
red arrow) represented with the darkest color. Bathymetry is represented by grey solid contour lines. The
transition from the continental shelf to the slope is demarcated by the first 200 m isobath contour. The
contour interval is 200 m.

Full-size DOI: 10.7717/peerj.19204/fig-1

Acoustic data processing
Acoustic files from the Remora-ST were reviewed to assess the presence of delphinids
in the mid/high frequency bands using spectrograms generated in Raven Pro 1.6 with a
1024-point DFT and 60% overlap. A single observer (JC) visually reviewed the recordings
in their entirety. Points of interest identified visually, were further subjected to auditory
review (JC) to ensure annotation accuracy. Due to frequent vocalization overlaps, signals
were not individually selected. Instead, each 15-second file was categorized as either
containing detected signals (presence = 1) or not (absence = 0) based on the detection
of delphinid signals. During the glider deployment, the Remora recorded a total of 14,974
acoustic files, amounting to approximately 62 h of recording. Delphinids were detected
in 11% (n= 1,694) of these recordings, with whistles accounting for 55.3% of detections,
echolocation clicks for 29.4%, and 15.3% contained both whistles and echolocation clicks.
Other sounds such as buzzes and burst pulses were also accounted for if present, alongside
whistles and echolocation clicks within each 15-second file.

Habitat variables and spatio-temporal mapping
Environmental variables measured by the WG and used in this study included subsurface
salinity, temperature, surface current speed and heading from the glider navigation
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Figure 2 Glider sensor payload on the tow-body. Images of the glider sensor payload on the tow-body
during the 2019 east Florida shelf survey showing the Remora acoustic recorder, the YSI EXO1 CTD, the
glider passive acoustic monitoring system (PAM) and the C3 Turner fluorometer.

Full-size DOI: 10.7717/peerj.19204/fig-2

system, and chlorophyll-a concentration from the Turner C3 (Table 1). The chlorophyll-a
measurements contained several large data gaps, whenmeasurements ceased to be recorded.
To account for these gaps which would have made the data inadequate for this study, a
generalized additive model was used to assess the relationship between the in-situ and
satellite measurements. The predictive model was then used to fill in the gaps in the glider
chlorophyll data.

Satellite derived estimates of current speed and direction, and chlorophyll-a, were
obtained from Copernicus Marine Service (Copernicus Marine Data Store, 2020a;
Copernicus Marine Data Store, 2020b). SST was retrieved fromNOAACoastWatch (NOAA
CoastWatch, 1997). Satellite datasets were obtained with a start and end time matching the
period of the glider deployment and the measurement value of the pixel within which the
WG was located was assigned to the glider location. Further information on the satellite
datasets including data sources, web access and spatial resolution can be found in Table 1.

The spatio-temporal representation of the data included location parameters (date and
location ID) and the distance to the coast, calculated using the glider track. Depth data
along the glider track was sourced exclusively from the online database Gebco (GEBCO,
2023). Soundscape metrics included sound pressure level (SPL), the acoustic presence of
fish, and anthropogenic noise presence. Sound pressure levels (SPL) were averaged over
the 300–5,000 Hz frequency range for each file using PAMGuide (Merchant et al., 2015),
an acoustic analysis software in MATLAB (Mathworks, 2022). This frequency range was
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Table 1 All predictor variables selected for GAM analysis of cetacean presence. Abbreviations are included for every variable, along with a de-
scription of the variable measured, the resolution at which the data was recorded, and the origination source. Variables with multiple descriptions
were acquired from multiple sources and are representative of either glider or satellite data. This distinction was made in order to capture the differ-
ences in resolution between these two sources.

Abbreviation Description Resolution Source

Ant Anthropogenic noise (presence/absence) In Situ Glider remora
SPL Sound pressure level 300 Hz–5,000 Hz In Situ Glider remora
Fish Fish (presence/absence) In Situ Glider remora
Dist Distance to the coast (m) QGIS

Salinity (ppt) In Situ Glider YSI
Sal

Salinity (ppt) 0.083◦ × 0.083◦ https://doi.org/10.48670/moi-00021
Sub surface temperature (◦C) In Situ Glider YSITemp
Sea Surface Temperature (◦C) 1× 1 km https://coastwatch.noaa.gov/erddap/griddap/

noaacwecnMURdaily.html
Dep Bathymetry (m) https://download.gebco.net/
Dist Distance to the coast (m) QGIS

Current speed (m/s) In Situ Glider
CurS

Current speed (m/s) calculated from eastward and
northward water velocities

0.083◦ × 0.083◦ https://doi.org/10.48670/moi-00021

Current heading (Degrees) In Situ Glider
CurH

Current heading (Degrees) 0.083◦ × 0.083◦ https://doi.org/10.48670/moi-00021
Concentration of chlorophyll-a (RFU (raw fluorescence
units))

In Situ Glider C3 Turner

Chla
Mass concentration of chlorophyll a in sea water (mg/m3) 4× 4 km https://doi.org/10.48670/moi-00281

selected to capture the lower range of SPL in the natural soundscape (e.g., wind and wave
action) and the general range of anthropogenic noise while minimizing the influence of
self-noise from the glider, which was occasionally produced below 300 Hz. In addition,
the presence of anthropogenic noise sources (particularly vessel noise and occasional
sonar) and soniferous fish (including toadfish (Opsanus sp.), jacks (Caranx sp.), and drums
(Pogonias sp.)) known as potential preys (Barros & Wells, 1998; Gannon &Waples, 2004)
were identified both visually and aurally, by one observer (JC), and categorized in the same
manner as delphinid presence, as either present or absent. The same spectrogram settings
were used for all detections; however, fish sounds were identified in the 0–1,000 Hz band
and vessel and sonar noise in the 0–6 kHz. Those sound sources were counted only when
present in both the spectrograms and aurally. Noise from the glider is clearly identifiable
and was discarded and at times overlapped with the background noise. In that case, this
part of the recording was not used in the analysis. All variables were daily averaged for
consistency with the temporal resolution of the satellite data.

Delphinid signals, particularly whistles, can be detected over large distances, sometimes
exceeding 20 km from the signal-producing individual (Quintana-Rizzo, Mann &Wells,
2006). However, the effectiveness of sound propagation of whistle-like sounds by dolphins
and their detectability distances have been found to vary substantially with habitat
characteristics (Quintana-Rizzo, Mann &Wells, 2006). To account for the possibility
of delphinid presence within a circle of 10 km radius around theWG, given the uncertainty
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on proximity to the WG, the dataset was averaged over a 10 km hexagonal grid. All spatial
analyses were conducted using QGIS (version 3.36.3) and RStudio (version 4.3.2).

Statistical analysis
Generalized additive models (GAMs) with a Tweedie distribution were used to assess the
influence of various factors on delphinid presence. TheTweedie distributionwas selected for
the GAM models based on its demonstrated effectiveness in handling sparsely distributed
species (Miller et al., 2013). Separate models were developed with either exclusively glider
data or exclusively satellite data, to compare the efficacy of gliders against traditional
methods. The glider-only model (GOM) included the variables: location (date, ID),
anthropogenic noise, SPL, fish presence, distance to the coast, salinity, temperature,
water depth, surface current speed and heading, and chlorophyll-a concentration.
The satellite-only model (SOM) included location, distance to the coast, salinity, sea
surface temperature, water depth, derived current speed and heading, and chlorophyll-a
concentration. Soundscape variables of anthropogenic noise, fish presence, and SPL were
not included in the SOM as these variables cannot be derived from satellite sources and
are not typically collected in traditional marine mammal surveys. All GAMs were run in
RStudio (version 4.3.2).

After running the initial GAM models with all variables, the dredge function from the
MuMIn package in RStudio (version 4.3.2) was employed to identify the most effective
models based on Akaike Information Criterion (AIC) scores. This process produced
a comprehensive list of models along with their respective AIC scores, facilitating the
selection of the best-fitting models as indicated by the lowest AIC values.

RESULTS
The results of GAMs, as shown in Table 2, highlight the top three performing models
for both the GOM and the SOM. The best-fitting GOM, explaining delphinid presence,
included four variables: SPL, location (date, location ID), temperature, and chlorophyll-a
concentration. This model explained 50.8% of the deviance in the dataset with an AIC
score of -61.05 and an R-squared value of 0.501. All variables in this model were statistically
significant. The complexity of each smooth term, represented by the estimated degrees
of freedom (edf), along with reference degrees of freedom (Ref.df; available degrees of
freedom), F-statistic (F; contribution to the model), and P-value (statistical significance),
are detailed in Table S1. Smooth plots showing the relationships between predictor variables
and delphinid presence can be seen in Fig. 3. The analysis revealed a non-linear relationship
between odontocete presence and SPL, indicating a general negative association at higher
decibels. There is, however, an increase in predicted delphinid presence at mid and
again at high SPL levels. Delphinid presence was positively correlated with chlorophyll-a,
although the relationship is also non-linear. Delphinid presence seemed to increase with
chlorophyll-a although some avoidance to mid/high chlorophyll-a concentration areas
is suggested. The variable with the narrowest confidence interval was temperature, and
it suggests that delphinid presence was negatively correlated with increasing sub-surface
temperature. The relationship between delphinid presence and location (Fig. 4) indicated
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Table 2 Comparison of the top three best-fit GAMmodels from the glider-only data model (GOM) and satellite-only data model (SOM).Vari-
ables included in the model are represented with (+). Akaike information criterion (AIC) scores are included for model comparison, as well as
adjusted R-squared values (R-sq) and percentage of deviance explained (Dev). Also included are the top three models of the GOM without sound
variables.

Ant SPL Fish Location Dist Sal Temp Dep CurS CurH Chla AIC R-sq Dev

+ + + + −61.05 0.501 50.8%
+ + + + + −60.90 0.500 51.7%Glider only

model
+ + + + + −60.53 0.506 51.5%

Location Dist Sal SST Dep CurS CurH Chla AIC R-sq Dev

+ + + + −34.19 0.461 44.8%
Satellite only
model

+ + + + + + −31.73 0.477 44.9%

+ + + + + −31.90 0.458 44.8%

Location Dist Sal Temp Dep CurS CurH Chla AIC R-sq Dev

+ + + −47.62 0.468 47.0%
+ + + + + + −47.47 0.461 49.2%

Glider
only model
no sound + + + + −47.30 0.464 47.9%

an increase in presence closer to shore, with a few concentrated areas of increased presence
spanning south of Cape Canaveral to the north rather than the southern portion of the
survey. The highest presence was observed near St. Augustine Inlet and the second highest
southwest of Cape Canaveral. It is also essential to note the 95% confidence intervals for
these variables, which indicate a level of uncertainty within certain ranges of the variables.

The top-performing SOM contained four variables: location, current speed, current
heading, and chlorophyll-a concentration (Table 2). This model explained 44.8% of the
deviance in the dataset with an AIC score -34.19 and an R-squared value of 0.461. All
variables in this model were statistically significant except current heading. P-values, edf,
Ref.df, and the F-statistic for each variable are provided in Table S1. Smooth plots of
the resulting top model are depicted in Fig. 5. Results show that delphinid presence is
positively correlated with chlorophyll-a. Delphinid presence showed a negative correlation
with south eastward currents, where the uncertainty level was the lowest. Furthermore,
delphinid presence was negatively correlated with current speed. The relationship between
delphinid presence and location, showed an increase in presence closer to shore, identical
to the GOM (Fig. 6).

For a true comparison between glider and satellite data, an additional dredge function
was run on in-situ data without the acoustic variables. The variables includedwere: location,
distance to the coast, salinity, sub-surface temperature, depth, current speed and heading,
and chlorophyll-a concentration. The resulting top performing model included location,
temperature, and chl-a, which explained 47.0% of the deviance in the dataset, with an AIC
of -47.62 and an R-squared value of 0.468. This model has a lower explained deviance than
the GOM, but similar deviance to the SOM model.
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Figure 3 Smooth plots displaying the results of the top-performing GOM assessing the relationship
between delphinid presence and environmental variables. (A) SPL (dB), (B) chlorophyll-a (RFU), and
(C) temperature (◦C). Tick marks on the x-axis represent data observations and gray shading represents
the 95% confidence interval. The y-axis represents the relative (continued on next page. . . )

Full-size DOI: 10.7717/peerj.19204/fig-3
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Figure 3 (. . .continued)
effect of each variable on the presence of delphinids, with values above zero indicating increased presence
and numbers below zero representing decreased presence. The number associated with each variable on
the y-axis represents the effective degrees of freedom (EDF) for each smooth term, indicating the com-
plexity of each variable’s relationship with delphinid presence, 1 being the least complex.

DISCUSSION
As anthropogenic impacts on the ocean continue to increase (Halpern et al., 2007; Halpern
et al., 2008; Häder et al., 2020), understanding the distribution of cetacean species, their
habitat preferences and the human activities that may be displacing them becomes
increasingly important for informed management. Our study contributes to the existing
knowledge of cetacean habitat use (Garrison, Martinnez & Maze-Foley, 2010; Best et al.,
2012; Roberts et al., 2016) by utilizing an autonomous WG for odontocete monitoring.
Mostly delphinid species were identified in our dataset but species-specific identification
was limited. Many Atlantic delphinid sounds are not yet distinguishable to species based
on the character of their clicks, buzz or burst pulses, or whistles (Roch et al., 2011; Gillespie
et al., 2013). For instance, common dolphin species (short-beaked and long-beaked)
and bottlenose dolphins make clicks that are thus far indistinguishable from each other
(Soldevilla et al., 2008). Risso’s dolphins were occasionally detected based on known
characteristics (Soldevilla et al., 2008), and blackfish sounds were suspected. However, the
Atlantic shelf of Florida is home to a large number of dolphin species as suggested by Rafter
et al. (2021).

Despite the lack of identification at the species level, our autonomous vehicle approach
overcomes several limitations associated with traditional survey methods such as high
costs, limited survey durations and track lengths, susceptibility to weather conditions, and
challenges in detecting species with prolonged dive durations. Additionally, we evaluated
the effectiveness of different variables and their sources in predicting delphinid presence
and illustrated how the integration of in-situ environmental data with acoustic data by
WGs not only addresses the constraints of conventional surveys, but also enhances the
identification of delphinid presence drivers and the identification of presence hot spots.

While autonomous platforms have emerged as a promising tool in marine science
(Klinck et al., 2012; Suberg et al., 2014; Klinck et al., 2016; Jones et al., 2019; Verfuss et al.,
2019; Aniceto et al., 2020; Camus et al., 2021), their application in cetacean monitoring
has only begun to scratch the surface. Our study expands upon limited research that
demonstrates the capability of these platforms to monitor odontocete species (Bittencourt
et al., 2017; Bittencourt et al., 2018). Historically, odontocete populations have been
monitored primarily through visual shipboard or aerial surveys, with acoustic monitoring
largely restricted to stationary moored acoustic recording systems (Wiggins & Hildebrand,
2007; Rafter et al., 2021). Our study demonstrates the capacity of autonomous WGs to
extend the reach of acoustic monitoring studies over greater distances, providing enhanced
insights into the environmental variables that may predict odontocete presence. This, in
turn, enhances our understanding of how these animals utilize shelf habitats in Florida
waters.
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Figure 4 Weekly maps of delphinid presence along the glider track as a function of date and location
ID for the glider-only GAM (GOM). Each image represents one week of the glider deployment, with the
color scale indicating presence, with darker colors indicating higher detected presence and lighter colors
indicating lower detected presence. SA, PI and CC indicate the location of St. Augustine, Ponce Inlet and
Cape Canaveral, respectively.

Full-size DOI: 10.7717/peerj.19204/fig-4
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Figure 5 Smooth plots displaying the results of the top-performing satellite-only GAM (SOM) assess-
ing the relationship between cetacean presence and environmental variables. (A) Chlorophyll-a (mg
m−3); (B) current heading (degrees north); (C) current speed (m s−1). (continued on next page. . . )

Full-size DOI: 10.7717/peerj.19204/fig-5
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Figure 5 (. . .continued)
Tick marks on the x-axis represent data points and gray shading represents the 95% confidence interval.
The y-axis represents the relative effect of each variable on the presence of delphinids, with values above
zero indicating increased presence and numbers below zero representing decreased presence. The num-
ber associated with each variable on the y-axis represents the effective degrees of freedom (EDF) for each
smooth term, indicating the complexity of each variable’s relationship with delphinid presence, 1 being
the least complex.

Previous studies investigating environmental variables predicting cetacean presence have
primarily relied on satellite-derived environmental data (Roberts et al., 2016;Chavez-Rosales
et al., 2019; Chavez-Rosales, Josephson & Garrison, 2022). In this study, we performed
a novel comparison between traditional cetacean monitoring methods, which utilize
environmental data derived from satellites, and a newer approach employing autonomous
WGs for in situ data collection. One of the primary findings of this study was the relevance
of soundscape on the prediction of delphinid presence, with SPL included in the top three
models of glider data. The addition of acoustic variables from the soundscape contributed
to the superior performance of in situ-derived models in predicting delphinid presence
compared to satellite-derived models. Although the difference in explained deviance
between the GOM and SOM was not large, the ability to include aspects of the soundscape
in analyses when using a glider is a clear advantage of this method. Without the addition
of acoustic data, both GOM and SOM resulted in a similar explained deviance despite the
difference in data sources.

The consistent inclusion of certain predictor variables across both in situ and satellite-
derived models highlights their importance in shaping delphinid habitat preferences.
Location and chlorophyll-a concentration emerged as important variables in all of the
top performing models, indicating the importance of these variables as predictors of
delphinid presence. The importance of location in all of the top performing models
revealed several apparent hot spots for delphinid presence along the Florida Atlantic coast.
The ability to identify these areas of interest, demonstrates another benefit of autonomous
platforms. Furthermore, the inclusion of chlorophyll-a in all of the top models, aligns
with previous research which has identified chlorophyll-a as an important predictor of
cetacean presence for species such as minke whales (Balaenoptera acutorostrata), Risso’s
dolphin (Grampus griseus), white beaked dolphin (Lagenorhynchus albirostris), and several
other dolphin species (Breen, Brown & Rogan, 2016; Tardin et al., 2019; Sahri et al., 2021).
Increased odontocete presencewith increased chlorophyll-a concentrationmay be due to an
association with prey availability (Lanz et al., 2009; Sachoemar, 2015). Water temperature
also emerged as an important predictor variable in nearly all models, with delphinid
presence decreasing with higher temperatures, suggesting that the animals tended to avoid
the Gulf Stream boundary. SPL was included in all three top GOMs, which highlights
the influence that the soundscape has on these marine mammals, a factor not accounted
for in traditional survey methods. Studies have demonstrated that anthropogenic noise
exposure increases stress and elicits behavioral responses including diminished foraging in
odontocete species such as bottlenose dolphins (Tursiops truncatus), orcas (Orcinus orca),
harbour porpoises (Phocoena phocoena) and some arctic marine mammals (Dyndo et al.,
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Figure 6 Weekly maps of delphinid presence along the glider as a function of the date and location ID
for the satellite-only GAM (SOM). Each image represents one week of the glider deployment, with the
color scale indicating presence, with darker colors indicating higher detected presence and lighter colors
indicating lower detected presence.

Full-size DOI: 10.7717/peerj.19204/fig-6
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2015; Hauser & Stern, 2018; Yang et al., 2021; Martin et al., 2023; Tennessen et al., 2024).
Our findings suggest that delphinids avoid noisy environments and align with previous
research emphasizing the role of environmental variables in shaping delphinid distribution
patterns providing further support for their inclusion in habitatmodeling efforts. It is worth
noting, however, that the relationship between SPL and delphinid presence is complex. At
mid-range SPLs and again at the highest SPL, there is a noticeable increase in delphinid
presence (Fig. 3). This may indicate that delphinid species occur in and may even select
somewhat noisy habitats. Such habitats, for example, may contain preferred prey such as
near shore areas that typically have high SPL due to both natural (e.g., wave action) and
anthropogenic noise.

While the influence of chlorophyll-a and temperature on delphinid presence in our study
aligned with previous research (Breen, Brown & Rogan, 2016; Tardin et al., 2019; Sahri et
al., 2021), it was somewhat unexpected that depth was only included in one top model for
both satellite and in-situ data. Depth has previously been shown to have a strong influence
on several dolphin species, including bottlenose dolphins (Tursiops truncatus), primarily
in neritic habitats, and striped dolphins (Stenella coeruleoalba), primarily in pelagic zones,
across various regions such as the northeast Atlantic (Breen, Brown & Rogan, 2016) and the
Gulf of Taranto in theMediterranean (Carlucci et al., 2016). However, it is possible that this
was due to limited variability of depths associated with the shelf environment and reduced
sampling time in deeper offshore waters. Throughout the study area depth varied by 65
m. It is also possible that in the shelf environment other factors are more determinant for
the presence of delphinids, such as food availability, which is usually found nearshore and
in high chlorophyll-a concentration areas. Scott et al. (2010) analyzed the foraging habitats
of seven species of marine apex predators observed simultaneously in a shallow sea, with
continuous measurements taken of the detailed bio-physical water column characteristics
to determine habitat preferences. All seven mobile top-predators preferentially foraged
within habitats with small-scale (2 to 10 km) patches having (1) high concentrations of
chlorophyll in the sub-surface chlorophyll maximum and (2) high variance in bottom
topography, with different species preferring to forage in different locations within these
habitats. Scott et al. (2010) showed that chlorophyll hotspots were associated with areas of
locally increased vertical mixing. On the east Florida shelf such areas are located near inlets
such as St. Augustine, Ponce Inlet, and also around Cape Canaveral where tidal mixing
is significant, the three locations with the highest delphinid detection densities recorded
in this study. Blauw et al. (2012) revealed how tides drive the variability of phytoplankton
blooms. In the case of Cape Canaveral, export from inlets and rivers north of the Cape
contribute to the significant amount of nutrient input found in this region where tidal
flows are stronger than elsewhere on the East Florida Shelf, not including the inlets due to
the bathymetric features and the shape of the cape (Stelling et al., 2023).

Our study continues to underscore the capabilities of autonomous gliders as a tool for
cetaceanmonitoring and builds upon previous works in this field (Klinck et al., 2012; Suberg
et al., 2014; Bittencourt et al., 2018; Aniceto et al., 2020; Kowarski et al., 2020; Camus et al.,
2021). However, it is important to acknowledge some of the limitations associated with
these methods. Primarily, acoustic monitoring is limited to when cetaceans are vocalizing.

Carvalho et al. (2025), PeerJ, DOI 10.7717/peerj.19204 16/25

https://peerj.com
http://dx.doi.org/10.7717/peerj.19204


Given that vocalizations are not continuous, and background noise can interfere, missed
detections are possible. In this study recordings were made every 5 min, which increases
the potential for missed detections. Furthermore, the difficulty in identifying species
(particularly odontocetes) and inability to accurately estimate abundance are hurdles
which acoustic monitoring has yet to overcome (Mellinger et al., 2007). Additional studies
will be necessary to validate and expand upon our findings.

In conclusion, this study indicates that multiple factors influence cetacean distribution
and abundance. Furthermore, it demonstrates the capability of autonomous gliders to
simultaneously monitor delphinid species and their environments. We have shown that
autonomous gliders can enrich our understanding of cetacean habitats by integrating
environmental and PAM sensors that provide in-situ environmental and acoustic
measurements simultaneously. Furthermore, we have demonstrated how gliders can
offer deeper insights into delphinid presence compared to traditional monitoring methods,
particularly with the addition of measurements within the soundscape, which are not
captured in visual surveys and are limited in range with stationary acoustic monitoring.
This study can also guide future research directions. For example, future studies should
explore integrating glider data with visual surveys for more accurate species identification
and investigate the interplay between cetaceans, their natural environment, and human
influence.

ACKNOWLEDGEMENTS
We would like to acknowledge Gabriel Alsenas and Erick Busold who handled the glider
operation and Ali Altaher for helping with the acoustic data analysis. We would also like
to acknowledge Dr. Steven Lombardo who helped refine and troubleshoot parameters
for generalized additive models. We would also like to acknowledge the use of ChatGPT
from OpenAI to troubleshoot coding scripts and for proofreading of small portions of the
manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Harbor Branch Oceanographic Institute Foundation
Specialty License Plates ‘‘Protect Wild Dolphins’’ and ‘‘Protect Florida Whales’’. The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
The Harbor Branch Oceanographic Institute Foundation Specialty License Plates ‘‘Protect
Wild Dolphins’’ and ‘‘Protect Florida Whales’’.

Competing Interests
The authors declare there are no competing interests.

Carvalho et al. (2025), PeerJ, DOI 10.7717/peerj.19204 17/25

https://peerj.com
http://dx.doi.org/10.7717/peerj.19204


Author Contributions
• Jessica Carvalho conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the article, and approved the final
draft.
• Laurent M. Chérubin conceived and designed the experiments, performed the
experiments, authored or reviewed drafts of the article, and approved the final draft.
• Greg O’Corry-Crowe conceived and designed the experiments, authored or reviewed
drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data is available in the Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.19204#supplemental-information.

REFERENCES
Aniceto AS, Pedersen G, Primicerio R, BiuwM, LindstrømU, Camus L. 2020. Arctic

marine data collection using oceanic gliders: providing ecological context to cetacean
vocalizations. Frontiers in Marine Science 7:585754 DOI 10.3389/fmars.2020.585754.

Barros NB,Wells RS. 1998. Prey and feeding patterns of resident Bottlenose Dolphins
(Tursiops truncatus) in Sarasota Bay, Florida. Journal of Mammalogy 79:1045–1059
DOI 10.2307/1383114.

Bas AA, Christiansen F, Öztürk B, Öztürk AA, ErdoǧanMA,Watson LJ. 2017.Marine
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