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ABSTRACT: The rapid expansion of offshore wind development in the northeast USA has amplified
the need to understand baseline patterns of habitat use for protected species relative to offshore
wind lease areas. Here, we used 5 years of intermittent passive acoustic monitoring via autonomous
glider deployments to monitor baleen whales in the New York Bight, a region of the US east coast
where offshore wind construction is imminent. We assessed the daily presence of humpback
Megaptera novaeangliae, sei Balaenoptera borealis, North Atlantic right Eubalaena glacialis, and
fin B. physalus whale vocalizations, and examined spatial (10s—100s of km) and temporal (seasonal)
habitat use patterns in the wind energy areas and the broader New York Bight region. All species
were observed year-round in the New York Bight, with humpback and sei whales detected most
frequently in spring, and right whales detected more frequently in winter. Humpback and North
Atlantic right whales were detected closer to the coast in winter than in other seasons. The overlap
between whale habitat and wind energy areas was greatest in winter for all species except for sei
whales, which showed similar overlap in summer and winter. This new understanding of the overlap
of baleen whale habitat use relative to offshore wind energy areas illustrates the utility of routine
seasonal glider surveys as passive acoustic monitoring platforms. Furthermore, this information
will be helpful for developing appropriate mitigation and management strategies to minimize
impacts of wind energy development on baleen whales.
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1. INTRODUCTION

A growing human population and the increasing
impacts of climate change have amplified the demand
for renewable energy resources (Bilgili et al. 2011,
Sun et al. 2012, Li et al. 2020). Offshore wind energy
development has become an increasingly popular
renewable energy source (Sadorsky 2021), with global
capacity nearly doubling between 2020 and 2024
(McCoy et al. 2024). Considerable offshore wind de-
velopment is currently underway on the continental
shelf along the east coast of the USA, with 62959 MW

*Corresponding author: Katherine.L.Hudson@gmail.com

of energy-generating capacity planned, under con-
struction, or in operation. A total of 50 areas along the
coast of the eastern US have been leased to devel-
opers, with an additional 19 planning areas on and off
the continental shelf from South Carolina to Maine
(McCoy et al. 2024). As of May 2024, 174 MW
(<0.01%) were operational in 3 wind energy areas
(WEAs) along the US east coast (McCoy et al. 2024).
Areas representing 5831 MW (9.3%) were under con-
struction, 1644 MW (2.6 %) were approved, and 55310
(87.8%) MW were in permitting or surveying stages
(McCoy et al. 2024).
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Given the rapid expansion of offshore wind in US
waters, there is a growing need to understand its
impacts on marine organisms (Masden et al. 2010,
Garel et al. 2014, Lindeboom et al. 2015, Gill et al.
2020, Mooney et al. 2020, Perry & Heyman 2020, van
Berkel et al. 2020). Understanding patterns of baleen
whale habitat use in and around WEAs has been of
particular interest as they are protected under the
US Marine Mammal Protection Act and, for several
species, the Endangered Species Act (ESA). Baleen
whale species are highly mobile, with some individ-
uals migrating long distances between low-latitude
breeding grounds and mid- to high-latitude foraging
grounds, while others remain on the foraging grounds
year-round (Lockyer & Brown 1981, Stevick et al.
2003, Geijer et al. 2016, Kowarski et al. 2018). They
may therefore be impacted by multiple WEAs during
annual migrations, as well as in their foraging and
breeding grounds. Furthermore, multiple species of
baleen whale inhabit the coastal zones identified for
wind farm development in US waters for all or a por-
tion of their life cycles (Van Parijs et al. 2021). Under-
standing potential overlap between wind develop-
ment and baleen whale habitat use is a priority for
management and mitigation.

The assessment of WEAs and the construction of
wind turbines produce sounds that could impact
baleen whales (Van Parijs et al. 2023). Seismic surveys
during assessment and pile driving during construc-
tion may result in habitat avoidance by marine mam-
mals (Tougaard et al. 2003, Madsen et al. 2006).
Additionally, vessel traffic and noise associated with
operational wind turbines could increase the risk of
masked acoustic communication (Bailey et al. 2014,
Van Parijs et al. 2023) and vessel strikes, a major cause
of mortality in baleen whales (Vanderlaan & Taggart
2007, Schoeman et al. 2020, Barkaszi et al. 2021).
Operational turbines may also influence the distribu-
tion of zooplankton prey by altering local current
dynamics (Floeter et al. 2017, van Berkel et al. 2020,
National Academies of Sciences, Engineering, and
Medicine 2024). Collecting baseline data on the oc-
currence and distribution of baleen whales prior to
the construction of WEAs is critical to understanding,
quantifying, and assessing potential impacts of off-
shore wind development (Estabrook et al. 2022, 2025,
Van Parijs et al. 2023).

The abundance and distribution of baleen whales
has traditionally been estimated using standardized
visual line transect surveys from ships or aircraft
(Buckland et al. 2001, Hammond et al. 2021). These
surveys count individuals along set transect lines and
can be used to develop density and population size

estimates for baleen whales (Buckland & Turnock
1992, Buckland et al. 2001, Buckland & York 2018).
Ship-based or aerial surveys rely on the visual detec-
tion of animals at or near the surface of the water,
which is dependent on factors such as sea state and
animal behavior (Eberhardt et al. 1979, Beavers &
Ramsey 1998, Kinzey et al. 2000, Barlow 2015).

Passive acoustic monitoring (PAM) can also be
used to detect baleen whale acoustic occurrence and,
when applied across a sufficient spatial extent, distri-
bution (Zimmer 2011, Browning et al. 2017, Davis et
al. 2017, 2020, Macrander et al. 2022). PAM uses
hydrophones to record whale vocalizations, which
can be identified through manual or automatic anno-
tation methods (Browning et al. 2017, Fleishman et al.
2023). While marine mammal presence can be esti-
mated from PAM, assessing the true absence of ani-
mals can be a challenge due to animal behavior and
environmental conditions. Individuals must be vocal-
izing within a certain range of the hydrophone, and
their calls must be sufficiently loud, in comparison to
background noise, to be detected (Zimmer 2011,
Parks etal. 2011, Browning et al. 2017, Estabrook et al.
2022, Fleishman et al. 2023).

Monitoring marine mammals has traditionally
required a trade-off in spatial versus temporal extent.
Visual surveys can cover wide areas, but the signifi-
cant amount of person-hours and vessel- or plane-
hours required can limit the temporal frequency and
duration of surveys (Aragones et al. 1997, Thomas et
al. 2007, Hammond et al. 2021, Laake et al. 2021).
PAMrecorders have typically been either deployed at
fixed stations or towed from vessels. Fixed stations
allow data to be collected continuously for months or
years at a time at specific locations with minimal ship
time, but their spatial extent is limited to the detec-
tion ranges around the instruments (Laurinolli et al.
2003, Baumgartner & Fratantoni 2008, Clark et al.
2010, Cholewiak et al. 2018, Davis et al. 2020). Towed
PAM deployments from vessels provide a snapshot of
marine mammal occurrence in time across a wider
spatial extent (Van Parijs et al. 2009), but require and
are limited by ship time, similar to line transect sur-
veys. Regardless of the platform, PAM monitoring
can, however, facilitate observations across a wider
range of sea states than visual surveys (Zimmer 2011,
Browning et al. 2017, Macrander et al. 2022).

Gliders have emerged in recent decades as PAM
platforms providing a balance of spatial and temporal
coverage (Moore et al. 2007, Baumgartner & Fratan-
toni 2008, Klinck et al. 2012, Johnson et al. 2022).
Gliders are a class of autonomous underwater vehicle
(AUV) that move through the water column by chang-
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ing their buoyancy. Buoyancy-driven gliders con-
sume little power, meaning that they can be deployed
for weeks or months at a time, depending on the sen-
sors being used. They move slowly (~15 km per day
on average) along a pre-determined track (Schofield
et al. 2007, Rudnick 2016). This allows them to pro-
vide near-continuous monitoring across hundreds of
kilometers in a single mission (Schofield et al. 2007,
Rudnick 2016). These platforms require minimal ves-
sel time for deployment and recovery, as well as fewer
resources (i.e. person-hours) during operation than
traditional scientific vessels (Schofield et al. 2007,
Rudnick 2016). They also survey continuously,
regardless of sea state. For these reasons, gliders pro-
vide advantages for monitoring efforts within and
around WEAs (Baumgartner et al. 2013, 2020,
Johnson et al. 2022, Indeck et al. 2025).

Here, we assessed baleen whale detections from
gliders deployed in and around WEAs in the New
York Bight (NYB) on the east coast of the USA from
2020 to 2024. The NYB is bounded by the coastline
between Cape May, New Jersey, and Montauk, New
York, out to the continental shelf break (Ketchum et
al. 1951, see Fig. 1). Eleven WEAs are present within
the western NYB, and construction in these areas had
not yet begun as of summer 2025. Together, these
areas have the potential to deliver 19703 MW of
power, representing 31% of the total estimated
energy from offshore wind projects currently planned
on the US east coast (McCoy et al. 2024).

The NYB serves as migratory and foraging habitat
for several baleen whale species (Davis et al. 2017,
2020, Muirhead et al. 2018, King et al. 2021, Zoidis et
al. 2021, Chou et al. 2022, Murray et al. 2022, Esta-
brook et al. 2025). We focused on the following spe-
cies that occur regularly in the NYB: humpback
Megaptera novaeangliae, sei Balaenoptera borealis,
North Atlantic right Eubalaena glacialis (NARW),
and fin B. physalus whales. Of these, sei and fin
whales are endangered and NARWSs are critically
endangered (Nieukirk et al. 2012, Edwards et al. 2015,
National Oceanic and Atmospheric Administration
2022, 2023). While humpbacks are not endangered
under the ESA, the West Indies distinct population
segment that occupies the NYB has been experienc-
ing an unusual mortality event since 2017 (National
Oceanic and Atmospheric Administration 2020).
Humpback and fin whales occupy the region year-
round, with humpbacks occupying waters across the
continental shelf (<30—200 m depth, within 20 km of
shore) and fin whales occupying waters closer to the
continental shelf break (200 m isobath; Morano et al.
2012, Muirhead et al. 2018, Davis et al. 2020, Zoidis et

al. 2021). Sei and NARWSs are less common in the
NYB; previous acoustic and visual surveys suggested
that sei whales occupy mid-shelf and offshore waters,
whereas NARWs are found closer to shore from
spring to late fall (Davis et al. 2020, Zoidis et al. 2021).

We describe spatial (10s—100s of km) and temporal
(seasonal) patterns in the occurrence of these species
in the NYB and examine the utility of gliders as mon-
itoring platforms in WEAs. Our specific objectives
were to quantify: (Objective 1) spatial and (Objective
2) seasonal patterns in baleen whale acoustic detec-
tions; and (Objective 3) the spatiotemporal overlap of
baleen whale detections and WEAs. We hypothesized
that (1) all species would be detected furthest from
shore in the summer months, (2) season would have a
significant impact on the number of detection days
for each species, following previous visual and PAM
surveys (Davis et al. 2017, 2020, Muirhead et al. 2018,
Zoidis et al. 2021), and (3) baleen whales would be
detected at the same frequency within WEAs within
the study region, indicating no preference for WEAs.

2. MATERIALS AND METHODS
2.1. Glider deployments and survey effort in WEAs

We conducted a total of 29 missions with Slocum
gliders (Teledyne Webb Research) in and around
WEAs in the NYB between July 2020 and August 2024
(Fig. 1, Table 1; Table S1 in the Supplement at www.
int-res.com/articles/suppl/n058p257_supp.pdf). Ac-
ross the 29 missions, gliders were deployed for a total
of 748 d and covered 14338 km of trackline (Fig. 1,
Table 1; Table S1). All gliders were equipped with inte-
grated digital acoustic monitoring (DMON; Johnson
& Hurst 2007, Baumgartner et al. 2013) instruments
that recorded audio continuously at 2 kHz. The glider
deployments used here were from a variety of projects,
some of which were focused on broad surveys in the
NYB, and some of which specifically targeted WEAs.
Of the missions analyzed here, 17 targeted WEAs di-
rectly, and the remaining 12 surveyed the region
broadly. The missions that targeted WEAs were de-
signed to maximize time in the WEAs.

Forward propulsion in Slocum gliders is provided
by the buoyancy engine and the horizontal wings, and
steering is provided by the rudder on the tail (Scho-
field et al. 2007, Rudnick 2016). The movement of the
buoyancy pump adds noise to the audio. Noise is also
introduced via surfacing events that occur every 2—
3 h. During these events, the glider remains at the sur-
face to send or receive data to/from shore, during
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time (in days) and space (in km) within
each of these subgroups is shown by sea-
son in Table 1. Seasons were defined as
winter (December through February),
spring (March through May), summer
(June through August), and fall (Sep-
tember through November).

2.2. Acoustic data processing
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Fig. 1. New York Bight study region and glider tracks for the 29 glider mis-
sions used to analyse baleen whale occurrence. Glider tracks are colored
by year of deployment, with n representing the number of deployment days
per year. Wind energy areas (WEAs) are outlined according to subregion;

depth contours are in 20 m increments

which time waves breaking near and over
the glider as well as electromagnetic inter-

DMON hydrophones were encapsu-
lated in a urethane housing on the top of
the glider science bay (Baumgartner et al.
2020). One of these hydrophones mea-
sured at low frequencies (8—7500 Hz
bandwidth, 36 dB re uPAa/V Hz noise floor
at 2 kHz, and —169 dB re V/uPa total sys-
tem sensitivity) (Baumgartner et al. 2013).
The DMON's integrated programmable
digital signal processor and flash memory
continuously recorded audio at 2 kHz
sample rate, and processed those audio
files using the Low Frequency Detection
and Classification System (LFDCS; Baum-
gartner & Mussoline 2011, Baumgartner
et al. 2020) to identify and report to the
glider detections of whale calls in real

Table 1. Glider survey effort in time and distance throughout the New York
Bight study region and the 3 wind energy area (WEA) subregions defined

ference from the satellite data transmis- in Fig. 1
sions can induce noise. Most noise is short .
. . . Region Season  Survey Survey Survey No. of
in duration, lasting for only a few seconds, .
) ! effort (d) effort (km) years missions
apart from surfacing events which can last
as long as 20 min, but only occur every 2— New York Winter 175.2 3417.4  2020—2024 29
3 h. This represents approximately 10% of Bight gpring ?g%g gg;gé
. . . . ummer . .
the fieploymept time, Whlch.ahgns with Fall 1979 23479
previous studies on other glider models Total 747.8 14337.7
(Cauchy etal. 2023). Therefore, PAMonly |\ jorsey  Winter 316 558.1  2020—2024 23
occurs when the instrument is gliding and WEAs Spring 26.8 453.1
silent, which makes up a majority (~90 %) Summer  28.4 527.5
of the deployment time (Cauchy et al. Fall 29.9 538.4
Total 116.7 2077.1
2023).
WEA shapefiles were taken from the Offshore Winter 5.8 114.4 2023—-2024 18
‘WEAs Spring 14.3 274.8
Bureau of OFean Energy Management Summer 244 190.6
(BOEM) website (https://www.boem.gov/ Fall 8.2 179.9
renewable-energy/mapping-and-data/ Total 529 1059.8
renewable-energy-gis-data, accessed No- | NewYork  Winter 0.8 14.1 2023-2024 6
vember 2023; Fig. 1). WEAs were grouped WEASs Spring 34 64.6
by geographic location into 3 subgroups: Summer 3.1 46.3
New York (NY), Offshore, and New Jersey _l;gltlal é? 1@2‘2
(NJ) (Fig. 1). Total survey effort across ' '
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time. These real-time detections were not used in this
study, but rather a desktop computer implementation
of the LEFDCS was used to process the recorded audio
after the glider was recovered. Using archival audio
has been shown to improve both false and missed
detections rates since an analyst can use the audio
(both aurally and visually via spectrograms) to
improve the overall detection process (Baumgartner
et al. 2020).

The LFDCS creates spectrograms of acoustic data
using short-time Fourier transforms (Baumgartner &
Mussoline 2011, Baumgartner et al. 2020). Contour
lines are then automatically drawn through tonal
sounds to characterize variation in pitch and ampli-
tude over time. Multivariate discriminant function
analysis is used to assign each contour line, or 'pitch
track’, to a call type based on a call library (Baumgart-
ner & Mussoline 2011). We used the desktop com-
puter LFDCS implementation described above to
generate pitch tracks using 2 sets of LFDCS param-
eters and call libraries: one optimized to detect hump-
back, sei, and NARWSs, and a second optimized to
detect fin whales. Our LFDCS parameters and call
libraries are the same as those used by Davis et al.
(2017, 2020). The call libraries are described in Text
S1. All calls were manually confirmed by a trained
acoustic analyst for all species.

We used confirmed calls to determine daily acous-
tic presence and absence of baleen whale vocaliza-
tions. We determined if humpbacks, sei whales, and
NARWSs were present or absent on a given day using
previously published thresholds (number of con-
firmed detections within a given time frame) and gen-
erated a new threshold for fin whales based on pre-
viously published protocols and thresholds (Davis et
al. 2017, 2020). These daily presence thresholds are
described in Text S2.

Timestamps of confirmed calls were matched with
the glider clock to estimate the location of the glider
at the times of detections. Glider position was linearly
interpolated between surfacing events at which posi-
tion was measured with the glider's GPS receiver.
Confirmed calls were only matched to the glider data
if baleen whales were considered present on that day
following the definitions described in Text S2.

The LFDCS, like any detector, will have a missed
and false detection rate. Therefore, we validated the
performance of the LFDCS by performing a manual
analysis on a subset of the data following previously
established protocols (Baumgartner et al. 2019, 2020,
Davis et al. 2020). Every 10" day was manually
screened for daily presence of the target species in
each glider deployment longer than 10 d to ensure

days were screened across all seasons and geographic
regions. A total of 57 days were screened. Missed and
false detection rates, as well as detector accuracy,
were calculated on the resulting confusion matrix of
daily acoustic presence and acoustic absence of each
species following methods from Baumgartner et al.
(2019).

2.3. Objective 1: Spatial distribution of
baleen whale occurrence

To quantify spatial patterns of baleen whale habitat
use within the NYB, we considered (1) spatial auto-
correlation of whale daily acoustic presence and
absence and (2) sound transmission in the water. De-
tecting a species in one location along a glider track
makes it more likely that the species is detected at
nearby locations. Therefore, we must account for
spatial autocorrelation in our analysis. We tested for
spatial autocorrelation using the 'ncf’ package in
Rv. 4.3.1. We used the position of the glider at noon
each day and daily acoustic presence/absence (fol-
lowing methods of Silva et al. 2019). We calculated
the distance at which spatial autocorrelation became
zero (x-intercept), which we refer to as the spatial
decorrelation scale, for each glider mission. We then
determined the 95" percentile of the spatial decorre-
lation scale across all glider missions (Fig. S1).

The spatial autocorrelation of daily acoustic pres-
ence and absence theoretically accounts for the
detection ranges of the whale calls, which vary from
10 to 40 km (Newhall et al. 2012, Cholewiak et al.
2018, Baumgartner et al. 2019, Davis et al. 2020,
Johnson et al. 2022). For example, a whale with a
smaller detection range (such as a NARW) will have a
lower spatial decorrelation scale since it will likely
not be detected multiple times by a glider over the
distance the glider travels in a day (~15 km). To test
this assumption, we performed a simple detection
range calculation for each species under best case
oceanic and background noise scenarios. This analy-
sis is described in Text S3. Ultimately, the spatial
decorrelation scales were used to determine the spa-
tial resolution (i.e. grid size) of our analysis for each
species as they were greater or equal to our detection
range estimates, and were more similar to previously
published detection range estimates (Newhall et al.
2012, Cholewiak et al. 2018, Baumgartner et al. 2019,
Davis et al. 2020, Johnson et al. 2022).

This analysis resulted in grid sizes of 23 x 23 (529),
16 x 16 (256), 12 x 12 (144), and 38 x 38 (1444) km x
km (kmz) for humpback, sei, NARW, and fin whales,
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respectively (Fig. S1). Since effort is not evenly dis-
tributed across grid cells, we summed the distance
surveyed within a grid cell seasonally across all mis-
sions (Figs. S2—S5). We then normalized the number
of days baleen whales were detected by the cumu-
lative effort within each species-specific grid.

To quantify seasonal shifts in baleen whale distribu-
tions relative to the coastline, we calculated the dis-
tance between grid cell centroids and the coast using
the function 'dist2Line’ in the R package 'geosphere’
(Hijmans 2022). The interquartile range (25" —75%
quartile) of the distances to shore were 39—112,
41-106, 41-102, and 38—112 km for the humpback,
sei, NARW, and fin whale specific grids, respectively.
This illustrates that our sampling design sufficiently
covers the continental shelf in this region, but under-
samples inshore (<40 km from shore) and offshore
(>100 km from shore) waters.

We performed an ANOVA to compare how far grid
cells with baleen whale detections were from shore ac-
ross seasons. We weighted the distance to shore by
the number of days baleen whales were detected nor-
malized by survey effort described above to account
for both survey effort and the number of baleen whale
detection days within each grid cell. We also calcu-
lated a weighted mean distance to shore. Assumptions
were tested visually using residual and Q—Q plots,
and Tukey post hoc tests were performed as needed.

2.4. Objective 2: Quantifying seasonal patterns in
baleen whale distributions

To examine temporal variability in baleen whale
detections, we examined trends normalized by effort
in both time (distance surveyed) and space (days sur-
veyed). First, we used an ANOVA to test if the number
of detection days in a model grid cell differed across
seasons. We normalized the number of detection days
by the distance surveyed within each grid cell per
month to account for differences in effort spatially.
Distance surveyed was log-transformed to meet nor-
mality and variance assumptions. We performed this
test seasonally, rather than monthly, due to high
month-to-month variability and to prevent zero-
inflating the data set. Assumptions were tested
visually using residual and Q—Q plots, and Tukey
post hoc tests were performed as needed.

Second, we examined temporal trends, normalized
in time by the number of survey days. We calculated
the proportion of glider deployment days per month
in which whales were detected for each mission and
target species. We averaged and calculated standard
deviations of these proportions monthly across glider

missions. We did not perform a statistical test on
these data due to high month-to-month variability.

2.5. Objective 3: Quantifying the spatial overlap
and temporal patterns of whales in WEAs

To quantify the spatial overlap between whale
detections and WEAs, we calculated the percentage
of surveyed grid cells which had whale detections,
both across the entire survey area and within WEAs
exclusively. We calculated these percentages both
for the entire year and by season. All grid cells that
overlapped with WEAs were considered, regardless
of the amount of overlap. We calculated the number
of grid cells with detections for a given species within
WEAs divided by the number of grid cells with detec-
tions across the entire survey area. We called this
metric ‘relative habitat overlap'. We performed this
analysis both with all WEAs pooled and for each WEA
subregion.

To test potential habitat preference for WEAs, we
used chi-squared goodness of fit tests to compare the
observed number of grid cells within WEAs with and
without baleen whale detections to the expected pro-
portions. These expected proportions were based on
the proportion of grid cells with detections across the
NYB and the number of surveyed grid cells within
WEAs. WEAs were pooled across subregions for chi-
squared tests since the number of grid cells differed
significantly across geographical subregions.

3. RESULTS
3.1. LFDCS performance

Daily baleen whale presence and acoustic absence
from the LFDCS and manual analysis generally
agreed (Table 2). Accuracy was greatest for NARWSs
(98%), followed by sei (91%), fin (88%), and hump-
back (86%) whales (Table 2). Humpback whales had
the highest missed detection rates (20 %), followed by
fin whales (17%), sei whales (13%), and NARWSs (0%)
(Table 2). False detection rates were highest for sei
whales (13%) followed by NARWSs (10%), humpback
whales (3%), and fin whales (0%) (Table 2).

3.2. Spatial distribution of baleen whales in the NYB

Humpback whales were detected on the continen-
tal shelf over all seasons, but their locations and rates
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Table 2. Comparison of Low-Frequency Detection and Classification System (LFDCS) performance to manual analysis on a

subset of the data by a trained analyst. Analysis was conducted on daily acoustic presence/absence data collected using under-

water gliders to monitor baleen whale occurrence. Missed and false detection rates and accuracy are calculated following the
protocols of Baumgartner et al. (2019)

Species LFDCS Manual analysis Missed detection False detection  Accuracy
analysis Detected Not detected rate (%) rate (%) (%)
Humpback Detected 28 1 20 3 86
Not detected 7 21
Sei Detected 13 2 13 13 93
Not detected 2 40
North Atlantic Detected 9 1 0 10 98
right whale Not detected 0 47
Fin Detected 34 0 17 0 88
Not detected 7 16
of detection varied seasonally. Detections were sig- widest spatial distribution in the spring, ranging from
nificantly closer to shore in winter (Fig. 2; Table S3; near-shore to the continental shelf break and oc-

ANOVA, Fj 166 = 6.9, p < 0.01). Humpbacks had the curred in 83% of surveyed grid cells (Fig. 2, Table 3).
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Fig. 2. Number of days humpback whales were detected per kilometer surveyed across seasons: (a) winter; (b) spring; (c) summer;
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Table 3. Percent of surveyed grid cells with baleen whale detections across the study area and within all wind energy areas

(WEAs) combined for all baleen whale species across seasons. Superscripts indicate periods when the number of grid cells

within WEAs with detections was significantly (p < 0.05) greater (G) or less (L) than expected as determined by a chi-squared

goodness of fit test. Relative habitat overlap is calculated as the percentage of grid cells with baleen whale detections within
WEAs. All grid cells that overlapped with WEAs were considered, regardless of the amount of overlap

Species Season No. of grid cells No. of grid cells within WEAs Relative habitat
Surveyed  With Percent Surveyed  With Percent overlap (%)
detections detections
Humpback All 123 95 77 34 33 97¢ 35
Winter 76 29 38 30 16 53 55
Spring 106 88 83 33 30 91 34
Summer 82 30 37 28 10 36 33
Fall 63 23 37 25 10 40 43
Sei All 220 83 38 59 25 42 30
Winter 127 8 6 51 4 8 50
Spring 181 80 44 54 23 43 29
Summer 138 10 7 53 5 9 50
Fall 103 3 3 45 2 4 67
North Atlantic All 349 94 27 80 31 39¢ 33
right whale Winter 184 31 17 68 20 29¢ 65
Spring 276 42 15 75 14 19 33
Summer 201 29 14 68 3 4t 10
Fall 157 19 12 62 8 13 42
Fin All 55 48 87 18 18 100 38
Winter 41 29 70 17 15 88 52
Spring 47 39 83 18 16 89 41
Summer 42 24 57 17 8 47 33
Fall 35 23 65 17 11 65 48

They had the narrowest distribution in fall, when
humpbacks occurred primarily in offshore waters
(Fig. 2, Table 3).

Sei whales were generally detected in mid- to outer
regions of the continental shelf (Fig. 3) and were the
most widespread in the spring, occurring in 44% of
surveyed grid cells (Table 3, Fig. 3). Distance to shore
varied significantly with season (Table S3; ANOVA,
F397 = 2.7, p = 0.05), but only differed between winter
(89 km) and spring (104 km; p < 0.05, Table S3).

NARWSs were detected in the largest proportion of
surveyed grid cells in the winter, with detections in
17% of grid cells, though spring and summer showed
similar proportions (Table 3). Detections were also
significantly closer to shore in winter (Table S3;
ANOVA, F;17 = 19.5, p < 0.01). NARWS were de-
tected across the continental shelf in spring (Fig. 4).
Summertime NARW detections were only offshore,
while fall detections occurred sporadically across the
continental shelf, from coastal waters to Hudson Can-
yon (Fig. 4, Table 3).

Fin whales were detected across the continental
shelf year-round (Fig. 5), with more detections near
the continental shelf break. Fin whales were detected

in the greatest proportion of surveyed grid cells in
spring, with detections in 83% of grid cells (Table 3).
The distance from shore did not differ significantly
across seasons (Table S3; ANOVA, F3; = 1.9, p =
0.14).

3.3. Temporal distribution of whale detections
in the NYB

When normalized spatially (by kilometers surveyed
per grid cell), humpback whales were detected on sig-
nificantly more days in spring than in all other sea-
sons (Table S4; ANOVA, Fj 303 = 25.5, p<0.01). When
normalized by temporal effort (number of survey
days), humpback whales were also detected in the
highest proportion of survey days (>50 %) from March
to May (Fig. 6). The proportion of detection days was
~20% from July through November and increased to
40% in January and February (Fig. 6).

Similarly, sei whales were also detected on signifi-
cantly more days in spring than other seasons, when
normalized by spatial effort (Table S4; ANOVA, Fj 545
= 33, p<0.01). They were detected on 20% of survey
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days from March through May, when normalized by
temporal effort (Fig. 6). During the rest of the year,
the proportion of days sei whales were detected was
less than 10% (Fig. 6).

NARWSs were detected on the greatest number of
days, when normalized for spatial effort, in the winter
(Table S4; ANOVA, F;4, = 8.9, p <0.01). When nor-
malized for temporal effort, NARWs were detected on
20—30% of survey days from December to March
(Fig. 6). The proportion of NARW detection days was
less than 10% the rest of the year, apart from August
and September, where they increased to ~25%
(Fig. 6).

The number of fin whale detection days did not vary
significantly across seasons when normalized for spa-
tial effort (Table S4; ANOVA, F; 6, = 2.4, p = 0.07).
When normalized for temporal effort, fin whales were
detected on over 40% of survey days from July
through March (Fig. 6).
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The number of detection days in June was low for all
species (Fig. 6) due to low sampling effort in June
across all years (Fig. S6). This lack of June effort did
not affect the overall temporal (survey days) or spatial
(km surveyed) effort on the seasonal scales at which
statistical tests were performed, as summer had the
second highest amount of effort across all seasons in
the NYB (Table 1).

3.4. Distribution of whale detections within WEAs

Humpback whales were detected within 97% of
grid cells in WEAs over the course of all deployments,
and this percentage was significantly greater than the
percentage of surveyed grid cells with detections
across the entire study area (Table 3, le = 8.0, p<
0.01). Within each of the WEA subgroups, this per-
centage ranged from 89 to 100% (Tables S5—S7).
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Fig. 3. Number of days sei whales were detected per kilometer surveyed across seasons. Details as in Fig. 2, except that grid
cells are 256 km? (16 km x 16 km), as determined by spatial autocorrelation analyses
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Humpback whales were detected in the greatest per-
centage of grid cells throughout the study area (91 %)
and within all 3 WEA subregions (83—95%) in spring
(Tables 3; Tables S5—S7). The percent of grid cells
across the study area and within WEAs with detec-
tions did not differ across seasons (y 2, = 0—3.6, p =
0.06—1). Relative habitat overlap across all deploy-
ments was 35% (Table 3). The greatest relative habitat
overlap across WEAs occurred in winter (55%, Table
3). Humpback relative habitat overlap was greatest in
winter within New York (14 %), fall in the New Jersey
WEAs (26%), and summer in the Offshore WEAs
(30%; Tables S5—S7).

Sei whales were detected in 42% of WEA grid cells
across all deployments and seasons (Table 3). This
ranged between 22 and 61% within WEA subgroups
(Tables S5—S7). Sei whales were detected in the
greatest percentage of grid cells across the NYB and
within WEAs (43% across all WEAs; 25, 59, and 28%

for NY, Offshore, and NJ WEAs, respectively) in the
spring (Tables 3; Tables S5—S7). These percentages
did not differ across seasons (y?; = 0—1.2, p =
0.27—1). The relative habitat overlap for sei whales
was 30 % across the calendar year (Table 3). Sei whale
relative habitat overlap was greatest in the fall at 67 %.
Patterns differed within the different WEA sub-
regions, where sei whale relative habitat overlap was
greatest in spring (3%) in New York, summer (50 %) in
Offshore, and fall (66%) in New Jersey WEAs (Tables
S5—S7).

NARWS were detected in 39% of grid cells within
WEAs across all deployments, which was signifi-
cantly greater than expected (Table 3, % = 8.2, p <
0.01). Within WEA subgroups, this ranged from 8 to
77% (Tables S5—S7). NARWSs were detected in the
greatest percentage of grid cells across all WEAs in
winter (29%) and this percentage was greater than
expected (y?, = 8.9, p < 0.01). NARWSs were also
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Fig. 5. Number of days fin whales were detected per kilometer surveyed across seasons. As in Fig. 2, except that grid cells are
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detected the most within NY and New Jersey WEAs
(3 and 52% for New York and New Jersey WEAs,
respectively) in winter (Table 3; Tables S5 &S7). In off-
shore WEAs, this percentage was greatest in spring
(119%; Table S6). NARWSs were detected in the fewest
WEA grid cells in summer (3%), which was signifi-
cantly less than expected (Table 3; x?; = 4.6, p = 0.03).
The percentages in spring and fall did not differ (x? =
0.2—1.0, p = 0.33—0.69). Relative habitat overlap with
WEAs was 33% across all seasons. Like the other spe-
cies, overlap was highest in the winter (65 %) (Table 3).
Within subregions, relative habitat overlap was great-
est in winter for the New York (3) and New Jersey
(52%) WEAs, but was greatest in fall in the Offshore
WEAs (16 %; Tables S5—S7).

Fin whales were detected in 100 % of surveyed grid
cells within WEAs (Table 3). Within subgroups, this
ranged from 27 to 100% (Tables S5—S7). This percent-
age was greatest (89 %) in spring (Table 3). These per-

centages did not differ from expected (x* = 0—2.6, p
= 0.11—1). Within the Offshore WEAs, it was greatest
in spring (100 %; Table S6) and within the New Jersey
and New York WEAs, the percentage was greatest in
winter (100 and 75%, respectively; Table S7). Fin
whales had a 38% relative habitat overlap with WEAs
across all seasons (Table 3). This overlap was greatest
in the winter at 52% (Table 3). Within WEA sub-
regions, relative habitat overlap was greatest in
winter in the New York WEAs (10%, Table S5) and fall
within the Offshore and New Jersey WEAs (26 and
22%, respectively; Tables S6 & S7).

4. DISCUSSION

With offshore wind development actively occurring
along the US east coast and increasing worldwide
(McCoy et al. 2024), there is an urgent need to
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improve our understanding of baleen whale habitat
use relative to WEAs prior to construction. This is
especially true in the northeast USA where construc-
tion has already occurred in WEAs to the east of the
NYB and is expected to begin in the NYB by the end

of 2025.

4.1. Spatial and temporal distribution of
baleen whales within the NYB

Baleen whale habitat use in the NYB was
highly seasonal. Humpback and sei whales
were detected on the greatest proportion
of survey days and surveyed grid cells
in the spring. Humpback whales were
detected closer to shore in the winter,
whereas sei whales were detected closest
to shore in the fall. While fin whales were
the most widespread across the NYB in
spring months, the proportion of detection
days and distance to shore did not change
significantly with season. These patterns
are similar to those observed in previous
PAM and visual surveys (Davis et al. 2017,
Muirhead et al. 2018, Zoidis et al. 2021).

NARWS had the greatest proportion of
detection days, and were detected signifi-
cantly closer to shore, in winter months.
Detections were the most widespread in
spring, similar to other species, which
aligns well with previous studies (Muir-
head et al. 2018, Davis et al. 2020, Zoidis et
al. 2021). However, we detected NARWs
offshore in the summer months during 2
glider missions in summer 2024. Visual sur-
veys detected nearly 100 NARWSs near the
continental shelf break and Hudson Can-
yon in summer 2024 (New England Aquar-
ium 2024). Anomalous oceanographic con-
ditions in the northeast USA during this
time may have altered prey availability for
NARWS (Record et al. 2024), causing them
to forage farther south than is typical dur-
ing summer months.

4.2. Spatial and temporal patterns
within WEAs

Detections of baleen whales were more
common in the coastal WEAs (New Jersey
and New York) during the fall, winter, and

spring, whereas detection rates in the offshore WEAs
were greatest in the summer. Although seasonal
trends in detections varied between species, our rel-
ative habitat overlap metrics suggest that, on broad
scales, WEAs comprised a larger proportion of the
observed winter habitat for all species. We found that
all species were detected in the greatest proportions
of the survey areas in the spring, but humpback and
NARWSs were detected significantly closer to the
coast in winter months, which drove the higher over-
lap with WEAs.
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Fig. 6. Mean (+SD) proportion of days in which baleen whales were

detected in each month within the New York Bight for (a) humpback,

(b) sei, (c) North Atlantic right, and (d) fin whales. Alternating gray and

white bands illustrate the different seasons: winter (December—Febru-

ary), spring (March—May), summer (June—August), and fall (Septem-
ber—November)
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Current mandates prevent wind development com-
panies from pile driving from January through April
in the NYB (National Oceanic and Atmospheric
Administration 2024). While this mandate is in place
primarily to protect NARWsS, our results indicate that
it may also provide protection to humpback, sei, and
fin whales since their relative habitat overlap is also
greatest with WEAs, especially the inshore New York
and New Jersey WEAs, in the winter months.
However, our results also suggest that this mandate
should be extended to include fall and early winter
(September—December), as relative habitat overlap
for all species was also high in these periods.

4.3. LFDCS performance and limitations

We used the LFDCS to automatically detect baleen
whale vocalizations within our acoustic data collected
on glider missions. Missed detection rates were similar
to previous studies using gliders reporting in near-real
time (Baumgartner et al. 2020, Johnson et al. 2022) and
stationary moored platforms (Davis et al. 2017, 2020,
Baumgartner et al. 2019, Johnson et al. 2022). This sug-
gests that the LFDCS analysis on the archival audio
performed similarly to previous methods.

False detection rates were higher in this study
(0—13%) than in previous studies using stationary
moorings and gliders (0%; Davis et al. 2017, 2020,
Baumgartner et al. 2019, 2020). This is likely due to
the few (1—2) days where the manual annotation did
not detect a species, where the LFDCS did. Manual
annotations such as the ones performed here are labor
intensive and can be subject to human error (Knight
etal. 2017, Leroy et al. 2018, Baumgartner et al. 2020).
This therefore highlights one of the strengths of the
LFDCS and other automatic annotation efforts that
can identify species calls where manual annotation
could not.

However, our study had higher accuracies (both the
LFDCS and manual analysis agreed) than previous
glider-based PAM studies using the LFDCS (Baum-
gartner et al. 2020). While these are lower than the
accuracies reported by previous moored platforms
(96—98 %, Davis et al. 2020), the relatively high accu-
racy in comparison to previous glider studies illus-
trates the strength of analyzing the entire archival
data set, regardless of the amount of data that are
transmitted back in the near-real time analysis, for
assessing baleen whale acoustic occurrence using
glider data.

‘Whale vocalization behavior, how these calls prop-
agate through the environment, and how well a

receiver can detect these calls may vary for a variety
of reasons, all of which can impact the detectability of
a species (Browning et al. 2017). Whale calling behav-
ior, including the frequency and amplitude of calls,
can be altered by inter- or intra-species interactions
or individual behavior (foraging, transiting, etc.)
(Parks et al. 2011, Dunlop et al. 2013). Call propaga-
tion will be impacted by water depth, whale depth,
and sound speed (Tennessen & Parks 2016, Etter
2018). These factors, in addition to background noise
levels and baleen whale call source levels, will also
impact how well a receiver can detect these calls
(Zimmer 2011, Parks et al. 2011, Browning et al. 2017,
Estabrook et al. 2022, 2025, Johnson et al. 2022,
Fleishman et al. 2023). All of these factors can change
seasonally, geographically, or daily due to animal
behavior, oceanographic conditions, and changes to
the background noisescape.

In addition, gliders as PAM platforms introduce
additional variability as they move vertically through
the water column. Sound transmission can change
throughout the water column, due to seasonal stratifi-
cation and changes with sound propagation with
depth. Sounds can be reflected off the surface or
bottom, increasing transmission loss. Furthermore,
sound can be absorbed by bottom sediments. Pre-
vious glider studies have illustrated that transmission
loss is greatest near the surface, and that the depth of
the glider changes detection ranges and detection
probabilities in a uniform modeled environment
(Johnson et al. 2022). The detectability of baleen
whale calls likely changes not only seasonally, but
will change, for better or worse, over the course of the
glider profile. Understanding how glider behavior,
baleen whale behavior, and environmental changes
impact the detectability of baleen whale calls on
mobile PAM platforms, both in the NYB and broadly,
will help us better understand whale acoustic pres-
ence and absence.

4.4. Gliders as monitoring platforms

In the present study, the sampling scale of gliders
allowed us to illustrate trends in baleen whale habitat
use across longer temporal scales than previous
visual surveys and across larger spatial scales than
previous PAM studies. The gliders in this study accu-
mulated over 20 times more temporal survey effort
than previous monthly aerial surveys (~30 survey
days in Zoidis et al. 2021 versus more than 700
deployment days in our study). However, our glider-
based PAM deployments did not provide the same



270 Endang Species Res 58: 257—273, 2025

temporal coverage as previous PAM studies using
stationary moorings. For example, Davis et al. (2017,
2020) examined over 35000 days of acoustic data
across their study area. Of those, approximately 1869
days occurred within our study region (Davis et al.
2020), equating to 2.5 times more temporal effort than
our glider surveys.

While the temporal coverage of our glider surveys
was shorter than previous PAM surveys, we had
greater spatial coverage due to the mobility of the
glider. Previously published PAM studies used ~15
stationary moorings within our study area (Davis et al.
2017, 2020). If the detection ranges of each of these
platforms ranged from 12 to 38 km (same as our spe-
cies-specific grid sizes and spatial autocorrelation
analysis and similar to previously published detection
ranges), then each mooring would have a survey area
of ~450—4500 km? (assuming the detection range is a
circle around the mooring). This would give a 15-unit
moored array a maximum survey area of ~6800—
68000 km? (not accounting for overlap between adja-
cent moorings). The grid cells used in our study had
areas ranging from 144 to 1444 km? We surveyed 55—
349 grid cells, for a total survey area of ~50000—
79000 km? 7 and 1.2 times greater than previous
moored PAM arrays, respectively. In comparison,
previous aerial visual surveys covered an area of
43449 km? and over 140000 km of transect lines (Zoi-
dis et al. 2021). While the overall area covered by our
gliders is 1.2—1.8 times greater, the total distance
covered by previous aerial surveys is 10 times greater
than our glider surveys (~14000 km).

We can compare the spatiotemporal sampling
scale of different survey methods, using the differ-
ences in area and number of days surveyed across
methods. We find that the spatiotemporal sampling
scale (difference in area sampled multiplied by dif-
ference in days sampled) of gliders is 24—36 times
greater than aerial surveys (covering 1.2—1.8 times
more area multiplied by 20 times longer), but only
0.48—2.80 (1.2—7 times more area multiplied by 40%
of the time) times greater than moored PAM arrays.
This suggests that gliders and moorings cover similar
spatiotemporal scales, with moorings ca pable of sur-
veying nearby areas for long periods, and gliders
capable of surveying over longer distances, for
shorter periods of time. However, it is important to
note that both of these platforms are bounded by the
limitations of PAM. It is challenging to estimate
baleen whale density or distinguish between individ-
uals to determine residency from PAM surveys, while
visual vessel-based or aerial surveys allow individuals
to be counted and identified to determine residency.

Visual surveys, as well as glider-based surveys and
some moored platforms, allow for immediate (near-
real time) results, in comparison to moored archival
PAM arrays that rely on the analysis of recorded
audio. Furthermore, while the amount of noise that
gliders introduce to archival PAM recordings is mini-
mal, they do introduce more noise than their moored
counterparts, which can provide more robust insights
into the entire soundscape over longer time periods.

Gliders should be considered a cost-effective tool to
be deployed in conjunction with traditional station-
ary mooring platforms and synoptic visual surveys.
For example, along-term PAM array of 1—2 moorings
may be able to detect baleen whales within a WEA, in
conjunction with periodic glider deployments in and
around the WEA to put mooring data in context of the
broader ecosystem. Periodic visual surveys would
supplement these PAM methods to identify individ-
uals and estimate density. However, understanding
baleen whale habitat use both within target areas
such as WEAs and across the entire ecosystem
requires sustained long-term monitoring programs,
such as the state-funded initiatives that funded this
work. The need for long-term monitoring is especially
great in and around WEAs where extended monitor-
ing can be used to understand habitat use prior to
construction, as we have done here. This monitoring
should continue through construction and operation
phases to understand the impacts of WEASs on baleen
whale habitat use.

Acknowledgements. The glider missions used in this analysis
were funded by New York Department of Environmental
Conservation (NY DEC) (6 missions funded), New York State
Research and Development Authority (NYSERDA) (6 mis-
sions funded), New Jersey Department of Environmental
Protection and Board of Public Utilities Research and Mon-
itoring Initiative (RMI) (7 missions funded), Invenergy LLC
(I mission funded), and Jrsted Ocean Wind (9 missions
funded). Some of the gliders used were purchased with fund-
ing from the Mid Atlantic Regional Association Coastal
Ocean Observing System (MARACOOS). We thank the
Stony Brook and Rutgers glider teams, as well as the Stony
Brook, Rutgers, and SeaTow boat captains and crew, for their
work and assistance in maintaining, deploying, piloting, and
recovering the gliders used in this study. We also thank Juli-
anne Wilder and Dr. Genevieve Davis of the NOAA North-
east Fisheries Science Center for their assistance with the
LFDCS and Emma Pierce (SBU) for assistance with the man-
ual analysis.

LITERATURE CITED
Aragones LV, Jefferson TA, Marsh H (1997) Marine mammal

survey techniques applicable in developing countries.
Asian Mar Biol 14:15—39

‘\,g Bailey H, Brookes KL, Thompson PM (2014) Assessing envi-

ronmental impacts of offshore wind farms: lessons



Gallagher et al.: Glider-based monitoring of baleen whales

271

learned and recommendations for the future. Aquat Bio-
syst 10:8
Barkaszi M, Fonseca M, Foster T, Malhotra A, Olsen K
(2021) Risk assessment to model encounter rates between
large whales and vessel traffic from offshore wind energy
on the Atlantic OCS. Bureau of Ocean Energy Manage-
ment, Stuart, FL
A Barlow J (2015) Inferring trackline detection probabilities,
g(0), for cetaceans from apparent densities in different
survey conditions. Mar Mamm Sci 31:923—943
] Baumgartner MF, Fratantoni DM (2008) Diel periodicity in
both sei whale vocalization rates and the vertical migra-
tion of their copepod prey observed from ocean gliders.
Limnol Oceanogr 53:2197—2209
] Baumgartner MF, Mussoline SE (2011) A generalized baleen
whale call detection and classification system. J Acoust
., Soc Am 129:2889—2902
]“ Baumgartner MF, Fratantoni DM, Hurst TP, Brown MW,
Cole TVN, Van Parijs SM, Johnson M (2013) Real-time
reporting of baleen whale passive acoustic detections
from ocean gliders. J Acoust Soc Am 134:1814—1823
X Baumgartner MF, Bonnell J, Van Parijs SM, Corkeron PJ and
others (2019) Persistent near real-time passive acoustic
monitoring for baleen whales from a moored buoy: sys-
tem description and evaluation. Methods Ecol Evol 10:
., 1476-1489
]“ Baumgartner MF, Bonnell J, Corkeron PJ, Van Parijs SM and
others (2020) Slocum gliders provide accurate near real-
time estimates of baleen whale presence from human-
reviewed passive acoustic detection information. Front
. MarSci7:100
A Beavers SC, Ramsey FL (1998) Detectability analysis in tran-
sect surveys. J Wildl Manag 62:948—957
] Bilgili M, Yasar A, Simsek E (2011) Offshore wind power
development in Europe and its comparison with onshore
counterpart. Renew Sustain Energy Rev 15:905—-915
Browning E, Gibb R, Glover-Kapfer P, Jones KE (2017) Pas-
sive acoustic monitoring in ecology and conservation.
WWF Conservation Technology Series 1(2). WWEF-UK,
Woking
] Buckland ST, Turnock BJ (1992) A robust line transect
method. Biometrics 48:901—909
Buckland ST, York AE (2018) Abundance estimation. In:
Wiirsig B, Thewissen JGM, Kovacs KM (eds) Encyclope-
dia of marine mammals, 3rd edn. Academic Press, Lon-
don, p1-6
Buckland ST, Anderson DR, Burnham KP, Laake JL,
Borchers DL, Thomas L (2001) Introduction to distance
sampling: estimating abundance of biological popula-
tions. Oxford University Press, Oxford
] Cauchy P, Heywood KJ, Merchant ND, Risch D, Queste BY,
Testor P (2023) Gliders for passive acoustic monitoring of
., the oceanic environment. Front Remote Sens 4:1106533
N Cholewiak D, Clark CW, Ponirakis D, Frankel A and others
(2018) Communicating amidst the noise: modeling the
aggregate influence of ambient and vessel noise on
baleen whale communication space in a national marine
sanctuary. Endang Species Res 36:59—75
] Chou E, Rekdahl ML, Kopelman AH, Brown DM, Sieswerda
PL, DiGiovanni RA Jr, Rosenbaum HC (2022) Occurrence
of baleen whales in the New York Bight, 1998—2017:
insights from opportunistic data. J Mar Biol Assoc UK
. 102:438—444
]“ Clark CW, Brown MW, Corkeron P (2010) Visual and acous-
tic surveys for North Atlantic right whales, Eubalaena

glacialis, in Cape Cod Bay, Massachusetts, 2001—2005:
., Mmanagement implications. Mar Mamm Sci 26:837—854
& Davis GE, Baumgartner MF, Bonnell JM, Bell J and others
(2017) Long-term passive acoustic recordings track the
changing distribution of North Atlantic right whales
(Eubalaena glacialis) from 2004 to 2014. Sci Rep 7:13460
] Davis GE, Baumgartner MF, Corkeron PJ, Bell J and others
(2020) Exploring movement patterns and changing distri-
butions of baleen whales in the western North Atlantic
using a decade of passive acoustic data. Glob Change
. Biol 26:4812—4840
A Dunlop RA, Cato DH, Noad MJ, Stokes DM (2013) Source
levels of social sounds in migrating humpback whales
(Megaptera novaeangliae). J Acoust Soc Am 134:
706—714
Eberhardt LL, Chapman DG, Gilbert JR (1979) A review of
marine mammal census methods. Wildl Monogr 63:3—46
] Edwards EF, Hall C, Moore TJ, Sheredy C, Redfern JV
(2015) Global distribution of fin whales Balaenoptera
physalus in the post-whaling era (1980—2012). Mammal
. Rev45:197-214
A Estabrook BJ, Tielens JT, Rahaman A, Ponirakis DW, Clark
CW, Rice AN (2022) Dynamic spatiotemporal acoustic
occurrence of North Atlantic right whales in the offshore
Rhode Island and Massachusetts Wind Energy Areas.
Endang Species Res 49:115—133
] Estabrook BJ, Bonacci-Sullivan LA, Harris DV, Hodge KB
and others (2025) Passive acoustic monitoring of baleen
whale seasonal presence across the New York Bight.
PLOS ONE 20:e0314857
Etter PC (2018) Underwater acoustic modeling and simula-
tion, 5th edn. CRC Press, Taylor & Francis Group, Boca
Raton, FL
N Fleishman E, Cholewiak D, Gillespie D, Helble T, Klinck H,
Nosal EM, Roch MA (2023) Ecological inferences about
marine mammals from passive acoustic data. Biol Rev
., Camb Philos Soc 98:1633—1647
A Floeter J, van Beusekom JEE, Auch D, Callies U and others
(2017) Pelagic effects of offshore wind farm foundations
in the stratified North Sea. Prog Oceanogr 156:154—173
] Garel E, Rey CC, Ferreira O, van Koningsveld M (2014)
Applicability of the ‘Frame of Reference' approach for
environmental monitoring of offshore renewable energy
projects. J Environ Manag 141:16—28
] Geijer CKA, Notarbartolo di Sciara G, Panigada S (2016)
Mysticete migration revisited: Are Mediterranean fin
whales an anomaly? Mammal Rev 46:284—296
] Gill AB, Degraer S, Lipsky A, Mavraki N, Methratta E, Bra-
bant R (2020) Setting the context for offshore wind devel-
opment effects on fish and fisheries. Oceanography 33:
. 118—127
]"Hammond PS, Francis TB, Heinemann D, Long KJ and
others (2021) Estimating the abundance of marine mam-
mal populations. Front Mar Sci 8:735770
] Hijmans RJ (2022) Geosphere: spherical trigonometry.
R package version 1.5-18. https://CRAN.R-project.org/
package=geosphere
] Indeck KL, Baumgartner MF, Lecavalier L, Whoriskey F and
others (2025) Glider surveillance for near-real-time
detection and spatial management of North Atlantic
right whales. Oceanography 38:13—21
] Johnson HD, Taggart CT, Newhall AE, Lin YT, Baumgartner
MF (2022) Acoustic detection range of right whale
upcalls identified in near-real time from a moored buoy
and a Slocum glider. J Acoust Soc Am 151:2558—2575



272

Endang Species Res 58: 257—273, 2025

Johnson M, Hurst T (2007) The DMON: an open-hardware/
open-software passive acoustic detector. 3rd interna-
tional workshop on the detection and classification of
marine mammals using passive acoustics, Boston, MA

Ketchum BH, Redfield AC, Ayers JC (1951) The oceanogra-
phy of the New York Bight. Pap Phys Oceanogr Meteorol
12:1—-46

] King CD, Chou E, Rekdahl ML, Trabue SG, Rosenbaum HC
(2021) Baleen whale distribution, behaviour and overlap
with anthropogenic activity in coastal regions of the New
York Bight. Mar Biol Res 17:380—400

Kinzey D, Olson P, Gerrodette T (2000) Marine mammal data
collection procedures on research ship line-transect sur-
veys by the Southwest Fisheries Science Center. NOAA,

o La Jolla, CA

]“ Klinck H, Mellinger DK, Klinck K, Bogue NM and others
(2012) Near-real-time acoustic monitoring of beaked
whales and other cetaceans using a Seaglider™. PLOS

., ONE 7:e36128

]“ Knight EC, Hannah KC, Foley GJ, Scott CD, Brigham RM,
Bayne E (2017) Recommendations for acoustic recog-
nizer performance assessment with application to five
common automated signal recognition programs. Avian

., ConservEcol 12:14

ﬁ* Kowarski K, Evers C, Moors-Murphy H, Martin B, Denes SL
(2018) Singing through winter nights: seasonal and diel
occurrence of humpback whale (Megaptera novaean-
gliae) calls in and around the Gully MPA, offshore east-
ern Canada. Mar Mamm Sci 34:169—189

Laake JL, Robertson DG, Amstrup SC, Manly BFJ (2021)
Marine mammal survey and assessment methods. CRC

Press, Boca Raton, FL.

A Laurinolli MH, Hay AE, Desharnais F, Taggart CT (2003)
Localization of North Atlantic right whale sounds in the
Bay of Fundy using a sonobuoy array. Mar Mamm Sci 19:

. 708-723

N Leroy EC, Thomisch K, Royer JY, Boebel O, Van Opzeeland
I (2018) On the reliability of acoustic annotations and
automatic detections of Antarctic blue whale calls under
different acoustic conditions. J Acoust Soc Am 144:

., 740-754

]“ Li J, Wang G, Li Z, Yang S, Chong WT, Xiang X (2020) A
review on development of offshore wind energy conver-
sion system. Int J Energy Res 44:9283—9297

] LmdeboomH Degraer S, Dannheim J, Gill AB, Wilhelmsson

D (2015) Offshore wind park monitoring programmes,
lessons learned and recommendations for the future.
Hydrobiologia 756:169—180

Lockyer CH, Brown SG (1981) The migration of whales. In:
Aidley DG (ed) Animal migration. Cambridge Univer-
sity Press, Cambridge, p 105—137

] Macrander AM, Brzuzy L, Raghukumar K, Preziosi D, Jones
C (2022) Convergence of emerging technologies: devel-
opment of a risk-based paradigm for marine mammal
monitoring for offshore wind energy operations. Integr
Environ Assess Manag 18:939—949

] Madsen PT, Wahlberg M, Tougaard J, Lucke K, Tyack P
(2006) Wind turbine underwater noise and marine mam-
mals: implications of current knowledge and data needs.
Mar Ecol Prog Ser 309:279—295

] Masden EA, Fox AD, Furness RW, Bullman R, Haydon DT
(2010) Cumulative impact assessments and bird/wind
farm interactions: developing a conceptual framework.
Environ Impact Assess Rev 30:1—7

McCoy A, Musial W, Hammond R, Mulas Hernando D and

others (2024) Offshore wind market report: 2024 edn.
National Renewable Energy Laboratory, Golden, CO

] Mooney TA, Andersson MH, Stanley J (2020) Acoustic
impacts of offshore wind energy on fishery resources: an
evolving source and varied effects across a wind farm's
lifetime. Oceanography 33:82—95

] Moore SE, Howe BM, Stafford KM, Boyd ML (2007) Includ-
ing whale call detection in standard ocean measure-
ments: application of acoustic seagliders. Mar Technol

. SocJ41:53-57

A Morano JL, Salisbury DP, Rice AN, Conklin KL, Falk KL,
Clark CW (2012) Seasonal and geographical patterns of
fin whale song in the western North Atlantic Ocean. J

., AcoustSoc Am 132:1207—1212

A Muirhead CA, Warde AM, Biedron IS, Mihnovets AN, Clark
CW, Rice AN (2018) Seasonal acoustic occurrence of
blue, fin, and North Atlantic right whales in the New York

., Bight. Aquat Conserv 28:744—753

A Murray A, Rekdahl ML, Baumgartner MF, Rosenbaum HC
(2022) Acoustic presence and vocal activity of North
Atlantic right whales in the New York Bight: implications
for protecting a critically endangered species in a
human-dominated environment. Conserv Sci Pract 4:
e12798

National Academies of Sciences, Engineering, and Medicine
(2024) Potential hydrodynamic impacts of offshore wind
energy on Nantucket Shoals regional ecology: an eval-
uation from wind to whales. National Academies Press,
Washington, DC

] National Oceanic and Atmospheric Administration (2020)
Humpback whale (Megaptera novaeangliae): Gulf of
Maine Stock. https://www.fisheries.noaa.gov/national/
marine-mammal-protection/marine-mammal-stock-

- assessment-reports-species-stock

M National Oceanic and Atmospheric Administration (2022)
Sei whale (Balaenoptera borealis borealis): Nova Scotia
Stock. https://www.fisheries.noaa.gov/national/marine-
mammal-protection/marine-mammal-stock-assessment-
reports-species-stock

] National Oceanic and Atmospheric Administration (2023)
North Atlantic right whale (Eubalaena glacialis): West-
ern Atlantic Stock. https://www.fisheries.noaa.gov/
national/marine-mammal-protection/marine-mammal-
stock-assessment-reports-species-stock

] National Oceanic and Atmospheric Administration (2024)
Takes of marine mammals incidental to specified activ-
ities; taking marine mammals incidental to the Empire
Wind project, offshore New York. NOAA. https://www.

.,  federalregister. gov/d/2024-01363

A New England Aquarium (2024) Aquarium scientists spot
nearly one quarter of the critically endangered North
Atlantic right whale population in an unusual feeding
area 70 miles south of Long Island, NY. https://www.
neaq.org/about-us/press-room/press-releases/nearly-
one-quarter-of-the-critically-endangered-north-atlantic-
right-whale-population-spotted-in-an-unusual-feeding-

. area/ (accessed 24 October 2024)

A Newhall AE, Lin YT, Lynch JF, Baumgartner MF, Gawarkie-
wicz GG (2012) Long distance passive localization of
vocalizing sei whales using an acoustic normal mode
approach. J Acoust Soc Am 131:1814—1825

] Nieukirk SL, Mellinger DK, Moore SE, Klinck K, Dziak RP,
Goslin J (2012) Sounds from airguns and fin whales re-
corded in the mid-Atlantic Ocean, 1999—2009. J Acoust
Soc Am 131:1102—1112



Gallagher et al.: Glider-based monitoring of baleen whales

273

ﬁ< Parks SE, Searby A, Célérier A, Johnson MP, Nowacek DP,
Tyack PL (2011) Sound production behavior of individual
North Atlantic right whales: implications for passive
acoustic monitoring. Endang Species Res 15:63—76
X Perry RL, Heyman WD (2020) Considerations for offshore
wind energy development effects on fish and fisheries in
the United States: a review of existing studies, new
efforts, and opportunities for innovation. Oceanography
. 33:28-37
A Record NR, Pershing AJ, Rasher DB (2024) Early warning of
a cold wave in the Gulf of Maine. Oceanography 37:6—9
] Rudnick DL (2016) Ocean research enabled by underwater
gliders. Annu Rev Mar Sci 8:519—-541
] Sadorsky P (2021) Wind energy for sustainable development:
driving factors and future outlook. J Clean Prod 289:
. 125779
A’ Schoeman RP, Patterson-Abrolat C, Plon S (2020) A global
review of vessel collisions with marine animals. Front
., Mar Sci 7:292
]“ Schofield O, Kohut J, Aragon D, Creed L and others (2007)
Slocum gliders: robust and ready. J Field Robot 24:
., A73-485
A Silva TL, Mooney TA, Sayigh LS, Baumgartner MF (2019)
Temporal and spatial distributions of delphinid species in
Massachusetts Bay (USA) using passive acoustics from
ocean gliders. Mar Ecol Prog Ser 631:1—17
] Stevick PT, Allen J, Bérubé M, Clapham PJ and others (2003)
Segregation of migration by feeding ground origin in
North Atlantic humpback whales (Megaptera novaean-
- gliae). J Zool (Lond) 259:231—-237
A Sun X, Huang D, Wu G (2012) The current state of offshore
wind energy technology development. Energy 41:
. 298-312
A Tennessen JB, Parks SE (2016) Acoustic propagation model-
ing indicates vocal compensation in noise improves com-
munication range for North Atlantic right whales.
Endang Species Res 30:225—237

Editorial responsibility: Nicola J. Quick, Plymouth, UK
Reviewed by: A.M. Kreuser, P. Cauchy, S.E. Parks
Submitted: January 15, 2025; Accepted: August 8, 2025
Proofs received from author(s): October 17, 2025

ﬁi Thomas L, Williams R, Sandilands D (2007) Designing line
transect surveys for complex survey regions. J Cetacean
Res Manag 9:1—-13
Tougaard J, Carstensen J, Henriksen OD, Skov H, Teilmann
J (2003) Short-term effects of the construction of wind
turbines on harbour porpoises at Horns Reef. Tech Rep to
Techwise A/S. HME/362-02662, Hedeselskabet, Ros-
. kilde
M van Berkel J, Burchard H, Christensen A, Mortensen LO,
Petersen OS, Thomsen F (2020) The effects of offshore
wind farms on hydrodynamics and implications for
., fishes. Oceanography 33:108—117
A Van Parijs SM, Clark CW, Sousa-Lima RS, Parks SE, Rankin
S, Risch D, Van Opzeeland IC (2009) Management and
research applications of real-time and archival passive
acoustic sensors over varying temporal and spatial
scales. Mar Ecol Prog Ser 395:21—-36
] Van Parijs SM, Baker K, Carduner J, Daly J and others (2021)
NOAA and BOEM minimum recommendations for use of
passive acoustic listening systems in offshore wind
energy development monitoring and mitigation pro-
grams. Front Mar Sci 8:760840
#A'Van Parijs SM, DeAngelis Al, Aldrich T, Gordon R and others
(2023) Establishing baselines for predicting change in
ambient sound metrics, marine mammal, and vessel
occurrence within a US offshore wind energy area. ICES J
., Mar Sci 82:fsad148
A Vanderlaan ASM, Taggart CT (2007) Vessel collisions with
whales: the probability of lethal injury based on vessel
speed. Mar Mamm Sci 23:144—156
Zimmer WMX (2011) Passive acoustic monitoring of ceta-
ceans. Cambridge University Press, Cambridge
]\201d15 AM, Lomac-MacNair KS, Ireland DS, Rickard ME,
McKown KA, Schlesinger MD (2021) Distribution and
density of six large whale species in the New York Bight
from monthly aerial surveys 2017 to 2020. Cont Shelf Res
230:104572

This article is Open Access under the Creative Commons by
Attribution (CC-BY) 4.0 License, https://creativecommons.org/
licenses/by/4.0/deed.en. Use, distribution and reproduction
are unrestricted provided the authors and original publication
are credited, and indicate if changes were made





