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acoustic presence of harbour
porpoises (Phocoena phocoena)
in one of the most urbanised
estuaries in the world
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The New York-New Jersey (NY-NJ) Harbour Estuary and surrounding waters
support the largest port along the U.S. East Coast, commercial and recreational
fishing, and a burgeoning offshore wind energy industry. Despite the high level of
anthropogenic use, cetacean sightings have increased in recent years. Here, we
investigated the spatiotemporal distribution of harbour porpoise in the NY-NJ
Harbour Estuary from 2018-2020 using six archival acoustic recorders.
Generalised additive mixed models were used to explore the relationship
between weekly harbour porpoise presence and environmental variables.
Harbour porpoises were detected at low levels year-round, with seasonal
peaks in presence in winter to spring (February to June). Sea surface
temperature and chlorophyll-a concentration were significant predictors of
harbour porpoise presence, although the relationship warrants further
investigation. Our results provide valuable insight into harbour porpoise
distribution in the NY-NJ Harbour Estuary, which is likely related to
oceanographic processes affecting prey availability. This information is timely
for informing mitigation and management actions for forthcoming offshore wind
energy development. Harbour porpoises are vulnerable to a range of
anthropogenic impacts that have led to population declines in other regions,
and therefore further research efforts are recommended for the NY-NJ Harbour
Estuary and greater New York Bight.
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1 Introduction

The harbour porpoise (Phocoena phocoena) is a typically cryptic
species, found widely distributed in the Northern Hemisphere in
temperate, subarctic, and arctic waters (Bjorge and Tolley, 2018).
Three subspecies are recognised currently: Atlantic harbour
porpoise (P.p. phocoena), Pacific harbour porpoise (P.p.
vomerina), and Black Sea harbour porpoise (P.p. relicta), although
further subspecies designations are possible given the relatively
narrow home range and widespread distribution across different
ocean basins (North Atlantic Marine Mammal Commission
(NAMMC) and the Norwegian Institute of Marine Research
(NIMR), 2019). Harbour porpoises tend to move seasonally
between estuaries and bays in coastal waters to more offshore
waters where they take advantage of different foraging
opportunities (Nielsen et al., 2018), and therefore habitat ranges
overlap with human high-use areas for at least part of the year
(Nachtsheim et al, 2021). Consequently, anthropogenic threats
have led to the steady decline of a number of populations, which
are now classified as endangered (i.e., Black Sea harbour porpoise)
or critically endangered (i.e., the Baltic Proper harbour porpoise) by
the International Union for Conservation of Nature (IUCN;
Hammond et al.,, 2002; Carlen et al., 2021). Recent IUCN
assessments have listed the species globally as Least Concern as
the species remains widespread across the Northern Hemisphere
and there is no evidence that threats are resulting in global
population decline (Braulik et al., 2020). However, as discussed by
Braulik et al. (2020), many populations warrant separate assessment
and particularly in light of conservation concerns and renewed
pressures from fisheries, coastal development, pollution, and
climate driven habitat shifts.

Harbour porpoises are particularly susceptible to anthropogenic
disturbance given their predominantly coastal distributions,
including river mouths and bays (NMFS, 2021), and because they
are a relatively short-lived species with high metabolic demands
(Read and Hohn, 1995; Kastelein et al., 1997; Wisniewska et al.,
2016) and require a consistent source of energy-rich prey to thrive
(Spitz et al., 2012; Andreasen et al., 2017; Hoekendijk et al., 2017).
While harbour porpoises can likely survive short periods (~12+
hours) of little to no energy intake (Booth, 2020), under certain
conditions, harbour porpoises (particularly juveniles) have been
found to forage almost continuously to meet their metabolic
requirements for survival (Wisniewska et al, 2016). Increased
levels of anthropogenic noise, for example, can lead to habitat
displacement and reduced time spent foraging, which could have
serious implications for individual and population fitness due to
their reliance on an almost constant food source (Wisniewska
et al., 2018).

In the Northwest Atlantic population, harbour porpoises move
along the east coast of the United States from North Carolina to
Canada (NMFS, 2021). Four populations have been recognised:
Gulf of Maine/Bay of Fundy, Gulf of St. Lawrence, Newfoundland,
and Greenland (Gaskin, 1984; Gaskin, 1992; Johnston, 1995; Read
and Hohn, 1995; Wang et al., 1996; Westgate et al., 1997; Westgate
and Tolley, 1999). The Gulf of Maine/Bay of Fundy stock is believed
to make up the majority of harbour porpoises in the Northwest

Frontiers in Marine Science

10.3389/fmars.2023.1167945

Atlantic (~60%; Rosel et al., 1999; Hiltunen, 2006), with the current
best population estimate of 95,543 (CV=0.31; NMFES, 2021). There
can however be considerable overlap in seasonal range use by the
different populations. In New York - New Jersey waters for
example, ~60% of the population was found to be from the Gulf
of Maine/Bay of Fundy stock, ~25% from Newfoundland, 12% from
the Gulf of St. Lawrence and less than 3% from the Greenland stock
(Rosel et al., 1999; Hiltunen, 2006; NMFS, 2021). Seasonal
movements into the Mid-Atlantic region tend to occur in the fall
and winter before moving north to breed in cooler waters (North
Atlantic Marine Mammal Commission (NAMMC) and the
Norwegian Institute of Marine Research (NIMR), 2019). In
waters off New York —New Jersey, harbour porpoises have been
documented primarily during the winter months (Sadove and
Cardinale, 1993; NMFS, 2021), however there is little known
about the current specific seasonal distribution (New York State
Department of Environment and Conservation (NYSDEC) Species
of Greatest Conservation Need (SGCN), 2013). Current data are
therefore required to evaluate the present distribution patterns and
the potential impacts to harbour porpoises in this region (North
Atlantic Marine Mammal Commission (NAMMC) and the
Norwegian Institute of Marine Research (NIMR), 2019).

Although harbour porpoises are not listed under the
Endangered Species Act or considered to be a strategic stock
(NMEFS, 2021), they are designated as a species of special concern
by the state of New York (New York State Department of
Environment and Conservation (NYSDEC) Species of Greatest
Conservation Need (SGCN), 2013). The broader U.S. Atlantic
population is believed to be slowly increasing (North Atlantic
Marine Mammal Commission (NAMMC) and the Norwegian
Institute of Marine Research (NIMR), 2019), thanks largely to
reduced pressures from bycatch in the western Atlantic (Braulik
etal., 2020). However, in the Northwest Atlantic, harbour porpoises
are still vulnerable to fisheries bycatch (NMFES, 2021), contaminants
(Hall et al., 2006), ship traffic (Terhune, 2015; Oakley et al., 2017),
habitat modifications from dredging (Todd et al., 2015), and
offshore wind energy development (Carstensen et al., 2006;
Didhne et al, 2013; Benjamins et al., 2017). Expanding oftshore
wind development in the Mid-Atlantic are cause for concern given
known impacts to harbour porpoise from wind farm construction
in other regions (e.g., Scheidat et al, 2011; Dihne et al, 2013;
Brandt et al., 2018; Nabe-Nielsen et al., 2018; Graham et al., 2019).
In Europe, for example, harbour porpoises have been shown to
move away from offshore wind farm construction activities
(Carstensen et al., 2006), which can lead to long term habitat
displacement if noise exposure levels continue (Nabe-Nielsen
et al., 2018).

For the Gulf of Maine/Bay of Fundy population, the majority of
information on harbour porpoise ecology and habitat use are
outdated, particularly in light of potential distribution shifts in
response to climate change (Kleisner et al., 2017; Wingfield et al.,
2017). The U.S. Northeast Continental Shelf region has been
identified as undergoing major northward shifts in species
distribution due to warming oceans (see Kleisner et al, 2017).
The Gulf of Maine in particular is experiencing rapid changes in sea
surface temperature (SST; Pershing et al, 2015; Kleisner et al,
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2017), and harbour porpoise distributions are associated with
certain SSTs (Wingfield et al., 2017). In the greater Atlantic
population, the SSTs associated with harbour porpoise presence
seem to depend on the population, as well as the interactions among
other static and dynamic variables affecting prey availability (e.g.,
see Wingfield et al., 2017; Nielsen et al., 2018). Harbour porpoises in
the Northwest Atlantic are known to remain in concentrated,
productive areas for days to weeks before making rapid
movements to new areas, where movement is once again spatially
restricted (Read and Westgate, 1997; Teilmann, 2000). Rapid
oceanographic changes in common feeding areas for harbour
porpoises are likely leading to both inter- and intra-annual shifts
in distribution across their range, as seen in the waters off Maryland
from 2014-2016 (Wingfield et al., 2017). Considering that harbour
porpoise tend to inhabit coastal areas where they may overlap with
heavily populated coastal regions, a better understanding of these
distribution shifts and the relationship to oceanographic variables is
vital for informing management actions for this species.

Of particular relevance given their biology and behaviour, harbour
porpoises can be difficult to study using visual survey methods as they
are small, tend to be solitary or only travel in small groups, and they
surface rapidly (Hammond et al.,, 2002). Passive Acoustic Monitoring
(PAM) methods can therefore be an effective detection method, given
that harbour porpoises are highly vocal and produce stereotyped, high-
frequency narrow-band echolocation clicks used primarily for
navigation, foraging, and communication (Linnenschmidt et al,
2012; Cosentino et al, 2019). As clicks are high frequency (centre
frequency of 130kHz), harbour porpoises have not been a focus of
other PAM survey efforts in the New York Bight (NYB) which targeted
the lower frequency vocalisations of baleen whales (i.e., Muirhead et al.,
2018). Here we explore harbour porpoise distribution in and around
the New York-New Jersey (NY-NJ) Harbour Estuary, and how
presence relates to environmental variables, over a two-year period
using archival passive acoustic recorders. Previously, harbour porpoises
have only been documented in this area through strandings reports and
sparse historical sightings data (Sadove and Cardinale, 1993; NMFS,
2013; North Atlantic Marine Mammal Commission (NAMMC) and
the Norwegian Institute of Marine Research (NIMR), 2019). The Port
of New York and New Jersey is the largest and busiest port on the
eastern seaboard, and surrounding waters are used intensely by both
commercial and recreational vessels, fishing, tourism and, more
recently, the offshore wind industry (BOEM, 2020). This study
provides valuable information about the spatiotemporal distribution
of harbour porpoises and the relationship to key environmental
variables in the already heavily impacted NY-NJ Harbour Estuary,
providing information that can inform management of this little-
known species in the face of increasing anthropogenic pressures.

2 Materials and methods

2.1 Study area

The NY-NJ Harbour Estuary encompasses the Upper and
Lower New York Bay and flows out into the greater NYB, which
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extends from Cape May, New Jersey to Montauk, New York. The
NY-NJ Harbour Estuary contains one of the largest ports on the
eastern seaboard and major shipping lanes run through the NYB
and into the Port of NY-NJ (Figure 1). The NY-NJ Harbour Estuary
has marked seasonal fluctuations in SST (Balcom et al., 2008), high
oceanic flushing, and river discharge leading to gradations in water
quality (Taillie et al., 2020) and variations in chlorophyll-a
concentration (Taillie et al., 2020).

2.2 Acoustic deployment information

Six SoundTrap ST300 HF recorders were deployed in and
around the Upper and Lower New York Bay from October 4,
2018 to October 6, 2020. Four acoustic recorders were deployed at
strategic locations throughout the Lower Bay (NJ1, NJ2, NY1, NY3
in Figure 1), one recorder was placed at the entrance to the Upper
Bay (NY2), and one recorder was also placed at Rockaway Reef
(NY4), located in close proximity to the NY-NJ Harbour Estuary
entrance. Due to some equipment failure and logistical constraints,
particularly surrounding the COVID-19 pandemic, not all units
were deployed during each deployment or some units failed to
record for the entire duration of certain deployments (see Table 1).
Four recorders were deployed for the first and second deployments
(total deployment duration = 174 days), six recorders were deployed
for the third, fourth, and fifth deployments (total deployment
duration = 448 days), and three recorders were deployed for the
sixth deployment (total deployment duration = 99 days). The
recorders were all deployed in the relatively shallow waters of the
NY-NJ Harbour Estuary at a range of depths from 7 m to 12 m
depending on deployment location.

The SoundTrap ST300 HF recorders were set to record at 96
kHz, with an effective bandwidth of 20-48,000 Hz (+ 3dB), to
record both mysticete and odontocete species. The units were also
equipped with an inbuilt harbour porpoise click detector that
operates over the effective bandwidth of the recorder (20-150,000
Hz + 3dB), and isolates probable high frequency harbour porpoise
clicks before storing snippets of corresponding data for post
processing and verification (see Ocean Instruments, 2021). Click
detector parameters were set to a low detection threshold (see
Ocean Instruments, 2021) in order to maximize detector sensitivity
in the presumed high-noise environment of the NY-NJ Harbour
Estuary. Due to limitations with data storage capacity and battery
life when recording at high frequencies, the click detector and
corresponding snippet storing tool allowed for longer deployment
times, which were necessary given logistical constraints of retrieving
and re-deploying units. All units were set to record on a duty cycle
of 20 min on/40 min off.

2.3 Acoustic analysis
Click detection data were imported into PAMGuard using the

SoundTrap Click Detector module (v. 2.01.03; Gillespie et al., 2009)
and custom click classifiers were built in PAMGuard (v. 2.01.03) to
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FIGURE 1

Location of the six acoustic recorders in the New York-New Jersey Harbour Estuary that were deployed from October 2018 to October 2020.
Harbour Maintained Channels, Traffic Lanes and Precautionary Areas are also shown on the map. The study area location relative to the U.S. East

Coast is displayed in the top left inset map.

classify harbour porpoise clicks. These custom parameters were a
test frequency band of 110-150 kHz and control band of 40-90 kHz
(Cosentino et al, 2019), minimum energy difference of 12 dB
(Clausen et al,, 2019), peak frequency range of 125-145 kHz
(Alonso and Nuuttila, 2014), click length measured over 80% of
total energy (Cosentino et al., 2019), click length range of 0.05-
0.175 ms (Cosentino et al., 2019), and max amount of time between
detections of 125 ms (Clausen et al., 2019). All other parameters
were kept at their default values. Once porpoise clicks were detected
and classified by the customised detector, the binary files with
detected clicks were imported into R (v. 3.4.3; R Core Team, 2021).

2.4 Temporal and spatial variation in
harbour porpoise presence

Any minutes that contained at least 25 harbour porpoise clicks were
considered porpoise positive minutes (PPM; Clausen et al., 2019). Days
containing at least one PPM were considered porpoise positive days
(PPD). In order to verify that this threshold was sufficient for correctly
identifying PPD, a manual review was done by visually assessing the click
detector output for harbour porpoise click trains within the PAMGuard
Click Detector module. There was 97% agreement for identifying PPD
between the manual review and the automated detector when using a 25

TABLE 1 Acoustic recorder deployment and retrieval information and the total number of recording days analysed per recorder over the duration of

the project.

Recorder No. Deployed First Date Deployed Last Date Retrieved Total Recording Days
ID
NJ1 5 10/4/18 6/16/20 543
NJ2* 6 10/4/18 10/6/20 482
NY1 6 10/4/18 10/6/20 548
NY2 3 4/4/19 6/16/20 324
NY3 6 10/4/18 10/6/20 621
NY4 3 4/4/19 6/16/20 248

*NJ2 failed to record for the entire duration of two separate deployments due to battery issues.
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porpoise click per minute minimum threshold. To investigate
spatiotemporal variability in porpoise presence, the proportion of
monthly and seasonal PPD was calculated for each recorder. The
overall temporal distribution of harbour porpoise in the NY-NJ
Harbour Estuary was explored by calculating mean weekly PPD across
all recorders to match the temporal resolution of the environmental
covariates. Seasons were delineated according to the calendar dates of the
equinox and solstice for 2018-2020, resulting in the following divisions:
fall (September 22-December 20, 2018 and 2020; September 23-
December 20, 2019), winter (December 21-March 19, 2018 and 2019;
December 21-March 18, 2020), spring (March 20-June 20, 2018 and
2019; March 19-June 19, 2020), and summer (June 21-September 21,
2018; June 21-September 22, 2019; June 21-September 21, 2020).
Spatiotemporal trends in porpoise presence were further explored
using a Generalised Additive Mixed Modelling (GAMM) framework.

2.5 Environmental data

Due to their high metabolic demands (Read and Hohn, 1995;
Kastelein et al., 1997; Wisniewska et al., 2016), prey distribution is
assumed to be a key factor influencing habitat preferences in harbour
porpoises. However, prey distribution data are not always available at
relevant spatial and temporal scales due to sampling challenges, and
when this occurs environmental variables can be used as proxies for
prey distribution (e.g., Torres et al., 2008; Forney et al., 2012; Thorne
et al., 2017; Wingfleld et al., 2017; Pérez-Jorge et al, 2020).
Information on prey densities and distribution within the NY-NJ
harbour estuary was either not publicly available and/or at fine
enough temporal and spatial scales to be used in analyses. Thus,
environmental covariates were used as a proxy for prey distribution,
and were determined for each location and each deployment.
Bathymetric features have been linked with harbour porpoise
movements (e.g., Nielsen et al., 2018), distance to shore, slope, and
depth were included in the analysis. These were calculated in ArcGIS
Pro (v. 10.7.1) using the bathymetry map from the ESRI Living Atlas
database (esri.com). Both SST and chlorophyll-a concentration have
been significantly correlated with harbour porpoise distributions (e.g.
Wingfield et al., 2017); we included SST (°C) using the Operational
Sea Surface Temperature and Sea Ice Analysis (OSTIA) dataset from
the UK Met Office and surface chlorophyll-a concentration (mg m™)
was determined using NOAA’s Visible Infrared Imaging Radiometer
Suite (VIIRS) sensor. For surface chlorophyll-a concentration and
SST, we determined the mean weekly value for a 1 km radius around
each recorder. Each week was matched with a season using the
calendar dates of the equinox and solstice for 2018-2020 as listed
above. Weeks split between seasons were assigned to the season that
had the highest proportion of days represented.

2.6 Generalised additive mixed models
Temporal patterns in harbour porpoise presence and relationship to

environmental variables in the NY-NJ Harbour Estuary were
investigated using GAMMs in R (R Core Team, 2021) using the gam

Frontiers in Marine Science

10.3389/fmars.2023.1167945

function in the mgev library (Wood, 2021). Correlation between
environmental variables (i.e., distance to shore, slope, and depth) was
assessed prior to fitting the models using Spearman’s rank correlation in
the base cor.test function in R. Slope and distance to shore were
significantly positively correlated and therefore slope was excluded
from further analyses (Spearman rank correlation, rs = 0.27, N = 315,
P < 0.001). A GAMM was fitted to the dependent response variable,
number of PPD per week. Predictor variables were distance to shore (m),
depth (m), weekly mean chlorophyll-a concentration (mg m™) and
weekly mean SST (°C). Deployment location (NJ1, NJ2, NY1, NY3) was
included as a random effect to control for potential variation in acoustic
presence by location (Pedersen et al., 2019).

The locations NY2 and NY4 had a number of gaps in data due to
equipment failure or deployment limitations and were excluded from
the GAMM analysis. Deployment year (Year 1: October 2018-
September 2019; Year 2: October 2019-October 2020) was also
included as a random effect within the models to account for a data
gap caused by the delayed retrieval and redeployment of recorders
during the COVID-19 pandemic. A Tweedie distribution (Tweedie,
1984) was used for the model as it is well suited for zero-inflated count
data (Wood et al,, 2016; Ahonen et al,, 2021). A backward stepwise
regression was used in model selection with the least significant variable
(based on the approximate p-values produced by gam) removed in
each iteration. Model 1 included all predictor variables, and model 3
only included weekly mean chlorophyll-a concentration (mg m™) and
weekly mean SST (°C). Model selection was based on model
diagnostics, the statistical significance of model terms, and the
adjusted R-squared value. The model with the lowest Akaike’s
Information Criterion (AIC) score was considered the optimal model
to be used in the final analysis (Bursac et al., 2008), and this model was
evaluated using model diagnostics plots produced by the gam.check
function to ensure assumptions were not violated.

3 Results

A total of 2766 days of acoustic recordings were collected from
October 2018 to October 2020 across the six recording sites in the
NY-NJ Harbour Estuary. There were 134 PPD detected across all
recorders. Harbour porpoises were detected in all months of the
year on at least one recorder (Figure 2A), with a higher proportion
of days with detections occurring between January-May or winter—
spring (Figures 2B, 3) on most recorders.

The recorder locations with the highest number of detections
occurred in NJ waters, with NJ1 (45) and NJ2 (28) having the
highest number of total PPD (Table 2; Figures 2A, B). NY1 and NY3
had the highest total PPD out of the recorders located off of NY (23
and 20, respectively), while NY1 and NY2 had the highest
percentage of days with porpoise click detections (4% and 5%,
respectively) relative to total recording days. There were few
detections on NY4 (Table 2; Figures 2A, B, 3).

The optimal GAMM (model 1; Table 3) included distance to
shore, depth, weekly mean SST, and weekly mean chlorophyll-a
concentration and yielded the lowest AIC score. Weekly mean SST
and weekly mean chlorophyll-a concentration were found to be
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FIGURE 2

Proportion of porpoise positive days (PPD) per month (A) and season (B) for each deployment year (Year 1: October 2018 — September 2019; Year 2:
October 2019 — October 2020) across all six recorder locations (NJ1, NJ2, NY1, NY2, NY3 and NY4). Asterisks indicate periods with no data.

significant predictors of harbour porpoise presence (Table 3;
Figures 3A-E). The mean number of PPD per week was highest
from February to June (Figure 3E). SST was a significant predictor
of harbour porpoise presence, with a peak in weekly PPD occurring
when SSTs were below 5°C (Figure 3B). The plot of observed mean
weekly SST throughout the study period (Figure 3A) indicates that
water temperatures ranged from 4-18°C from February to June
when there was greater detected harbour porpoise presence
(Figure 3E). A significant positive relationship was found between
predicted harbour porpoise presence and chlorophyll-a
concentration (Figure 3D), although the time period with the

highest observed porpoise presence (February to June)
corresponded to mean weekly chlorophyll-a concentrations
between 9.0 — 41.4 mg m™ (Figure 3D).

4 Discussion

Harbour porpoises were detected year-round on at least one
recorder in the NY-NJ Harbour Estuary with a peak in detection
from February to June. The peak in harbour porpoise presence over
winter and spring in the Harbour Estuary area is consistent with a

TABLE 2 The number of porpoise positive days (PPD) for each recorder location and the percentage (%) of PPD relative to the total number of

recording days.

Recorder ID No. Deployed Total PPD Total Recording Days % PPD
NJ1 5 45 543 8%
NJ2 6 28 482 6%
NY1 6 23 548 4%
NY2 3 15 324 5%
NY3 6 20 621 3%
NY4 3 3 248 1%
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TABLE 3 Summary of generalised additive mixed models (GAMMs) used to assess temporal variation in acoustic presence of harbour porpoise in the
New York-New Jersey Harbour Estuary.

Significance of parametric

i Significance of Smooth Terms Model Fit
Model # and terms coefficients 9
included 1
t- - F sta- - Deviance
Intercept ~ SE P Term EDF  df '€ P : AIC
value  value tistic value Explained
. distance 1 1 2.03 0.16
PPD ~ s(distance) + depth 1 1 2.99 0.09
s(depth) + 134 042 -3.18 0.002 0.31 29.2% 273.93
S(SST) + SST 417 | 512 7.55 <0.001
S(CHLA)
CHLA 181 | 227 9.13 <0.001
2 depth = 111 | L16 3.87 0.07
PPD ~ s(depth
s(depth) + -1.31 032 -414 <0.001 SST 415 | 5.09 7.30 <0.001 031 28.3% 275.50
s(SST) +
s(CHLA) CHLA 199 | 250 9.68 <0.001
3: SST 430 | 527 7.58 <0.001
PPD ~
oST) + 132 020  -6.58 <0.001 0.29 26.0% 276.82
s CHLA = 194 | 243 13.74 <0.001
S(CHLA)

In the table, PPD represents the number of days per week with acoustic harbour porpoise detections, SST represents weekly mean sea surface temperature (°C) and CHLA represents weekly mean
chlorophyll-a concentration (mg m™>). The model with the lowest AIC score and highest deviance explained was model 1 with distance to shore (m), depth (m), weekly mean SST, and weekly
mean chlorophyll-a concentration as predictor variables. Significant p-values (p < 0.05) are highlighted in bold.
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FIGURE 3
Observed variation in mean weekly sea surface temperature (°C; (A)), mean weekly concentration of chlorophyll-a (mg m™%; C) and mean number of
days with harbour porpoise detections per week throughout the year across all recorders and deployments (E) compared with the predicted
presence of harbour porpoise (B, D). Harbour porpoise presence was predicted using the best fitting generalised additive mixed model (model 1),
and the relationship between the number of days per week with acoustic detections and the significant predictor variables weekly average sea
surface temperature (B), and chlorophyll-a concentration (D) was examined. The dashed lines indicate the 95% confidence interval of the predicted
values.
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previous study from further south in Maryland, where presence of
harbour porpoises peaked from January to May (Wingfield et al.,
2017). We found there were extended ‘peaks’ in harbour porpoise
presence at some recorders into June, and even July in the NY-NJ
Harbour Estuary (Figure 2A). As the NY-NJ Harbour Estuary is
further north than Maryland, presence into later months could be
expected as harbour porpoise migrate north to breed in the cooler
waters in the Bay of Fundy and Gulf of Maine in summer and fall
(Sadove and Cardinale, 1993; NMFS, 2013; North Atlantic Marine
Mammal Commission (NAMMC) and the Norwegian Institute of
Marine Research (NIMR), 2019). Earlier studies however,
documented presence in the Mid-Atlantic region primarily during
fall and peaking in winter months, which was also reflected in the
strandings records (Sadove and Cardinale, 1993; Polacheck et al.,
1995; NMFS, 2013; North Atlantic Marine Mammal Commission
(NAMMC) and the Norwegian Institute of Marine Research
(NIMR), 2019). The discrepancies in seasonal distribution found
between earlier studies (conducted ~10-30 years ago) and those
conducted more recently (current study and Wingfield et al., 2017)
may represent seasonal range shifts, as seen by numerous marine
species in the Northwest Atlantic due to large scale climate driven
changes affecting prey distribution (Nye et al., 2009; Pinsky et al.,
2020). However, this may also be an artefact of the timing of surveys
and different survey methods used (acoustic vs. shipboard and aerial
survey methods) and warrants further investigation. Nonetheless,
our study findings of peak distribution over winter and spring
provides valuable information on contemporary presence in the
human-dominated NY-NJ Harbour Estuary area.

In addition to this clear seasonal peak in harbour porpoise
presence, there were also detections (although at lower levels) of
harbour porpoise across all months of the year (Figures 2A, B).
Year-round distribution of harbour porpoise occurs in the Gulf of
Maine and Bay of Fundy, with clear seasonal peaks occurring from
summer to fall and with strandings reported in all months of the
year in Maine and Massachusetts (Polacheck et al, 1995). In
Maryland, acoustic detections of harbour porpoises were also
recorded at lower levels in months outside of the peak in
detections from January - May, although there were no
detections reported in June - August (Wingfield et al, 2017).
Given that the distribution of harbour porpoise is thought to be
primarily driven by prey availability (Sveegaard et al., 2012; Gilles
etal., 2016), one plausible explanation for their year-round presence
in the NY-NJ Harbour Estuary is the presence of preferred prey
species. A number of preferred harbour porpoise prey species are
abundant in the NY-NJ Harbour Estuary and greater NYB
(Waldman et al., 2006; USACE, 2015). Atlantic herring (Clupea
harengus) are known to be an important prey species within the
diets of Gulf of Maine/Bay of Fundy harbour porpoises (Smith and
Gaskin, 1974; Recchia and Read, 1989; Braulik et al., 2020). Since
the majority of harbour porpoises found within the NYB belong to
the Gulf of Maine/Bay of Fundy stock, Atlantic herring are likely a
preferred prey species within this region as well. Within the NY-NJ
harbour estuary, Atlantic herring densities peaked during spring
(April - June) based on bottom trawl surveys conducted from 2002
- 2010 (USACE, 2015). Additionally, the biomass of Atlantic
herring was higher in the spring (February - April) compared to
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the fall (September — December) within the broader NYB (Figure 4)
based trawl surveys conducted from 2010 - 2019 by the Northeast
Fisheries Science Center (NEFSC; Curtice et al., 2019; see
www.northeastoceandata.org). Together, these estimated peaks in
herring presence mirror the peak in harbour porpoise echolocation
behaviour found in this study. Outside of the peak seasons, the
acoustic presence of harbour porpoises in the area may reflect these
animals taking advantage of other foraging opportunities rather
than migrating further north or moving to deeper waters. Heide-
Jorgenson et al. (2011) found that harbour porpoises in West
Greenland adapted to warming waters by staying longer in the
area and taking advantage of an abundance of a different prey
species, including Atlantic cod (Gadus morhua) and capelin
(Mallotus villosus). Within the broader NYB, the biomass of
Atlantic cod was slightly higher in the spring (February - April)
compared to the fall (September — December) based on NEFSC
trawl surveys (Figure 4; Curtice et al., 2019). Other cetaceans in the
study area, including humpback whales (Megaptera novaeangliae)
and bottlenose dolphins (Tursiops truncatus) have been observed
feeding on Atlantic menhaden (Brevoortia tyrannus) and sand lance
(Ammodytes sp.; King et al., 2021; WCS unpub. data), and in the
Northeast Atlantic, sand lance are substantial component of
harbour porpoise diets (Santos et al., 2004), indicating that these
prey species may also be a preferred prey item for porpoise in the
NYB. Overall, harbour porpoise movements along the Northwest
Atlantic and interaction with particular prey species are not well
understood (NMES, 2021), and particularly within the NYB. Here
we provide novel information on year-round presence of harbour
porpoise, with seasonal peaks in late winter and spring, in the NY-
NJ Harbour Estuary; an important baseline to focus future efforts
that correlate presence with preferred prey species.

Although we have no associated prey data at relevant spatial
and temporal scales in the NY-NJ Harbour Estuary to include in the
models, harbour porpoise presence is likely related to prey
availability, which is driven by local and regional scale
oceanographic processes, as suggested by Wingfield et al. (2017).
Chlorophyll-a concentration is often used as a proxy for
understanding predator and prey distribution (e.g., Soldevilla
et al, 2011) and was found to be a significant predictor of
harbour porpoise presence in our study. The modelled predicted
presence increased at higher chlorophyll-a concentrations
(Figure 3D), and the observed peak in harbour porpoise presence
from February to June corresponded with mean chlorophyll-a
concentrations between 9.0 — 41.4 mg m™ (Figure 3C).
Interestingly, mean weekly chlorophyll-a concentrations across all
locations from February - June was higher in Year 1 (21.4 mg m™)
compared to Year 2 (9.54 mg m™). Additionally, the weekly
proportion of PPD during these months was higher in Year 1
relative to Year 2 (Figure 2A). Other studies have also reported a
significant relationship between harbour porpoise presence and
chlorophyll-a concentration, with increased presence during high
levels of chlorophyll-a (Wingfield et al., 2017; Stalder et al., 2020).
However, the chlorophyll-a concentrations reported for the NY-NJ
Harbour Estuary are considerably higher than those reported by
Wingfield et al. (2017) off the coast of Maryland, which ranged from
~1-7.4 mg m”. Of note is that due to the warming trend in SSTs in
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the region, there has been an increase in upwelling events in the
NYB (including the NY-NJ Harbour Estuary), which bring cool,
nutrient rich waters to the surface (Murphy et al, 2021). These
upwelling events are linked to increased chlorophyll-a
concentration, which in turn can lead to increased foraging
opportunities (Glenn et al,, 2004; Murphy et al, 2021). Heim
et al. (2021) quantified ecological indicators for the NYB and
found that monthly chlorophyll-a concentrations showed
considerable inter-annual variability from 1995 - 2020, but that
there was a significant decreasing trend over time, particularly in
April and November - January, which could be a factor in the
apparent shift in harbour porpoise presence in the region from fall -
winter (Sadove and Cardinale, 1993; Polacheck et al., 1995; NMFS,
2013; North Atlantic Marine Mammal Commission (NAMMC)
and the Norwegian Institute of Marine Research (NIMR), 2019) to
winter — spring (current study; Wingfield et al., 2017). The overall
chlorophyll-a concentrations in the study region varied
considerably, ranging from 1.0-127.1 mg m™, with an overall
mean chlorophyll-a concentration of 13.75 + 13.4 mg m™.
Chlorophyll-a concentrations above 20 mg m™ are considered
unhealthy for the NY-NJ Harbour Estuary, with potential for
eutrophication of the ecosystem (Taillie et al, 2020). How this
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relationship between upwelling events, highly variable chlorophyll-
a concentrations, and the availability of key prey species influences
harbour porpoise distribution needs to be further examined.

The extended presence of harbour porpoise in the NY-NJ
Harbour Estuary during summer and fall means that animals are
subjected to a wide range of SSTs (~4-18°C; Figure 3A). The
modelled relationship to SST indicated that harbour porpoises
preferred water temperatures below 5°C (Figure 3B), and the plot
of mean weekly SST throughout the study period (Figure 3A)
indicated that water temperatures ranged from 4-7°C during
February and March, which also corresponded with higher
observed harbour porpoise presence. In the Mid-Atlantic, Roberts
et al. (2016) predicted greater harbour porpoise presence at lower
SSTs. Similarly, Wingfield et al. (2017) found that in Maryland, the
peak in harbour porpoise detections occurred at 5°C, which the
authors hypothesised was due to the increased presence of herring, a
preferred prey species, at cooler temperatures. Although we did find
a peak in predicted harbour porpoise presence below 5°C, there
were still detections at a range of SST's up to 24°C. Despite the fact
that harbour porpoises are reported to prefer cooler water
temperatures, there are reports of harbour porpoise inhabiting
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areas with seasonally higher SSTs, such as the North Sea (Gilles
et al, 2011) and Wales (Isojunno et al, 2012). As discussed
previously, the NY-NJ Harbour Estuary and greater NYB
experiences localised fluctuations in SST through upwelling
events, a phenomenon that is increasing under a changing climate
(Murphy et al., 2021). From June 1-September 20 2019, Murphy
et al. (2021) found three major upwelling events averaging 6.5 days
(maximum 17.66 days) and accounting for 33% of the days during
summer in an area overlapping with the NY-NJ Harbour Estuary.
Although harbour porpoises were expected to be absent, our study
documented low levels of PPDs at some locations throughout June
- September 2019 (Figure 2A). It is plausible to consider that the
localised upwelling events of cool water may have created
opportunities for extended foraging for a proportion of the
population in the nearshore typically warmer waters of the NY-
NJ Harbour Estuary and surrounding coastal areas into summer
and fall; however, this relationship will need to be further explored
in future studies.

Harbour porpoise distribution varied over the 2-year study
within the NY-NJ Harbour Estuary. Wingfield et al. (2017) also
found a high degree of variability in harbour porpoise detections oft
Maryland, which the authors suggested was due to both localised
and regional scale shifts in biological and oceanographic conditions.
In the Bay of Fundy, Johnston et al. (2005) found that harbour
porpoises tended to spend more time around areas with greater
vorticity and along localised fronts where prey tended to aggregate.
Predictable fine-scale oceanographic features, such as those found
around headlands and islands, tend to aggregate prey and facilitate
foraging for pelagic predators (Wolanski and Hammer, 1988;
Johnston et al., 2005). The two recorders with the highest number
of PPD were NJ1 and NJ2 (Figure 1; Table 2). NJ2 was located in a
high current area, adjacent to a headland and therefore is likely a
prime area for aggregating prey. This location was also found to
have high bottlenose dolphin foraging activity throughout the same
study period (Trabue et al., 2022). NJ1 was located in Raritan Bay
(an interior region of the Harbour Estuary), where currents were
less strong, however increased harbour porpoise presence in this
area may be due to other biological and oceanographic conditions
not investigated during this study. Varying ocean noise conditions
may also impact the detectability of harbour porpoises over space
and time due to masking in high noise conditions (i.e., see Erbe
et al, 2019). Shipping traffic is pervasive in the NY-NJ Harbour
Estuary and the detection range of marine species at different
recorders may be impacted by proximity to shipping channels.
Although the direct impact of shipping traffic on harbour porpoise
detection range was not evaluated in this study, we present an
overlay of vessel transit counts relative to PPDs at each location
(Figure 5); these initial comparisons indicated that vessel transit
counts did not change drastically across seasons and years
(Figure 5), and therefore is unlikely to be a factor in the temporal
variability found in harbour porpoise presence. Both NJ1 and NJ2,
which recorded the highest number of PPDs, are away from the
major shipping lanes, although they are adjacent to minor shipping
channels, and would expect to be less impacted by noise than NY1
and NY2 (Figure 5). However, NY3 and NY4, located in areas
further away from shipping lanes (and presumably would have less
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noise exposure) had the lowest number of PPDs (Figure 5); this may
imply that other factors, and potentially other noise sources, such as
localised weather events, recreational vessels and development
activities may be impacting the spatial variability found in
harbour porpoise presence across the NY-NJ Harbour Estuary. At
NY2, located in the Upper Bay in an area with higher vessel traffic,
the standardised seasonal proportion of PPD was elevated during
spring of deployment Year 1, which may reflect an abundance of
prey in this area during that period (Figure 5). Further research
incorporating temporal and spatial variability in ambient noise
conditions and interactions with other environmental variables,
such as SST which may also affect sound propagation, will be the
focus of further research and included into future harbour porpoise
distribution models. The NY-NJ Harbour Estuary is a dynamic
environment currently undergoing rapid changes due to a changing
climate and anthropogenic development (Pirani et al, 2018;
Murphy et al., 2021). Long-term monitoring of harbour porpoise,
as well as other cetacean species, and investigating interactions with
environmental variables and prey is vital for better understanding
how species will be impacted by a changing climate and the
increasing anthropogenic pressures facing this already heavily
human-dominated region.

4.1 Conservation implications

Prior to this study, there was little known about harbour
porpoise presence in the NY-NJ Harbour Estuary. The presence
of this acoustically sensitive species in the NY-NJ Harbour Estuary,
despite the high level of anthropogenic activity already taking place,
may suggest that some individuals are habituating to a high level of
disturbance, or that the foraging opportunities in this area outweigh
the potential impacts. However, there is little information related to
potential impacts to this species from anthropogenic disturbance in
such a heavily human dominated area. As one of the busiest
waterways along the U.S. East Coast, cetacean species inhabiting
waters of the NYB and the NY-NJ Harbour Estuary are facing
numerous threats including increasing shipping traffic, increased
ocean noise levels, expanding oftshore wind development, and
climate change (BOEM, 2020; King et al., 2021). Across the
broader Northwest Atlantic, and in other areas across their range,
harbour porpoises are known to be particularly vulnerable to
fisheries bycatch, contaminants, ship traffic, habitat modifications,
and offshore wind energy development (Carstensen et al., 2006; Hall
et al.,, 2006; Dihne et al., 2013; Terhune, 2015; Todd et al., 2015;
Benjamins et al., 2017; Oakley et al., 2017; NMFS, 2021). Despite
these threats, harbour porpoise populations are thought to be stable
or even increasing across the greater Atlantic (North Atlantic
Marine Mammal Commission (NAMMC) and the Norwegian
Institute of Marine Research (NIMR), 2019), which is believed to
be due to a reduction in fisheries bycatch pressures (Braulik et al.,
2020). However, emerging threats for the Northwest Atlantic,
including climate driven shifts in oceanographic conditions
(Pershing et al., 2015; Kleisner et al., 2017) and the introduction
and rapid expansion of offshore wind energy development in the
region (BOEM, 2020), are cause for concern. In other human high-

frontiersin.org


https://doi.org/10.3389/fmars.2023.1167945
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Rekdahl et al. 10.3389/fmars.2023.1167945
Deployment Year 2
F < L Fall Proportion
‘ ?Q Days with
-4 il Detections
A No Data
oo
- K.\\" | O 0001
‘ LZ\ 0 " @ 001002
3 Te ) \ Kilometers
-74°10' -74°5' -74° -73°55' -73°50' -73°50"
FIGURE 5

AlS vessel transit counts and the proportion of porpoise positive days (PPD) per season and deployment year. Monthly vessel transit counts based on
Automatic Identification Systems (AIS) records from all vessel types were obtained from the Northeast Ocean Data Portal (NROC, 2009). Monthly AIS
records included all vessel types and were summarised at a 100 x 100 m cell resolution (Fontenault, 2020a; Fontenault, 2020b; Fontenault, 2021).
We summed these monthly vessel transit counts (per 100 x 100 m cell) by season and deployment year (Year 1: October 2018—-September 2019;
Year 2: October 2019-October 2020) using the raster calculator function in ArcGIS Pro (v. 10.7.1; ESRI, 2021). Seasonal divisions used were as
follows: fall (October—November, 2018; September—November, 2019; September—October, 2020), winter (December—February, 2018-2020), spring
(March—May, 2019-2020), and summer (June—August, 2019-2020). The seasonal proportions of PPD were standardised using the cumulative total
number of recording days from all locations per season and deployment year and using the same seasonal definitions as the AIS data.

use areas, such as the Baltic Sea, harbour porpoise populations are
now critically endangered due to similar anthropogenic pressures
(Carlen et al., 2021). The impacts from offshore wind energy
development on harbour porpoise populations has been a large
focus of studies from Europe (i.e., Dihne et al., 2013; Brandt et al.,
2018), however as the offshore wind energy industry is only just
beginning off the U.S. East Coast, there is an urgent need for focused
studies in this region. Currently, the lack of information on harbour
porpoise ecology and habitat use for the Gulf of Maine/Bay of
Fundy population (North Atlantic Marine Mammal Commission
(NAMMC) and the Norwegian Institute of Marine Research
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(NIMR), 2019) impedes the development and implementation of
effective conservation actions.

The NYB is currently slated for rapid expansion of offshore wind
energy development (BOEM, 2020), with wind farm construction
commencing within the next few years. It is vital therefore, to
establish a baseline understanding of harbour porpoise distribution
and habitat use prior to any wind farm construction and/or increased
vessel activity to support OSW development. Although the wind
energy areas (WEAs) in the NYB will be placed further offshore from
the study area, vessel traffic within the NY-NJ Harbour Estuary will
likely increase as vessels transit between shore and the WEAs, which
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in turn may lead to disturbance and contribute to already elevated
ocean noise levels. Previous work characterising broadscale ambient
noise levels in the NYB found that these waters experienced the
highest equivalent sound levels compared to other locations along the
eastern seaboard in 2008-2009 (Rice et al., 2014), and these elevated
noise levels extend into the NYB apex and NY-NJ Harbour Estuary
(Estabrook et al., 2021; WCS unpub. data). Furthermore, there is the
potential for one of the cable landing sites to transverse through the
NY-NJ Harbour Estuary (Tetra Tech, 2022), which will require
significant habitat modification that could lead to displacement.
The year-round and seasonal peaks in harbour porpoise presence
found in the already heavily human dominated NY-NJ Harbour
Estuary provides an important baseline understanding of harbour
porpoise distribution in this region. However, further research is
warranted both within the NY-NJ Harbour Estuary and the greater
NYB, and particularly in relation to the forthcoming offshore wind
energy development and expected continuation of climate driven
shifts in distribution. In particular, it is imperative that harbour
porpoises are considered and incorporated into management and
mitigation actions developed in the NYB and greater Northwest
Atlantic in the coming years to ensure adequate protection for this
vulnerable species.

4.2 Study considerations

The GAMM models were a relatively poor fit to the data, with
only ~29% of the deviance explained. This suggests that some of the
variability driving harbour porpoise distribution in the NY-NJ
Harbour Estuary is due to factors not measured and included in
our study. Future studies would likely benefit from the inclusion of
prey density or distribution data; however, this information was not
available at the spatial (i.e., within the NY-NJ harbour estuary vs.
along the coast outside of the estuary) or temporal (i.e., weekly vs.
seasonal) scales required to be included in this study. The issue of low
deviance explained in modelling cetacean occurrence is also
common, particularly at fine temporal scales (Best et al., 2012;
Forney et al, 2012; Temple et al., 2016; Wingfield et al., 2017).
Wingfield et al. (2017) found that model performance differed
between offshore and nearshore sites in Maryland, where offshore
models that included SST and chlorophyll-a concentration explained
a much higher percentage of the deviance in weekly porpoise
occurrence compared to the nearshore models. The authors
attributed this model performance variance between the two
locations as an indication that the nearshore models were missing
important environmental variables influencing harbour porpoise
distribution. Tidal parameters were identified as one factor that
may help to improve model fit, as has been demonstrated in other
studies (Marubini et al., 2009; Embling et al., 2010). Tidal parameters
were not included in our models for the NY-NJ Harbour Estuary,
primarily because of the weekly time resolution used for the model
parameters. Further research in the NY-NJ Harbour Estuary and in
the greater NYB would benefit from incorporating additional static
and dynamic variables to better understand the factors driving
harbour porpoise distribution in the region.
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The rate of harbour porpoise detection was relatively low when
compared to other regions where harbour porpoises are present
(e.g., see Wingfield et al., 2017). A lower detection rate could be due
to the fact that the high frequency harbour porpoise clicks tend to
only propagate out to approximately 1000 m (Clausen et al,, 2011),
and the detection range would be vastly reduced in high-noise
environments such as those experienced in the NY-NJ Harbour
Estuary area (see Rice et al., 2014 for noise levels in the general
vicinity). Therefore, if harbour porpoises are foraging in the area,
they would only be detectable in close proximity to the recorders,
and may therefore be easily missed as the mean distance between
recorders was 10.18 km (range: 5.94 — 15.1 km). The presence of
harbour porpoise found in this study may therefore be an under-
estimate and warrants further study. Clausen et al. (2019) found
that high ambient noise levels affected click detection function for
different recorder types, although broadband recorders, like that
used in this study, were least affected. While there may be fewer
missed detections, there is a greater risk of false positive detections
by broadband recorders (Clausen et al., 2019). However, we used
conservative click detection parameters to help minimize the issue
of false positive detections as well as manually verifying porpoise
clicks. Further research, perhaps using additional recorders placed
in the high use areas identified (i.e, NJ1 and NJ2), and even in
combination with the more conservative C-POD technology used
widely to study harbour porpoise in other areas (i.e. Clausen et al.,
2019), would be beneficial to further understand harbour porpoise
presence in the NY-NJ Harbour Estuary and surrounding area.

4.3 Conclusion

This study provides important baseline information about the
temporal and spatial variability in harbour porpoise distribution
and interaction with environmental variables in the human-
dominated NY-NJ Harbour Estuary. Given there are already a
range of potential threats to harbour porpoises in the area, this
data is vital for informing marine spatial planning and conservation
strategies, particularly in light of the increasing anthropogenic
pressures this region is facing from offshore wind energy
development and increasing shipping (BOEM, 2020). Harbour
porpoises are known to be vulnerable to anthropogenic
disturbance and therefore continued and expanded monitoring of
harbour porpoise presence and habitat use will be critical for
effective conservation efforts moving forward. This not only
applies to our study area, but also the greater NYB and Mid-
Atlantic region, as more information about this cryptic species is
needed in light of the expected shifts in distribution with a changing
climate (Nye et al., 2009; Pinsky et al., 2020).
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