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Offshore wind energy is set to de v elop rapidly in waters off the east coast of the United States. There is considerable o v erlap betw een areas 
proposed for offshore wind development and harbour porpoise habitats in the Gulf of Maine (GOM) and Southern New England waters. Baseline 
data on the occurrence and foraging activity of porpoises was collected using 10 ec holocation-clic k detectors (F-PODs) from 2020 to 2022. 
Porpoises were present year-round in the GOM with peak detections in the summer and fall. In line with previous reported distribution patterns, 
porpoise occurrence in Southern New England was high in fall, winter and spring, but porpoises were largely absent in the summer. One site 
in the GOM, Mount Desert Rock (MDR), was an anomaly as porpoise detections here were highest in the winter. On average, foraging was 
identified in 29% of all porpoise detections, with the most foraging occurring at MDR (53%). Results from generalized additive models suggest 
that time of year, hour of day, lunar illumination, and temperature are significant contributors to porpoise presence and/or foraging effort. European 
studies show that harbour porpoises exhibit behavioural changes, disruption of foraging and displacement due to wind energy development. 
T heref ore, early identification of areas of importance, mitigating impacts, and monitoring changes is essential for the protection of this species 
in US waters. 
Keywords: baseline data, distribution, foraging, generalized additive models, harbour porpoise, offshore wind energy area, passive acoustic monitoring. 
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Introduction 

A growing demand for sustainable energy has led to a rapid 

increase in development of offshore wind energy areas (WEA) 
worldwide. The United States is no exception and aspires to 

add nearly 30 gigawatts of offshore wind energy by 2030. In- 
cidentally, the Bureau of Ocean Management (BOEM) has is- 
sued or is reviewing lease requests for commercial-scale wind 

energy development throughout much of the north-western 

Atlantic Ocean (Office of the Press Secretary, 2022 ). Offshore 
WEAs are often constructed in shallow environments with 

high biodiversity and cover large areas. As such, WEAs fre- 
quently coincide with biologically important areas and criti- 
cal habitats for cetaceans (e.g. O’Brien et al., 2022 ; Harrison 

et al., 2023 ). Impacts from wind development on cetaceans 
may be direct (affect the animals themselves) or indirect (af- 
fect the animals habitat or prey) and can be negative (colli- 
sion/noise effects) or positive (increased foraging opportunity 
as a result of artificial reef properties) (Inger et al., 2009 ; Gal- 
parsoro et al., 2022 ). The intensity of these effects can also 

be expected to differ at each WEA depending on location, the 
type of development, the species present in the area, and the 
importance of the habitat to the species (Schuster et al., 2015 ; 
Galparsoro et al., 2022 ). For instance, developments placed in 

or adjacent to sensitive areas for cetaceans such as those used 

for breeding, nursing, feeding, or migration will likely have 
greater repercussions than developments located away from 

these critical areas (Galparsoro et al., 2022 ). Moreover, large 
arrays of wind turbines can be expected to have greater effects 
than that of a single device, and neighbouring developments 
Received: 6 April 2023; Revised: 13 September 2023; Accepted: 15 September 2
Published by Oxford University Press on behalf of International Council for the E
employee(s) and is in the public domain in the US. 
ay have combined impacts to cetaceans (Inger et al., 2009 ).
umerous studies have addressed the range of impacts to ma-

ine mammals, and provided recommendations for evaluating 
nd mitigating those impacts (e.g. Inger et al., 2009 ; Bailey et
l., 2014 ; Van Parijs et al., 2021 ). 

Offshore wind energy has grown substantially in southern 

ew England waters since the first small-scale (five-turbine 30 

W) wind energy array was constructed at Block Island Wind
arm in 2016. Since then, eight other areas have been leased
cross Rhode Island and Massachusetts, with Vineyard Wind 

62 turbine, 800 MW) and South Fork Wind (12 turbine, 132
W) scheduled to be the first commercial-scale wind farms

n the United States. Nearby areas, such as the Gulf of Maine
GOM), are also targeted for offshore wind energy develop- 
ent and could potentially host up to 860 (10GW) floating
ffshore wind turbines. As a result, there is an immediate need
o provide managers and stakeholders with local and regional 
opulation level information on species of concern in these 
ompleted, ongoing, and planned WEA. 

Sensitivity of harbour porpoises ( Phocoena phocoena ) to 

nderwater noise and entanglement is well established in the 
nited States (NMFS, 2022a ), generating concerns for spa- 

ial overlap between wind energy developments and the pre- 
erred coastal habitat of this small cetacean. Harbour por- 
oises have been the focus of many studies on the effects of off-
hore wind construction in Europe (e.g. Schuster et al., 2015 ;
randt et al., 2018 ) and have been found to be negatively af-

ected during construction and operation (Gilles et al., 2009 ;
eilmann and Carstensen, 2012 ). Consequently, harbour por- 
023 
xploration of the Sea 2023. This work is written by (a) US Government 
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oises have been identified as a focal species in regards to as-
essing the risks of WEA development in the United States
Southall et al., 2021 ). If close enough to loud sound sources,
arbour porpoises can suffer temporary or even permanent
earing loss (Lucke et al., 2009 ; Kastelein et al., 2012 ). Other
ffects, including masking and behavioural responses, occur
t much larger distances (Tougaard et al., 2009 ). Harbour
orpoise displacement has been well documented in relation
o activities associated with wind energy including pile driv-
ng during construction (Dähne et al., 2013 ; Benhemma-Le
all et al., 2021 ), turbines during operation (Koschinski et

l., 2003 ), and vessel noise (Benhemma-Le Gall et al., 2021 )
uring maintenance. While all phases of wind energy develop-
ent may cause acoustic disturbance, the construction phase

s the most intensive and likely to cause the most displacement.
lthough, this displacement appears to be temporary. Several

tudies have found that harbour porpoises return to a wind
arm area once construction has ceased and the farm is op-
rational, but this has ranged from a few hours (Tougaard et
l., 2006 ) to several days (Brandt et al., 2011 ), and in a couple
nstances, a few years (Teilmann and Carstensen, 2012 ). 

Harbour porpoises are small-bodied and must feed reg-
larly in order to fulfil their daily metabolic requirements
Rojano-Doñate et al., 2018 ; Kastelein et al., 2019 ). As a re-
ult, porpoises cannot stray far from areas containing reliable
rey resources and individuals can die from starvation in less
han a week if they do not find adequate prey (MacLeod et
l., 2007 ). Disturbance of critical behaviours such as feeding,
ating and nursing, as well as displacement from potentially

mportant habitat could lead to a reduction in fitness of indi-
idual animals, and ultimately may result in reduced fitness of
he population (Pirotta et al., 2018 ; Kastelein et al., 2019 ).
mall or moderate displacement of porpoises for weeks or
onths can lead to adverse consequences, with the scale of

mpact likely to depend on the duration of the displacement,
nd the quality of alternative habitat. 

It should be noted, however, that porpoises do not have
o be displaced to experience reduced foraging efficiency and
ating opportunities. Exposure to impulsive sounds and ves-

els can result in altered behaviour (e.g. calling rates, feeding,
reathing, movements) that subsequently may reduce food
r mate-finding abilities or increase chronic stress (reducing
ealth and fecundity) (Kastelein et al., 2013 ; Dyndo et al.,
015 ; Wisniewska et al., 2018 ). Individuals have to make
rade-offs between using energy to leave the area or remain
n an exposed area and tolerate higher levels of disturbance
Frid and Dill, 2002 ; Pirotta et al., 2014 ). 

Offshore wind farm studies should be independent, and not
xtrapolate results from one area to the next, especially from
urope to US Atlantic waters. While it is important to build
n what has been learned so far, the physical environment,
mpact ranges, and durations of each wind farm installation
ill be different from each other and from Europe. A thor-
ugh evaluation of the effects will depend on the availability
f population-specific data on porpoise occurrence and forag-
ng collected prior to development during their normal, base-
ine activities, against which any changes from future moni-
oring can be compared. 

PODs (Chelonia Ltd, 2022 ), have been widely used to detect
arbour porpoise echolocation clicks both independently (e.g.
AMBAH project, Koblitz et al., 2014 ; Carlén et al., 2018 )
nd as a complement to visual methods (e.g. Williamson et
l., 2017 ). Data from PODs are often used to describe fine-
cale patterns in distribution, behaviour, and relative abun-
ance of harbour porpoise (e.g. Benjamins et al., 2017 ; Todd
t al., 2022 ; Williamson et al., 2022 ) as well as to assess effects
rom wind farm construction (Tougaard et al., 2009 ; Brandt
t al., 2011 ). Harbour porpoises exclusively rely on echoloca-
ion, with differences in their inter-click-intervals (ICIs) signi-
ying different behaviours (e.g. search and capture in foraging
ersus communication, Villadsgaard et al., 2007 ; Clausen et
l., 2011 ). In the final stages of a prey-capture attempt, known
s a buzz, harbour porpoise ICIs may be reduced to intervals
s low as 2.5 to 15 ms (Koblitz et al., 2012 ). Consequently,
he number of buzzes recorded on loggers has been used as an
ndicator of foraging frequency (e.g. Miller et al., 2004 ). 

In order to understand the baseline spatial and temporal
ariation in harbour porpoise occurrence and foraging pat-
erns prior to wind energy installation, data from F-PODs at
0 sites were analysed from inshore GOM to Southern New
ngland waters over a two-year period from 2022–2022. 

aterials and methods 

ata collection 

-PODs (successor to C-PODs) were deployed at 10 sites
ithin two regions: six sites along the coastal GOM and

our sites surrounding or within the Southern New England
SNE) wind energy area ( Figure 1 ). Starting in November
020, two instruments were deployed in SNE, and eight
dditional stations were deployed over the next year ( Figure
 , Table 1 , Figure S1 ). The overall recording period was
rom 15 November 2020 to 27 October 2022. Each mooring
ontained a single F-POD, which continuously monitors the
7–210 kHz frequency range for possible cetacean echolo-
ation clicks and records the time of occurrence, duration,
requency , intensity , bandwidth, and several points on the
aveform envelope of each click. F-PODs do not record the

aw sound, only a subset of informative parameters of each
lick, hereby conserving battery power and memory storage.
-PODs are capable of detecting porpoise clicks within an
mnidirectional range of up to 400 m (Chelonia Ltd). F-POD
oorings were bottom-anchored with the logger positioned
4 m from the seafloor. Surface lines and buoys were not used

n order to keep the equipment inconspicuous and minimise
nterference with fisheries as well as North Atlantic right
hales. Instead, an acoustic release was used, which upon

ommand, detaches the mooring from the anchor so that
t may be recovered at the surface. Approximately every 5
onths, F-PODs were recovered, the batteries and memory

ards were replaced, and the F-POD was redeployed on-site.
he water depth across the deployment locations ranged

rom 32 to 107 m and the recording effort among the 10
ecorders varied due to delayed servicing from weather events
nd equipment loss due to trawling ( Table 1 ). 

-POD data processing 

very time the F-PODs were recovered, acoustic data were
ownloaded and processed for click detections using the man-
facturer’s software, FPOD.exe (Chelonia Ltd, 2022 ) and ac-
ompanying classifier, KERNO-F v1.0. Narrow band high fre-
uency (NBHF) click trains of high and moderate quality were
dentified and exported. The quality classes express the like-
ihood of the train having come from a true source of click
rains rather than being a chance coincidence of similar clicks

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad150#supplementary-data
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Figure 1. Map of study area showing the locations of the F-POD recorders. Each region defined in the study is shown as a different colour, where orange 
circles represent the recorders located in the GOM region, and blue circles represent the recorders located in the Southern New England region. Site 
name of each recorder is shown next to each recorder location. Current WEA and the smaller lease areas within those WEA are shown in a teal-shaded 
area, the proposed area of offshore wind is shown as a white outline. The Maine wind research area is shown as a green rectangle. The bathymetry of 
the study area is shown in greyscale where darker greys represent deeper areas. Bathymetry layer provided by GEBCO Compilation Group (2022) 
GEBCO_2022 Grid (doi:10.5285/e0f0bb80-ab44-2739-e053-6c86abc0289c). The inset shows the location of the study area in relation to the East Coast 
of the United States. 

Table 1. F-POD deployment site details: F-POD sites (site ID), recording location (latitude and longitude), water depth (FPODs were suspended 4 meters 
from sea floor), first date of data collection (start date), last date of data collection (end date) and the total number of complete da y s f or each site. 

Site ID Latitude ( ◦) Longitude ( ◦) 
Water depth 

(m) Start date End date Total days 

Lubec 44 .7824 − 66 .9378 91 19 July 2021 07 July 2022 353 
Petit Manan 44 .3182 − 67 .8590 61 22 July 2021 07 September 2022 412 
Mount Desert Rock 43 .9851 − 68 .0975 107 26 August 2021 07 September 2022 377 
Matinicus 43 .7673 − 68 .8669 63 27 August 2021 27 March 2022 212 
Monhegan 43 .7242 − 69 .2962 61 27 August 2021 23 August 2022 361 
York 43 .0803 − 70 .4484 80 21 August 2021 20 September 2022 395 
NS01 41 .0334 − 70 .3413 38 13 October 2021 29 May 2022 228 
NS02 40 .7241 − 70 .0170 43 14 October 2021 27 October 2022 378 
COX01 41 .1418 − 70 .1031 32 15 November 2020 21 August 2022 644 
COX02 41 .0394 − 71 .2189 41 15 November 2020 22 October 2022 706 
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o form a sequence resembling a true train. Successively lower
uality classes give a higher risk of false positives and a higher
ensitivity. In accordance with other studies, click trains clas-
ified into the two highest quality classes, high and moderate,
ere selected and used in our analysis, while low and possible

cho click trains were disregarded (e.g. Wingfield et al., 2017 ).
lassified click train data were exported from the FPOD.exe

oftware as porpoise positive minutes (PPMs) in a binary out-
ut; i.e. either no click train or at least one click train (con-
aining at least five consecutive clicks) within a given minute.
 visual validation of automatically identified click trains was
erformed on 100 randomly selected PPMs with click trains.
sing the display tools in FPOD.exe, porpoise detections were
erified for correct species classification through visual screen-
ng following procedures specified by Chelonia Ltd (2022) and
arameters that meet the known acoustic characteristics for
arbour porpoise (e.g. Gallus et al., 2012 ). Detections of pos-
ible porpoise origin were rejected and thus classified as a false
ositive when (1) ICI did not show the variation in click pat-
ern seen in echolocation click trains, (2) variation between
uccessive clicks was incoherent, and (3) another source of
he detected sound could be identified (boat engine or sonar,
mbient noise) as the source of the classified click train. This
isual screening resulted in a < 1% false positive rate based on
 total of 3 015 PPMs validated of a total of 231 515 PPMs
lassified throughout the study. To compare porpoise pres-
nce across the study sites, the % detection was calculated
PPM/recording minutes) for each deployment location. To
xamine the seasonal distribution of porpoise, we calculated
he % presence (PPM/recording minutes) for each month at
oth the site and regional level. Only minutes with full 60 sec-
nd coverage were included in the analysis, i.e. the first and
ast incomplete minute of a recording period were discarded. 

dentifying foraging events 

n accordance with previous studies, we used the detection
f sequences with a median ICI shorter than 10 ms to iden-
ify a foraging buzz (Carlstrom, 2005 ; Todd et al., 2009 ;
erfuß et al., 2009 ). Minutes with potential foraging buzzes
ere marked as present and exported as buzz-positive min-
tes (BPM). To examine the amount of time harbour porpoises
pent foraging while at a survey site, we computed the percent-
ge of BPM to PPM for all locations. 

eneralized additive modelling of clicks 

atterns in porpoise occurrence (PPM) and foraging (BPM)
ere further investigated in relation to seasonal, diel, and lu-
ar cycles, as well as temperature using generalized additive
odels (GAMs). For each region, two different models were
tted to the data: one investigating the occurrence of har-
our porpoise and the other investigating porpoise foraging
ctivity. We originally planned to have two regions (GOM
nd SNE); however, upon preliminary analysis, a third region
as created (see "results" section below). For the occurrence
odel, PPMs were binned into hourly presence to create a bi-
omial response variable representing the presence or absence
f harbour porpoise within the hour. For the foraging model,
 subset of data was created that consisted of only harbour
orpoise detection positive hours. Within this subset of data,
he binomial presence or absence of foraging buzzes were cat-
gorised to be used as the response variable in the foraging
odels. Since the foraging models aim at estimating the like-

ihood that a porpoise present at the F-POD is feeding, hours
n which no porpoise clicks were detected were excluded from
his analysis. Binomial hourly response variables were chosen
ver counts to simplify interpretation of the vast data set and
o reduce effects of autocorrelation. Only hours with full 60
inute coverage were included in the GAM. Further details
f the GAM modelling approach and results are provided in
he Supplementary Material , available at ICESJMS. 

esults 

 total of 3 895 days of data were recorded across the 10
onitoring sites, corresponding to over 5.6 million minutes
f acoustic data used for analysis ( Table 1 ). Acoustic moni-
oring efforts ranged from 212 days at Matinicus to 689 days
t COX02 ( Table 1 , Figure S1 ). Three sites recorded contin-
ously for the entire duration, while at two sites, Matinicus
nd NS01, recordings were cut short due to equipment loss
 Figure S1 ). At the remaining sites, gaps in data collection oc-
urred between deployments due to weather and other logis-
ical constraints. These gaps ranged from a few weeks to a
ouple of months depending on the F-POD battery life and
ervicing schedule. 

atterns of occurrence and foraging 

arbour porpoise presence and foraging behaviour were de-
ected at all monitoring locations. There was substantial vari-
bility in the number of PPMs across locations. The propor-
ion of PPMs to total monitoring minutes per site ranged
rom 12% at Mount Desert Rock (MDR) to < 1% at COX01
nd COX02 ( Figure 2 a). BPMs followed a similar pattern as
PMs, with the highest foraging BPMs at MDR (53%, Figure
 b). Foraging rates at all other sites were fairly similar (20–
2%, Figure 2 b), even at sites with relatively low overall de-
ection of porpoises (i.e. COX01 and COX02, < 1%, Figure
 a). 
Porpoises were detected year-round in the GOM with peak

etections from August to November ( Figure 3 a and b). One
ite in the GOM, MDR, was a major outlier with unusually
igh activity from January through May (winter/spring) and
nusually low activity from August to November (late sum-
er/fall) compared to the other GOM sites ( Figure 3 b). As a

esult, we treated MDR as a separate “region” for subsequent
nalyses since the PPMs represented the inverse of all other
OM sites ( Figure 3 b). 
Harbour porpoises in SNE displayed strong seasonal pat-

erns that were similar to MDR—highest detection in colder
onths. Porpoise clicks were present from the last week of
ctober to the beginning of July, with the highest % detec-

ion from January through April ( Figure 3 b). No porpoises
ere acoustically detected during July and August for either

ampling year in SNE ( Figure 3 a). 

AM modelling 

etails of the GAM models for each region are available in
he supplementary Material . For each of the three regions,
he GAM that best described the occurrence of harbour por-
oises was the full model that included temperature and all
hree temporal effects (month, diel hour, and lunar illumina-
ion) with the random effect of deployment location (site): 

Occurrence ∼ s( Month by = Site ) 

+s( Diel hour by = Site ) + s( Lunar Illumination by = Site )

+ s( Temperature by = Site ) + Site ( re ) . 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad150#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad150#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad150#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad150#supplementary-data


Acoustic ecology of harbour porpoise 5 

Figure 2. Percent of porpoise detection (top) shown as porpoise positive minutes (PPMs/recording minutes) for each “region” in the study. Percent of 
minutes that contained an interclick interval (ICI) < 10 ms, thus classified as foraging (bottom). 

Figure 3. Monthly acoustic presence of harbour porpoise recorded at the site le v el (a) and the regional le v el (b) from No v ember 2020 to No v ember 2022. 
The % detection of porpoises have been standardized for recording effort for each month. In figure a, white represents acoustic absence while grey 
represents a lack of data. 
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This model explained 16.9% of the deviance in the GOM,
17.9% of the deviance at MDR and 33.6% of the deviance 
in hourly occurrence at SNE ( Table 2 ). Overall, patterns ob- 
served in the GOM region were heterogeneous and displayed 
ignificant variability between sites, while patterns observed in 

he SNE WEA were homogenous, with little to no variability
etween sites. Temperature was retained in all final presence 
odels (for all regions and all sites) as a significant predictor
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Table 2. Predictor variables in generalized additive models (GAMs) of harbour porpoise echolocation activity and their significance, with deviance explained 
of the entire model. Light grey is significant at the 0.05 probability le v el, medium gre y is significant at the 0.01 probability le v el, and dark gre y is significant 
at the 0.001 probability le v el. 

Region Model 
Deviance 
explained Site Month Hour 

Moon 
illumination Temperature 

GOM Occurrence 16.90% Lubec - 
Petit Manan 
Matinicus 
Monhegan 

York 
Foraging 4.83% Lubec - 

Petit Manan 
Matinicus - - 
Monhegan - - 

York - 
MDR Occurrence 17.90% MDR 

Foraging 3.64% MDR - 
SNE Occurrence 33.60% COX01 - 

COX02 - 
NS01 
NS02 

Foraging 5.50% COX01 NA - 
COX02 NA - 
NS01 NA - - 
NS02 NA - - 

Figure 4. GAM showing the smoothed effect of month on the hourly presence or absence of harbor porpoise echolocation clicks across the 10 
monitoring locations. Recorders in the GOM are shown as yellow circles, with MDR shown in a different colour (red) as its pattern was different from 

the rest of the GOM. Southern New England recorders are shown in blue. The shaded region in each graph represents the 95% confidence band for a 
given smooth. 
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for harbour porpoise occurrence ( Table 2 ). Water temperature 
during the survey period ranged from 3 

◦C to 31 

◦C, but no por- 
poises were detected when water temperatures were warmer 
than 16 

◦C. The influence of season (i.e., month) on the number 
of porpoises present was significant for all sites except Matini- 
cus, but it differed among locations ( Figure 4 ). In the GOM,
Lubec and Petit Manan showed a general increase during the 
summer through fall months (June to October), while at Mon- 
hegan and York, presence peaked later in the year, between 

Octobers to January. In SNE, harbour porpoises were present 
October through July, but absent in the summer. Diel and lu- 
nar illumination had varying levels of influence for presence 
at different regions and sites (see Figures S2 –S4 for full occur- 
rence modelling results). 

Within hours of porpoise presence, foraging click trains 
(i.e. buzzes) were detected in 59% of those hours at GOM,
77% at MDR, and 45% of those hours at SNE. The best 
GAM for describing porpoise foraging in the GOM was the 
full model, while reduced models were more parsimonious 
at MDR and SNE (see Figures S5 –S7 for foraging modelling 
results). 

Discussion 

The observed seasonal pattern of harbour porpoise occur- 
rence in this study is consistent with prior information on the 
general distribution of the GOM/Bay of Fundy stock (Wing- 
field et al., 2017 ; NMFS, 2021 ). This population moves be- 
tween their summer (July–September) habitat in the northern 

GOM and southern Bay of Fundy to as far south as North Car- 
olina in the winter (January–March). During spring (April–
June) and fall (October–December), porpoises from this pop- 
ulation (and perhaps other populations, Rosel et al., 1999 ) are 
widely dispersed with lower densities in the north and south.
In this study, the exception to this general pattern was MDR,
where a notably high number of porpoises were recorded dur- 
ing winter (particularly January but largely present until June),
when porpoises are thought to be dispersed (Hayes et al.,
2019 ). 

In addition to the opposing seasonal pattern observed at 
MDR, foraging was exceptionally high at this site with buzzes 
detected in 53% of all PPMs Areas where currents meet, like 
headlands and reefs with steep slopes or areas with strong 
tidal forces, can create large water movements that result in 

aggregations of prey that attract marine top predators (John- 
ston et al., 2005 ; Pierpoint, 2008 ). A similar phenomenon may 
be occurring at MDR. The coastal current in the eastern GOM 

has two cores, an offshore and a nearshore core. The two cores 
are merged as they flow downstream but then split into two 

branches east of MDR where the nearshore branch follows 
the coast and the offshore branch turns southward to recircu- 
late in the eastern GOM (Li et al., 2021 ). The offshore core 
has a large current velocity in winter and early spring, which is 
when porpoise presence at MDR is highest. This area of high 

currents and upwelling likely creates zones of high biological 
productivity (Scott et al., 2010 ) around MDR during this time,
which in turn could attract porpoises. Furthermore, there may 
be a greater incentive to occupy areas where prey species are 
abundant (Gilles et al., 2009 ). A local area to forage in the 
winter within the GOM, may be particularly beneficial for fe- 
males, who spend most of the year lactating and pregnant in 

this region (Read and Hohn, 1995 ). Calves would also ben- 
efit, as they undergo major growth during their first year of 
ife to build the necessary blubber stores required to handle
nvironmental stressors (Stepien et al., 2023 ). 

Porpoises are not only known to vary their distribution and
ovements in response to dynamic biological and physical 

ariables (e.g. van Beest et al., 2018 ) but also in response to
ycles in abiotic factors that result in regular and recurrent
ariations in prey availability (e.g. Sveegaard, 2011 ). In the
OM (including MDR), different patterns in presence and 

oraging in relation to seasonal, diel, and lunar were observed
or each site, making biological interpretation of such patterns 
ifficult. The broad geographic distribution of recorders in 

omparison to SNE may explain this difference in variabil-
ty, or the complex geography and innately dynamic oceanog- 
aphy in the GOM could be driving this variability. A sea-
onal effect was seen at most locations, but this effect dif-
ered from one location to another. Porpoise presence peaked 

t the northern GOM sites (Lubec/Petit Manan) in the sum-
er (September and October), while sites located more in the

ower and central GOM (Matinicus, Monhegan, and York) 
isplayed an increase in detections in first in May and then
gain in November/December. These central sites may serve 
s more of a transit route between the northern GOM and
he mid-Atlantic and thus show a weaker pattern in seasonal-
ty than the northern sites. Porpoise occurrence and foraging 
aried on diel scales as well. At most sites, porpoises showed
 preference for both presence and foraging during the night.
owever, at Petit Manan, daylight hours were preferred. Lu- 

ar illumination followed a similar trajectory and influenced 

orpoise occurrence at all locations, but each site displayed a
ifferent pattern, with no trends discernible. For porpoise for- 
ging, however, Petit Manan had an increase of buzzes at new
oons, and Lubec had an increase of buzzes at both new and

ull moons. These sites are located closer to the Bay of Fundy,
hich has the strongest tides in the world (Desplanque and
ossman, 2001 ) and thus lunar illumination could be serv-

ng as a proxy for the tidal phase, which has been known to
nfluence porpoise distribution near these locations (Johnston 

t al., 2005 ) and elsewhere (Pierpoint, 2008 ; Benjamins et al.,
016 ). When considering all sites together in the GOM, such
ariability suggests optimization in distribution and foraging 
ehaviour by porpoises in relation to temporally and spatially
hanging environmental and biological conditions. 

At SNE, all sites displayed similar patterns in porpoise pres-
nce and foraging. A significantly higher percentage of PPMs 
nd BPMs were detected at night than during the day in all
ites. This pattern is widely observed in several porpoise pop-
lations around the world (e.g. Carlstrom, 2005 ; Todd et al.,
009 ; Williamson et al., 2017 ) and has been suggested to re-
ect higher prey availability at night (Scheidat et al., 2008 ).
owever, an increase in detections at night is not observed

verywhere and differences in habitat (i.e. bottom type and 

ssociated foraging strategies) may offer an explanation as to 

hy it is observed in many but not all habitats (Williamson et
l., 2017 ; Williamson et al., 2022 ). 

Alternatively, controlled studies suggest that increased 

cholocation at night could be in response to changing light
vailability rather than prey activity (Osiecka et al., 2020 ). In
he present study, lunar illumination also had a distinct effect
n porpoise distribution (but not foraging) at SNE. During 
imes of increased illumination, porpoise echolocation was de- 
reased; a phenomenon known as lunar phobia. Only a few
tudies have investigated the relationship between the moon 

nd porpoise activity (de Boer et al., 2014 ; Wingfield et al.,

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad150#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad150#supplementary-data
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017 b; Osiecka et al., 2020 ; Brennecke et al. , 2021 ; Stedt et al. ,
023 ) and none of them have observed the pattern identified
n this study. Decreased echolocation activity during increased
unar illumination has, however, been observed in other odon-
ocetes such as common dolphins (Simonis et al., 2017 ). As
here seems to be no effect of lunar illumination on the amount
f produced foraging buzzes in this study, this could be an-
ther instance where lunar illumination also improves the
bility of porpoises to use visual cues as a complement to
cholocation (e.g. navigation, communication) (Osiecka et al.,
020 ; Bakkeren et al., 2023 ). 
Echolocating less during periods of daylight or bright
oonlight could also aid as a strategy to reduce predation

isk similar to beaked whales and dusky dolphins, which re-
uce their foraging time to initiate anti-predator avoidance
ehaviours. (e.g. Baird et al., 2008 ; Srinivasan & Markowitz,
010 ; Barlow et al., 2020 ). Predator avoidance has been sug-
ested to be the cause for porpoises and other narrow-band
igh-frequency species to abandon low-frequency communi-
ation such as whistles and rely solely on the use of high-
requency echolocation (Galatius et al., 2019 ). It is possible
hat porpoises limit their echolocation during certain condi-
ions to avoid predation as well. Furthermore, bottlenose dol-
hins ( Tursiops truncatus ) are known to kill harbour por-
oises in California and the United Kingdom (Cotter et al.,
012 ., Jepson & Baker, 1998 ). In response, harbour porpoises
ave been found to change their distribution to avoid areas
nd times that bottlenose dolphins are present (Williamson
t al., 2022 ). The strong negative relationship to increased il-
umination may also reflect additional pressure to avoid bot-
lenose dolphins, but this interspecies dynamic has not been
nvestigated in our study area. 

While the percentage of deviance explained for some mod-
ls was relatively low, particularly for foraging (min = 3.8%),
here was sufficient statistical power to identify trends in pres-
nce and foraging patterns. Results from these models can
rovide marine resource managers with the information they
eed to select locations or temporal periods for installation
hat minimise harm to porpoises. It is not unusual for tem-
oral models of cetacean occurrence and behaviour to only
xplain a relatively small amount of the deviance (Holdman
t al., 2019 ; Palmer et al., 2022 ; Todd et al., 2022 ). It is almost
ertain that porpoise presence and foraging in this region are
nfluenced by oceanographic, and environmental drivers that
ere not considered in this study (e.g. tides). Temperature was

ound to be a highly significant driver of porpoise presence. In-
luding other dynamic habitat variables (e.g. salinity, chloro-
hyll, and upwelling fronts) and environmental pressures (e.g.
essel or bottlenose dolphin presence) in future modelling ef-
orts, could further unveil patterns of porpoise distribution
e.g. Gilles et al., 2011 ; Potlock et al., 2023 ). A full under-
tanding of the factors that characterise the variability of por-
oise distributions could help distinguish the effects of wind
nergy development from that variability. 

Finally, there may be some remaining uncertainty in the
uzz classification method used in this study. Harbour por-
oises produce NBHF clicks, with differences in click char-
cteristics and ICI relating to different behavioural contexts
Verfuß et al., 2009 ). High-repetition rate clicks (i.e. buzzes),
ave been identified in both foraging activity and social com-
unication in porpoises (Clausen et al., 2011 ; Sørensen et

l., 2018 ). In the present analysis, we are not able to dis-
inguish between feeding buzzes and social communication.
owever, Sørensen et al. (2018) estimated that about 74%
f all high-repetition rate click trains may be related to feed-
ng. We, therefore, assume the majority of such click trains
re a measure of foraging effort, and in this study, we refer
o them collectively as foraging buzzes. Futhermore, there are
rincipally two methods used for identifying buzz vocalisa-
ions using PODs: the click-train based method (e.g. Pirotta
t al., 2014 ; Bergès et al., 2019 ) and the click-based method
e.g. Carlstrom, 2005 ; Todd et al., 2009 ). The click-train based
ethod examines entire click-trains and identifies when search

licks (relatively stable ICIs around 50 ms) rapidly transition
o ICIs below 10 ms (Verfuß et al., 2009 ). In contrast, the click-
ased method simply applies a fixed ICI threshold (e.g. 10 ms)
Carlstrom, 2005 ; Todd et al., 2009 ; Verfuß et al., 2009 ). For
fficiency in our analysis, we followed the click-based method;
owever, this method may be considered as more arbitrary
han the click-train based method. 

Results from this study provide valuable insights into por-
oise occurrence and foraging and are intended to serve as a
aseline to support the management of offshore wind energy
evelopments. Construction and operation in WEAs in Euro-
ean waters have shown a wide range of effects on harbour
orpoise such as displacement from their habitat and changes
n behavioural responses (e.g. Tougaard et al., 2006 ; Brandt et
l., 2011 ; Teilmann and Carstensen, 2012 ). 

Identified as a focal species in regards to assessing the risks
f WEA development in the United States (Southall et al.,
021 ), these results highlight seasonal trends in occurrence
atterns across numerous WEAs covering most of their range.
urthermore, when porpoises were present at a site, foraging
as detected, demonstrating that porpoises forage wherever

hey are present. Thus, all sites within the SNE WEA and
he GOM are important areas for this species, and mitigation
easures during development should be considered. During

nstallation, a suite of mitigation measures, such as bubble
urtains, scaring devices, and ramp-ups are recommended to
revent temporary habitat loss and reduce the risk of hearing
oss for harbour porpoises. 

The GOM is in the early planning stages for the develop-
ent of floating offshore WEA, with lease sales scheduled to
egin in late 2024. Scheduling wind farm construction and as-
ociated activities in the GOM to take place during the win-
er months (when harbour porpoises’ detections are lowest)
ould avoid their breeding season and reduce the likelihood
f disturbance to porpoises (Gallagher et al., 2021 ). In addi-
ion, water temperatures in the GOM are experiencing faster
arming than any other ocean ecosystem (Pershing et al.,
015 ). Warming waters are expected to have marked impacts
n the distribution and life history of cetaceans (MacLeod,
009 , Chambault et al., 2022 , Wild et al., 2019 ), either directly
hrough thermoregulation requirements or indirectly through
mpacts on productivity and prey availability (Martin et al.,
023 ). Continued and expanded monitoring of porpoises and
heir behaviour in this region will be a critical component in
uture conservation efforts. 

In the SNE WEA, there is a seasonal prohibition on pile
riving activities from 1st January through 30th April when
orth Atlantic right whales are most likely to be present in

he project area (NMFS, 2022b ; Van Parijs et al., submitted ).
arbour porpoise presence is high during this period; how-

ver, this timeline does not capture the entirety of this species
resence. Therefore, additional monitoring and enhanced mit-
gation is needed from October to December and May through
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July in order to minimise impacts. Furthermore, limiting ac- 
tivities during reduced light or darkness when porpoises are 
present and foraging would also minimise the likelihood of 
disturbance. As offshore wind energy development expands 
across the GOM and other US regions, it will be important to 

build on this approach in order to monitor potential changes 
in distribution. 
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