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1.  INTRODUCTION 

Starting in the 2010s, commercial offshore wind 
farms have emerged as a viable renewable energy 
source; however, concerns regarding the unknown 
long-term ecological consequences of large-scale 
wind turbine construction and operation remain 
(Madsen et al. 2006, Bailey et al. 2010, Marques et al. 
2014). Of particular concern are the potential effects 
of wind energy development and operation on 
threatened and endangered species. In the terrestrial 
environment, fatal collisions between endangered 
migratory bird or bat species with wind turbines 

occur (Hayes 2013, Lehnert et al. 2014, Schuster et al. 
2015), prompting ongoing needs for informed mitiga-
tion measures along with systematic monitoring to 
document species fatalities (Korner-Nievergelt et al. 
2013, Huso et al. 2016) and distributions (Goyert et 
al. 2016). The marine environment is no exception 
(Petersen & Malm 2006, Punt et al. 2009, Ingram et al. 
2019). While fatal collisions with offshore wind tur-
bines are not of concern for marine organisms, habi-
tat modification and noise production from wind tur-
bine construction and operation are (Bailey et al. 
2010, Best & Halpin 2019), and without mitigation, 
the spatial zone of impact from construction-related 
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noise can be significantly larger than that of terres-
trial wind farms, especially given the propagation 
distances of low-frequency sounds in water (e.g. Bai-
ley et al. 2010, Amaral et al. 2020). 

As the spatial scales of commercial wind farms con-
tinue to increase both onshore and offshore, so too 
will the spatial and temporal overlap with endan-
gered wildlife. It is therefore crucial that empirical 
species occurrence data guide ecologically informed 
management and development decisions, to strike a 
balance between meeting social and economic ob -
jectives while reducing potential impacts to eco -
systems (Douvere 2008, Katsanevakis et al. 2011). 
Coastal and marine spatial planning and land-use 
management policies characteristically intend to do 
just that (Katsanevakis et al. 2011, Gazzola et al. 
2015, Bates 2017), by incorporating seasonal man-
agement areas, or restricting vehicle or vessel activ-
ity in protected habitats (e.g. NOAA 2008, USCG 
2009). However, data deficiencies over space and 
time can preclude management policies from suc-
cessfully mitigating anthropogenic effects on an eco-
system and its species (Ban et al. 2014), particularly 
for dynamic habitats or species that exhibit signifi-
cant spatial and temporal variability (Haupt et al. 
2017). Species distribution models are sometimes 
capable of predicting spatial overlap between target 
species and potential threats; however, robust mod-
els depend on long-term, systematic survey data 
(Carneiro et al. 2016). In many cases where offshore 
wind farms are being sited along the US coast, these 
systematic data have not been collected. Existing 
marine distribution estimates based on spatial distri-
bution models (e.g. Roberts et al. 2016), while useful 
in large-scale marine spatial planning efforts, often 
do not consider large data gaps or temporal variabil-
ity, nor represent fine-resolution occurrence on a 
spatial scale. Circumstances where species presence 
is sparely reported, particularly migratory species, 
can yield inaccurate distribution models that fail to 
account for seasonal and annual variabilities (John-
ston et al. 2020). Passive acoustic monitoring (PAM) 
has proven to be a data-rich and cost-effective 
method for continuously surveying for the presence 
of species across large spatial and temporal scales 
(Darras et al. 2019) and is increasingly used to inform 
management and planning decisions (e.g. NOAA 
2016). 

Scientists and regulatory agencies have learned 
much from studies on European wind energy devel-
opment projects (Carstensen et al. 2006, Edren et al. 
2010, Bergström et al. 2014); however, industry-scale 
offshore wind energy development is a recent en -

deavor in the USA compared to Europe. Therefore, 
little is known regarding the effects that construc-
tion (e.g. pile-driving, dredging, increased vessel 
traffic) and operation activities could have on unique 
ecosystems along the US Atlantic coast. Be tween 
2009 and 2019 the Bureau of Ocean Energy Manage-
ment (BOEM) approved 7 commercial offshore wind 
energy area (WEA) leases along the Atlantic Outer 
Continental Shelf (OCS) that are currently in vari-
ous stages of development. The Block Island Wind 
Farm (7 turbines) and the Virginia Offshore Wind 
Technology Advancement Project (2 turbines) are 
currently the only operating offshore wind turbines 
along the US Atlantic coast. The Massachusetts (MA) 
and the Rhode Island-Massachusetts (RI-MA) WEAs, 
located south of Martha’s Vineyard and Nantucket, 
comprise the largest contiguous area of offshore 
wind energy (approximately 3344 km2) along the 
OCS (e.g. BOEM 2013). As of this writing, wind 
farm construction has not yet begun in the MA and 
RI-MA WEAs. 

While the shallow waters and favorable wind 
speeds of the MA and RI-MA WEAs offer optimal 
conditions for renewable commercial wind energy 
sites, the shelf provides important habitats and con-
gregation areas to one of the most critically endan-
gered baleen whale species in the world, the North 
Atlantic right whale (NARW) Eubalaena glacialis 
(Pendleton et al. 2012, LaBrecque et al. 2015, Leiter 
et al. 2017, Stone et al. 2017, Hayes et al. 2021, Quin-
tana-Rizzo et al. 2021). Empirical data concerning 
the effects of active WEAs on right whales and their 
habitats do not currently exist, though implications of 
offshore wind energy effects on baleen whales have 
been hypothesized (Madsen et al. 2006). The primary 
concern of wind energy in the context of right whales 
focuses on acute and chronic effects of elevated 
underwater noise produced by the multi-phased pro-
cess of WEA development and construction (Madsen 
et al. 2006, Bergström et al. 2014), which can overlap 
with the hearing frequency range of NARWs and 
reduce their communication space (Parks & Tyack 
2005, Parks & Clark 2007, Parks et al. 2007b). Fewer 
than 400 NARWs are estimated to remain (Hayes et 
al. 2021). The species has been listed under the 
Endangered Species Act since 1973, is considered 
‘depleted’ under the Marine Mammal Protection Act 
(Hayes et al. 2021), and reclassified to ‘Critically 
Endangered’ status on the IUCN Red List of Threat-
ened Species in 2020 (Cooke 2020). Despite intensive 
management efforts, however, NARWs still face an 
uncertain future due to a combination of climate 
change and more acute anthropogenic threats 
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(Knowlton et al. 2012, Kraus et al. 2016, Record et al. 
2019, Meyer-Gutbrod et al. 2021). Beginning in 2017, 
NARWs underwent an ‘unusual mortality event’, 
where 34 whales died from human activities, while 
only 42 calves have been born since then (Davies 
& Brillant 2019; also see: www.fisheries.noaa.gov/
national/ marine-life-distress/ 2017-2022-north-atlantic-
right-whale-unusual-mortality-event). To facilitate 
the recovery of the population, several areas along 
the OCS were identified as important feeding, 
breeding, and calving grounds for NARWs, and were 
designated as critical habitats. These include the 
Great South Channel, which is adjacent to the Nan-
tucket Shoals area, and Cape Cod Bay. In addition, 
Massachusetts Bay, the Bay of Fundy, Jeffreys 
Ledge, and the Scotian Shelf have all been identi-
fied by NOAA as regions that are important to 
NARW health, fitness, fecundity, and survivorship 
(La Brecque et al. 2015). Recent studies in regions 
outside of the federally designated critical habitats 
and important regions have demonstrated the preva-
lence of NARWs across a broader extent of habitats 
along the eastern US coast (Morano et al. 2012, Whitt 
et al. 2013, Hodge et al. 2015, Salisbury et al. 2016, 
Davis et al. 2017, Muirhead et al. 2018). However, 
the Nantucket Shoals region represents an area for 
which there had been limited passive acoustic survey 

effort, and prior to combined survey (Northeast 
Large Pe lagic Survey Collaborative Aerial and 
Acoustic Surveys for Large Whales and Sea Turtles; 
Kraus et al. 2016), there has been a major data gap 
regarding seasonal occurrence of mysticetes in the 
Nantucket Shoals region. While Davis et al. (2017) 
describes broad NARW trends using some of these 
acoustic data, they did not examine right whale 
acoustic occurrence at the fine temporal or spatial 
scale that we report here, nor did it cover the tempo-
ral extent of this survey (2011−2015). 

Our research serves as a case study for collecting 
systematic baseline data on the acoustic presence of a 
protected species in a commercial development area 
to help inform management decisions (e.g. Morano et 
al. 2012). From these extensive passive acoustic sur-
vey data, we describe previously unknown spatiotem-
poral trends in NARW presence and ambient noise 
conditions for 4 consecutive years prior to the con-
struction and operation phases of WEA development. 

2.  MATERIALS AND METHODS 

The study area comprises the MA WEA and RI 
WEA (WEAs) located south of Nantucket and Mar -
tha’s Vineyard, and east of Long Island, NY (Fig. 1). 
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The seafloor depths range from 30−60 m. The MA 
WEA is located 23 km south of Martha’s Vineyard 
and 24 km southeast of Nantucket, encompassing 
approximately 3344 km2, making it one of the largest 
proposed WEAs in federal US waters (BOEM 2013). 
The MA WEA is approximately <3 km north of the 
Nantucket−Ambrose shipping fairway, which con-
nects ship traffic to the Port of New York and New 
Jersey. The RI-MA WEA is adjacent to the MA WEA, 
comprising 667 km2. The RI-MA WEA is approxi-
mately 20 km south of Newport, RI, 22 km east of 
Block Island, and <3 km from the inbound Buzzards 
Bay ship traffic lane (BOEM 2013). At the time of this 
writing, both areas are currently under assessment 
and early construction phases, with onshore con-
struction having begun in 2022. 

2.1.  Acoustic data collection 

Passive acoustic data were collected using a net-
work of Marine Autonomous Recording Units 
(MARUs) (Calupca et al. 2000), that were deployed 
between 10 November 2011 and 19 March 
2015, resulting in 6894 d of audio record-
ings (Table 1, Table S1 in the Supplement 
at www.int-res.com/articles/suppl/n049p115
_supp.pdf). MARUs were bottom-mounted 
and suspended 2 m  above the seafloor. Be -
tween 10 November 2011 and 3 October 
2012, 6 MARUs were deployed at 6 sites 
(‘MA sites’) within the MA WEA. In 2013, 
BOEM expanded the wind planning area to 
in clude waters off Rhode Island (BOEM 
2013), and MARUs were deployed in 3 
sites (‘RI sites’) within the RI-MA WEA be -
tween 16 February 2013 and 19 March 
2015. Gaps in acoustic data occurred when 
MARUs were not de ployed, were trawled 

(e.g. dragged by a fishing vessel trawl), or malfunc-
tioned (Fig. 2). 

MARUs recorded continuously at a sampling rate 
of 2 kHz for approximately 4 mo per deployment. 
Each unit was programmed with a gain setting of 
23.5 dB, had a hydrophone sensitivity of −168 dB re 
1 V μPa–1, and a flat frequency response (±3 dB SE) 
between 15 and 585 Hz. Each MARU had a 10 Hz 
high-pass filter to reduce electrical interference from 
the recording unit and an 800 Hz low-pass  filter to 
prevent aliasing (artificial spread of energy into 
lower frequencies), for an effective acoustic record-
ing bandwidth of 10−800 Hz with a roll-off of 22 dB 
per octave between 800 and 1000 Hz. Acoustic data 
from all MARUs were extracted and concatenated 
into multi-channel (6-channel [MA sites] or 9-chan-
nel [RI and MA sites]), time-synchronized sound files 
for analysis. While MARUs were time-synchronized 
at the beginning and end of each deployment, they 
were not synchronized during the deployment, and 
the temperature-related clock drift on each record-
ing unit (on the order of ms over several months) pro-
hibited localization of vocalizing whales. 
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Site ID           Latitude (°)      Longitude (°)         Depth (m)       Start date (yr-mo-d)           End date (yr-mo-d)        Total days 
 
MA-1                40.8612            −70.7315                   54                     2011-11-10                         2015-03-19                    828 
MA-2                40.9421            −70.3821                   44                     2011-11-10                         2015-03-19                    828 
MA-3                40.7436            −70.4607                   52                     2011-11-10                         2015-03-19                    995 
MA-4                40.7859            −70.3259                   47                     2011-11-10                         2015-03-19                    828 
MA-5                40.5993            −70.2617                   59                     2011-11-10                         2015-03-19                  1023   
MA-6                40.6125            −70.1553                   53                     2011-11-10                         2015-03-19                    666 
RI-1                   40.9955            −70.8642                   50                     2013-02-16                         2015-03-19                    674 
RI-2                   40.9978            −71.1683                   51                     2013-08-02                         2014-09-23                    357 
RI-3                   41.1421            −71.1038                   33                     2013-02-16                         2015-03-19                    695

Table 1. Marine Autonomous Recording Unit (MARU) sites (Site ID), recording location (latitude and longitude), bottom depth 
(MARUs were suspended 2 m from seafloor), first date of data collection (start date), last date of data collection (end date), and  

the total number of recorded 24 h days for each site (see Fig. 1). See Table S1 for more deployment details
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2.2.  Right whale acoustic presence 

2.2.1.  Acoustic analysis 

Contact calls, or ‘upcalls’, are the most common 
vocalization produced by NARWs (Clark 1982, 
Parks & Tyack 2005) and are commonly used in pas-
sive acoustic surveys to determine their presence 
(Clark et al. 2007, Mellinger et al. 2011, Morano et 
al. 2012, Mussoline et al. 2012). Upcalls are pro-
duced by males and females of all age classes and 
appear to be produced in social contexts (Parks et 
al. 2011). They are characterized as a frequency-
modulated up sweep with a typical duration be -
tween 0.3 and 1.5 s within a frequency band of 
approximately 71−224 Hz (Hatch et al. 2012), with a 
bandwidth of 100 ± 37 Hz (mean ± SD) (Parks et al. 
2007a). The acoustic presence of NARW upcalls 
(hereafter referred to as ‘presence’) was determined 
by supervised automated detection of upcalls using 
a feature vector transform, automated detection 
algorithm in MATLAB (Urazghildiiev & Clark 2007, 
Urazghildiiev et al. 2009). To eliminate false positive 
detections from the dataset, each detection was 
visually, and aurally as needed, inspected by an 
expert analyst using Raven 1.6 (KLY-CCB 2021). 
Spectrograms were viewed using a 512-point Hann 
window with 80% overlap (51 ms, 3.91 Hz), and a 
5 min page duration in the 10−450 Hz frequency 
band. 

The geometric configuration of this distributed 
network of acoustic recorders was such that a sin-
gle NARW upcall could be recorded on multiple 
recorders. To eliminate pseudoreplication from this 
situation, only the first temporal instance of a 
detected upcall (referred to as a ‘first-arrival’) was 
accepted. All vocalizations that were identified as 
NARW upcalls were then subject to a second veri-
fication process by a different analyst. We refer 
to a confirmed instance of a first-arrival NARW 
upcall by 2 analysts as an indication of NARW 
presence. 

During acoustic analysis, NARW upcalls have the 
potential to be confused with frequency-modulated 
upsweeps from humpback whales in the western 
North Atlantic (Mellinger et al. 2011, Simard et al. 
2019, Hayes et al. 2021), as they share several tempo-
ral and spectral characteristics. To distinguish NARW 
upcalls from humpback vocalizations, signals were 
scrutinized based on frequency bandwidth, signal 
duration, call repetition, longer-term acoustic con-
text, harmonic structure, and aural characteristics. 
We did not discard upcalls that temporally over-

lapped with humpback signals because doing so 
would have eliminated upcall presence during peak 
NARW seasons and biased our dataset to time peri-
ods without humpback whale acoustic presence. In 
such situations, the pattern of a signal’s temporal 
arrival across multiple sites was used to differentiate 
between different sound sources. Signals that we 
could not confidently classify as NARW upcalls were 
excluded from the dataset. 

2.2.2.  Detector performance 

To evaluate the proportion of upcalls that were 
correctly detected by the automated detector, a sub-
set of 49 nonconsecutive 24 h days were visually 
analyzed by analysts, where the first-arrival of each 
upcall was annotated. Those 49 d were selected 
based on a separate analysis with concurrent aerial 
surveys (Kraus et al. 2016) that occurred between 
26 November 2011 and 13 March 2015 and were 
distributed among all 4 seasons within the MA WEA. 
Each automated detection was compared against 
manually detected upcalls and scored as a true pos-
itive (TP) if an upcall was detected by the auto-
mated detector or a false negative (FN) if it was 
missed by the automated detector. We used the 
metric of recall (TP/TP + FN), to characterize the 
performance of the automated detector (e.g. Digby 
et al. 2013). A total of 2123 first-arrival upcalls were 
annotated during the 49 d sample. The automated 
detector had a recall of 0.83 (1753 upcalls) and 
missed 17% (370 upcalls) of the upcalls. False posi-
tive detections were not evaluated since all detec-
tions were validated by analysts and false positives 
were removed from the data set. 

To test if the ambient noise conditions influenced 
the performance evaluation of the detector (Uraz -
ghildiiev et al. 2009), we confirmed that the 49 d sub-
set was representative of the noise conditions of the 
study period. We measured the 5th, 50th, and 95th 
percentiles of hourly noise levels (see Section 2.3.) 
within the NARW upcall frequency band (71−224 Hz) 
and compared those noise values to overall noise val-
ues of the entire study period (Table 2, see ‘Overall’ 
and ‘Subset’ rows). The noise percentiles were 
within 1 dB (±0.13 SE); however, a difference of 1 dB 
is not meaningful in this context due to variability in 
MARU sensitivity. We concluded that the noise con-
ditions from the 2 datasets were, for all practical pur-
poses, the same, and that the recall metric from the 
detector performance evaluation is applicable to the 
full dataset. 
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2.2.3.  Temporal acoustic presence 

We examined daily presence data on a monthly 
scale, which allowed for time-efficient data collection 
that revealed broad seasonal trends in NARW pres-
ence, similar to Morano et al. (2012). Here, daily 
presence indicates that at least 1 MARU in the sensor 
network (referred here as an array) recorded at least 
1 upcall in a 24 h calendar day (referred to as 'array-
day'). We then determined the proportion of re -
corded days with presence per site for each month, 
referred to as monthly presence, presented as a per-
centage. 

To identify potential shifts in acoustic activity that 
might relate to changes in NARW abundance or call-
ing behavior throughout the study period, we exam-
ined the mean daily call rate of upcalls per month 
using the average number of upcalls for each day 
and site per month. We then separated the data into 
4 groups of 3 consecutive months based on months 
with relatively high and low acoustic presence to 
observe seasonal effects on mean daily call rates. 

To gain insight into the time of day when NARWs 
are most vocally active in the proposed WEAs, we 
summed the number of upcalls detected for each 
hour (0:00−23:00 h Eastern Standard Time [EST]) per 
day and site and computed the mean upcalls per 
hour from each day, hereafter referred to as hourly 
call rate. For each season, we examined the mean 
adjusted hourly calling rate to normalize for the vari-
ation in call rates for each hour, where the mean 
number of upcalls for a day was subtracted from the 
mean number of upcalls for each hour within that 
day. 

2.2.4.  Spatial acoustic presence 

Relative spatial distribution of calling NARWs was 
examined by summing the upcalls per site and divid-
ing that by the number of recording days for the cor-
responding site to account for various sampling 
efforts per site, referred to as site-presence. 

2.3.  Ambient noise analysis 

Ambient noise analyses have been increasingly 
used in marine ecosystem studies to evaluate the 
spatial and temporal extent of anthropogenic 
noise and how it may influence marine mammals 
(Parks et al. 2009, Simard et al. 2010, Rolland et 
al. 2012, Rice et al. 2014, Estabrook et al. 2016, 
Merchant et al. 2016). Since wind farm construc-
tion has not yet begun in the MA and RI-MA 
WEAs, a baseline analysis of the current ambient 
noise environment in the context of NARW pres-
ence will provide a broad perspective on the cur-
rent noise conditions that NARWs were exposed 
to prior to WEA development. 

2.3.1.  Acoustic signal processing 

Acoustic data were processed with SEDNA (Dugan 
et al. 2011) in MATLAB using a Hann window with 
zero overlap, and a fast Fourier transform (FFT) with 
a time and frequency resolution of 10 s and 1 Hz, 
respectively. We used the metric of equivalent con-
tinuous sound pressure level, or Leq (dB re 1 μPa), 
to represent the average flat frequency-weighted 
sound pressure level of a continuous time-varying 
signal (Morfey 2001), with an averaging time of 1 h 
(Leq-h). 

2.3.2.  Spectral trends 

To compare Leq at each frequency for each re -
cording site, we generated a power spectral density 
(PSD) plot of median Leq. The PSD plot captures 
variation of noise across the frequency spectrum 
(Wenz 1972) by representing power spectra levels 
(dB re 1 μPa2 Hz–1) as a function of frequency using 
linearly averaged 10 s acoustic data at a 1 Hz fre-
quency resolution (similar to Roth et al. 2012, Mer-
chant et al. 2016). Here, data from the entire record-
ing period for each site are represented using the 
median percentile spectra levels. 
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Site ID            5th          50th         95th      Total samples 
 
MA-1              93           101          110              19848 
MA-2              92           100          109              19848 
MA-3              94           103          113              23834 
MA-4              93           103          114              19848 
MA-5              94           105          119              24504 
MA-6              95           106          119              15960 
RI-1                 91             99          110              16176 
RI-2                 93           101          111                8568 
RI-3                 93           100          109              16680 
Overall            93           102          115            165266    
Subset             94           103          115                2664

Table 2. Summary of hourly noise levels (dB re 1 μPa) within 
the North Atlantic right whale frequency band (71−224 Hz) 
based on 5th, 50th, and 95th percentiles per site and for all 
sites (‘overall’) from 10 November 2011−19 March 2015, and 
for the subset of days used to evaluate detector performance  

(‘subset’)
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2.3.3.  Cumulative percent distribution 

To visualize the variation in cumulative Leq-h values 
across sites, we calculated the cumulative percent 
distribution of Leq-h at each site. Cumulative percent 
distribution represents the percentage of time that 
ambient noise levels were above and below a partic-
ular Leq-h value and allows for direct comparison of 
the statistical noise characteristics of each site within 
a specified frequency band. For this analysis, we se-
lected 1/3rd-octave bands between 71 and 224 Hz, 
which encompasses the frequencies of NARW upcalls 
and is presumed to be the frequency band in which 
their hearing is most sensitive (Parks et al. 2007b). 

2.4.  Detection range 

Detection range estimates allow us to evaluate the 
listening area of NARW upcalls around each site. 
The detection range is dependent on 
several parameters including the source 
level of the upcall, the ambient noise 
levels in the NARW upcall  frequency-
band, and other physical and oceano-
graphic factors in the study area that 
influence sound propagation. We esti-
mated detection range for low (5th per-
centile), median (50th percentile), and 
high (95th percentile) ambient noise 
conditions based on the Leq-h (see 
Table 2). Detection range was esti-
mated at each recording site using the 
following transmission loss (TL) model: 

TL = 20log10 (H) + 17log10 (R/H)    (1) 

where H  is the depth of the source to 
sea floor (considered the transition 
range from spherical to intermediate 
spherical/cylindrical spreading), and 
R is the range of source to receiver. We 
used a depth of 5 m, since most NARW 
upcalls are produced at depths <10 m 
(Parks et al. 2011). An intermediate 
17log10R spreading loss model was 
used in a custom Matlab package to 
estimate sound propagation. Follow-
ing the passive sonar equation (SL = 
TL + RL), the estimated detection 
range is the distance from the sensor 
(using the TL model) for which the 
received level (RL) of a signal with a 
source level (SL) equals the ambient 

noise level (NL). An in-band (71−224 Hz) SL of 
172 dB (± 6.6 SD) (Hatch et al. 2012) was used. 
Ambient noise measurements for the 71−224 Hz  
frequency-band were calculated using data from 7 
consecutive days within 4 representative months 
(January, April, July, October) to capture seasonal 
variation in Leq-h. Detection range was calculated for 
8 bearings from each site location using the 5th, 50th, 
and 95th percentile noise levels. We use the median 
estimated de tection ranges across each bearing and 
month to represent upcall detection range per site. 
During 5th percentile noise conditions, we estimated 
a median detection range of 22 km (14 inter-quartile 
ranges [IQR]) for an upcall with a SL of 172 dB. Dur-
ing the 50th percentile noise conditions, the estimated 
median detection range was approximately 9 km (5 
IQR) from the sensor for an upcall with SL of 172 dB, 
with a minimum and maximum range of 5 and 11 km, 
respectively (Table 3, Fig. 3). These estimates indicate 
that the majority of the detected NARW upcalls likely 
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Leq-h              Site      —————————  Source level  ————————— 
percentile               172 dB − 6.6 SD             172 dB             172 dB + 6.6 SD 
                                Range (km)  IQR    Range (km)  IQR    Range (km)  IQR 
 
5th                      MA-1           11             8              21           15              36            6 
5th                      MA-2           14             9              27           17              42           14 
5th                      MA-3           10             8              19           15              36            8 
5th                      MA-4            9           14             18           27              26           30 
5th                      MA-5           10             6              19           11              30           13 
5th                      MA-6            9             9              17           16              29           10 
5th                        RI-1            13           11             26            7              42            8 
5th                        RI-2            13             8              23           17              32           12 
5th                        RI-3            14             8              28           19              23           23 
50th                   MA-1            5             3              10            6              19           11 
50th                   MA-2            6             3              11            7              22           14 
50th                   MA-3            4             2               8            4              15            8 
50th                   MA-4            3             3               6            6              13           12 
50th                   MA-5            3             1               6            3              12            5 
50th                   MA-6            3             2               5            4              10            8 
50th                     RI-1             6             5              11           10              22           12 
50th                     RI-2             5             4               9            7              18           13 
50th                     RI-3             6             2              11            4              21            8 
95th                   MA-1            2             0               3            1               6            2 
95th                   MA-2            2             0               4            2               8            4 
95th                   MA-3            2             0               2            0               4            0 
95th                   MA-4            2             0               2            0               4            0 
95th                   MA-5            2             0               2            0               2            0 
95th                   MA-6            2             0               2            0               2            0 
95th                     RI-1             2             1               4            3               8            7 
95th                     RI-2             2             0               3            2               5            4 
95th                     RI-3             2             0               3            2               6            3

Table 3. Median estimated detection ranges (km) and inter-quartile ranges 
(IQR) for North Atlantic right whale upcalls with an assumed source level of 
172 dB re 1 μPa (±6.6 SD) for each recording site in the study area under 5th, 
50th, and 95th percentile noise conditions (sound level equivalent with an  

averaging time of 1 h, Leq-h)
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oc curred inside the WEAs during typical noise condi-
tions. Hereafter, we consider the collective area of 
the 50th percentile detection ranges around each site 
the study area (Fig. 3). 

3.  RESULTS 

3.1.  Right whale acoustic presence 

3.1.1.  Temporal acoustic presence 

Between 10 November 2011 and 19 March 2015, 
acoustic data were collected on 1023 24 h array-days 
(total days during which at least one MARU in the 
array recorded) and 6894 site-days (cumulative record-
ing days for all sites) (Table 1). Right whale upcalls 
were detected on 45% (n = 458) of the recorded array-
days and during 34 of the 37 surveyed months. Of 
those months, 16 had >50% d with presence (Fig. 4). 
De cember through April had higher presence, while 
June through September had lower presence. Monthly 
presence between 2011 and 2015 shows higher vari-

ability in NARW presence between December and 
April (Fig. 5). 

To describe seasonal trends in NARW presence, we 
looked at detections during winter (January−March), 
spring (April−June), summer (July−September), and 
autumn (October−December). Winter had the high-
est presence (75% array-days, n = 193), and summer 
had the lowest presence (10% array-days, n = 27). 
Spring and autumn were similar, where 45% (n = 
117) and 51% (n = 121) of the array-days had detec-
tions, respectively. Monthly presence was significantly 
different between seasons (Kruskal-Wallis, χ2 = 18.95, 
df = 3, p < 0.0003), where a post-hoc pairwise Wil -
coxon test showed that all seasons, except spring and 
autumn, were significantly (Wilcoxon, p < 0.05) dif-
ferent from each other (Table S2). 

A total of 40570 NARW upcalls were detected. The 
mean daily call rate for site-days with presence was 
highest in January, February, and March, accounting 
for 72% of all detected upcalls (Table 4, Fig. 6), while 
the remaining months had ≤5 mean daily call rates. 
Mean daily call rates were significantly different 
between seasons (Kruskal-Wallis, χ2= 282.25, df = 3, 
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p < 0.001), where a nonparametric post-hoc pairwise 
Wilcoxon test showed significant difference among 
all seasons (Wilcoxon, p < 0.0001), with a marginally 
significant difference between spring and autumn 
(Table S3). There was a positive relationship be -
tween monthly presence and mean daily call rate 
(polynomial regression with second order fit, R2 = 
0.77, F2,34 = 55.9, p < 0.001), illustrating that the 2 
metrics reflect similar broad temporal trends. How-
ever, fine-scale trends in right whale presence are 
lost in daily resolution presence data. 

The coefficient of variation for 
monthly presence between years 
showed higher inter-annual variabil-
ity in upcall presence during June 
(n = 3, CV = 117) July (n = 3, CV = 
173), and lower in August (n = 3, 
CV = 2). In 2013, NARWs were 
detected on 16 array-days (1023 up -
calls) in June and 14 array-days 
(877 upcalls) in July, while those 2 
mo had little to no presence in 2012 
and 2014. Overall, winter 2015 had 
the most upcall detections compared 
to other years. In 2015, January, 
Feb ruary and March comprised 38% 
(15 591 upcalls) of all upcall detec-
tions, yet the average monthly pres-
ence among those months was 58% 
of array-days. For comparison, the 
average monthly presence of Janu-
ary, February, and March for 2012, 
2013, and 2014 were 77, 98, and 

72% array-days with presence, re spectively, and 
account for 34% (13 781 upcalls) of all upcalls. 
This indicates an increase in upcalls in 2015 while 
there were fewer array-days with presence. 

Right whales exhibited diel calling patterns (Fig. 7), 
where most upcalls occurred during h 18:00 h EST 
(3518 upcalls, 9% of total), 17:00 h (2843 upcalls, 7% 
of all upcalls) and 19:00 h (2705 upcalls, 7% of all up-
calls). Calling rates were lowest at 07:00, 12:00, 08:00, 
and 09:00 h, each of which accounted for ap -
proximately 3% of the total upcalls. Seasonal variation 
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Month       Array-days     Monthly         Total        Upcalls       Upcalls per   
                   presence       presence        upcalls          (%)            array-day 
                                                                                                     (mean ± SE) 
 
Jan                   69                0.74              6868             17           10.21 ± 2.30 
Feb                   58                0.71            10574             26           17.17 ± 3.54 
Mar                  66                0.81            11930             29           20.26 ± 2.69 
Apr                   48                0.64              2253               6             3.93 ± 0.89 
May                  48                0.52              1585               4             2.31 ± 0.69 
Jun                   21                0.23              1028               3             1.43 ± 0.67 
Jul                    14                0.15                877               2             1.19 ± 0.48 
Aug                    3                0.03                    8               0             0.01 ± 0.01 
Sep                   10                0.12                  58               0             0.10 ± 0.04 
Oct                   18                0.28                372               1             0.78 ± 0.28 
Nov                  38                0.47              2226               5             3.78 ± 1.06 
Dec                   65                0.70              2791               7             4.71 ± 0.91 

All months     458                 0.45            40570   

Table 4. Summary of array-days with North Atlantic right whale detections, 
monthly presence (sum array-days with presence divided by sum array-days 
sampled), total upcalls detected per month, percentage of all upcalls detected 
per each month, the mean number of upcall detections for array-days with  

presence and SE
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Fig. 6. Bar plot of the mean (±1 SE) daily call rate d−1 site−1 of detected North Atlantic right whale upcalls on all sites for each  
month from 10 November 2011−19 March 2015
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was evident, where the hour with the most acoustic 
presence differed slightly between seasons (Fig. 7). 

3.1.2.  Spatial acoustic presence 

Upcalls were detected on 41% (n = 423) of the 1023 
d in the MA WEA and on 24% (n = 165) of the 695 d 
recorded in the RI-MA WEA (Table 5, Fig. 8). Most 
detections occurred at site MA-2 and fewest at site 
RI-2 (Table 5). Upcall detections varied spatially be -
tween seasons (Table 6, Fig. 8); for example, during 
spring and winter, most upcalls were detected at site 
MA-2, accounting for 32 and 29% of the upcalls 
within each season, respectively, and in the summer 

presence shifted towards site MA-6 (30% of all sum-
mer upcalls). During autumn months, peak presence 
was split between sites MA-2 (30%) and MA-6 
(28%). 

3.2.  Ambient noise analysis 

Site RI-1, RI-3, and MA-2 recorded the lowest me-
dian Leq-h (Table 2), and sites MA-5 and MA-6 
recorded the highest Leq-h. The Leq-h in the NARW up-
call frequency band (71−224 Hz) were higher in Feb-
ruary and March (median = 104 dB), and the lower in 
June through October (median = 100 dB), with Sep-
tember recording the lowest noise levels (99 dB). 

3.2.1.  Spectral trends 

The PSD represents the 50th per-
centile noise levels (dB re 1 μPa) at 
each site throughout the survey period 
(Fig. 9). Sound pressure levels above 
200 Hz were <5 dB between recording 
sites and had greater variation below 
100 Hz. Sites MA-5 and MA-6, which 
were positioned <3 km from a high-
use shipping lane (the Nantucket-
Ambrose Traffic Separation Scheme 
[TSS]), recorded the highest median 
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Site            Sum      Total up-    Total   Total record     Site-day        Upcalls d−1  
                upcalls     calls (%)     days          days        presence (%)   (mean ± SD) 
 
MA-1        4010            10          137           828                 17            4.84 ± 22.84 
MA-2      11869            29          254           828                 31          14.34 ± 51.09    
MA-3        2879              7          136           995                 14            2.89 ± 17.93 
MA-4        4858            12          161           828                 19            5.87 ± 30.40 
MA-5        2449              6          166         1023                 16            2.39 ± 12.88 
MA-6        6070            15          143           666                 21            9.11 ± 40.12 
RI-1           4336            11          110           674                 16            6.43 ± 37.75 
RI-2             654              2            26           357                   7            1.83 ± 11.84 
RI-3           3445              8          111           695                 16            4.96 ± 22.16

Table 5. Summary of the number of North Atlantic right whale (NARW) upcall  
detections and days with NARW presence per site
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Site           ———— Spring ————      ———— Summer ————    ———— Autumn ————    ———— Winter ———— 
                Sampled    Total     Mean        Sampled    Total     Mean      Sampled    Total      Mean     Sampled   Total     Mean  
                                site-         upcalls    upcalls          site-          upcalls     upcalls               site-          upcalls     upcalls             site-         upcalls     upcalls 

                               days                                    d−1                     days                                      d−1                   days                                      d−1                 days                                    d−1  

 
MA-1           258         635        2.46             210           31         0.15            147          215        1.46           213        3129      14.69 
MA-2           258       1477        5.72             210           73         0.35            147        1200         8.16           213        9119      42.81   
MA-3           258         255        0.99             270           84         0.31            239          785        3.28           228        1755       7.70 
MA-4           258         552        2.14             210         140          0.67            147          110        0.75           213        4056      19.04 
MA-5           258         565        2.19             270         248          0.92            239          911        3.81           256          725        2.83 
MA-6           181         602        3.33             125         341          2.73            147        1194         8.12           213        3933      18.46 
RI-1              168         500        2.98             162             6         0.04            184          439        2.39           160        3391      21.19 
RI-2                77         185        2.40             145             0         0.00              92          156        1.70             43          313        7.28 
RI-3              168           95        0.57             178           20         0.11            184          379        2.06           165        2951      17.88 
All sites       1884       4866       2.58            1780         943        0.53           1526        5389       3.53          1704      29372     17.24 

Table 6. North Atlantic right whale upcall detections per site by season. Sampled site-days: number of days that were 
recorded for each site and season; total upcalls: sum of upcalls; mean upcalls d−1: mean number of upcalls recorded during  

each sampled day
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noise levels below 100 Hz and exceeded 90 dB 
around 50 Hz. Sites RI-1 and RI-3 recorded the low-
est median noise levels (<83 dB) below 100 Hz. The 
increase in noise levels around 20 Hz at each site is 
most likely from fin whale Balaenoptera physalus 
songs that were commonly recorded throughout the 
study (Kraus et al. 2016). 

3.2.2.  Cumulative percent distribution 

Between November 2011 and March 2015, Leq −h at 
each site varied between 96 and 103 dB during 50% 
of the time (Fig. 10). Sites RI-1 and RI-3 recorded the 

lowest overall Leq-h, where Leq-h was ≤95 dB 40% of 
the time and Leq-h > 104 dB occurred 10% of the time. 
In contrast, sites MA-5 and MA-6 consistently 
recorded the highest Leq-h, with levels <103 dB 50% 
of the time and >115 dB 10% of the time. 

4.  DISCUSSION 

These baseline data demonstrate that NARWs 
occur within and near the MA WEA and RI-MA WEA 
throughout the year, which was unobserved with 
visual survey data, prior to this study. These results 
underscore the existing spatial and temporal data 
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gaps of the Critically Endangered NARW, which is 
important for marine spatial planning (MSP) deci-
sions to consider in the context of monitoring and 
mitigation efforts for wind energy development and 
construction. We observed presence during months 
of the year when aerial and opportunistic methods 
have not (Kenney & Vigness-Raposa 2010, Leiter et 
al. 2017), which reiterates that passive acoustic mon-
itoring can fill in large-scale data gaps to inform 
management decisions. 

While upcall occurrence exhibited strong seasonal 
patterns, NARWs were acoustically detected in the 
WEAs during all months of the year. January through 
March had the highest acoustic presence, which 
is consistent with opportunistic observations in this 
region (Kenney & Vigness-Raposa 2010). The lowest 
acoustic presence occurred from July through Sep-
tember and increased in October, a time when 
NARWs had not been commonly observed in this 
area, possibly due to poor visibility or low observer 
 effort during that time. Moreover, the concurrent 
Northeast Large Pelagic Survey Collaborative (NLPSC) 
aerial surveys did not observe NARWs in the WEAs 
from May through November (Leiter et al. 2017) be-
tween 2011 and 2015, whereas PAM identified 
NARW presence in all 12 calendar months. This sug-
gests that, while present in the area, NARWs are not 
as active at the surface during summer and autumn 
months, presenting a higher potential for false-ab-
sence data in aerial surveys than PAM surveys. For 
example, NARWs were acoustically present on 68% 
of the array-days in May 2012 and on 53 and 47% of 
the array-days June and July 2013, respectively; how-
ever the concurrent aerial surveys did not observe 
NARWs during those months. Both aerial and acoustic 
surveys identified December through April as periods 
of high NARW presence; however, the acoustic data 
show that November had similar monthly presence as 
December and April (Fig. 6), indicating earlier sea-
sonal presence in the WEAs than the aerial data re-
ported. It is important to note that, while NARW 
upcall detection verifies NARW presence, non-detec-
tion does not confirm absence from the study area 
during that time. Instead, non-detection could have 
occurred because (1) a whale was present but did not 
vocalize, or (2) a whale was present and vocalized, 
but the sound was not de tected due to low amplitude, 
high transmission loss, masking, etc. 

While the monthly presence (Fig. 4) represents 
coarse seasonal trends in NARW presence, the mean 
daily call rates (Fig. 6) reveal potential shifts in either 
calling behavior (i.e. whales calling more often), the 
number of NARWs (i.e. more whales calling), or both. 

For example, in February 2015, the monthly pres-
ence (54%) had less presence than February of the 
previous 3 yr (monthly presence > 67%); however, 
the mean daily call rate in February 2015 (mean daily 
call rate = 27.98, n = 6268) greatly exceeded the 
mean daily call rate in February of 2012 (7.05) and 
2014 (10.38). This suggests NARWs were either more 
vocally active during those fewer days in February 
2015 than during February of previous years, which 
recorded higher monthly presence, or that more 
whales were producing upcalls during those days in 
February 2015. Similarly, the surge in the number of 
upcalls from January to February 2015 suggests that 
there may have been an increase in the number of 
calling NARWs during that period, or that the whales 
altered their calling behavior from previous months, 
which would have not been evident with daily 
acoustic presence-only data. These results show the 
advantage of higher resolution analyses for monitor-
ing small shifts in acoustic activity, which may repre-
sent behavioral shifts. 

Interannual variation occurred in both the monthly 
presence and the mean daily call rate be tween 2011 
and 2015. For example, upcalls were de tected on 
approximately 50% of the recording days in June 
and July 2013 but not at all during June 2012, July 
2012, or July 2014. Unexpected shifts in NARW spatial 
and temporal presence have been ob served in recent 
years (Pace et al. 2017). The driving factors behind 
the shifts in their spatial presence are not yet clear; 
however, some hypotheses suggest that changes in 
water temperature and/or prey availability may influ-
ence baleen whale occurrence (Stafford et al. 2005, 
Munger et al. 2009, Pendleton et al. 2009, Perez-
Jorge et al. 2020). The interannual variability in 
NARW acoustic presence ob served in these WEAs 
highlights the importance of long-term acoustic mon-
itoring before, during, and after turbine construction 
and operation phases to study potential effects on 
NARW presence in the WEAs and inform data-
 driven management decisions. Based on these data, 
a single survey year would have failed to capture the 
dynamic nature of NARW temporal trends. 

The number of detected NARW upcalls exhibited 
significant diel trends in the Nantucket Shelf region 
that were previously unobserved. Right whale up -
calls occurred during all hours of the day; however 
most occurred during evening hours between 16:00 
and 21:00 h EST (Fig. 7), presenting a time of day 
when NARW presence or vocal activity was highest. 
This pattern was most evident during autumn and 
winter months, indicating that they may be utilizing 
the area differently between seasons. These results 
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are similar to diel trends of upcall occurrence found 
in Massachusetts Bay (Morano et al. 2012), Jeffreys 
Ledge (Mussoline et al. 2012) and the Gulf of Maine 
(Bort et al. 2015). Right whale upcalls are known to 
function as contact calls (Clark & Clark 1980), sug-
gesting that the hours around 18:00 h may be an 
important social time period for NARWs during 
months of peak presence (Mussoline et al. 2012) and 
may warrant more attention during construction 
phases. Diel trends in NARW social or feeding be -
havior could be factored into management plans as 
time periods in which construction activities tem-
porarily cease in order to mitigate potential effects on 
NARW behavior. 

Given the proximity to surrounding protected 
areas of Stellwagen Bank National Marine Sanctu-
ary, Jeffreys Ledge, Cape Cod Bay and the Great 
South Channel (where NARWs feed and breed), and 
observations of feeding and social behavior in the 
MA and RI-MA study area (Kenney & Vigness-
Raposa 2010, Leiter et al. 2017), the MA and RI-MA 
study areas may serve as a feeding or congregating 
areas. Dense patches of late-stage Calanus finmar -
chicus, the primary food source of NARWs, have 
been recorded in the MA and RI-MA WEAs during 
spring months (Kane 2005). Leiter et al. (2017) 
observed NARW feeding behavior in 33% of the aer-
ial sightings during March and April, primarily in the 
northwestern region of the MA WEA and throughout 
the RI-MA WEA. 

Our modeled detection range estimates suggest 
that most upcalls originated from within the WEAs 
(Fig. 3), meaning NARWs were present in the survey 
area throughout most of the year. Under low noise 
conditions (5th percentile) NARW upcalls (SL = 
172 dB re 1 μPa @ 1 m) are estimated to be detected 
up to 28 km from site RI-3; however, the estimated 
range decreased by more than half (11 km) under the 
median noise conditions, highlighting the effect of 
noise on upcall detection range. Sites MA-4, MA-5 
and MA-6, located closer to the Nantucket–Ambrose 
TSS, re corded the highest median noise levels, re -
sulting in the smallest detection ranges. Sites MA-2, 
RI-1, and RI-3, sites further from the Nantucket−
Ambrose TSS (>30 m) recorded the lowest median 
noise levels and had the largest estimated NARW 
upcall detection ranges. At the time of this study, the 
Nantucket−Ambrose TSS and surrounding Nan-
tucket region primarily serviced tanker ships, cargo 
ships, whale watch vessels, which were likely strong 
contributors to the ambient noise of this area in the 
71−224 Hz frequency band. These estimated detec-
tion ranges of right whale upcalls were dependent on 

noise, modeled propagation, and environmental con-
ditions within the study area during the study’s time 
span. Although these ranges are similar to those from 
other studies, they are relative detection ranges and 
thus likely to differ from detection ranges from other 
regions or time periods. 

Ambient noise levels between 71 and 244 Hz (the 
NARW upcall frequency band) in the WEAs were rel-
atively low compared to other regions along the 
Atlantic Coast with heavy shipping traffic (Rice et al. 
2014). Noise measurements of operational offshore 
wind farms have demonstrated that turbines gener-
ate continuous, low-frequency noise (Nedwell et 
al. 2007, Martin & Barclay 2019). Cheesman (2016) 
recorded offshore wind turbine noise that frequently 
exceeded background ambient noise in waters with 
low commercial shipping activity. Miller et al. (2012) 
evaluated the potential impact of 8 operating wind 
turbines in waters southeast of Block Island, RI 
(approximately 10 nm west of the RI-MA WEA) prior 
to operation and concluded that the noise generated 
by operational wind turbines in Block Island would 
be less than the noise produced by intense shipping 
in the overlapping frequencies. At the time of our 
study, the NARW band in the MA and RI-MA WEAs 
notably contained noise from commercial ships; 
therefore, it is probable that the noise from operating 
turbines will not exceed the median noise levels 
within NARW frequency band (102 dB re 1 μPa) at 
distances greater than 1 km from a turbine. Noise 
levels within the NARW upcall frequency band will 
likely increase in the WEAs during offshore wind 
construction, since turbine construction activities 
(e.g. dredging, drilling, pile-driving, increased ship 
traffic) tend to exceed noise levels of shipping 
(Richardson et al. 1995, Bailey et al. 2010). 

Management decisions are increasingly informed 
by species distribution models, which are often used to 
extrapolate species spatial presence in terrestrial, mar-
ine, and freshwater environments (Elith &  Leathwick 
2009). Such models can predict changes in species 
spatiotemporal occurrence in relation to environmental 
conditions; however, the reliability of pre dictions is 
weakened by incomplete datasets, uncertainty, or 
high variability. Prior to this acoustic survey and the 
NLPSC aerial surveys (Leiter et al. 2017), there were 
data gaps regarding NARW spatiotemporal presence 
in the MA and RI-MA WEA region. While NARWs 
have been visually observed (Kenney & Vigness-Ra-
posa 2010) within and near the MA and RI-MA WEA 
regions for decades, most sightings have been oppor-
tunistic rather than systematic, and peer-reviewed 
studies in this region are rare. Subsequently, North At-
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lantic NARW distribution in the MA-RI WEAs appear 
underrepresented by distribution models that use non-
systematic sighting-only data (Roberts et al. 2016). 
Many distribution models are spatially and temporally 
biased (i.e. only sample areas where the target species 
is known to occur, sample areas that are easily accessi-
ble, or only use opportunistic data), which conse-
quently ex cludes valuable data from the model and 
may lead to inaccurate distribution models, unless cor-
rected (Phillips et al. 2009). 

The MA and RI-MA WEAs are some of the largest 
WEAs in US waters and will likely be among the first 
industry-scale offshore wind energy sites in opera-
tion. Our study on baseline patterns of NARW pres-
ence and ambient noise conditions in this region was 
intended to enable scientists and policy makers to 
use these data to develop adaptive management ap -
proaches that reduce space-use conflicts between 
offshore wind farm construction and operation phases 
and marine protected species, such as NARWs. In 
this context the critical findings from our survey were 
(1) NARWs were detected at all sites, with higher 
presence at sites south of Nantucket in MA WEA, (2) 
NARWs were in the WEAs during all months of the 
year, with peak presence between November and 
April, (3) there was inter-annual variability in NARW 
acoustic presence in the WEAs, (4) NARWs were more 
acoustically active during evening hours, (5) ambient 
noise in the WEAs affects the detection ranges of 
NARW upcalls, and (6) acoustic data document NARW 
presence when visual surveys do not. These baseline 
passive acoustic data, coupled with empirical con-
struction and post-construction survey data are es -
sential towards filling in data gaps that would help to 
assess potential risks of offshore WEA activities to 
NARWs. Here, we show that PAM effectively re -
duces occurrence data gaps for endangered, elusive 
species and reveals long-term spatiotemporal trends 
in presence that enable sustainable offshore wind 
development and protected species management. 
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