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ABSTRACT: Offshore wind energy development is growing quickly around the world. In southern New England, USA, one of the largest commercial offshore wind energy farms in the USA will
be established in the waters off Massachusetts and Rhode Island, an area used by the Critically
Endangered North Atlantic right whale Eubalaena glacialis. Prior to 2011, little was known about
the use of this area by right whales. We examined aerial survey data collected between 2011−2015
and 2017−2019 to quantify right whale distribution, residency, demography, and movements in
the region. Right whale occurrence increased during the study period. Since 2017, whales have
been sighted in the area nearly every month, with peak sighting rates between late winter and
spring. Model outputs suggest that 23% of the species’ population is present from December
through May, and the mean residence time has tripled to an average of 13 d during these months.
Age and sex ratios of the individuals present in the area are similar to those of the species as a
whole, with adult males the most common demographic group. Movement models showed that
southern New England is an important destination for right whales, including conceptive and reproductive females, and qualitative observations included animals feeding and socializing. Implementing mitigation procedures in coordination with these findings will be crucial in lessening the
potential impacts on right whales from construction noise, increased vessel traffic, and habitat disruption in this region.
KEY WORDS: Migratory species · Alternative energy · Aerial surveys

1. INTRODUCTION
The management and conservation of migratory
species is challenging, particularly in dynamic marine environments. Many factors influence a species’
presence, so it is difficult to predict how and when a
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species may utilize an area and whether conservation actions are necessary. Anthropogenic stressors
can also affect a species’ presence or residency and
impact the quality of suitable habitats throughout the
migratory route needed for the species’ breeding,
food, and shelter (Runge et al. 2014). Thus, the effec© The authors 2021. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
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tive conservation of migratory species requires an
understanding of how, when, and which individuals
use different migratory pathways and habitats as well
as the potential stressors throughout their range.
The North Atlantic right whale Eubalaena glacialis
(hereafter referred to as the right whale) is a Critically Endangered migratory species (Cooke 2020). It
is also one of the most endangered cetaceans worldwide, with an estimated abundance of 356 individuals (Pettis et al. 2021). The population has been declining since 2010 (Pace et al. 2017, Pettis et al. 2020)
due to mortality from entanglements in fixed fishing
gear and vessel strikes (Corkeron et al. 2018, Sharp
et al. 2019, Pace et al. 2021) and a 40% decrease in
calving (Kraus et al. 2016a), including no births in
2018 (Pettis et al. 2020). This decrease in reproduction may be attributable to chronic stress from
anthropogenic injury (van der Hoop et al. 2017) and
climate-driven changes in food resources (MeyerGutbrod et al. 2018, Record et al. 2019).
Whaling records indicate that right whales once inhabited both sides of the North Atlantic (IWC Int 2001),
but today the remaining population is seen almost exclusively along the east coast of the USA and Canada,
from Florida to the Gulf of St. Lawrence, with infrequent sightings in the Gulf of Mexico and the eastern
North Atlantic (Kraus & Rolland 2007, Firestone et al.
2008, Ward-Geiger et al. 2011). Since 2010, their presence has declined in and around once key habitats in
the Gulf of Maine and Bay of Fundy (Davies et al.
2015, 2017), while sightings have increased in other
areas including Cape Cod Bay, Massachusetts Bay,
the Mid-Atlantic Bight, and the Gulf of St. Lawrence
(Whitt et al. 2013, Davis et al. 2017, Mayo et al. 2018,
Davies et al. 2019, Ganley et al. 2019, Charif et al.
2020). These shifts in distribution have been correlated with changes in oceanographic conditions and
food supply (Record et al. 2019) and have resulted in
increased exposure to anthropogenic impacts as the
whales move into areas with little or no protective
measures (Davies & Brillant 2019). The shifts have
prompted the need for increased monitoring efforts to
track right whale distribution, especially in areas
where anthropogenic pressures are expanding.
Right whale movements across habitats have conservation implications (Brillant et al. 2015) nationally
and internationally, as their travel and residency patterns expose them to various anthropogenic activities. Regulations to protect right whales have been
implemented in the USA and Canada. Both countries
have established critical habitats, which are areas
considered to contain physical and biological features essential to the species’ conservation (USA:

NMFS 2016) or ‘the habitat necessary for the survival
or recovery of a listed wildlife species and that is
identified as the species’ critical habitat in the recovery strategy or in an action plan for the species’ (Canada: Brown et al. 2009, Fisheries and Oceans Canada
2014). Within the USA, the Gulf of Maine−Georges
Bank critical habitat is considered an important feeding habitat, and the southeastern coast is a critical
habitat for calving (NMFS 2016). In Canada, the Bay
of Fundy and Roseway Basin are critical feeding
habitats (Fisheries and Oceans Canada 2014). These
areas were considered to be of primary importance to
the whales, but feeding and calving have also been
observed outside the established critical habitats
(Patrician et al. 2009, Foley et al. 2011). Thus, predicting the species’ spatiotemporal distribution is
vital in the management of human activities where
whales and threats co-occur.
Right whales were first systematically recorded in
southern New England (SNE) waters between 2011
and 2015 (Kraus et al. 2016b, Leiter et al. 2017, Stone
et al. 2017). Little was known about the use of this
area by right whales prior to this monitoring effort,
although a large influx of 102 right whales was documented on 20 April 2010 by Northeast Fisheries Science Center (NEFSC) surveys (Khan et al. 2011), and
models suggested the SNE region was suitable right
whale habitat (Pendleton et al. 2012). SNE is near
other right whale habitats, including the Great South
Channel, Cape Cod Bay, and the mid-Atlantic migratory corridor (Schick et al. 2009, Whitt et al. 2013) connecting the northeastern feeding grounds with the
calving grounds in the southeastern USA. The 2011−
2015 monthly visual and acoustic monitoring effort
found consistent use of the area by a significant portion of the right whale population, a strong correlation between season and presence, and a peak abundance in the spring (Kraus et al. 2016b, Leiter et al.
2017). Over one-third of the right whale population
and 30% of the presumed living calving females
known at the time were documented during these
surveys (Leiter et al. 2017).
The regular presence of right whales in SNE deserves more attention. Since SNE will become one of
the largest commercial offshore wind energy leases
along the US east coast, the consequences of the construction and operation are relevant to the conservation of the species. The effects of offshore wind development on right whales are unknown (Madsen et al.
2006), but this enormous development could have a
local impact on right whales at a critical time when
they are becoming more reliant on the region (Leiter et
al. 2017). The construction and maintenance of hun-
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dreds of wind turbines could cause habitat changes
(Wilhelmsson et al. 2006) and influence oceanographic
conditions and water column stratification (Broström
2008, Paskyabi & Fer 2012, Paskyabi 2015, Segtnan &
Christakos 2015). Both construction and maintenance
activities may also expose right whales to higher
levels of vessel traffic as well as increased noise. Increased vessel traffic will result in a greater risk of
vessel strikes with right whales. In addition, low-frequency noise from large ships (20−200 Hz) overlaps
acoustic signals used by right whales (Hatch et al.
2012). Collectively, these perturbations could affect
the use of this region by right whales as well as influence their migratory movements throughout the midAtlantic region (Schick et al. 2009).
Here, we present an extended assessment of the
distribution, demography, residency, and movements
of right whales observed in the SNE region over 2
survey periods (2011−2015 and 2017−2019). We discuss the management implications of this study and
include recommendations for future conservation
management plans for this and other offshore wind
energy development areas.

253

2. MATERIALS AND METHODS
2.1. Field effort and right whale identifications
The study area included SNE waters from the
shores of Martha’s Vineyard and Nantucket, including Nantucket Shoals, Massachusetts, USA, to approximately 90 km south, and encompassed all the
lease sites for Massachusetts and Rhode Island wind
energy development. Geographically, the study area
lies between 40.50° and 41.33° N latitude and 71.40°
and 69.50° W longitude (Fig. 1A). The New England
Aquarium (NEAq) conducted systematic aerial surveys in this region, while NEFSC and the Center for
Coastal Studies (CCS) conducted directed surveys to
areas of right whale presence. Although the level of
effort, spatial extent, and configuration of the 3 survey platforms varied, the flights were line transect
surveys conducted from a high-winged aircraft
(Cessna 337 Skymaster O-2A, high-wing Cessna
336, or Havilland DHC-6 Twin Otter) with 2 experienced observers positioned on either side of the
plane. Surveys were flown under visual flight rules at

Fig. 1. Right whale critical habitats in the USA and Canada, and offshore wind energy lease areas. (A) Habitats studied in the
analysis of right whale movement patterns. South covers the area from New York to Florida. (B) Study area south of Martha’s
Vineyard and Nantucket, Massachusetts, USA, which encompasses the Rhode Island−Massachusetts and Massachusetts wind
energy areas. BOEM: Bureau of Ocean Energy Management; MassCEC: Massachusetts Clean Energy Center
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an altitude of 229 to 305 m and a target groundspeed
of 185 km h−1. Preferred environmental conditions included a minimum ceiling of 610 m, visibility > 9 km,
wind speed <10 knots, and Beaufort sea state ≤ 4.
Flight parameters (e.g. time, latitude, longitude, altitude, speed) were recorded every 2 to 5 s throughout
the surveys, and when right whales were sighted,
the plane broke from the trackline and circled the
whales to obtain photographs for individual identification. The plane continued the line transect survey
after obtaining images of all right whales present in
the area. Sighting and photographic data were collected in accordance with North Atlantic Right Whale
Consortium (NARWC) Sightings database guidelines
(Kenney 2019). Individual right whales were identified by distinctive callosity patterns on their head,
lips, and chin and by scars (Kraus et al. 1986). Right
whale photographs were integrated into the NARWC
Identification database (Hamilton et al. 2007) and
matched to cataloged individuals.

not quantified because the information was not always collected; however, observations of feeding
and socializing were summarized. Surface or nearsurface feeding was defined as an observation during which observers could see a right whale swimming open mouthed at or beneath the surface (Mayo
et al. 2018). Socializing included surface active
groups, which are defined as 2 or more whales rolling
and touching at the surface (Kraus & Hatch 2001,
Parks et al. 2007a). Dataset 3 included the sighting
history of individual right whales observed during
systematic surveys and directed effort in SNE by all
contributors. This dataset was used to assess right
whale movements to and from SNE and other locations in the North Atlantic during the 2011−2015
and 2017−2018 periods. Descriptive statistics were
reported as mean ± SE for continuous variables and
N (%) for categorical variables.

2.2.1. Distribution
2.2. Datasets and statistical analysis
The data were divided into 2 time periods, 2011−
2015 (early years) and 2017−2019 (recent years). No
surveys were conducted by NEAq in the study area
in 2016. We reanalyzed portions of the 2011−2015
data from Leiter et al. (2017) because the study area
was expanded in 2017−2019. The NARWC provided
3 datasets to support various analyses investigating
right whale use in SNE (NARWC 2019, 2020). Dataset 1 included only right whale sightings and survey
effort collected by the NEAq aerial surveys in the
study area during both study periods. This dataset
was used to identify clustered distribution areas and
calculate sighting rates of right whales in SNE. Dataset 2 included the photographed sightings, demographics, and behavior of identified individual right
whales collected during systematic surveys and directed effort conducted by all survey teams in SNE.
Verification of individual right whale identifications
for 2019 was not completed at the time of writing and
was omitted from the analysis. Dataset 2 was used for
residency and demographic analyses to calculate the
percentage of right whales of the current population
sighted in SNE, to summarize general behavioral
activities, and to create a discovery curve of the individual right whales photographed in the study area.
Discovery curves were created to obtain a cumulative
count of distinct individuals over time and to provide
insights into whether this population was opened or
closed (Wilson et al. 1999). Behavioral activities were

Distribution and sighting rates were calculated
using the standardized systematic survey data in
Dataset 1. Effort was defined as the total kilometers
flown including transects, circling, cross-legs, and
transits (Kraus et al. 2016b, Leiter et al. 2017). Species identification confidence levels of definite (high
confidence in species identification) or probable
(moderate confidence, Kenney 2019) were included
in the analysis. Sighting rates were calculated as the
number of right whales sighted per 1000 km of survey effort on a per-month basis to examine temporal
trends in the number of whales visiting the study
area. Monthly sighting rates across all years were
examined using a Kruskal-Wallis test, and multiple
Mann-Whitney U post hoc tests were used to compare differences between years. The 2-tailed statistical tests were conducted using the SPSS 26.0 package (2019) at a significance level of 0.05. Temporal
and spatial analyses of sighting rates assumed that
non-systematic periods such as circling were distributed sufficiently homogeneously that a substantial
bias was not incurred.
A hotspot analysis was used to delineate the seasonal clustered distribution of right whales within the
study area for the 2 study periods (2011−2015 and
2017−2019) using QGIS 3.10.6 (QGIS Development
Team 2018). The study area was divided into equally
sized grids of 7 × 7 km cells. Sighting rates per survey
(number of right whales sighted per 1000 km) were
assigned to each corresponding cell, and a hotspot
analysis was performed to test for statistically signifi-
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cant spatial clustering of right whales by seasons in
the early and recent years of the study using the
QGIS Hotspot Analysis plugin (Oxoli et al. 2017). This
plugin implements the Getis-Ord Gi* statistic to detect atypical clusters of high (hotspots) or low (coldspots) values by looking at a cell value in the context
of its neighbors’ values (Getis & Ord 1992, Oxoli et al.
2017). Seasons were defined as winter (December−
February), spring (March−May), summer (June−
August), and fall (September−November). Only season−period combinations with greater than 10 right
whale sightings were used, as smaller sample sizes
are considered insufficient for statistical analysis (Ott
1994). Seasonal maps were compiled for each study
period at 3 levels of confidence (99, 95, and 90%),
and all clusters that were within the 90% confidence
level were considered hotspots.

2.2.2. Demographics
NARWC (2020) provided sex and age class (calf,
juvenile, adult, unknown) information for the individual right whales sighted in the study area (Dataset
2). Only juvenile (defined as whales that are 1−8 yr
old) and adult (defined as whales that are 9 yr of age
or older, were not seen as calves but initial sighting
was at least 8 yr prior, or were known to be reproductive; Hamilton et al. 1995) age classes were examined. Unknowns and dependent calves were excluded because the number of sightings was too
small (n < 10) for statistical comparisons. A G-test of
independence was used to determine if the sex and
age ratios differed from year to year, and the annual
age and sex ratios were compared to the corresponding annual ratios of the population using individual
G-tests of goodness of fit with a Bonferroni correction
(after Mayo et al. 2018). Population ratios were calculated using the minimum number of right whales
presumed alive in a given year following Knowlton et
al. (1994).
Since right whales were present in this region at
the time of year when conception is expected for this
species (Cole et al. 2013), life history characteristics
of the males and females were investigated. Paternity is determined through molecular analysis (Frasier
et al. 2007), and for this study, genetic analysis of
known fathers was only available for the first 3 yr.
Both the proportion of reproductive females and the
proportion of conceptive females compared to all
identified females present in SNE were calculated for
each year. Females that had given birth in the years
prior to or in the year of a recorded sighting were
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considered reproductive (Kraus et al. 2001). Females
were considered conceptive for a year beginning in
March, 2 yr before giving birth (Cole et al. 2013). For
instance, a female first sighted with a calf anywhere
along the North Atlantic between December 2014
and November 2015 would be considered conceptive
during the period 1 March 2013 through 1 March
2014.

2.2.3. Residence
Residence was defined as the minimum number of
days that an individual whale was in SNE (BarachoNeto et al. 2012). To determine the residency of right
whales in the study area, maximum likelihood methods were used to determine the lagged identification
rate, i.e. the probability that an individual right
whale will be resighted in the study area after a time
lag using Dataset 2 (Whitehead 2001). This method
allows for non-random distribution of sampling effort
(Whitehead 2007, 2009) and the incorporation of
individual identification data obtained during both
systematic and directed surveys.
Empirical lagged identification rate data were compared to a series of movement models representing
closed and open populations implemented in the program SOCPROG 2.9 (Whitehead 2009) (Table 1a).
These models provide an estimate of the number of
visitors in the study area based on mark−recapture
probabilities (Whitehead 2001). SOCPROG includes 2
closed population models, but only one of those models (A) was applied because SNE appeared to be an
open population, as the discovery curve indicated
that new right whales were identified in the study
area over time, and the 2 models provided similar
results to this dataset. The following pairs of open
models are structurally identical but parameterized
differently: B and D, C and F, and E and G (Table 1).
This order represents the order in which the program
generates the results when the models are run simultaneously. All models were run simultaneously so
that the variance inflation factor could be taken from
the most general model and applied to all of them
(Whitehead 2009). Model selection was based on the
lowest Akaike’s information criterion (AIC) when the
data were overdispersed (Whitehead 2007); otherwise, the lowest quasi-AIC (QAIC) was used, and
model fits were bootstrapped 100 times to generate
SEs for the lagged identification rate estimates.
The lagged identification rate was calculated from
the best-fit model applied to sighting data collected
from December to May, the period when previous
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Table 1. (a) Models and parameters and (b) fits and comparison for lagged identification rate of all right whales, females, and
males in southern New England during 2 time periods. AIC: Akaike’s information criterion; QAIC: quasi-AIC
a.
Model

Model type and parameters

A

Closed (1/a1 = N or number of visitors)

B

Emigration/mortality (a1 = emigration rate; 1/a2 = N)

C

Emigration + reimmigration (a1 = emigration rate; a2/(a2 + a3) = proportion of population in study area at
any time)

D

Emigration/mortality (a1 = N; a2 = mean residence time)

E

Emigration + reimmigration + mortality

F

Emigration + reimmigration (a1 = N; a2 = mean time in study area; a3 = mean time out of study area)

G

Emigration + reimmigration + mortality (a1 = N; a2 = mean time in study area; a3 = mean time out of study
area; a4 = mortality rate)

b.
Model

A
B
C
D
E
F
G

All
AIC
2011−2015

QAIC
2017−2018

357.32
356.30
360.39
356.30
359.79
351.20a
352.89

1490.84
1476.94
1458.85a
1476.94
1466.59
1458.85a
1460.84

Female
AIC
QAIC
2011−2015
2017−2018
154.68
154.47
156.74
154.47
157.70
153.40a
523.78

504.23
504.88
496.26a
504.89
497.96
496.26a
502.68

Male
AIC
QAIC
2011−2015
2017−2018
357.50
891.58
356.94a
358.06
359.06
356.94a
358.72

496.68
487.30
479.89a
487.30
486.63
479.89a
482.91

a

Best-fit model (with lowest AIC or QAIC value)

studies identified a high right whale presence in the
area (Kraus et al. 2016b, Leiter et al. 2017). Residency
was estimated for the 2 time periods (2011−2015 and
2017−2018) to determine if it changed over time. The
lagged identification rates were calculated, and
models fitted, for males and females separately to
investigate whether the sexes exhibited different
residency patterns. The number of right whale identifications for summer and fall was too low to calculate a separate lagged identification rate, but the percentages of individual right whales sighted in the
summer and fall were calculated. These models have
been used for cetaceans (e.g. Wimmer & Whitehead
2004, Dinis et al. 2016, Chabanne et al. 2017) and
other migratory marine megafauna (e.g. manta rays:
Deakos et al. 2011, whale sharks: McKinney et al.
2017, McCoy et al. 2018).

2.2.4. Movements
Dataset 3 was used to estimate the seasonal transition probabilities between SNE and other areas for
both study periods. The analysis was limited to the
movements between SNE and no more than 4 areas

to ensure precise estimates given by the small number of habitat comparisons and the high number of
identified individuals moving among areas (Whitehead 2009). The areas followed Brillant et al. (2015)
and included, from north to south, the Gulf of St.
Lawrence, Bay of Fundy, Gulf of Maine (including
the Columbia and Jeffreys ledges and Jordan Basin),
Cape Cod Bay, Great South Channel−Georges Bank,
and the South (from New York to Florida) (Fig. 1B).
The mid-Atlantic was combined with adjacent areas
to the south to increase the sample size.
Transition probabilities were calculated using a
parameterized Markov movement model in
SOCPROG 2.9 (Whitehead 2009). This populationscale behavior model uses the locations and each
time unit of photographically identified individuals to
estimate the probability of moving from one area to
another at a time lag (Whitehead 2001). This model
can be used with identifications that are not distributed randomly or uniformly in space or time and that
have no independent measure of effort (Whitehead
2001). The small number (n < 10) of seasonal right
whale identifications in SNE in fall and summer
2011−2015 did not permit the estimation of transition
probabilities for those seasons. A 30 d lag was used
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based on the assumption that an identified right
whale in any location could reach any of these other
habitats within this interval (Brillant et al. 2015,
Davies et al. 2015) during the season of interest.
Back-and-forth movements of right whales between
southern New England and nearby areas were
explored by examining the sighting histories of individual right whales.

Table 2. Total tally of right whales recorded in all sightings
(no ID included), unique ID, population percentage sighted
in relation to the general right whale population (based on
Pace et al. 2017 and Pettis et al. 2021 updated population estimates), and annual survey effort (km) in southern New
England waters by main data contributors. NEAq: New
England Aquarium; NEFSC: Northeast Fisheries Science
Center; CCS: Center for Coastal Studies; NA: not available
at the time of the data request; NC: not calculated (number
of unique IDs not available); (–) no data

3. RESULTS

Year Tally of Unique
% of
NEAq NEFSC CCS
right
ID population (km)
(km) (km)
whales
± SE

3.1. Field effort, right whale identifications,
and behavioral activities
The combined survey effort in southern New England covered 111 440 km between March 2011 and
December 2019 (Table 2). The annual tally of right
whales reported (not unique whale identifications)
from all sightings varied between 28 and 418 (144 ±
49 whales). A total of 327 unique right whales were
identified, with a mean number of 9 identifications
per survey day. At least 16 of these whales were confirmed dead according to NARWC as of the beginning of December 2020. The discovery curve showed
an increasing trend in the number of new individuals
sighted, with no clear plateau signal (Fig. 2), and by
the end of 2019, 87% of the current population had
been sighted in SNE throughout the study period.
The discovery curve had a steep slope during the
2011−2015 surveys and was even steeper in 2017−
2018, suggesting an open population or that sightings in the area were underestimated. Feeding was
recorded on more occasions (n = 190 occasions) than
socializing (n = 59 occasions). Feeding was observed
in all seasons and years, whereas social behaviors
were observed mainly in the winter and spring and
were not observed in 2011 and 2017.

2011
2012
2013
2014
2015
2017
2018
2019

83
28
32
44
86
214
418
250

53
22
20
43
53
122
202
NA

11 ± 1
5±1
4±1
9±1
11 ± 1
29 ± 2
53 ± 2
NC

4279
16 042
12 890
17 279
9594
18 867
11 295
20729

2455
1471
779
1763
6761
2456
9732
NA

327
−
−
−
357
−
−
−

Fig. 2. Discovery curve for the number of uniquely identified
individual right whales sighted in southern New England.
The slope of the curve indicates an open population where
not all individuals have been sampled. No field effort was
conducted in 2016

3.2. Datasets and statistical analysis
3.2.1 Distribution
Sighting rates varied through time, suggesting that
right whales have become more common in recent
years and that their presence now extends beyond
the December−May period in SNE. No right whales
were reported in 2011 in Dataset 1, but the NEAq
surveys did not start until October that year. Sighting
rates varied in most other years (Fig. 3; KruskalWallis test = 20.67, df = 6, p = 0.002). Pairwise comparisons showed that the sighting rates of right

whales were not significantly different among the
early years of the study, and the sighting rates of
most of those years were lower than those of recent
years (Fig. 3). Sighting rates were not statistically different in 2015, 2017, and 2018 (Fig. 3). Right whale
sightings by month were highest from January to
April during the early years of the study, but in
recent years, right whales were sighted in most
months of the year, with notably high sighting rates
in December 2018 and August 2019 (Fig. 4).
The seasonal clustered distribution of right whales
varied in space and time and extended into wind
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p-values

Year
2012
2013
2014
2015
2017
2018
2019

2012

2013
49.50

0.96
0.75
0.21
0.04*
0.01*
0.002*

0.75
0.17
0.04*
0.01*
0.006*

2014
56.00
56.00

2015
16.00
15.00
22.00

0.34
0.10
0.95
0.04* 0.39
0.002* 0.11

2017
26.50
27.50
41.00
27.00
0.39
0.03*

2018
18.00
19.00
30.00
18.00
43.00
0.15

2019
7.50
10.50
10.00
9.00
18.50
24.00

Sighting rate
no. of right whales
per 1000 km of survey

40

A: Mann-Whitney U-test statistical values

B
30

20
10
0

2011 2012 2013 2014 2015 2016 2017 2018 2019

Fig. 3. (A) Mann-Whitney U-test comparisons and (B) central tendency and variability of sighting rates of right whales. No
right whale sightings were reported in 2011, and no field effort was conducted in 2016 in Dataset 1 (sightings and survey effort
collected during aerial surveys conducted by the New England Aquarium). The solid line drawn across each box represents
the median sighting rate of that year. The lower boundary is the 25th percentile, and the upper boundary is the 75th percentile
of a box. Lines on the top and bottom of each box represent the largest and smallest frequency sighting rates, respectively,
excluding outliers (o) and extreme values (Δ). *p < 0.05

Fig. 4. Monthly sighting rates of right whales and monthly
aerial surveys conducted in the study area in Dataset 1
(sightings and survey effort collected during aerial surveys
conducted by the New England Aquarium). Sighting rate is
defined as the number of right whales per 1000 km of survey.
The number of IDs, including resightings, is included for
those months in which IDs were available in Dataset 2 (IDs
collected by all survey teams). The 2019 IDs were not available at the time of the data request
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energy lease sites. In the 2011−2015 winters, right
whale sightings increased in the study area and were
more concentrated in the northeastern wind energy
areas and the southern portion of Nantucket Shoals
(Fig. 5A). However, in the 2017−2019 winters, the
sightings spanned to the southeastern portion of the
shoals (Fig. 5B). In the spring, right whale distribution shifted to the west in both study periods,
although in the early years, their distribution was further south of Nantucket (Fig. 5C,D). Summer sightings were only recorded during the 2017−2019
period, with right whales sighted in nearshore waters
off Nantucket and along Nantucket Shoals (Fig. 5E).

259

3.2.2. Demographics
The ratio of adults to juveniles in SNE was the same
as in the population as a whole during the study.
Adult whales were observed significantly more than
juveniles, with an annual mean of 70% adults and
30% juveniles. The adult:juvenile ratio was significantly different from year to year (G = 20.61, χ2 df = 6,
p < 0.002), but the annual ratios were not significantly
different from the yearly population age ratios
(Table 3), indicating that the age ratio of the whales
visiting the study area followed the age ratio of the
population. Sex was confirmed for 93% of the identifi-

Fig. 5. Hotspot analysis of right whale seasonal distribution in the study area (A,C: 2011–2015; B,D,E: 2017–2019), with hotspots
based on significantly higher values than surrounding areas. No coldspots were identified. Wind energy area lease zones are
identified by numbers. Additional details of the study area are shown in Fig. 1
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Table 3. Annual numbers of unique adult, juvenile, male, and female right whales
sighted in southern New England (SNE), and statistical results of age ratio and sex
ratio comparisons to the population ratios (NARWC 2020) using a G-test of goodness of fit with Bonferroni corrected p-values. Annual total numbers of whales of
different age and gender classes are not equal because demographic parameters
were not always known for all individuals
Year Adult Juvenile SNE vs. population
age ratios
G-test (df)
p
2011
2012
2013
2014
2015
2017
2018

28
11
11
24
30
81
156

20
8
8
18
18
34
38

1.96 (1)
2.21 (1)
2.45 (1)
2.62 (1)
2.89 (1)
3.64 (1)
5.00 (1)

1.00
1.00
1.00
0.21
0.49
0.28
1.00

Male Female SNE vs. population
sex ratios
G-test (df)
p
26
12
10
26
29
66
117

24
7
8
17
20
49
72

the presence of known mothers)
were recorded during the study in
SNE (4 in 2011, 1 in 2015, 1 in
2019). Three calves were sighted
twice in the same year.

3.2.3. Residence

Individual sighting frequency
over the study period varied between 1 and 10 d, suggesting different degrees of residency (Fig. 6).
Most right whales (62%, n = 202)
were sighted more than once over
the course of the study, and 42% of
those whales were sighted in between 2 and 6 years (2 ± 0.05 years) (Fig. 6). One
whale was sighted nearly every year except in 2013.
Within a season, 147 whales were sighted multiple

0.82 (1)
0.18 (1)
0.06 (1)
0.08 (1)
0.02 (1)
0.04 (1)
1.00 (1)

1.00
1.00
1.00
1.00
1.00
1.00
1.00

able right whale individuals. Of these, 181 were males
and 125 were females. The sex ratios did not vary significantly from year to year (G = 2.04, df = 6, p = 0.92).
The mean annual percentage of males
A: Resightings in days, seasons, and years
and females was 57 and 39%, respectively. The observed sex ratio and the
population sex ratio did not vary significantly (Table 3).
Both reproductive females and conceptive females were seen in the study
area. Forty-five of the 108 reproductively active females (42%) known to
be alive during the study were sighted
in SNE, and 17 were resighted in multiple years. The overall yearly proportions of reproductively active females
varied from 0.25 to 0.57 (0.41 ± 0.05).
In the case of conceptive females, only
4 females were identified in 4 years
(2011, 2012, 2017, 2018), and their
yearly proportion varied from 0 to 0.14
(0.03 ± 0.02). Except for 1 conceptive
female which was sighted twice, the
others were sighted only once in the
study area during their conception
period. The genetic information of
known fathers was only available for
B: Unique IDs and resightings by year
2011−2013. Of the 13 known fathers,
only 2 were sighted (once) in SNE but
Parameter
2011
2012
2013
2014
2015
2017 2018
not during the conceptive period.
Unique IDs
53
22
20
43
53
122
202
Dependent calf sightings were
Resightings in the same season
12
0
0
3
2
43
87
Resightings among seasons
0
0
0
0
2
13
44
uncommon in SNE, and only descriptive statistics are provided. A total of
Fig. 6. Different resighting patterns of uniquely identified right whales at dif89 right whale calves were born in the
ferent time scales including (A) during the same season and among seasons
population between 2011 and 2019,
and (B) by year in southern New England between 2011 and 2018. No field
but only 6 different calves (inferred by
effort was conducted in 2016
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times (≤ 5), and 59 whales were sighted several times
(≤ 3) in different seasons of the same year. Summer
and fall sightings were only common in recent years,
and 14 individuals were sighted more than once during this period. Whales resighted the most times included individuals of both sexes as well as adults and
juveniles, although the 3 most sighted animals were
all males (2 adults and 1 juvenile sighted 8−10 times).
Model F (emigration + reimmigration) was the
best-fit model to describe the residency of the right
whale population in the study area (Table 1b) from
December to May, indicating that whales enter,
leave, and reenter the study area during this period.
In the early years, the model indicated that, on average, 54 ± 31 whales were in the study area at any one
time during those months and that an individual
remained there for an average period of 9 ± 7 d
(Table 4). However, in recent years, the number of
whales estimated to be in the study area during
December to May was 65 ± 18 right whales, and the
residency for both sexes was approximately 13 ± 12 d
(Table 4). However, these results need to be taken
with caution, as bootstrap estimates of the SEs
around the estimates were in some cases 1.5 times
the mean. Model C (emigration + reimmigration) was
also the best fit to explain the emigration rate and
proportion of females and males in the study area
(Table 1). This model indicated that the emigration
rate of females is about 5 times higher than that of
males and that 23% of the population could be present in the study area from December to May.

3.2.4. Movements
The transition probabilities of individual whales
varied throughout the study. In the winter and spring,
the probability of any right whale emigrating from the
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study area was 3 times higher in 2011−2015 than in
2017−2018 (Table 5). In the early winters, the Gulf of
Maine and Cape Cod Bay were the top-ranking destinations for right whales sighted in SNE, with
transition probabilities ranging from 0.21 to 0.30
(Table 5). In the same period, the Gulf of Maine, Cape
Cod Bay, and the Great South Channel−Georges
Bank were the most likely destinations along the US
coast for all emigrating right whales (Table 5). However, in recent winters, the Great South Channel−
Georges Bank (destination probability, Pi = 0.45) and
SNE (Pi = 0.47) ranked high among the most likely
destinations for right whales within the USA. In the
spring, other areas were more visited. During the
2011−2015 spring, the South (New York−Florida) was
the top-ranking destination for right whales emigrating from SNE, as well as other regions within the
USA, but whales sighted in the SNE region also had a
high probability of staying in the study area (0.70). In
the 2017−2018 spring, the probability of right whales
traveling to the South changed from 0.69 to 0.30
(Table 5), while Cape Cod Bay (Pi = 0.55), SNE (Pi =
0.49), and the Gulf of Maine (Pi = 0.44) ranked highly
as destinations. In recent summers, SNE and the Gulf
of St. Lawrence were the high-ranking destinations
(Table 5).
Sighting histories of a small percentage of right
whales (n = 14, < 5%) identified in the study area
showed movement back and forth between areas,
mainly between SNE and Cape Cod Bay and between
SNE and the South (New York). Eleven right whales,
including 6 adult males, 3 adult females, and 2 juvenile males, were first sighted in Cape Cod Bay
(≥ 1 time), then once in SNE, and then again in Cape
Cod Bay (≥ 1 time). The number of days between
sightings of a whale at these 2 areas ranged from 3 to
42 d. The other 3 right whales were first sighted in
SNE, then in either Cape Cod Bay or the South (New

Table 4. Parameters of the model(s) ± standard error that best fit the lag identification rates of all right whales including females and males in southern New England, December−May, during the study periods 2011−2015 and 2017−2018. Time in/out:
time spent in/outside of the study area; (–) not applicable
Model type and parameters

F: Emigration + reimmigration
Number of visitors
Time in (d)
Time out (d)
C: Emigration + reimmigration
Emigration rate
Proportion of population in
study area at any time

All

2011−2015
Female

Male

All

2017−2018
Female

Male

54 ± 31
9±7
63 ± 42

14 ± 7
4±3
21 ± 24

18 ± 33
5 ± 43
41 ± 163

65 ± 18
13 ± 12
50 ± 46

28 ± 13
15 ± 24
64 ± 70

36 ± 9
18 ± 51
97 ± 136

–
–

–
–

0.25 ± 2.06
0.09 ± 0.0001

0.10 ± 0.91
0.23 ± 0.001

0.33 ± 1.39
0.14 ± 0.0001

0.06 ± 1.53
0.17 ± 0.0002
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Table 5. Seasonal transition probabilities of right whales moving between southern New England (SNE) and other right whale areas along the
North Atlantic. Destination probabilities (columns) are shown as Pi, and origin probabilities (rows) are shown as Pe, including the probability of
staying within the original region of the sighting (diagonal). There were no data for summer destination 2011–2015; GSL: Gulf of St. Lawrence;
BOF: Bay of Fundy; GOM: Gulf of Maine; CCB: Cape Cod Bay; GSB: Great South Channel−Georges Bank; SOU: South (New York−Florida)

Origin
GSL
BOF
GOM
CCB
SNE
GSB
SOU
Pi

Origin
GSL
BOF
GOM
CCB
SNE
GSB
SOU
Pi

a

GSLa BOF a

2011−2015
Winter destination
GOM CCB SNE GSB

0.80
< 0.01
0.21
0.16
0.08
0.45

0.03
0.30
0.29
0.14
0.03
0.50

0.08
0.16
0.33
0.11
0.001
0.36

0.04
0.04
0.53 < 0.01
0.11
0.06
0.59
0.08
0.01
0.08
0.68
0.17

Spring destination
GSLa BOF a GOM CCB SNE GSB

0.34
0.04
< 0.01
0.14
0.07
0.24

0.14
0.82
0.07
0.09
0.16
0.46

0.14
0.03
0.72
0.05
0.16
0.39

SOU

0.06
0.06
0.08
0.55
0.12
0.32

GSLb BOF a

Pe

2017−2018
Winter destination
GOM CCB SNE GSB

0.20
0.70
0.67
0.49
0.13

SOU

Pe

0.32
0.04
0.14
0.19
0.41
0.69

0.66
0.18
0.29
0.47
0.51

0.69
0.02
0.12
0.13
0.27

0.04
0.80
0.28
0.15
0.47

0.15
0.12
0.18 < 0.01
0.61 < 0.01
0.13
0.60
0.45
0.12

Spring destination
GSLb BOF a GOM CCB SNE GSB

0.19
0.24
< 0.01
0.09
0.10
0.44

0.44
0.09
0.73 < 0.01
0.04
0.89
0.03
0.17
0.04
0.23
0.55
0.49

SOU

Pe

0.31
0.20
0.40
0.40

SOU

0.10
0.17
0.02 < 0.01
0.01
0.06
0.64
0.07
0.06
0.58
0.19
0.30

Pe

0.81
0.27
0.11
0.36
0.42

Summer destination
BOF GOMb CCBa SNE GSBb SOUa

Origin

GSL

Pe

GSL
BOF
GOM
CCB
SNE
GSB
SOU
Pi

0.88 < 0.01
0.09
0.72

0.12
0.19

0.12
0.28

0.12

0.05

0.82

0.87

0.21

0.05

0.31

No sightings; bSmall sample size, thus no probabilities calculated

York), and then again in SNE (1 adult male, 1 juvenile
male, 1 adult female). The gap between sightings of
an individual moving between these areas varied between 19 and 78 d. The gap in resighting times is likely
more of a reflection of survey effort than of the whales’
movements among locations.

4. DISCUSSION
This 8 yr analysis of sightings revealed that right
whales have become more common in SNE waters,
with sightings now documented in nearly every
month of the year. Sighting rates were highest in the
span from winter through early spring and sometimes
even during the summer months (e.g. August 2019).

Our effort included off-transect periods such as circling, cross-legs, and transits (Leiter et al. 2017).
Thus, sighting rates estimated by this analysis should
be compared only to studies using a similar analytical
approach. Close to a quarter of the population may be
in this area at any given time between December and
May, and the annual percentage of right whales identified varied between 4 and 53% (13 ± 4%) of the
minimum right whale population. SNE is also an important habitat used by all demographic groups because the age and sex ratios are similar to those in the
overall species population, and the estimated residency duration for females and males tripled during
the study period. The apparent increased use of this
habitat could be related to an increased field effort in
recent years, which resulted in a higher number of
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identifications, and/or to dramatic climate-driven
ecosystem changes that have occurred in the past
decade (Record et al. 2019). Migratory species such
as right whales are particularly affected by climate
change because they rely on highly productive seasonal habitats (Robinson et al. 2009).
Right whales exhibit partial migration (Gowan et al.
2019), a term used to describe a species in which a
proportion of a population stays resident in a habitat(s)
and another proportion migrates to another habitat(s)
(Chapman et al. 2011). It is a widespread phenomenon
in invertebrates (Menz et al. 2019), fish (Chapman et
al. 2012), birds (Lundberg 1988), and mammals (Cagnacci et al. 2011, Martin et al. 2018, Berg et al. 2019).
In the case of right whales, all demographic groups
have the potential to migrate to the wintering grounds
off the southeastern USA, but the migration appears
to be condition dependent and varies across demographic groups and years. Females may overwinter in
the feeding areas in the north and skip the breeding
grounds in the south in the years immediately preceding and following calving to increase their energy
stores for future reproduction (Gowan et al. 2019). On
the other hand, juveniles and adult males may travel
to the southern wintering grounds following years of
higher prey availability in a northern fall feeding
ground (Gowan et al. 2019).
The mixture of movement patterns within the population and the geographical location of SNE suggests that the area could be a feeding location for
whales that stay in the mid-Atlantic and north during
the winter−spring months and a stopover site for
whales migrating to and from the calving grounds.
For example, a female right whale initially tagged off
the coast of Virginia in March 2021 traveled for 13 d
to SNE, where she stayed for 3 d before traveling
north towards Cape Cod Bay (D. Engelhaupt pers.
comm.). Because of the complex movements displayed by the species, our use of the term residence
describes the minimum time a right whale could
spend in SNE regardless of the overall movement
that the whale exhibited at that time. It does not suggest that right whales overwinter in SNE.
Our findings show that SNE is an important transition region, as the whales that utilized the area
moved to and from critical habitats including Cape
Cod Bay, the Gulf of Maine, and the Great South
Channel– Georges Bank, and in the summer, many
traveled on to the Gulf of St. Lawrence. Florida and
Georgia were more frequent destinations when calving rates were higher (Pace et al. 2017) in the early
study period, but the recent low transition rates could
be due to a lack of births in 2018 or changes in survey
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efforts and right whale movements. The sightings of
SNE whales in Canadian waters and multiple USA
locations, including the mid-Atlantic, emphasize the
need for protecting coastal areas that serve as migratory corridors.
Right whales may utilize SNE as a feeding ground
more often than as a social or mating ground, although behaviors linked to both activities have been
observed in the area. Feeding was recorded on more
occasions than socializing, and it was observed in all
seasons, whereas surface active groups were observed mainly in the winter and spring. Preliminary
results of oceanographic surveys conducted in waters
near right whale sightings suggest that their diet includes multiple zooplankton species including Calanus finmarchius and Centropages sp. (QuintanaRizzo et al. 2018). Evidence of feeding throughout the
seasons provides support for the extension of US
feeding critical habitats into SNE waters.
Almost 50% of reproductive females utilized this
area within the study period, which is an important
consideration for the species’ conservation since the
overall population has declined significantly (Pace et
al. 2017, Corkeron et al. 2018). Conceptive females
were not often seen, and their proportional presence
was not as high as in the inferred mating ground
identified by Cole et al. (2013) over a decade ago.
However, large numbers of conceptive females are
not required for mating to occur because mating
groups often consist of many males and 1 female
(Kraus & Hatch 2001). Few calves were seen in SNE,
in contrast to Cape Cod Bay, where calf sightings
have increased and up to 40% of the calves born in a
given year can be sighted (Mayo et al. 2018).
Individual right whales were sighted more frequently in Cape Cod Bay than in SNE in the winter
and spring, and some whales move back and forth
between the feeding habitats. The relative importance of the 2 areas for the whales is difficult to
assess since differences in the frequency of apparent
habitat use are likely confounded by differences in
survey coverage. Cape Cod Bay is a much smaller
area surrounded by land on 3 sides, and comprehensive surveys are conducted weekly during the primary period of right whale presence there between
January and April, whereas SNE is an extensive
oceanic area, and surveys were conducted only a few
times per month throughout the year.
The year-round productivity of Nantucket Shoals
(PCCS 2005) may influence the presence of right
whales, even in low numbers. Indeed, the shoals
appear to be a hotspot for right whales throughout
most of the year. The shoals extend eastward and
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southeastward of Nantucket Island (Fig. 1B; Freire et
al. 2015). The shoals and Nantucket Sound form one
of the largest tidal dissipation areas in the Gulf of
Maine and New England regions (Chen et al. 2018).
The tidal dissipation creates a local tidal pump that
serves as the primary driver for the relatively high
phytoplankton biomass in the shoals’ shallow dunelike regions all year (Hu et al. 2008, Saba et al. 2015),
which presumably correlates to zooplankton prey for
right whales.
In recent years, right whale sightings in SNE waters
in winter were concentrated in the eastern portion of
the area, near Nantucket Shoals, and in and near
Zones 6 and 7 of the Massachusetts wind energy
area. In the spring, right whale sightings increased in
the northern parts of the wind energy areas and
shifted generally westward, but their specific locations and extents varied with time. Late spring aggregations of right whales were recently detected outside
of the study area, near the Ambrose– Nantucket shipping lanes south of the Massachusetts wind energy
areas (Fig. 1B), by NEAq and NEFSC aerial surveys.
This demonstrates that right whale aggregations
vary in space and time and can be formed in nearby
locations from which the whales could easily move to
the wind energy areas. In recent summers, right
whale sightings increased in the Nantucket coastal
and shoal waters, but the observation efforts also
became more frequent. Sightings in these Nantucket
locations were common in the summer of 2020 and
extended into the early fall, as suggested by observations of right whales during the NEFSC surveys
(NEFSC unpubl. data). The 2019 and 2020 identifications were unavailable at the time of our data request, but preliminary results suggest that a high
number of juveniles were present in SNE waters at
this time in contrast to 2017 and 2018 (QuintanaRizzo et al. 2019a,b). Additional data collection over
the coming years will reveal whether or not this pattern continues.
The presence of right whales in SNE throughout all
seasons is important to determine appropriate management actions. The study area is bracketed by 2
right whale seasonal management areas (SMAs);
these are regulatory protection zones along the US
east coast in which vessels larger than 300 gross tons
must slow to 10 knots or less when transiting (NMFS
2008). To protect aggregations of right whales outside
of the SMAs, the National Marine Fisheries Service
has voluntary dynamic management areas (DMAs),
which are triggered when 3 or more whales are
sighted within close proximity to each other. DMAs
last for 15 d from the date of the sighting(s) that trig-

gered them (NMFS 2008). It requests that ships avoid
DMAs or transit through them at 10 knots or less. A
recent assessment of the automatic identification system data of vessel traffic for these DMAs indicates
very low mariner cooperation with speed reduction
requests (NMFS 2020). In 2017 and 2018, the annual
number of DMAs doubled from the annual average
of 3 DMAs in the 2011−2016 period. In 2019, the number of triggered or extended DMAs reached a peak,
with an active DMA in every month except October
(NEFSC unpubl. data).
The presence of right whales in SNE during all seasons is an important consideration for the planning
and execution of offshore wind development. The
historical seasonal migratory pattern should not be
used alone to determine time-sensitive actions in this
habitat. Monitoring and mitigation plans should include protocols for the likely presence of right whales
throughout the year (Whitt et al. 2013). Their increasing summer and fall presence deserves special attention since this will overlap with the current schedule
for pile driving for turbine foundations in the next
few years, the phase of construction considered to
have the greatest acoustic impact (Madsen et al.
2006, Thompson et al. 2010), which could potentially
affect right whale behavior. This timing was originally selected based on the observed seasonality of
right whales in SNE (Leiter et al. 2017), but our findings show that their seasonal occurrence has changed.
Management and mitigation procedures should be
adapted and reevaluated continually in relation to
right whales' use of the area.
Although the effects of offshore wind energy
development on right whales are unknown, it has
been reported that baleen whales avoid impulsive
sounds with noise levels similar to those of piledriving activities (Madsen et al. 2006, Stone & Tasker
2006). Migrating baleen whales such as the bowhead
whale Balaena mysticetus, a distant cousin of the
right whale, avoided airguns at approximately 20 km
(Richardson et al. 1999). Minke whales rapidly flee
from military sonar exposures (Dolman & Simmonds
2010), and their numbers decline during naval activity (Parsons et al. 2000). The effects of noise associated with vessel traffic during the construction and
maintenance of the wind turbines are also unclear,
but right whales have not previously exhibited behavioral responses to approaching vessels (Nowacek
et al. 2004). However, analyses of right whale fecal
samples suggest that noise from large commercial
vessels increases their stress levels (Rolland et al.
2012). Although right whales may be able to vocally
adapt to increased low-frequency noise to some
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degree through a shift in vocalization frequency and
duration (Parks et al. 2007b, 2009, 2011), the above
findings suggest that the whales could potentially be
negatively affected by disturbances from sound and
noise related to wind energy development. Increased
vessel traffic associated with the construction and
maintenance of turbines also increases the risk of
whales being struck.
Implementing mitigation measures by all leaseholding companies will be crucial. The first leasing
company to start pile-driving activities in the Massachusetts wind energy area has agreed to implement
enhanced mitigation procedures to detect and protect right whales from early winter to mid-May, to
avoid pile driving from January to April, and to maintain a comprehensive monitoring effort during the
other months of the year that construction might
take place (Vineyard Wind, NGO Agreement 2019).
Mitigation procedures will include using real-time
acoustic monitoring, having certified protected species observers on a vessel stationed at the pile-driving
site, and using vessel surveys during daylight hours
within a 10 km range of the construction site (Vineyard Wind, NGO Agreement 2019). However, conservation and management efforts will need to identify specific indicators of potential impacts to reduce
uncertainty, especially as the offshore wind energy
industry grows and expands (Hill & Arnold 2012,
Madsen et al. 2015). Abundance and distribution
studies will not be enough to understand potential
changes in right whale patterns considering the largescale shifts that the species is experiencing. Examples
of indicators exist in studies conducted in Europe
(Köppel 2017, Bispo et al. 2019), where wind energy
development has a long history. Studies designed to
examine the consequences of acoustic exposure to
construction noise are urgently needed. The area of
the potential effect of acoustic exposure can extend
far beyond the immediate vicinity of the proposed
development and cause behavioral disturbances in
animals in a large area (Thomsen et al. 2006). Work is
also needed to determine if wind farms alter the habitat’s physical and oceanographic characteristics (Wilhelmsson et al. 2006, Broström 2008, Paskyabi & Fer
2012, Paskyabi 2015, Carpenter et al. 2016). This may
have cascading impacts on the food chain in the
region, which could potentially displace right whales
to other areas. Estimating the potential impacts of
offshore wind farms on right whales or their causeand-effect relationships will be challenging at a time
in which whale numbers and distributions are changing, but this is necessary to inform appropriate strategies for future wind energy development.
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