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Projecting regions of North Atlantic right whale,
Eubalaena glacialis, habitat suitability in the Gulf
of Maine for the year 2050

Camille H. Ross1,2, Daniel E. Pendleton3, Benjamin Tupper1, David Brickman4,
Monica A. Zani3, Charles A. Mayo5, and Nicholas R. Record1,*

North Atlantic right whales (Eubalaena glacialis) are critically endangered, and recent changes in distribution
patterns have been a major management challenge. Understanding the role that environmental conditions play
in habitat suitability helps to determine the regions in need of monitoring or protection for conservation of
the species, particularly as climate change shifts suitable habitat. This study used three species distribution
modeling algorithms, together with historical whale abundance data (1993–2009) and environmental
covariate data, to build monthly ensemble models of past E. glacialis habitat suitability in the Gulf of
Maine. The model was projected onto the year 2050 for a range of climate scenarios. Specifically, the
distribution of the species was modeled using generalized additive models, boosted regression trees, and
artificial neural networks, with environmental covariates that included sea surface temperature, bottom
water temperature, bathymetry, a modeled Calanus finmarchicus habitat index, and chlorophyll. Year-2050
projections used downscaled climate anomaly fields from Representative Concentration Pathway 4.5 and 8.5.
The relative contribution of each covariate changed seasonally, with an increase in the importance of bottom
temperature and C. finmarchicus in the summer, when model performance was highest. A negative correlation
was observed between model performance and sea surface temperature contribution. The 2050 projections
indicated decreased habitat suitability across the Gulf of Maine in the period from July through October, with
the exception of narrow bands along the Scotian Shelf.The results suggest that regions outside of the current
areas of conservation focus may become increasingly important habitats for E. glacialis under future climate
scenarios.

Keywords: North Atlantic right whale, Eubalaena glacialis, Climate projection, Species distribution model,
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1. Introduction
Many species of baleen whales were hunted to near
extinction in the last few centuries as a result of commer-
cial whaling (Clapham et al., 1999). Of the Gulf of Maine
species, the North Atlantic right whale (Eubalaena glacia-
lis) suffered the greatest population loss due to high com-
mercial demand and is currently one of the most
endangered marine mammals on the planet (listed as
“Critically Endangered” on the IUCN Red List; Cooke,

2020), with an estimated population size of 356 + 11
and 13 as of 2019 (Pettis et al., 2021). Important E. gla-
cialis habitats overlap with regions of high human activity,
including heavily trafficked shipping lanes and fishing
grounds (Kraus et al., 2005), which has inhibited post-
whaling recovery (Clapham et al., 1999). The anthropo-
genic threats of vessel strikes and entanglements in fish-
ing gear currently pose high risks to the species (Kraus,
1990; Caswell et al., 1999; Knowlton and Kraus, 2001;
Kraus et al., 2005; Kenney, 2018; Sharp et al., 2019). As
use of the marine environment changes, other human
activities, such as wind energy and aquaculture, could
pose additional threats in the future. In 2010, E. glacialis
appears to have experienced a regime shift that coincided
with increases in deep water temperature and decreases in
the biomass of Calanus finmarchicus, a crucial food source
(Davis et al., 2017; Record et al., 2019b; Sorochan et al.,
2019), suggesting that the species is vulnerable to the
effects of climate change. The calving rate has decreased
roughly 40% since 2010, raising concern for the future of
the species (Kraus et al., 2016).
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Despite their comparative rarity today, large whales,
including E. glacialis, serve fundamental ecological roles.
Prior to commercial whaling, large whales likely recycled
more nitrogen than three times the atmospheric input to
the ocean. Today, large whales still sustain productivity in
ecosystems by bringing deep water nutrients to the sur-
face despite lower population numbers (Roman and
McCarthy, 2010). When whales die and sink to the bottom
of the ocean, they provide substrate for whale fall ecosys-
tems. Whale falls are unique communities of organisms
that have evolved to live off of the resources provided by
whale carcasses. A conservative estimate suggested that
50% of all whale mortalities eventually become whale
falls, facilitating the recycling of nutrients (Smith and
Baco, 2003). Additionally, large whales served as a major
carbon storage pool prior to commercial whaling. Due to
their large biomass, whales efficiently sequester carbon,
and rebuilding populations could be part of a strategy to
manage carbon (Pershing et al., 2010).

For much of the year—June through September—E. gla-
cialis heavily rely upon C. finmarchicus, a lipid-rich cope-
pod that is abundant and highly aggregated in the Gulf of
Maine in the summer months (Murison and Gaskin, 1989;
Beardsley et al., 1996; Baumgartner et al., 2003a; Runge et
al., 2014). During the summer growing season, C. fin-
marchicus store lipids in order to survive overwintering
(i.e., diapause; Ji, 2011), providing an energy-rich prey
resource for whales. C. finmarchicus mature within
months in temperate waters like the Gulf of Maine (Ji,
2011), which has historically provided suitable habitat for
this zooplankton species. However, warming waters are
likely affecting the suitability of the Gulf of Maine for C.
finmarchicus (Plourde et al., 2009; Runge et al., 2014;
Record et al., 2019a). The distribution of E. glacialis shifted
around the year 2010 (Meyer-Gutbrod and Greene, 2014;
Davis et al., 2017), with an increased presence in the mid-
Atlantic region, a known migratory corridor, and
a decreased presence in the eastern Gulf of Maine, sug-
gesting that E. glacialis habitat suitability may be directly
affected by climate change. As populations of copepods,
namely C. finmarchicus, shift their distribution, E. glacialis
will likely have to forage in new areas to find food (Pen-
dleton et al., 2009). The current uncertainty in the sea-
sonal patterns of E. glacialis feeding grounds and how
they are likely to shift as climate change progresses con-
found efforts to protect the species from anthropogenic
threats, including ship strikes and entanglement in fishing
gear. In order to conserve E. glacialis, assessing current
knowledge of climate-driven regime shifts and the effec-
tiveness of current management strategies is imperative
(Record et al., 2019b).

Species distribution models (SDMs) are an important
tool for understanding and predicting habitat suitability
(Elith et al., 2006). They can also help to provide a more
complete picture of the distributions of rare or elusive
species (Guisan and Zimmermann, 2000; Razgour et al.,
2016; e.g., Bosso et al., 2018), such as E. glacialis. SDMs
work by deriving relationships between species occurrence
data (i.e., presence/absence) and relevant environmental
covariates. These relationships can then be projected onto

spatial and temporal domains of interest. Understanding
the potential present and future distributions of a species
is an important component of long-term resource man-
agement plans. Many SDM algorithms have been devel-
oped, each with strengths and weaknesses (Elith et al.,
2006). Ensemble modeling allows for the merging of mul-
tiple SDMs in order to combine the benefits of individual
SDM algorithms and improve predictive performance
(Thuiller et al., 2009).

The focus of this study is E. glacialis in the Gulf of
Maine (Figure 1). This region has historically been a crit-
ical foraging ground for the species. Intensive marine
mammal surveys in this region over the past 30þ years
(Brown et al., 2007) have provided comprehensive
knowledge of the seasonal distribution patterns of E.
glacialis. Because the climate has changed rapidly in the
Gulf of Maine (e.g., Mills et al. 2013; Pershing et al.,
2015), an improved understanding of possible future E.
glacialis habitats is essential for effective resource man-
agement planning. To address these issues, we built and
projected monthly ensemble SDMs of E. glacialis habitat
suitability in the Gulf of Maine using an extensive pres-
ence/absence data set from multiple marine mammal
surveys. We used output from a downscaled physical
ocean model for moderate and extreme (i.e., high end
of “business as usual”) warming scenarios, satellite-
derived chlorophyll data, and modeled E. glacialis prey
as environmental covariates. Because of the uncertainty
surrounding the future state of the climate, as well as
current knowledge of E. glacialis movement patterns,
these projections do not represent forecasts. Instead,
they constitute a synthesis of the current state of knowl-
edge of the past distribution of E. glacialis and represent
an approach to understanding what some potential
future habitat scenarios for this critically endangered
species might look like.

2. Methodology
2.1. Study area

The study extent covered the Gulf of Maine from 39� to
45�N and 63� to 71�W (Figure 1a). This domain includes
the important historically recognized summer foraging
grounds of E. glacialis, namely Cape Cod Bay (Mayo et
al. 2004), the Great South Channel (CETAP, 1982; Kenney
and Wishner, 1995), and the Bay of Fundy and Roseway
Basin (Brown et al., 2009; Plourde et al., 2019). The study
extent also includes areas known to host large numbers of
right whales, but which have not been identified as pri-
mary feeding grounds, such as the area between the New
York shipping lanes and Cape Cod (Leiter et al., 2017), the
deep basins of the Gulf of Maine, and the Scotian Shelf
(Plourde et al., 2019; Figure 1a).

2.2. Species presence/absence data

We obtained marine mammal survey effort and associated
sighting conditions from the North Atlantic Right Whale
Consortium (NARWC, 2016) Sightings Database. From this
data set, we extracted records of E. glacialis presence and
absence (survey effort but E. glacialis not present) span-
ning the years 1993–2009 for our study area (Table S1;
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Figure 1b).We selected this range of years to overlap with
the years represented by our environmental covariate data
because of high survey effort and because the data pre-
ceded the year during which E. glacialis began to shift
their distribution in response to changes in the Gulf of
Maine climate (i.e., 2010). Included in the data set are
survey information and E. glacialis sightings from numer-
ous programs. Major data contributions to the data set we
used (>5% of the dataset) came from shipboard and aerial
surveys conducted by the Center for Coastal Studies from
1997 to 2009 (Brown et al., 2007), the New England
Aquarium from 1993 to 2009, and the National Marine
Fisheries Service (Cole et al., 2007). Our data set included
data from line-transect surveys and from platforms of
opportunity, as described in Pendleton et al. (2009). We
excluded records for which the Beaufort sea state was
greater than three and visibility was less than or equal
to two nautical miles, both of which are indicators of poor
conditions.

2.3. Environmental covariate data

Physical environmental covariate data were extracted from
the present and future climate simulations of the Bedford
Institute of Oceanography North Atlantic Model (BNAM)
high resolution ocean circulation model of the North
Atlantic Ocean (Brickman et al., 2016), with the Gulf of
Maine region being the focus for this special issue. The
BNAM simulations use an average of six Coupled Model
Intercomparison Project Phase 5 future climate atmo-
spheric forcings to produce Representative Concentration
Pathway (RCP) 4.5 and RCP 8.5 climatologies for the per-
iods centered between 2055 and 2075. In general, the
model projections for the two RCPs are similar, with the

main difference being that the RCP 4.5 scenario projects
weaker temperature increases throughout the water col-
umn. The BNAM output includes temperature, salinity,
and fluid dynamics fields for the entire water column,
which have been used in numerous future climate studies
(e.g., Beazley et al., 2018; Stanley et al., 2018; Le Corre et
al., 2020; Mbaye et al., 2020). Each of these covariates was
available across our study domain at a monthly temporal
resolution for the climatological and year-2050
projections.

We used monthly chlorophyll data from the Ocean
Colour Climate Change Initiative (Sathyendranath et al.,
2019), linearly interpolated to match the spatial grid of
the BNAM model. Our analysis took a climatological
approach, using model averaged output representing the
present climate period, centered on 1995. This period is
representative of the conditions in the Gulf of Maine prior
to the recent rapid climate shift (Pershing et al., 2015). The
C. finmarchicus field was calculated using a life history
model with sea surface temperature and surface chloro-
phyll as inputs (Ji, 2011). This model uses the seasonally
varying conditions and provides a good index of the suit-
ability of a location for diapause that can be estimated
from available environmental data (Record et al., 2018).
The bathymetry layer for the study extent was the NOAA
Earth Topography relief model, ETOPO1 (Amante and Ea-
kins, 2009), downsampled to match the grid of the other
data layers.

2.4. Data processing

Presences and absences were extracted from the NARWC
Sightings Database. Latitude and longitude values for each
record were collated to a raster grid with 0.089 km by

Figure 1. Map of the study area and seasonally normalized North Atlantic right whale survey effort. (a) Map of study
area. (b) Effort in the study area for winter (January through March), spring (April through June), summer (July
through September), and fall (October through December) normalized to one visit to each location per month. The
black dots with white outlines correspond to sightings in the study area during each of the seasons. Effort is
cumulative, not divided seasonally. DOI: https://doi.org/10.1525/elementa.2020.20.00058.f1
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0.058 km spatial resolution. The grid was defined by the
native grid of the environmental covariate data described
above—specifically that of the BNAM physical ocean
model. Presence or absence of E. glacialis was assigned
to each pixel with survey effort. A presence was recorded
if there was at least one E. glacialis sighting at a given time
within the pixel. An absence was recorded if there were no
sightings of E. glacialis at a given time within the pixel.
Duplicate records in one pixel on the same day were
reduced to a presence if at least one record contained
a presence and were converted to an absence if there was
survey effort in that pixel but no recorded presence. The
environmental covariate values at each pixel containing
a presence or absence were appended to the sightings and
effort data. The newly formatted data were cross-checked
with the original environmental covariate and sightings
data to ensure correct matching.

We tested additional covariates relevant to E. glacialis
and for which data were available in preliminary runs and
excluded those that appeared to have very low explana-
tory power; for example, the Lyapunov exponent derived
from flow fields, salinity, photosynthetically active radia-
tion, and particulate organic carbon. Correlation coeffi-
cients were computed between the covariates chosen to
determine which should be included in the model.
Despite a high correlation between sea surface tempera-
ture and bottom temperature (r ¼ 0.95; Table S2), we
decided to include both covariates due to differing biolog-
ical significance—in particular, the importance of deep
water temperatures to C. finmarchicus distributions. For
this reason, covariates were ultimately chosen based on
biological relevance (Guisan and Zimmermann, 2000) and
contribution during preliminary model runs.

2.5. Species distribution modeling

Monthly individual and ensemble models were built using
the biomod2 package in R (Thuiller et al., 2009; R Devel-
opment Core Team, 2019). The package contains 10
inbuilt statistical SDMs. The biomod2 package was selected
because of its ensemble functionality, which allowed us to
create models more robust than individual models. Using
a user-specified evaluation metric threshold, biomod2
averages individual models together to create an ensem-
ble. We integrated generalized additive models (GAMs),
boosted regression trees (BRTs), and artificial neural net-
works (ANNs) to create an ensemble. We tuned the GAMs
by selecting the “GAM_mgcv” algorithm and setting the
number of knots to 4. We tuned the BRTs by setting
the number of trees to 1,000, the interaction depth to
9, the shrinkage to 0.01, the bag fraction to 0.5, and the
number of cross-validation folds to 10.We tuned the ANNs
by setting the number of cross-validation folds to 10 and
the maximum number of iterations to 1,000. Model tun-
ing was performed using the BIOMOD_ModelingOptions
function in biomod2.

Each algorithm has strengths and weaknesses.
Although GAMs are often accurate explanatory models,
they tend to have low predictive capabilities (Roloff and
Kernohan, 1999; Pearce et al., 2000; Guisan et al., 2002).
GAMs serve as good baseline models that tend to capture

general trends in the data. Despite potential for overfit-
ting, BRTs learn the data in detail and generally have
higher predictive performance than other models (Leath-
wick et al., 2006; Elith et al., 2008). ANNs generally per-
form better than other models when the environmental
covariates are strongly correlated (Li and Wang, 2013), as
is the case in this study. Using ensemble models, we were
able to leverage the strengths of each algorithm in order
to improve model performance and projection
capabilities.

For each modeling approach, we built separate models
for each month of the year, working under the assumption
that the relationship between E. glacialis distribution and
environmental covariates is different at different times of
the year. For all models, the covariates used were sea
surface temperature, bottom water temperature, bathym-
etry (log depth), the modeled C. finmarchicus habitat
index, and chlorophyll (log concentration). First, the data
were formatted, so that the sightings data matched the
environmental covariate data spatially and temporally. The
individual monthly models for each of the three modeling
algorithms were built using 10-fold cross-validation with
random 70%/30%, training-testing, data splits for each
fold. This approach resulted in a total of 30 models per
month. Ten-fold cross-validation indicates that 10 models
were built for each month and modeling algorithm, each
with a different random 70%/30% data split to capture
a range of possible model outputs. When extrapolating
models across space or time onto non-analog conditions,
random data splits can lead to overfitting SDMs (e.g., Elith
et al., 2010; Anderson, 2013). To address this issue, we
compared climatological fields with those from the year-
2050 projections (Figure S1). We found a high degree of
overlap between the present and year-2050 projected con-
ditions; therefore, we used random data splits. Response
curves for the three model algorithms were plotted for
each cross-validation fold. Evaluations and variable contri-
butions were extracted from the biomod2 model object
and plotted using a separate R script. We calculated the
pairwise correlation between covariate contributions and
the area under the receiver operator characteristic curve
(AUC) scores in order to assess the relationship between
the contribution of the covariates and model
performance.

AUC and the true skill statistic (TSS) were used to com-
pare ensemble and individual models, as both are com-
mon methods to evaluate SDMs (Fielding and Bell, 1997;
Allouche et al., 2006; Liu et al., 2011). AUC compares the
proportion of correctly classified presences to the propor-
tion of incorrectly classified absences between the thresh-
old values of 0 and 1. An AUC above 0.5 indicates better
performance than a random model (Fielding and Bell,
1997). AUC is useful when true absence data are available
and the goal of the model is to estimate the actual distri-
bution of a species (Jiménez-Valverde, 2012), as is the case
in this study. TSS compares the model output to a valida-
tion dataset that perfectly predicts the distribution, which
is then used to compute the proportion of true positives
for both presences and absences. Scores range between –1
and þ1, with a score of above zero indicating better
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performance than a random model (Allouche et al., 2006).
Both AUC and TSS were computed using the inbuilt bio-
mod2 function (Thuiller et al., 2009).

An ensemble model was created for each month from
a subset of the 30 monthly individual models (i.e., one
model for each of the 10 cross-validation folds for each of
the three algorithms). Models with an AUC greater than or
equal to 0.7 were included in the ensemble. TSS was also
calculated to verify the patterns seen using the AUC but
was not used to determine inclusion and exclusion of the
individual models from the ensembles. The ensemble was
created by averaging the habitat suitability probabilities
produced by the individual models. The ensemble models
were projected back onto the environmental covariates to
create one habitat suitability projection map for each
month.

For the year-2050 projections, the ensembles and each
of the individual models were projected onto the future
climatological covariates. For the physical covariates, we
used the projected climatologies for RCP 4.5 and RCP 8.5.
For chlorophyll, we ran each climate scenario with three
chlorophyll scenarios to obtain a wide range of results:
half of present chlorophyll levels (HC), present chlorophyll
levels (SC), and double present chlorophyll levels (DC).
This approach gave six projected climate change scenarios
for each month, and for each model. For C. finmarchicus,
we computed the same index using the 2050 covariates as
input under the SC scenario.

3. Results
3.1. Model performance

The ensemble models consistently performed better than
the individual models based on both AUC (Figure 2) and
TSS (Figure S2). Individual models performed similarly to
one another, with the evaluation score varying

seasonally. BRTs performed worse than ANNs and GAMs
in the winter months but performed better than ANNs
and the same as GAMs in the fall, though these differ-
ences were within the range of variation for each
method. The late summer and early fall (July, August,
September, and October) had the best performance
(ensemble AUC � 0.9). The late winter, early spring, and
November models had the worst performance (individual
models: 0.7 � AUC � 0.8; ensembles: 0.8 � AUC � 0.9).
For most of the results shown below, we focused on the
July through October period, where model performance
was consistently highest.

3.2. Covariate contribution

Covariate contributions varied seasonally, especially in the
GAM and BRT models (Figure 3). A spring-bloom-like pat-
tern was evident in April and May for both the GAM and
BRT models based on the increased chlorophyll contribu-
tion. C. finmarchicus contribution appeared to have a high
level of seasonality, especially in the BRTs where C. fin-
marchicus only contributed in the summer months (Fig-
ure 3c). The contribution of C. finmarchicus appeared to
vary inversely with the contribution of bathymetry. This
seasonality was less apparent in other models, especially
ANNs, where the contribution of covariates appeared to
vary little across the months (Figure 3a). In the winter, sea
surface temperature contributed more in comparison to
bottom temperature. In the summer months, when model
performance was highest, bottom temperature contribu-
tion tended to dominate over sea surface temperature
contribution. A correlation between the contribution of
two covariates does not indicate that the two covariates
are correlated.

Model performance varied with the relative contribu-
tions of some of the environmental covariates. There was

Figure 2. Monthly evaluation scores of the individual models and the ensemble. Evaluation score, or area under the
receiver operator characteristic curve, for each model algorithm (ANN, BRT, GAM) for each month. The lines represent
the mean evaluation score over the 10 cross-validation folds. Ranges for individual models are represented by the
shaded areas. DOI: https://doi.org/10.1525/elementa.2020.20.00058.f2
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a significant negative correlation between sea surface tem-
perature and AUC for the three individual models (P <
0.001; Tables 1–3). There was a significant positive cor-
relation between bottom temperature and AUC in the
ANN and GAM models (P < 0.05; Tables 1 and 2), as well
as between C. finmarchicus and AUC in the ANN and BRT
models (P < 0.05; Tables 1 and 3).

3.3. Response curves

We chose to present the response curves for the BRT mod-
els for illustration (Figure 4). The response curves for the
ANN and GAM models are included in the supplement
(Figures S3 and S4). Model-predicted habitat suitability
decreased with increased sea surface temperature and bot-
tom temperature. Greater depths were associated with
more suitable habitat than shallower depths. Increased
C. finmarchicus and chlorophyll were associated with high-
er model-predicted habitat suitability.

The different cross-validation folds (from each of the 10
model runs) appeared to result in similar response curves,
with the exception of some extreme values of covariates
(e.g., low sea surface temperature and high bottom tem-
perature; Figure 4). Response curves were similar across
the 4 months, with some variation. There was a stronger
response to bottom temperature, for example, in the later
months, and a weaker response to chlorophyll.

3.4. Climatological hindcasts

The ensemble model hindcasts aligned well with the
1993–2009 sightings data for the four months selected.
In July, there was high habitat suitability in the central
Gulf of Maine, especially off the northwestern edge of
George’s Bank and in Grand Manan Basin in the Bay of
Fundy (Figure 5a). There was also high suitability along
the Scotian Shelf and in Roseway Basin, despite a lack of

Figure 3. Contribution of covariates across individual models. Covariate contribution across the individual models: (a)
artificial neural networks, (b) generalized additive models, (c) boosted regression trees, and (d) averaged over the
individual models, excluding the ensembles. The boxes indicate the July through October period where the models
consistently performed best. DOI: https://doi.org/10.1525/elementa.2020.20.00058.f3

Table 1. Correlation coefficients and P values between the
contribution of each of the covariates and the individual
model area under the receiver operator characteristic
curves for the twelve monthly artificial neural network
models. DOI: https://doi.org/10.1525/elementa.2020.20.
00058.t1

Covariate R P Valuea

Sea surface temperature �0.56 3.5 � 10–11***

Bottom temperature 0.21 0.022*

Bathymetry 0.071 0.44

Calanus finmarchicus 0.26 0.0048**

Chlorophyll 0.096 0.30

aAsterisks indicate significant at P value < 0.05 (*), < 0.01 (**), or
< 0.001 (***).
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sightings in that region. In August, high habitat suitability
was concentrated primarily in Grand Manan Basin in the
Bay of Fundy and in Roseway Basin, which is consistent
with the relatively high number of sightings in these re-
gions (Figure 5b). In September, model hindcasts were
similar to those in August, but with generally higher hab-
itat suitability both in the Bay of Fundy and along the
Scotian Shelf (Figure 5c). In October, in addition to the
Bay of Fundy, there was a long band of high habitat suit-
ability along much of the coast, but outside of coastal
waters (Figure 5d).

3.5. Year-2050 projections

The year-2050 projections showed decreased habitat suit-
ability in year-2050 under both the RCP 4.5 and RCP 8.5
scenarios. The overall pattern indicated a decline in habi-
tat suitability in historical foraging areas, such as the Bay
of Fundy and Cape Cod Bay, and an increase in habitat
suitability in the eastern part of the domain along the
Scotian Shelf and in Roseway Basin. Beyond this general
pattern, some interesting nuances emerged.

In July, the central Gulf of Maine and Roseway Basin
became less suitable relative to the hindcasts (Figure 6a).
The Bay of Fundy became unsuitable in all of the RCP 8.5

scenarios and in the HC scenario for RCP 4.5, and slightly
less suitable in the SC and DC scenarios (Figure 6a). The
July projections suggested a large decrease in habitat suit-
ability in the central Gulf of Maine, specifically off of the
northwestern edge of George’s Bank (Figure 6a). A
decrease in the Bay of Fundy, along the Scotian Shelf, and
in Roseway Basin was observed, though these decreases
were not as pronounced.

In August, the entire Gulf of Maine domain appeared
unsuitable under all six scenarios, with the exception of
slight suitability in Roseway Basin (Figure 6b). This lack of
suitability was apparent, particularly in the RCP 4.5 and
RCP 8.5 DC scenarios.

In September, there appeared to be a northeastward
shift in habitat suitability, with the most suitable habitat
located along the Scotian Shelf in all six scenarios (Figure
6c). Habitat suitability decreased in the western Gulf of
Maine, with the exception of a slight increase off the
northwestern edge of George’s Bank in both of the HC
scenarios, relative to the hindcasts (Figure 6c). There was
higher suitability relative to the hindcasts in the central
Gulf of Maine in the SC and DC scenarios for RCP 4.5 and
RCP 8.5 (Figure 6c).

In October, there was decreased habitat suitability in
the western Gulf of Maine under all six scenarios (Figure
6d). In the HC and DC scenarios for both RCP 4.5 and RCP
8.5, habitat suitability increased in Roseway Basin and
along the Scotian Shelf (Figure 6d). The HC scenario
under both RCP 4.5 and RCP 8.5 predicted more wide-
spread suitability relative to the other scenarios.

4. Discussion
Managing right whales is a complex problem involving
many human uses of the marine environment, such as
energy development, ecotourism, and commercial ship-
ping and fishing. Because of the dynamic and spatially
varying objectives of the many stakeholders, there would
be great benefit to understanding the changing distribu-
tion of Eubalaena glacialis (Brown et al., 2007; Pendleton
et al., 2009; Pershing et al., 2009; Pendleton et al., 2012;
Monsarrat et al., 2015; Gomez et al., 2017; Plourde et al.,
2019; Record et al., 2019b). Mortality rates for E. glacialis
have increased markedly over the past few years as a by-
product of changing foraging patterns (Meyer-Gutbrod
and Greene, 2014; Davies and Brillant, 2019; Record et
al., 2019b). So far, the management response has been
reactive to these changes, making adjustments only after
spatiotemporal foraging patterns have changed and often
after mortalities have occurred. Using forward-looking
projections of changes in habitat suitability could help
inform a more proactive approach to reducing human-
caused mortality. To begin with, projections could aid in
choosing which regions may warrant increased survey
effort. There are regions in both the hindcasts and the
year-2050 projections that show high habitat suitability
but which have not been the focus of marine mammal
survey programs. Projections can guide where to search
for new aggregation areas before large mortality events
occur. Taking the long view of changing species distribu-
tions also gives us a reference point for planning emerging

Table 2. Correlation coefficients and P values between the
contribution of each of the covariates and the individual
model AUCs for the twelve monthly GAM models. DOI:
https://doi.org/10.1525/elementa.2020.20.00058.t2

Covariate R P Valuea

Sea surface temperature –0.58 2.7 � 10–12***

Bottom temperature 0.53 3.3 � 10–10***

Bathymetry 0.41 3.8 � 10–06***

Calanus finmarchicus –0.20 0.029*

Chlorophyll –0.17 0.059

aAsterisks indicate significant at P value < 0.05 (*) or < 0.001
(***).

Table 3. Correlation coefficients and P values between the
contribution of each of the covariates and the individual
model AUCs for the twelve monthly BRT models. DOI:
https://doi.org/10.1525/elementa.2020.20.00058.t3

Covariate R P Valuea

Sea surface temperature –0.33 0.00022***

Bottom temperature 0.092 0.32

Bathymetry 0.57 9.8 � 10–12***

Calanus finmarchicus 0.19 0.039*

Chlorophyll –0.43 7.2 � 10–07***

aAsterisks indicate significant at P value < 0.05 (*) or < 0.001
(***).
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uses of the marine environment, such as the responsible
development of aquaculture and wind energy resources.

The ensemble models developed here had high perfor-
mance metrics when evaluated using past E. glacialis data
(1993–2009) and past climatologically averaged environ-
mental covariates. Combining three individual models
into ensembles allowed us to optimize model perfor-
mance and hindcasting and projection capabilities. The
ensemble models performed better than the individual
models in part due to the selection threshold (AUC �
0.7) for inclusion in the ensemble, which increased the

AUC of the ensembles. Hindcasts indicated a high level of
habitat suitability in areas and times with many sightings,
such as Grand Manan Basin in the Bay of Fundy. In the
past, the Bay of Fundy has been a crucial feeding ground
for E. glacialis in July and August (Murison and Gaskin,
1989; Baumgartner et al., 2003b; Baumgartner and Mate,
2005; Brown et al., 2009; Plourde et al., 2019). In some
cases, the hindcasts highlighted regions of limited histor-
ical survey effort. In October—a month of high model
performance—the hindcasts indicated that Roseway Basin
and regions along the Scotian Shelf are suitable E. glacialis

Figure 4. Boosted regression tree response curves. Response curves for the 10 cross-validation runs of the BRTmodels in
(a) July, (b) August, (c) September, and (d) October. Covariates: sea surface temperature (SST), bottom temperature
(BTM_TMP), bathymetry (BAT), Calanus finmarchicus (CAL), and chlorophyll (CHLOR). The y-axes represent the model-
predicted probability of habitat suitability. The x-axes represent the values of the covariates; logarithmic scale is used
for depth and chlorophyll concentration. DOI: https://doi.org/10.1525/elementa.2020.20.00058.f4
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habitat, despite a lack of sightings in the data set. This
result is consistent with the findings of Plourde et al.
(2019), which confirmed based on a preyscape model that
the Scotian Shelf and Roseway Basin are likely key summer
foraging grounds for E. glacialis.

Due to monitoring challenges, modeling approaches,
and the dependence of the system on human behavior
(e.g., emissions), projections of future whale distributions
have substantial uncertainty. Using an ensemble approach
and by projecting the models onto multiple future climate
and chlorophyll scenarios, we attempted to explore this
uncertainty space as fully as possible. Even with this wid-
ened view, there was some degree of consistency between
the projected distributions. Generally, the model results
showed a decrease in habitat suitability throughout the
Gulf of Maine under most projections. In cases where
suitable habitat remained, projections showed a northeast-
ward shift in habitat suitability. This shift is consistent
with other evidence that E. glacialis is susceptible to the

effects of climate change through prey-driven changes
(e.g., Meyer-Gutbrod and Greene, 2014; Davis et al.,
2017; Record et al., 2019b).

One reason to undertake a modeling study like this one
is to shed light on which aspects of the problem we under-
stand fairly well and which aspects have knowledge gaps.
The difference in model performance at different times of
year is instructive in this regard. The individual models
and the ensembles performed best in July, August, Sep-
tember, and October relative to the other months, with
ensemble AUCs ranging from 0.92 to 0.95, demonstrating
very strong performance (Pearce and Ferrier, 2000). These
are among the months during which the Gulf of Maine
has historically been an important foraging ground for E.
glacialis (Murison and Gaskin, 1989; Kenney and Wishner,
1995; Brown et al., 2009; Pendleton et al., 2009; Patrician
and Kenney, 2010). In particular, these are months when
they are targeting the densely aggregated, lipid-rich stages
of C. finmarchicus (Baumgartner et al., 2003b; Davies et al.

Figure 5. Maps of ensemble climatological hindcasts. Climatological hindcasts of the ensemble models mapped onto
the domain, with Eubalaena glacialis presences from 1993 to 2009 overlaid. The inset shows habitat suitability in the
Bay of Fundy without presences marked for easier visibility. The maps correspond to (a) July, (b) August, (c) September,
and (d) October. The color bar represents on a scale of 0.00–1.00 the likelihood of a habitat being suitable for E.
glacialis according to the ensemble models. DOI: https://doi.org/10.1525/elementa.2020.20.00058.f5
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2014), suggesting that models based on the currently
available covariates are able to capture this particular
aspect of E. glacialis phenology accurately.

The ensemble models performed the worst between
November and June. The December performance was ele-
vated somewhat, but this may have been due to the low
number of sightings in December falsely inflating the AUC
score (Table S1). These months also had the largest dis-
crepancy between individual model evaluations and the
ensemble evaluations. Some of the winter and spring
months are historically important foraging times, particu-
larly in Cape Cod Bay. During these months, other cope-
pod species (i.e., Pseudocalanus spp. and Centropages spp.)
can be more important than C. finmarchicus for periods of
time (Mayo and Marx, 1990; Pendleton et al. 2009; Sta-
mieszkin et al. 2010). Including these species as prey data
layers could improve model performance. The ability to
project these other copepod species onto year-2050 con-
ditions would likely improve our projections of E. glacialis
habitat suitability in the winter and spring months.

The environmental covariates each contributed in dif-
ferent ratios to the individual models. There was high
seasonal variability, and during months when model per-
formance was highest, bottom temperature and C.

finmarchicus had higher contributions. The ANN model
did not capture seasonality, unlike the other two algo-
rithms (Figure 3a), which may be due to the way that
ANNs balance correlated covariates; they are adaptable
and able to find a smooth fit for many correlated variables
(Li and Wang, 2013). An increase in the contribution of
chlorophyll in April and May in both the GAM and BRT
models corresponds to the timing of the spring bloom;
chlorophyll could be acting as a proxy in the models for
copepod production during non-diapause months (Record
et al., 2019a). The C. finmarchicus covariate used a model
that focuses on diapause as an index of the lipid-rich prey
resource. The seasonality of this covariate contribution
reflects this choice: For example, this covariate only con-
tributed in and adjacent to the summer months in the BRT
models (Figure 3c). This seasonality is consistent with the
time period during which C. finmarchicus begins to enter
diapause (Ji, 2011; Ji et al., 2017) and when E. glacialis
feed upon this prey species in the Gulf of Maine (Plourde
et al., 2019).

The relationship between covariate contribution and
model performance can be instructive as to the different
roles of the covariates. A significant negative correlation
between sea surface temperature and AUC for the three

Figure 6. Maps of year-2050 projections. Habitat suitability projections under six potential year-2050 scenarios for (a)
July, (b) August, (c) September, and (d) October. For each month, we projected the models into scenarios with half of
the present chlorophyll levels (HC), the same present chlorophyll levels (SC), and double the present chlorophyll levels
(DC) for both the projected RCP 4.5 and RCP 8.5 climate scenarios. The color bar represents on a scale of 0.00–1.00 the
likelihood of a habitat being suitable for Eubalaena glacialis according to the ensemble models. DOI: https://doi.org/
10.1525/elementa.2020.20.00058.f6
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individual models suggests that a high reliance on sea
surface temperature decreases model performance
(Tables 1–3). On the contrary, bottom temperature was
generally positively correlated with model performance.
Although sea surface temperature is among the most
commonly used covariates in models of marine species
(e.g., Nye et al., 2009; Pershing et al., 2009; Palialexis et
al., 2011; Pendleton et al., 2012; Becker et al., 2018;
Abrahms et al., 2019), these results illustrate a potential
pitfall to ignoring bottom temperature, or other subsur-
face temperature measurements, when building SDMs in
marine environments. The significant positive correlation
between the C. finmarchicus habitat index and model per-
formance also underscores the importance of including
prey fields in E. glacialis SDMs. Relying on variables mea-
sured at the surface, like sea surface temperature and
surface chlorophyll, is likely to miss important dynamics.

The year-2050 projections, although not forecasts per
se, illustrate some important points. The lack of habitat
suitability in the Bay of Fundy and the general northeast-
ward shift in suitability suggests that E. glacialis is unlikely
to return to its historical foraging patterns, potentially as
a result of prey resources shifting northward into colder
waters due to climate change (e.g., Record et al., 2019b;
Sorochan et al., 2019). The September and October projec-
tions show an increase in habitat suitability in Roseway
Basin and along the Scotian Shelf, indicating a shift to
a narrower region of high suitability in comparison to the
hindcasts. Although suitability decreased in the rest of the
Gulf of Maine, this increase along Roseway Basin and the
Scotian Shelf suggests the possibility of suitable habitat
for E. glacialis just outside of the Gulf of Maine in the year
2050. Among the different climate scenarios tested, the
greatest change in E. glacialis distribution patterns was
generally associated with the higher emissions scenarios
(RCP 8.5) and with the lowest chlorophyll scenarios (HC).

This study sets an initial benchmark for projecting
future right whale distributions and leads to some logical
next steps to improve the projections. If, as it appears, good
model performance is related to the prey field input, then
including Centropages spp. and Pseudocalanus spp. covari-
ates would improve model performance for winter and
spring months; including other Calanus species would
allow for extending the model domain further into the
Canadian waters that are becoming increasingly important.
Strategies for integrating multiple types of right whale
observation data (e.g., acoustic detections, whale-watch
tours) into the model would broaden its applicability. The
model framework could also be tuned to account for inter-
annual variability as a way to make more near-term projec-
tions and to understand the higher resolution responses to
environmental change. Some biological inconsistencies in
the models, like the lack of seasonality in the covariate
contributions of the ANNs, suggest that further intercom-
parison of different modeling techniques would be benefi-
cial. Finally, we would benefit from a better understanding
of the mechanisms underlying relevant processes, such as
the biophysical coupling that aggregates prey into dense
patches and whale movement behaviors beyond direct for-
aging. No model captures every process, but a carefully

evaluated modeling exercise can synthesize what we do
know about changing distributions and can also highlight
knowledge gaps and data deficiencies.

Whales have many important ecological roles in the
oceans (e.g., Roman and McCarthy, 2010; Pershing et al.,
2010), and right whales have influence over human activ-
ities as a result of their status as critically endangered;
maintaining their populations will likely mean adapting
to long-term change. SDMs are inherently uncertain (Pear-
son et al., 2006), and that uncertainty should be kept in
mind. For example, an important caveat is that these pro-
jections represent climatological 30-year means, and in
any given year, historical foraging grounds could still be
important. Still, projections can give us insights into pos-
sible future scenarios, so that we can be proactive when it
comes to adapting to change. Evidence of past regime
shifts, and the mechanisms suggested (e.g., Meyer-
Gutbrod and Greene, 2014; Record et al., 2019b; Sorochan
et al., 2019), indicate that future shifts in E. glacialis dis-
tribution are a strong possibility. A better understanding
of our ability to predict future changes, and their associ-
ated uncertainty, will increase the likelihood of successful
management and conservation plans.
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Jiménez-Valverde, A. 2012. Insights into the area under
the receiver operating characteristic curve (AUC) as
a discrimination measure in species distribution
modelling. Global Ecology and Biogeography 21:
498–507. DOI: http://dx.doi.org/10.1111/j.1466-
8238.2011.00683.x.

Kenney, RD. 2018. What if there were no fishing? North
Atlantic right whale population trajectories without
entanglement mortality. Endangered Species
Research 37: 233�237. DOI: http://dx.doi.org/10.
3354/esr00926.

Ross et al: Projecting year-2050 North Atlantic right whale distributions Art. 9(1) page 13 of 16
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00058/460316/elem

enta.2020.20.00058.pdf by guest on 20 D
ecem

ber 2021

http://dx.doi.org/10.1073/pnas.96.6.3308
http://dx.doi.org/10.1073/pnas.96.6.3308
http://dx.doi.org/10.1046/j.1365-2907.1999.00035.x
http://dx.doi.org/10.1046/j.1365-2907.1999.00035.x
http://dx.doi.org/10.2305/IUCN.UK.20202.RLTS.T41712A178589687.en
http://dx.doi.org/10.2305/IUCN.UK.20202.RLTS.T41712A178589687.en
http://dx.doi.org/10.3354/meps10584
http://dx.doi.org/10.1038/s41598-017-13359-3
http://dx.doi.org/10.1038/s41598-017-13359-3
http://dx.doi.org/10.1111/j.2006.0906-7590.04596.x
http://dx.doi.org/10.1111/j.2006.0906-7590.04596.x
http://dx.doi.org/
10.1111/j.2041-210X.2010.00036.x
10.1111/j.2041-210X.2010.00036.x
http://dx.doi.org/10.1111/j.1365-2656.2008.01390.x
http://dx.doi.org/10.1111/j.1365-2656.2008.01390.x
http://dx.doi.org/10.1017/S0376892997000088
http://dx.doi.org/10.1017/S0376892997000088
http://dx.doi.org/10.3354/esr00823
http://dx.doi.org/10.1016/s0304-3800&lpar;02&rpar;00204-1
http://dx.doi.org/10.1016/s0304-3800&lpar;02&rpar;00204-1
http://dx.doi.org/10.1016/S0304-3800&lpar;00&rpar;00354-9
http://dx.doi.org/10.1016/S0304-3800&lpar;00&rpar;00354-9
http://dx.doi.org/10.3354/meps09342
http://dx.doi.org/
10.1093/icesjms/fsw253
10.1093/icesjms/fsw253
http://dx.doi.org/10.1111/j.1466-8238.2011.00683.x
http://dx.doi.org/10.1111/j.1466-8238.2011.00683.x
http://dx.doi.org/10.3354/esr00926
http://dx.doi.org/10.3354/esr00926


Kenney, RD,Wishner, KF. 1995. The south channel ocean
productivity experiment. Continental Shelf Research
15: 373–384. DOI: http://dx.doi.org/10.1016/
0278-4343(94)00070-4.

Knowlton, AR, Kraus, SD. 2001. Mortality and serious
injury of northern right whales (Eubalaena glacialis)
in the western North Atlantic Ocean. Journal of Ceta-
cean Research and Management (Special Issue) 2:
193�208. DOI: http://dx.doi.org/10.47536/jcrm.
vi.288.

Kraus, SD. 1990. Rates and potential causes of mortality
in North Atlantic right whales (Eubalaena glacialis).
Marine Mammal Science 6: 278–291. DOI: http://dx.
doi.org/10.1111/j.1748-7692.1990.tb00358.x.

Kraus, SD, Brown, MW, Caswell, H, Clark, CW, Fuji-
wara, M, Hamilton, PK, Kenney, RD, Knowlton,
AR, Landry, S, Mayo, CA, McLellan, WA, Moore,
MJ, Nowacek, DP, Pabst, DA, Read, AJ, Rolland,
RM. 2005. North Atlantic right whales in crisis. Sci-
ence 309(5734): 561–562. DOI: http://dx.doi.org/
10.1126/science.1111200.

Kraus, SD, Kenney, RD, Mayo, CA, McLellan, WA,
Moore, MJ, Nowacek, DP. 2016. Recent scientific
publications cast doubt on North Atlantic right
whale future. Frontiers in Marine Science 3(137).
DOI: http://dx.doi.org/10.3389/fmars.2016.00137.

Leathwick, J, Elith, J, Francis, M, Hastie, T, Taylor, P.
2006. Variation in demersal fish species richness in
the oceans surrounding New Zealand: An analysis
using boosted regression trees. Marine Ecology Prog-
ress Series 321: 267–281. DOI: http://dx.doi.org/10.
3354/meps321267.

Le Corre, N, Pepin, P, Burmeister, A, Walkusz, W,
Skanes, K, Wang, Z, Brickman, D, Snelgrove,
PV. 2020. Larval connectivity of Northern Shrimp
(Pandalus borealis) in the northwest Atlantic. Cana-
dian Journal of Fisheries and Aquatic Sciences 77:
1332–1347. DOI: http://dx.doi.org/10.1139/cjfas-
2019-0454.

Leiter, S, Stone, K, Thompson, J, Accardo, C,Wikgren,
B, Zani, M, Cole, T, Kenney, R, Mayo, C, Kraus, S.
2017. North Atlantic right whale Eubalaena glacialis
occurrence in offshore wind energy areas near Mas-
sachusetts and Rhode Island, USA. Endangered Spe-
cies Research 34: 45–59. DOI: http://dx.doi.org/10.
3354/esr00827.

Li, X, Wang, Y. 2013. Applying various algorithms for
species distribution modeling. Integrative zoology
8: 124–135. DOI: http://dx.doi.org/10.1111/1749-
4877.12000.

Liu, C, White, M, Newell, G. 2011. Measuring and com-
paring the accuracy of species distribution models
with presence-absence data. Ecography 34: 232–
243. DOI: http://dx.doi.org/10.111/j.1600-0587.
2010.06354.x.

Mayo, CA, Marx, MK. 1990. Surface foraging behaviour
of the North Atlantic right whale, Eubalaena glacia-
lis, and associated zooplankton characteristics.
Canadian Journal of Zoology 68: 2214–2220. DOI:
http://dx.doi.org/10.1139/z90-308.

Mayo, CA, Nichols, OC, Bessinger, MK, Brown, MW,
Marx, MK, Browning, CL. 2004. Surveillance, mon-
itoring and management of North Atlantic right
whales in Cape Cod Bay and adjacent waters -
2004. Final report submitted to the Commonwealth
of Massachusetts, Division of Marine Fisheries. Pro-
vincetown, MA: Center for Coastal Studies.

Mbaye, B, Doniol-Valcroze, T, Brosset, P, Castonguay,
M, Van Beveren, E, Smith, A, Lehoux, C, Brick-
man, D, Wang, Z, Plourde, S. 2020. Modelling
Atlantic mackerel spawning habitat suitability and
its future distribution in the north-west Atlantic.
Fisheries Oceanography 29(1): 84–99. DOI: http://
dx.doi.org/10.1111/fog.12456.

Meyer-Gutbrod, EL, Greene, CH. 2014. Climate-associated
regime shifts drive decadal-scale variability in recov-
ery of North Atlantic right whale population. Ocean-
ography 27(3): 148–153. DOI: http://dx.doi.org/10.
5670/oceanog.2014.64.

Monsarrat, S, Pennino, MG, Smith, TD, Reeves, RR, Mey-
nard, CN, Kaplan, DM, Rodrigues, ASL. 2015. His-
torical summer distribution of the endangered
North Atlantic right whale (Eubalaena glacialis): A
hypothesis based on environmental preferences of
congeneric species. Diversity and Distributions 21:
925–937. DOI: http://dx.doi.org/10.1111/ddi.
12314.

Murison, LD, Gaskin, DE. 1989. The distribution of right
whales and zooplankton in the Bay of Fundy, Cana-
da. Canadian Journal of Zoology 67: 1411–1420.
DOI: http://dx.doi.org/10.1139/z89-200.

North Atlantic Right Whale Consortium. 2016. North
Atlantic Right Whale Consortium sightings database.
Boston, MA: New England Aquarium.

Nye, JA, Link, JS, Hare, JA, Overholtz,WJ. 2009. Chang-
ing spatial distribution of fish stocks in relation to
climate and population size on the Northeast
United States continental shelf.Marine Ecology Prog-
ress Series 393: 111–129. DOI: http://dx.doi.org/10.
3354/meps08220.

Palialexis, A, Georgakarakos, S, Karakassis, I, Lika, K,
Valavanis, VD. 2011. Prediction of marine species
distribution from presence–absence acoustic data:
Comparing the fitting efficiency and the predictive
capacity of conventional and novel distribution
models. Hydrobiologia 670: 241–266. DOI: http://
dx.doi.org/10.1007/s10750-011-0673-9.

Patrician, MR, Kenney, RD. 2010. Using the Continuous
Plankton Recorder to investigate the absence of
North Atlantic right whales (Eubalaena glacialis)
from the Roseway Basin foraging ground. Journal
of Plankton Research 32: 1685–1695. DOI: http://
dx.doi.org/10.1093/plankt/fbq073.

Pearce, JL, Ferrier, S. 2000. Evaluating the predictive per-
formance of models developed using logistic regres-
sion. Ecological Modelling133: 225–245. DOI: http://
dx.doi.org/10.1016/S0304-3800(00)00322-7.

Pendleton, DE, Pershing, AJ, Brown, MW, Mayo, CA,
Kenney, RD, Record, NR, Cole, TVN. 2009.
Regional-scale mean copepod concentration

Art. 9(1) page 14 of 16 Ross et al: Projecting year-2050 North Atlantic right whale distributions
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00058/460316/elem

enta.2020.20.00058.pdf by guest on 20 D
ecem

ber 2021

http://dx.doi.org/10.1016/0278-4343&lpar;94&rpar;00070-4
http://dx.doi.org/10.1016/0278-4343&lpar;94&rpar;00070-4
http://dx.doi.org/10.47536/jcrm.vi.288
http://dx.doi.org/10.47536/jcrm.vi.288
http://dx.doi.org/10.1111/j.1748-7692.1990.tb00358.x
http://dx.doi.org/10.1111/j.1748-7692.1990.tb00358.x
http://dx.doi.org/10.1126/science.1111200
http://dx.doi.org/10.1126/science.1111200
http://dx.doi.org/10.3389/fmars.2016.00137
http://dx.doi.org/10.3354/meps321267
http://dx.doi.org/10.3354/meps321267
http://dx.doi.org/10.1139/cjfas-2019-0454
http://dx.doi.org/10.1139/cjfas-2019-0454
http://dx.doi.org/10.3354/esr00827
http://dx.doi.org/10.3354/esr00827
http://dx.doi.org/10.1111/1749-4877.12000
http://dx.doi.org/10.1111/1749-4877.12000
http://dx.doi.org/10.111/j.1600-0587.2010.06354.x
http://dx.doi.org/10.111/j.1600-0587.2010.06354.x
http://dx.doi.org/10.1139/z90-308
http://dx.doi.org/10.1111/fog.12456
http://dx.doi.org/10.1111/fog.12456
http://dx.doi.org/10.5670/oceanog.2014.64
http://dx.doi.org/10.5670/oceanog.2014.64
http://dx.doi.org/10.1111/ddi.12314
http://dx.doi.org/10.1111/ddi.12314
http://dx.doi.org/10.1139/z89-200
http://dx.doi.org/10.3354/meps08220
http://dx.doi.org/10.3354/meps08220
http://dx.doi.org/10.1007/s10750-011-0673-9
http://dx.doi.org/10.1007/s10750-011-0673-9
http://dx.doi.org/10.1093/plankt/fbq073
http://dx.doi.org/10.1093/plankt/fbq073
http://dx.doi.org/10.1016/S0304-3800&lpar;00&rpar;00322-7
http://dx.doi.org/10.1016/S0304-3800&lpar;00&rpar;00322-7


indicates relative abundance of North Atlantic right
whales. Marine Ecology Progress Series 378: 211–
225. DOI: http://dx.doi.org/10.3354/meps07832.

Pendleton, DE, Sullivan, PJ, Brown, MW, Cole, TVN,
Good, CP, Mayo, CA, Monger, BC, Phillips, S,
Record, NR, Pershing, AJ. 2012.Weekly predictions
of North Atlantic right whale, Eubalaena glacialis,
habitat reveal influence of prey abundance and sea-
sonality of habitat preferences. Endangered Species
Research 18(2): 147–161. DOI: http://dx.doi.org/10.
3354/esr00433.

Pershing, AJ, Christensen, LB, Record, NR, Sherwood,
GD, Stetson, PB. 2010. The impact of whaling on
the ocean carbon cycle: Why bigger was better. PLoS
ONE 5(8): e12444. DOI: http://dx.doi.org/10.1371/
journal.pone.0012444.

Pershing, AJ, Hernandez, CM, Kerr, LA, LeBris, A, Mills,
KE, Nye, JA, Record, NR, Scannell, HA, Sherwood,
GD, Thomas, AC. 2015. Slow adaptation in the face
of rapid warming leads to the collapse of an iconic
fishery. Science 350(6262): 809–812. DOI: http://dx.
doi.org/10.1126/science.aac9819.

Pershing, AJ, Record, NR, Monger, BC, Mayo, CA,
Brown, MW, Cole, TVN, Kenney, RD, Pendleton,
DE, Woodard, LA. 2009. Model-based estimates of
right whale habitat use in the Gulf of Maine. Marine
Ecology Progress Series 378: 245–257. DOI: http://
dx.doi.org/10.3354/meps07829.

Pettis, HM, Pace, RM III, Hamilton, PK. 2021. North
Atlantic Right Whale Consortium 2020 Annual
Report Card. Report to the North Atlantic Right
Whale Consortium. Boston, MA: North Atlantic
Right Whale Consortium.

Plourde, S, Lehoux, C, Johnson, CL, Perrin, G, Lesage,
V. 2019. North Atlantic right whale (Eubalaena gla-
cialis) and its food: (I) a spatial climatology of Cala-
nus biomass and potential foraging habitats in
Canadian waters. Journal of Plankton Research
41(5): 667–685. DOI: http://dx.doi.org/10.1093/
plankt/fbz024.

Plourde, S, Pepin, P, Head, EJH. 2009. Long-term sea-
sonal and spatial patterns in mortality and sur-
vival of Calanus finmarchicus across the Atlantic
Zone Monitoring Programme region, Northwest
Atlantic. ICES Journal of Marine Science 66(9):
1942–1958. DOI: http://dx.doi.org/10.1093/
icesjms/fsp167.

R Development Core Team. 2019. R: A language and
environment for statistical computing. Vienna, Aus-
tria: R Foundation for Statistical Computing.

Razgour, O, Rebelo, H, Di Febbraro, M, Russo, D. 2016.
Painting maps with bats: Species distribution mod-
elling in bat research and conservation. Hystrix, the
Italian Journal of Mammalogy 27. DOI: http://dx.
doi.org/10.4404/hystrix-27.1-11753.

Record, NR, Balch, WM, Stamieszkin, K. 2019a.
Century-scale changes in phytoplankton phenology
in the Gulf of Maine. PeerJ 7: e6735. DOI: http://dx.
doi.org/10.7717/peerj.6735.

Record, NR, Ji, R, Maps, F, Varpe, Ø, Runge, JA, Petrik,
CM, Johns, DA. 2018. Copepod diapause and the
biogeography of the marine lipidscape. Journal of
Biogeography 45(10): 2238–2251. DOI: http://dx.
doi.org/10.1111/jbi.13414.

Record, NR, Runge, J, Pendleton, DE, Balch,W, Davies,
K, Pershing, AJ, Johnson, CL, Stamieszkin, K, Ji,
R, Feng, Z, Kraus, SD, Kenney, R, Hudak, CA,
Mayo, CA, Chen, C, Salisbury, J, Thompson, C.
2019b. Rapid climate-driven circulation changes
threaten conservation of endangered North Atlantic
right whales. Oceanography 32(2): 20–27. DOI:
http://dx.doi.org/10.5670/oceanog.2019.201.

Roloff, GJ, Kernohan, BJ. 1999. Evaluating the reliability
of habitat suitability index models. Wildlife Society
Bulletin 27: 973–985.

Roman, J, McCarthy, JJ. 2010. The whale pump: Marine
mammals enhance primary productivity in a coastal
basin. PLoS ONE 5(10): e13255. DOI: http://dx.doi.
org/10.1371/journal.pone.0013255.

Runge, JA, Ji, R, Thompson, CR, Record, NR, Chen, C,
Vandemark, DC, Salisbury, JE, Maps, F. 2014. Per-
sistence of Calanus finmarchicus in the western Gulf
of Maine during recent extreme warming. Journal of
Plankton Research 37(1): 221–232. DOI: http://dx.
doi.org/10.1093/plankt/fbu098.

Sathyendranath, S, Brewin, RJ, Brockmann, C, Brotas,
V, Calton, B, Chuprin, A, Cipollini, P, Couto, AB,
Dingle, J, Doerffer, R, Donlon, C. 2019. An ocean-
colour time series for use in climate studies: The
experience of the Ocean-Colour Climate Change Ini-
tiative (OC-CCI). Sensors 19(19): 4285. DOI: http://
dx.doi.org/10.3390/s19194285.

Sharp, SM, McLellan, WA, Rotstein, DS, Costidis, AM,
Barco, SG, Durham, K, Pitchford,TD, Jackson, KA,
Daoust, P-Y,Wimmer, T, Couture, EL, Bourque, L,
Frasier, T, Frasier, B, Fauquier, D, Rowles, TK, Ha-
milton, PK, Pettis, H, Moore, MJ. 2019. Gross and
histopathologic diagnoses from North Atlantic right
whale Eubalaena glacialis mortalities between 2003
and 2018. Diseases of Aquatic Organisms 135: 1–31.
DOI: http://dx.doi.org/10.3354/dao03376.

Smith, CR, Baco, AR. 2003. Ecology of whale falls at the
deep-sea floor. Oceanography and Marine Biology:
An Annual Review 41: 311–354.

Sorochan, KA, Plourde, S, Morse, R, Pepin, P, Runge, J,
Thompson, C, Johnson, CL. 2019. North Atlantic
right whales (Eubalaena glacialis) and its food: (II)
interannual variations in biomass of Calanus spp. on
western North Atlantic shelves. Journal of Plankton
Research 41(5). DOI: http://dx.doi.org/10.1093/
plankt/fbz044.

Stamieszkin, K, Ganley, L, Mayo, CA, Leeney, RH,
Marx, MK. 2010. Surveillance, Monitoring and Man-
agement of North Atlantic Right Whales in Cape
Cod Bay and Adjacent Waters – 2010. Final Report
submitted to the Commonwealth of Massachusetts,
Division of Marine Fisheries. Provincetown, MA:
Center for Coastal Studies.

Ross et al: Projecting year-2050 North Atlantic right whale distributions Art. 9(1) page 15 of 16
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00058/460316/elem

enta.2020.20.00058.pdf by guest on 20 D
ecem

ber 2021

http://dx.doi.org/10.3354/meps07832
http://dx.doi.org/10.3354/esr00433
http://dx.doi.org/10.3354/esr00433
http://dx.doi.org/10.1371/journal.pone.0012444
http://dx.doi.org/10.1371/journal.pone.0012444
http://dx.doi.org/10.1126/science.aac9819
http://dx.doi.org/10.1126/science.aac9819
http://dx.doi.org/10.3354/meps07829
http://dx.doi.org/10.3354/meps07829
http://dx.doi.org/10.1093/plankt/fbz024
http://dx.doi.org/10.1093/plankt/fbz024
http://dx.doi.org/10.1093/icesjms/fsp167
http://dx.doi.org/10.1093/icesjms/fsp167
http://dx.doi.org/10.4404/hystrix-27.1-11753
http://dx.doi.org/10.4404/hystrix-27.1-11753
http://dx.doi.org/10.7717/peerj.6735
http://dx.doi.org/10.7717/peerj.6735
http://dx.doi.org/10.1111/jbi.13414
http://dx.doi.org/10.1111/jbi.13414
http://dx.doi.org/10.1371/journal.pone.0013255
http://dx.doi.org/10.1371/journal.pone.0013255
http://dx.doi.org/10.1093/plankt/fbu098
http://dx.doi.org/10.1093/plankt/fbu098
http://dx.doi.org/10.3390/s19194285
http://dx.doi.org/10.3390/s19194285
http://dx.doi.org/10.3354/dao03376
http://dx.doi.org/10.1093/plankt/fbz044
http://dx.doi.org/10.1093/plankt/fbz044


Stanley, RR, DiBacco, C, Lowen, B, Beiko, RG, Jeffery,
NW, Van Wyngaarden, M, Bentzen, P, Brickman,
D, Benestan, L, Bernatchez, L, Johnson, C. 2018.
A climate-associated multispecies cryptic cline in
the northwest Atlantic. Science Advances 4(3):
eaaq0929. DOI: http://dx.doi.org/10.1126/sciadv.
aaq0929.

Thuiller, W, Lafourcade, B, Engler, R, Araújo, MB.
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