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INTRODUCTION

The Northwest Atlantic Ocean (NWAO) is a pro-
ductive ecosystem that supports breeding, feeding,
and migratory habitats for a diverse assemblage of
marine life (e.g. DFO 1998, Pepin et al. 2007). This
region also supports a significant number of human
activities that have varying effects on the ecology

of the NWAO, including commercial shipping, fish-
ing, and oil and gas exploration and production. As
one example of an ecological impact of human
activities, over-fishing has resulted in the depletion
of fish stocks and has caused changes in the tro -
phic structure and function of the NWAO (Fogarty
& Murawski 1998, Worm & Myers 2003, Buren et al.
2014).
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ABSTRACT: Using long-term data from government, non-government, academic, and industry
sources, we developed species distribution models (SDMs) to predict priority areas in which to tar-
get and enhance blue whale Balaenoptera musculus and northern bottlenose whale Hyperoodon
ampullatus monitoring efforts in eastern Canada. Priority areas for blue whales were located pri-
marily on the Scotian Shelf and along the south shelf break in waters off Newfoundland. Priority
areas for northern bottlenose whales were identified primarily in areas along the edges of the
eastern Scotian Shelf and the Newfoundland and Labrador Shelves, in submarine canyons, and
deep basins. The SDM results and the tools presented in this study indicate that there are few con-
servation areas in eastern Canada that currently protect whales at risk, and that priority areas for
blue and northern bottlenose whales overlap with regions where noise-producing activities (ship-
ping and seismic exploration) occur. This study also highlighted large gaps in the cetacean data
related to human activities (e.g. seismic survey lines are outdated and recent information from the
past 5 to 10 yr is not available). The SDM approach developed in this study can be used as an iter-
ative, adaptive process by including updated data as it becomes available, further refining and
validating the SDM results and thereby improve our understanding of the distribution of
cetaceans and noise- producing activities in eastern Canada.
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Whaling activities between the late 1800s and mid-
1900s have resulted in reduced populations of many
marine mammal species, including the endangered
blue whale Balaenoptera musculus and northern
bottle nose whale Hyperoodon ampullatus. In eastern
Canadian waters, approximately 1500 blue whales
were killed by the Canadian whaling industry be -
tween 1898 and 1915 (see Beauchamp et al. 2009 and
references therein), and about 905 northern bottle-
nose whales were killed between 1962 and 1971 (see
a review in Reeves et al. 1993). Hunting of blue
whales was prohibited by the International Whaling
Commission in 1966, and northern bottlenose whales
were listed as a protected species in 1977 in the
schedule of the International Convention for the Reg-
ulation of Whaling (Reeves et al. 1993, Beauchamp et
al. 2009). All commercial whaling activities ceased in
Canada in 1974.

Currently, the Northwest Atlantic blue whale pop-
ulation likely numbers in the 100s of individuals
(Sears & Calambokidis 2002). Despite a ban on whal-
ing, the population suffers from low calving and
recruitment rates (COSEWIC 2002, Beauchamp et al.
2009). In addition to residual impacts of whaling on
this population, 40 blue whales have been killed by
ice entrapments since 1974. The most recent entrap-
ment occurred off the west coast of Newfoundland in
2014, and resulted in the death of 9 blue whales.
These recent entrapments represent a significant loss
to the blue whale breeding population in the NWAO
and highlight that natural processes also threaten the
recovery of this population.

Little is known about the abundance of northern
bottlenose whales in the NWAO, with the exception
of a small resident population that primarily inhabits
the submarine canyons of the eastern Scotian Shelf
off Nova Scotia (e.g. Gowans et al. 2000). This ‘Scot-
ian Shelf’ population, comprised of less than 150 ani-
mals, has been relatively stable since studies began
in the 1980s (O’Brien & Whitehead 2013) and is man-
aged as a distinct population that is genetically dif-
ferent from another northern bottlenose whale popu-
lation located further north off the Labrador
Peninsula (the ‘Davis Strait-Baffin Bay-Labrador Sea’
population) (Dalebout et al. 2001, 2006).

Due to their small population sizes and the increas-
ing number of human activities in the NWAO that
may impact them, both the Northwest Atlantic blue
whale population and the Scotian Shelf northern bot-
tlenose whale population are listed as endangered
under the Canadian Species at Risk Act (SARA)
(Government of Canada 2005, 2006). Due to the his-
torical impacts of whaling and current threats from

fishery interactions, the Davis Strait−Baffin Bay-
Labrador Sea northern bottlenose whale population
has been listed as special concern by COSEWIC
(2011). For all 3 of these whale populations, ship
strikes, entanglement in fishing gear, and noise gen-
erated from human activities are considered impor-
tant threats (e.g. COSEWIC 2002, 2011, Beauchamp
et al. 2009, Vanderlaan et al. 2011, DFO 2016).

Information on the distribution of and important
habitat for species at risk is essential to direct con -
servation efforts to mitigate threats that may be im -
peding recovery (Roberts et al. 2016). A requirement
under SARA is that critical habitat1 of endangered
and threatened species must be identified and pro-
tected (SARA 2002). Critical habitat for the North-
west Atlantic blue whale population has not yet been
identified (Beauchamp et al. 2009), whereas 3 sub-
marine canyons in the eastern Scotian Shelf (The
Gully, Shortland, and Haldimand) have been identi-
fied as critical habitat for the Scotian Shelf popula-
tion of northern bottlenose whales (DFO 2009, 2016,
Government of Canada 2010). Furthermore, Section
32 of the SARA (SARA 2002, p. 18) states that 

No person shall kill, harm, harass, capture or take an
individual of a wildlife species that is listed as an ex tir -
pated species, an endangered species or a threatened
species

Section 58 (SARA 2002, p. 29) states that
no person shall destroy any part of the critical habitat of
any listed endangered species or of any listed threat-
ened species. 

Thus, threats directly or indirectly causing such
harm and harassment must be identified so that they
can be eliminated or adequately reduced. In this con-
text, there is pressing need to increase our under-
standing of the seasonal distribution and critical
habitat of these species at risk (Beauchamp et al.
2009, DFO 2009, 2014, 2016).

Cetacean effort-based surveys (e.g. line-transect
surveys) have been conducted in only a quarter of
the world’s oceans (Kaschner et al. 2012) and thus
knowledge of cetacean seasonal distribution, den-
sity, and critical habitat is generally limited. While
cetacean effort-based surveys in the Canadian
NWAO are also limited (e.g. Breeze et al. 2002, Law-
son & Gosselin 2009), there are a large number of
ceta cean sighting records from opportunistic plat-
forms (e.g. Gomez & Moors-Murphy 2014). These
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1 Under the Canadian Species at Risk Act, critical habitat is
defined as ‘the habitat that is necessary for the survival and
recovery of a listed wildlife species’, and the destruction of
critical habitat is prohibited (SARA 2002)
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reflect presence-only records, which, together with
readily available and broad-scale environmental data,
provide an opportunity to improve our knowledge of
the distribution of blue and northern bottlenose
whales at risk using species distribution modelling
(SDM) (Elith et al. 2011, Merow et al. 2013). SDM is a
valuable tool for predicting the distribution of species
which can then be used to inform management ini-
tiatives. For example, identifying critical habitat and
ecological hotspots using SDM can help in the plan-
ning of marine protected area (MPA) networks, in -
cluding those designed primarily for the conservation
of predators (Gregr & Trites 2001, Cañadas et al.
2005, Hooker et al. 2011, Horsman et al. 2011). Fur-
thermore, both regulators and industry re quire infor-
mation on the distributions of species at risk to accu-
rately assess and mitigate impacts from current and
proposed human activities (Nowacek et al. 2013,
2015, Wright 2014, Wright & Kyhn 2015). To that end,
SDM has been used as a planning tool for minimizing
impacts of seismic activities on whale populations
(Bombosch et al. 2014).

Recognizing the strengths and limitations of pres-
ence-only SDM approaches (Merow et al. 2013), we
investigated areas in which to prioritize monitoring
blue and northern bottlenose whales, as these areas
appear to contain potentially high and moderate suit-
able habitat. Furthermore, we propose a framework
to use and update the datasets and methods provided
here as part of an iterative, adaptive process to mon-
itor the distribution of whales at risk in eastern Cana -
da, validate the SDM results presented here, and
ultimately contribute to the marine spatial process
currently underway in the region (Government of
Canada 2011, King et al. 2013, Westhead et al. 2013).

MATERIALS AND METHODS

NWAO study area

The study area is situated in the Northwest Atlantic,
encompassing waters of the provinces of Nova Scotia
and Newfoundland and Labrador in eastern Canada.
The NWAO comprises a continental shelf of varying
breadth, characterized by a complex topography of
shallow banks, basins, and submarine canyons, and
bounded by convoluted coastlines and deep ocean
basins (Breeze et al. 2002, Zwanenburg et al. 2002). In
the present study, the NWAO was delineated in the
north by the northern tip of Labrador and in the south
by the Fundian (or Northeast) Channel (Fig. 1). The
Gulf of St. Lawrence and the inner portion of the Bay

of Fundy, which are characterized by very different
ecosystem dynamics compared with the rest of the
NWAO (Therriault 1991, Zwanenburg et al. 2002,
Araújo & Bundy 2012), were not considered here.

Cetacean data

We capitalized on long-term cetacean sightings
data available from the Department of Fisheries and
Oceans (DFO), the Ocean Biogeographic Information
System (OBIS), the North Atlantic Right Whale Con-
sortium (NARWC), the Whitehead lab at Dalhousie
University (http://whitelab.biology.dal.ca/), and Envi-
ronment Canada’s (Canadian Wildlife Service) East-
ern Canada Seabirds at Sea (ECSAS) programme.
Data from DFO (such as www.inter.dfo-mpo. gc. ca/
Maritimes/SABS/popec/sara/Database), OBIS (www.
iobis.org/), and the NARWC (www. narwc. org/) are
compilations of sightings from a variety of sources
 including aerial and vessel-based surveys conducted
by industry, academic, government, and non-govern-
ment organizations. Locations of cetacean sightings
from all sources were merged and yielded 120 789
records after data quality control checks were per-
formed; these checks included discarding records
outside of our study area and removing redundant
records (same species, day, month, latitude and longi-
tude). Records included in the dataset were obtained
during the whaling (sightings or catches prior to 1975;
n = 8873 records) and post-whaling periods (free-
swimming whales, 1975 to 2015; n = 111 916). The
data set used in this study did not include strandings/
dead animals or entrapment data.

Less than 1% of all cetacean sighting records were
blue whales (n = 624). Records of blue whales prior to
1975 corresponded to individuals killed or sighted
during the whaling period on the western Scotian
Shelf and off southwest Newfoundland (n = 304). The
majority of blue whale records during the post-whal-
ing period (n = 320) were obtained during the sum-
mer (June to August; n = 222), followed by fall (Sep-
tember to November; n = 52), spring (March to May;
n = 36), and winter (December to February; n = 10).

Only 2% of the cetacean sighting records were
northern bottlenose whales (n = 2803). Records of
sightings and kills of this species during the whaling
period prior to 1975 were from the Scotian Shelf
region only (n = 33). The majority of the northern bot-
tlenose whale records were live individuals sighted
after the whaling period (n = 2770) and observed dur-
ing the summer (n= 2366), followed by spring (n =
205), fall (n = 171), and winter (n = 28).
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Fewer cetacean sightings were recorded in winter,
spring, and fall — likely due to unfavourable weather
and greatly reduced visual effort in these seasons
compared to summer. Consequently, we only used
records of live blue and northern bottlenose whales
observed in the summer post-whaling period (June to
August; 1975 to 2015) to construct the SDMs (Fig. 1).

Environmental data

A fundamental component of SDM is the selection
of a suite of environmental variables that exhibit a
spatial and temporal relationship with the location
records for the species of interest, and thus, are use-
ful to predict priority areas. Information on the prey
of the species of interest is an ideal predictor variable
(e.g. Pendleton et al. 2012); however, there is a lack
of information on the spatial and temporal distribu-
tion of the prey of blue whales (euphausiids) and

northern bottlenose whales (e.g. squid Gonatus spp.).
Consequently, the relationship between whales and
their prey was not integrated directly. Instead, we
employed an approach similar to previous studies
with limited prey data that used environmental vari-
ables as proxies for prey availability (e.g. Gregr 2011,
Roberts et al. 2016) (Table 1): (1) ocean depth (Fig. 2);
(2) compound topographic index (CTI) — derived from
ocean depth (Evans et al. 2014), this variable re flects
the peaks (high numeric values of CTI), basins (low
values), and flat surfaces (intermediate values) of the
ocean floor (Moore et al. 1991, Gessler et al. 1995,
Andersen et al. 2013) (Fig. 2); (3) sea surface tem -
perature (SST) — average summer water tempera-
ture close to the ocean’s surface (Fig. 2); (4) areas of
persistently high chlorophyll a (chl a) concentration
(Fig. 3). Every pixel in the weekly composite satel-
lite images was compared against a specific thresh-
old value represented by its own median plus a half
standard deviation. Pixels above the threshold are
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Fig. 1. Sightings (black dots) collected within the boundaries of our study area (black line) of (a) northern bottlenose whales
Hyperoodon ampullatus (n = 2366), (b) blue whales Balaenoptera musculus (n = 222), and records (grey dots) of cetacean species
(c) other than northern bottlenose whales (74 466) and (d) other than blue whales (76 610). Cetacean records were gathered from
the Department of Fisheries and Oceans, the Ocean Biogeographic Information System, the North Atlantic Right Whale Consor-

tium, the Whitehead lab at Dalhousie University, and the Eastern Canada Seabirds at Sea programme
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termed transformed chlorophyll indicators (for de -
tailed description of the methods, see Fuentes-Yaco
et al. 2015); and (5) regional chl a magnitude (Fig. 3)
(Fuentes-Yaco et al. 2015), representing the central
tendency of chl a concentration (mg m−3). This pre-
dictor was calculated by ob taining the median chl a
concentration values for each pixel, and then averag-
ing those medians over the 4 sub-regions described
below.

The latter 2 environmental variables were derived
by identifying and mapping phytoplankton-rich zones
using satellite imagery to provide an indication of
primary producers (Table 1). The procedures used to
develop each of these maps are presented in detail in
Fuentes-Yaco et al. (2015), and summarized briefly
here. The study area was first subdivided into neritic
(50 to 600 m depth) and oce anic (>600 m depth)
regions. These regions were further subdivided into
north and south sections following the boundaries of
Divisions 3 and 4 of the Northwest At lan tic Fisheries
Organization (NAFO; Fig. 3) as well as distinct bathy -
metric and hydrographic features. Each of these 4
large geographical regions has unique marine com-
munities and food web systems (Devred et al. 2007,
2009, Longhurst 2007, NAFO 2014). For each of the
regions, we computed the relative contribution (%) of
persistently high chl a (hereafter referred to as
CHLpers) and the average of the median chl a concen-
tration (mg m−3, hereafter re ferred to as  CHLmagn)
(Fig. 3). The goal of separating the study area into

sub-regions was to characterize chlorophyll predic-
tors for cetacean habitat in relation to relative pri-
mary producers. CHLmagn allowed us to distinguish
the central tendencies of chl a concentration values
per sub-region. For example, such delineation helps
illustrate that oceanic regions of this study area have
relatively lower chl a values compared with neritic
zones (Fig. 3). Consequently, Fuentes-Yaco et al.
(2015) proposed that each sub-region should be ana-
lysed independently to avoid the ‘statistical attrac-
tion’ of pixels in regions with very high concen -
trations of chlorophyll (e.g. neritic south) when
compared to pixels in areas of low concentration of
pigments (e.g. oceanic south). Areas of low yet per-
sistent concentration of pigments could be particu-
larly important for whales and their prey. In fact, pre-
vious studies using a different approach have found
that shelf edges (areas of low concentration of pig-
ments) are important habitat for a wide number of
species, including beaked and baleen whales (e.g.
Whitehead 2013, Gomez & Moors-Murphy 2014; see
Moors-Murphy 2014 for a review). If the sub-regions
are not considered in the calculation of chl a persist-
ence, the shelf edges appear as ‘oceanic desert’
areas, when in reality this not likely the case (Grant
et al. 1987).

Seasonal climatologies of CHLpers, as well as
 CHLmagn for spring (March to May) and summer
(June to August), were derived from weekly compos-
ites between 2003 and 2014 (Fig. 3, Table 1). Sum-
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Variable (units)                                         Temporal resolution           Spatial    Source
                                                                                                            resolution

Ocean depth (m)                                           Static variable                 1 km      Oceans and Coastal Management Division, Mari -
times Region, Department of Fisheries and Oceans,
Bedford Institute of Oceanography

Compound topographic (CTI) (na)              Static variable                 1 km      Calculated using the Geomorphometry index and 
                                                                                                                               Gradient Metrics Toolbox version 2.0 in ArcGIS

(Evans et al. 2014)

Sea surface temperature (SST) (°C)   Seasonal (summer month      1.5 km    Derived from images obtained from the Moderate
                                                                  values used in SDM)            pixel      Resolution Imaging Spectroradiometer (MODIS)

instrument on the Aqua satellite. The seasonal
climatologies were derived from semi-monthly
composites for 2003−2014. (www. bio-iob. gc. ca/
science/ newtech-tech nouvelles/ sensing-teledetect
ion/ index-en.php) 

Areas of persistent high chl a         Seasonal (spring and summer  1.5 km    Derived from weekly composite images obtained 
concentration (CHLpers) (%)              month values used in SDM)      pixel      from MODIS Aqua satellite (Fuentes-Yaco et al. 2015)

Regional concentrations of chl a    Seasonal (spring and summer  1.5 km    Derived from weekly composite images obtained 
(CHLmagn) (mg m−3)                            month values used in SDM)      pixel      from MODIS Aqua satellite (Fuentes-Yaco et al. 2015)

Table 1. Environmental layers used to predict the distribution of blue Balaenoptera musculus and northern bottlenose whales Hyper-
oodon ampullatus in the Northwest Atlantic Ocean. Seasons for variables that have a temporal resolution corresponded to spring 

(March to May) and summer (June to August). SDM: species distribution modelling; na: not applicable
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mary maps of these values were produced for 2 sea-
sons: summer (the time at which locations of
cetaceans were gathered for the SDM) and spring (to
account for the time-lag needed for primary produc-
ers to transfer to secondary producers; Jaquet 1996,
Croll et al. 2005, Wong 2012). Importantly, shallow
coastal areas in the ocean typically contain a mixture
of constituents with different optical properties, such
as phytoplankton, other suspended particulates, and
yellow substances (Morel & Prieur 1977). In addition,
shallow waters are also influenced by the depth of
the water column, and by the nature of the bottom.
Consequently, these areas require detailed and cus-

tomized algorithms to identify concentrations of chl a
(IOCCG 2000). This evaluation was not applied in
this study, thus shallow coastal areas <50 m depth
were excluded from the analyses.

All environmental layers were processed to have
the same geographic extent, projection system
(World geodetic System [WGS] 1984), and cell size
(1.5 km), then converted to an ASCII raster grid for-
mat using ArcGIS 10 (Evans et al. 2014). The vari-
ance inflation factor (VIF; Zuur et al. 2010) was used
to investigate collinearity between environmental
variables. Note that the average regional chl a mag-
nitude was not included in the VIF calculations as it
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Fig. 2. Physical environmental data used to predict the distribution of blue Balaenoptera musculus and northern bottlenose
whales Hyperoodon ampullatus in the Northwest Atlantic Ocean: (a) ocean depth (m), (b) compound topographic index (CTI),
and (c) sea surface temperature (SST; °C) during the summer (June to August). CTI, derived from ocean depth, is a continuous
variable that ranged from 9.57 to 27.8 (low values represent basins, high values represent peaks, and intermediate values
around 18.7 represent flat surfaces). Seasonal climatologies for SST were derived from semi-monthly composites for the 

2003 to 2014 period
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is comprised of only 1 (average) value per unique
region (Fig. 3). VIF values <3 denote that the envi-
ronmental variables do not exhibit collinearity and
thus are relevant to use in the SDM.

SDM: identifying priority areas to enhance
cetacean monitoring

We used the software MaxEnt v.3.3.3k (Phillips et
al. 2006) to build the SDM because this tool performs
well compared to other approaches that also use spe-
cies presence locations (data where associated effort
is unavailable) and when sample size is relatively
small (Elith et al. 2006, Pearson et al. 2007, Tittensor
et al. 2009). This type of opportunistically collected
data with a lack of true absence data (zeros) is com-
monly combined with MaxEnt to predict the distribu-
tion of whale species (e.g. Gregr 2011, Ainley et al.
2012, Pendleton et al. 2012, Bombosch et al. 2014).

MaxEnt incorporates the location of each species’
presence (presence-only data) and a set of environ-
mental data predictors across the area of study (land-
scape). MaxEnt then extracts a sample of locations of
species presence and a sample of point locations
within the landscape; these 2 locations are contrasted
to explore the relative occurrence rate (ROR; Fithian
& Hastie 2013). The ROR describes the relative prob-
ability of presence of the individual in the landscape
(Phillips et al. 2006, Merow et al. 2013); MaxEnt’s raw
output is interpreted to be a ROR. To allow for com-
parisons between results for different species, we
rescaled the raw output to range between 0 and 100.
We used this cumulative output to generate maps of
priority areas to target future monitoring of blue and
northern bottlenose whales. These maps were based
on 4 arbitrary categories: high (100 to 60%), moder-
ate (60 to 40%), low (40 to 10%) and very low (<10%)
priority (e.g. Ananjeva et al. 2015). The MaxEnt run
settings are provided in Table 2.
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Fig. 3. Biological environmental data used to predict the distribution of blue Balaenoptera musculus and northern bottlenose
whales Hyperoodon ampullatus in the Northwest Atlantic Ocean: areas of (a,c) persistently high chl a concentration (CHLpers)
and (b,d) average regional chl a magnitude (CHLmagn). Seasonal climatologies (spring: March to May, and summer: June to
August) were derived from weekly composites for the 2003 to 2014 period (Table 1 in Fuentes-Yaco et al. 2015). Black line:
subdivision of the study area into neritic (between 50 and 600 m depth) and oceanic (>600 m depth). Neritic and oceanic 

regions were further divided into north and south (d)
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Evaluation of MaxEnt model performance

The area under the curve (AUC) metric of the
receiver operating characteristic (ROC) was used to
evaluate the ability of the SDM to discriminate cor-
rectly between sites associated with the presence of
whales and the sample of points from the landscape
(Phillips et al. 2006). For this, we selected the cross-
validation option in MaxEnt as recommended in
Merow et al. (2013) (Table 2) and used the AUC to
investigate the probability that a randomly chosen
whale presence location was ranked higher than a
randomly chosen location in the landscape. An AUC
value close to 1.0 indicates that the SDM has good
discriminatory power, whereas a value ≤0.5 indicates
that the model prediction is no better than random
(Fielding & Bell 1997).

Sampling bias correction

Bias in the sampling effort within a study area can
influence the reliability and quality of the SDM (Bys-
triakova et al. 2012, Fourcade et al. 2014). There are
2 types of sampling bias in this study: (1) whale
records in areas of potential high and moderate prior-
ity may be absent due to lack of survey effort; and (2)

whale records may be overrepresented in regions
with high sampling efforts (e.g. the Gully MPA, outer
Bay of Fundy). We applied 2 methods to account for
this: bias file and sampling (Fourcade et al. 2014).

Bias file. Most whale sighting data gathered for this
study were obtained from opportunistic surveys and
thus do not contain a measure of survey effort. Sight-
ings of cetacean species other than blue or northern
bottlenose whales are available, and we term these
‘non-target group species’ (non-TGS). We created a
sampling distribution bias map by plotting these non-
TGS records within the study area. We considered
cells that were within a given radius of a non-TGS
record to be ‘surveyed cells’ and used these cells to
generate a bias file which provided an a priori rela-
tive sampling probability (Phillips et al. 2006, Merow
et al. 2013). We used summer non-TGS records for
blue and northern bottlenose whales to generate bias
maps that represent ‘sampled’ areas in the NWAO
(Fig. 1). To explore how these bias maps impacted
the SDM results, we ran the model with and without
the bias file. We further refined this approach to
assess the effect of the scale of the spatial search by
adjusting the radius of the surveyed cells to 3 levels:
1, 2.5, and 5 km.

Mixed random−systematic sampling of TGS
records. MaxEnt discards redundant records that oc -
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Variable                                     Setting           Comments

Random seed                                Yes               

Maximum number of                10000             A random sample of point locations from the landscape to represent the
background points                                           environmental conditions in the study area

Regularization multiplier              1                 Included to reduce model over-fitting

Output grids                               None             

Maximum iterations                   5000              Allows the model to have adequate opportunity for convergence

Convergence threshold           0.00001           

Replicated run type            Cross-validate     Assesses uncertainty in model predictions; it incorporates all available
sightings, making better use of smaller datasets. For this, occurrence data is
randomly split into a number of equally-sized groups (folds), and models are
created leaving out each fold in turn. These left-out folds are then used for
model evaluation

Number of replicates                   100               Multiple runs for the same species. This allows averages of the results from
all models (number of replicates) created to be obtained; average values are
used to generate habitat suitability maps

Output type                           Cumulative        Does not rely on post-processing assumptions and is useful when illustrating
potential species range boundaries

Alternate estimates of             Jacknife          Each predictor variable is excluded in turn, and a model is fitted with the
variable importance                                         remaining variables. Then, a model is created using each variable in

isolation. In addition, models are created using all variables

Table 2. MaxEnt run settings used to build the species distribution model of blue whales Balaenoptera musculus and northern
bottlenose whales Hyperoodon ampullatus in the Northwest Atlantic Ocean. Settings were selected following Phillips et al. 

(2006) and Merow et al. (2013)
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cur in a single cell (records with the same geographic
coordinates); however, it does not discard multiple
records that can occur in neighbouring cells and thus
may over-represent regions with high sampling
efforts (Kadmon et al. 2004). To reduce the spatial
aggregation of records in neighbouring cells, we ran-
domly sub-sampled 1 whale sighting on a predeter-
mined grid (Fourcade et al. 2014). To explore how the
size of the grids might impact the SDM results, we
conducted this sub-sampling at 3 different spatial
resolutions: 1, 2.5, and 5 km. In this way, we used 4
datasets for each species to model their priority
areas: not sampled, and sampled at 1, 2.5 and 5 km
spatial resolutions.

Effect of sampling bias correction in the SDM. For
each dataset (4) per species, we ran the SDM with
and without the bias files (4), leading to 16 (4 × 4) sce-

narios of predicted priority areas per species. We
obtained the Pearson’s rank correlation coefficient (r)
be tween these predicted maps of priority areas
(Quinn & Keough 2002) to investigate how the model
results were altered under each scenario of sampling
bias correction. A summary of the SDM methodology
employed in the study is provided in Fig. 4.

Mapping conservation areas and human activities
(shipping and seismic surveys) in the NWAO

A key part of systematic conservation planning is
revisiting the efficacy of existing area-based protec-
tion measures in light of new information on species
distribution (Margules & Pressey 2000, Tognelli et al.
2008, 2009, Wiersma & Nudds 2009, Sharafi et al.
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Fig. 4. Approach used to build species distribution models (SDMs) and predict priority areas for blue Balaenoptera musculus
and northern bottlenose whales Hyperoodon ampullatus in the Northwest Atlantic Ocean (NWAO). The cetacean and envi-
ronmental data used are presented in Figs. 1−3; maps derived from SDM results are presented in Fig. 5. Light grey circular ar-
rows indicate that this SDM approach will continue to be used as part of an iterative, adaptive process in the region, including
updated data as it becomes available and thus further refining and validating the SDM results to improve our understanding of 

the distribution of cetaceans in the NWAO
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2012). In this context, we identified and mapped 10
areas that already exist in the NWAO and that may
provide some level of protection for blue and north-
ern bottlenose whales (see DFO 2009, 2015). In order
to give an example of additional human-caused
stressors for these species at risk in the NWAO, we
mapped selected activities that are known to con-
tribute a significant amount of noise in the marine
environment: shipping and oil and gas exploration.
To represent shipping traffic, we obtained and
mapped data on commercial shipping from the
Canadian Year-Round Shipping Traffic Atlas, which
corresponds to the Automatic Identification System
(AIS) mean traffic density of all ships in 2013 (Simard
et al. 2014). To represent oil and gas exploration, we
obtained data on released seismic surveys from the
2 Atlantic Canadian Offshore Petroleum Boards:
Cana da-Newfoundland and Labrador Offshore Pe -
troleum Board (C-NLOPB) and Canada-Nova Scotia
Offshore Petroleum Board (C-NSOPB). Digital data
on released seismic operations off Nova Scotia was
obtained from the C-NSOPB (http:// callforbids. ca/
data-environment/ gis-information).

RESULTS

SDM: priority areas to enhance blue and northern
bottlenose whale monitoring efforts

Preliminary analyses showed that the environ-
mental variables selected in this study were not
correlated, and thus we were able to use all vari-
ables in the SDM (Table 3). All models had high
AUC values (mean >0.81), and the majority of
maps derived from the different scenarios of sam-
pling bias correction presented a positive correla-
tion for all species (r > 0.75), with the exception of

the results for northern bottlenose whales that did
not include a bias map (r < 0.42; Table 4, Fig. S2 in
the Supplement at www. int-res. com/  articles/ suppl/
n032 p437 _ supp.   pdf). A vis u al examination of the
maps shows that while the overall distribution pat-
terns of priority areas were similar across all sce-
narios of sampling bias correction (see Figs. S1 &
S2 in the Supplement), there are important dif -
ferences in some of the areas. For example, for
blue whales (without sub-sampling), the Laurentian
Channel showed low predicted priority when using
a bias file at 5 km, and high predicted priority
when using a bias file of 2.5 or 1 km. In general,
the maps that did not incorporate a bias file and
included the total set of whale sighting records (no
sampling) predicted a relatively smaller proportion
of high and moderate priority areas compared with
models that did utilize the bias files, and the mini-
mum number of whale records (sampling on a 5 × 5
km grid; see Figs. S1 & S2 in the Supplement). We
used SDM results that incorporated the bias file to
present priority areas to target future monitoring.
The bias file we used (see Fig. 5) was generated
at 1 km, which we considered to be a reasonable
radius at which observers from vessel-based plat-
forms would be able to detect and identify ceta -
ceans (i.e. differentiate between TGS and non-TGS
records). However, it is important to note that until
model validation is conducted (e.g. dedicated field
surveys), all SDM outputs presented in the scenar-
ios of sampling bias correction are reasonable pre-
dictions with which to target monitoring efforts.

We calculated the relative contributions of environ-
mental predictor variables to the SDM to evaluate
their individual importance for each of the 8 scenar-
ios of sampling bias correction (Table 5). Ocean
depth (>44%) and SSTsummer (>22%) had the greatest
contribution to the northern bottlenose whale mod-
els. SSTsummer had the greatest contribution to the
blue whale models (>35%), followed by CHLmagn

during spring (>21%), and ocean depth (12%) (with
the exception of the models in which the bias file was
not included; in those cases, ocean depth and
 SSTsummer had the greatest contribution at >34%).
Jacknife output, used as a complementary method
for assessing the importance of environmental pre-
dictor variables (see Yost et al. 2008, our Table 2),
confirmed the importance of ocean depth, SSTsummer,

and  CHLmagn during spring in the models (higher
training gain and test AUC values). CHLmagn during
summer, CHLpers during spring and summer, and CTI
contributed relatively little to the models for both
species (<11%).

Environmental variables                                               VIF

Ocean depth                                                                  1.61
CTI                                                                                 1.41
SST summer                                                                  1.44
CHLpers (summer)                                                          1.58
CHLpers (spring)                                                             1.80

Table 3. Variance Inflation Factor (VIF) used to investigate
collinearity between environmental variables: ocean depth,
compound topographic index (CTI), sea surface tempera-
ture (SST), and areas of persistently high chl a concentra-
tion (CHLpers). Note that the variable ‘regional concentra-
tions of chl a’ (CHLmagn) had only 4 values (one for each
region; Fig. 3), and thus was not included in this analysis

http://www.int-res.com/articles/suppl/n032p437_supp.pdf
http://www.int-res.com/articles/suppl/n032p437_supp.pdf
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In general, areas of high and moderate priority
for blue and bottlenose whales were in deep-water
regions along the continental slope of the NWAO
(Fig. 5). For northern bottlenose whales, priority
areas for monitoring were concentrated on the off-
shore margins of the eastern Scotian Shelf, and the
Newfoundland and Labrador Shelves, including sev-
eral submarine canyons, deep water areas, and
basins. In addition, priority areas for northern bottle-
nose whales were also indicated in near-shore areas
off the northern tip of Labrador. In the case of blue
whales, the majority of priority areas were along the
slopes of the eastern and western Scotian Shelf and
south of the Newfoundland Shelf. Areas of low prior-
ity were highlighted in a small region around north-

ern Labrador. Deep water regions beyond the shelf
break, which coincide with areas of limited or non-
existent survey effort (Fig. 1), exhibited very low pri-
ority for targeting blue whale monitoring efforts
(Fig. 5).

Conservation areas, shipping, and seismic surveys
in the NWAO

We mapped 10 areas in the NWAO which currently
may provide some level of protection for blue and
northern bottlenose whales (see DFO 2009, 2015).
These areas include 1 MPA (The Gully), proposed
MPAs (or Areas of Interest, AOI), areas identified as
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Bias       Sampling             1                           2.5                             5                           None
(km)           (km)           None    1       2.5       5       None    1       2.5       5       None    1       2.5       5       None    1       2.5       5

Blue whales
1                 None              −                                                                                                                                                            
                      1               0.77     −                                                                                                                                                  
                    2.5             0.77   1.00     −                                                                                                                                        
                      5               0.77   1.00   1.00     −                                                                                                                              

2.5              None           0.83   0.97   0.97   0.97       −                                                                                                                 
                      1               0.82   0.97   0.97   0.97     1.00     −                                                                                                       
                    2.5             0.82   0.97   0.97   0.97     1.00   1.00     −                                                                                             
                      5               0.82   0.97   0.97   0.97     1.00   1.00   1.00     −                                                                                   

5                 None           0.87   0.95   0.95   0.95     0.98   0.98   0.98   0.98       −                                                                       
                      1               0.82   0.97   0.97   0.97     1.00   1.00   1.00   1.00     0.98     −                                                             
                    2.5             0.82   0.97   0.97   0.97     1.00   1.00   1.00   1.00     0.98   1.00     −                                                   
                      5               0.82   0.97   0.97   0.97     1.00   1.00   1.00   1.00     0.98   1.00   1.00     −                                         

None         None           0.98   0.76   0.76   0.76     0.82   0.82   0.82   0.82     0.87   0.82   0.82   0.82       −                             
                      1               0.98   0.78   0.78   0.78     0.84   0.83   0.83   0.83     0.88   0.83   0.83   0.83     0.99     −                   
                    2.5             0.98   0.80   0.80   0.80     0.85   0.85   0.85   0.85     0.90   0.85   0.85   0.85     0.97   0.99     −         
                      5               0.98   0.79   0.79   0.79     0.84   0.84   0.84   0.84     0.88   0.84   0.84   0.84     0.98   0.99   0.99     −

Northern bottlenose whales
1                 None              −                                                                                                                                                            
                      1               1.00     −                                                                                                                                                  
                    2.5             0.98   0.99     −                                                                                                                                        
                      5               0.95   0.95   0.97     −                                                                                                                              

2.5              None           0.97   0.97   0.94   0.90       −                                                                                                                 
                      1               0.97   0.97   0.95   0.91     1.00     −                                                                                                       
                    2.5             0.97   0.98   0.96   0.94     0.99   0.99     −                                                                                             
                      5               0.95   0.94   0.95   0.97     0.93   0.94   0.97     −                                                                                   

5                 None           0.95   0.95   0.93   0.91     0.94   0.94   0.94   0.92       −                                                                       
                      1               0.95   0.95   0.93   0.91     0.94   0.95   0.95   0.92     1.00     −                                                             
                    2.5             0.95   0.95   0.93   0.93     0.92   0.93   0.94   0.92     0.99   0.99     −                                                   

                      5               0.93   0.93   0.92   0.94     0.89   0.89   0.92   0.94     0.96   0.97   0.98     −                                         
None         None           0.35   0.34   0.35   0.31     0.38   0.38   0.38   0.36     0.42   0.41   0.41   0.36       −                             
                      1               0.34   0.34   0.34   0.31     0.37   0.37   0.38   0.36     0.42   0.41   0.41   0.36     0.99     −                   
                    2.5             0.34   0.34   0.34   0.32     0.37   0.37   0.38   0.36     0.41   0.40   0.40   0.36     0.99   0.99     −         
                      5               0.35   0.35   0.35   0.33     0.38   0.38   0.39   0.38     0.43   0.42   0.42   0.38     0.99   0.99   0.99     −

Table 4. Pearson’s rank correlation coefficient between each set of MaxEnt model predictions for blue whales Balaenoptera
musculus and northern bottlenose whales Hyperoodon ampullatus under each scenario of predicted habitat suitability. The
majority of maps derived from the different scenarios of sampling bias correction presented a positive high correlation for all
species, with the exception of the results for northern bottlenose whales that did not include a bias map (see shaded values)
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critical habitat for cetaceans, and fishery closure
areas. In this study, we refer to these as ‘conservation
areas’. Note that the designation of these areas was
primarily for purposes other than the protection of
blue or northern bottlenose whales (e.g. North Atlan -
tic right whale protection). We produced 2 maps that
included the conservation areas as well as the SDM
results for each species (Fig. 6). We also mapped
selected activities that are known to contribute a sig-
nificant amount of noise in the marine environment:
shipping routes and oil and gas exploration (Fig. 7).
We were unable to obtain digital data from New-

foundland and Labrador, and instead obtained infor-
mation from a report by C-NLOPB (2010). Contrary
to the shipping data, which is representative of a sin-
gle year (2013), information on seismic activity is the
compilation of all surveys that were released prior to
2010. Consequently, while shipping data may repre-
sent current overall distribution of this activity in a
given year, the information on the distribution of
seismic effort can vary greatly each year (i.e. seismic
surveys may occur once in a particular area but may
not be repeated; or surveys may occur multiple times
in the same area for several years).
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Bias         Sampling       AUC          AUC        Ocean           SST           CHLmagn        CHLmagn        CHLpers       CHLpers       CTI  
(km)           (km)                              (SD)         depth       Summer         spring          summer         spring       summer

Blue whales
1                 None            0.84          0.165          17.9             37.5              26.0                 8.6                5.9               2.6           1.5
                      1                0.84          0.200          18.3             37.2              25.5                 8.7                6.2               2.5           1.6
                     2.5              0.84          0.337          17.4             37.7              22.7                10.6               7.1               2.4           2.1
                      5                0.81          0.521          12.9             39.1              22.6                12.2               8.1               3.0           2.1

2.5              None            0.84          0.165          20.5             37.6              24.0                 7.3                5.9               2.7           2.0
                      1                0.85          0.192          19.1             36.8              25.4                 8.1                5.9               2.6           2.1
                     2.5              0.83          0.338          20.3             37.5              25.5                 6.3                6.4               2.1           1.9
                      5                0.81          0.526          15.5             39.9              23.4                 9.9                7.3               2.5           1.5

5                 None            0.85          0.163          21.3             42.6              21.0                 5.2                4.6               3.2           2.1
                      1                0.84          0.205          21.1             41.7              24.0                 4.1                3.9               3.3           2.0
                     2.5              0.84          0.337          21.6             42.8              21.2                 5.4                4.2               2.8           1.9
                      5                0.83          0.525          17.7             45.7              22.6                 4.0                5.2               2.4           2.4

None          None            0.96          0.036          44.4             36.7               2.4                  2.9                1.4              11.5          0.6
                      1                0.96          0.038          44.1             34.8               1.7                  2.0                2.9              13.9          0.6
                     2.5              0.96          0.037          43.9             35.8               1.8                  2.3                3.6              12.2          0.5
                      5                0.96          0.035          44.1             36.0               3.3                  2.1                3.6              10.4          0.5

Northern bottlenose whales
1                 None            0.89          0.044          64.8             27.6               0.7                  1.6                2.1               1.5           1.7
                      1                0.89          0.042          64.8             27.7               0.4                  1.6                2.0               1.6           2.0
                     2.5              0.88          0.048          65.7             25.4               0.6                  2.2                1.6               2.1           2.5
                      5                0.87          0.049          64.8             25.7               0.5                  3.0                1.0               3.1           1.9

2.5              None            0.88          0.057          56.4             32.9               2.1                  1.6                3.9               2.1           1.0
                      1                0.88          0.055          55.4             32.8               2.4                  1.7                3.9               2.0           1.8
                     2.5              0.87          0.063          59.8             32.2               0.2                  1.8                2.6               1.8           1.6
                      5                0.85          0.063          61.7             31.3               0.1                  1.1                1.7               1.5           2.6

5                 None            0.88          0.056          52.0             36.4               0.4                  1.5                3.0               3.8           3.0
                      1                0.88          0.057          51.8             35.9               0.4                  1.7                3.0               3.7           3.5
                     2.5              0.87          0.062          53.6             36.4               0.4                  1.6                2.2               2.3           3.4
                      5                0.84          0.072          54.9             36.3               0.4                  1.6                1.8               1.8           3.1

None          None            0.93          0.036          60.0             26.0               0.8                  1.0                0.4               7.5           4.2
                      1                0.93          0.038          59.9             26.0               0.9                  1.1                0.2               7.3           4.6
                     2.5              0.92          0.042          62.1             28.2               1.1                  0.8                0.4               2.3           5.1
                      5                0.91          0.044          67.4             22.6               1.3                  1.5                0.6               1.4           5.2

Table 5. Average test area under the curve (AUC) for the replicate runs, AUC standard deviation and analysis of the relative
contributions of the environmental variables to the MaxEnt model for blue whales Balaenoptera musculus and northern bottle-
nose whales Hyperoodon ampullatus under each scenario of predicted habitat suitability. The greatest relative contributions for
each model are indicated in bold (largest contribution) and italics (second and third largest contributions). SST: sea surface
 temperature; CHLmagn: average of the median chl a concentration; CHLpers: relative contribution of persistently high chl a; 

CTI: compound topographic index
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DISCUSSION

MaxEnt results: indicators of priority areas for
increased cetacean monitoring

With AUC values indicating good model perform-
ance (>0.81 for all model runs; Table 5), our SDM
predicted high and moderate priority areas for blue
and northern bottlenose whale monitoring efforts in
the NWAO during summer. Importantly, we do not
interpret the results of our SDM as the most accurate
distribution of blue and northern bottlenose whales
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Fig. 5. Averaged MaxEnt models for (a) blue whales Balaenoptera musculus and (b) northern bottlenose whales Hyperoodon
ampullatus for summer (June to August). The models used the geographic locations of whales in Fig. 1 sub-sampled on a 5 × 5
km grid (Nnorthern bottlenose whales = 277; Nblue whales = 150), bias maps of non-TGS records (1 km), and the following predictor en -
vironmental variables: ocean depth, compound topographic index (CTI), sea surface temperature (SST) in the summer, areas
ofpersistently high chl a concentration in the spring and summer, and regional chl a magnitude in the spring and summer.
AUCnorthern bottlenose whales = 0.87 (±0.049); AUCblue whales = 0.81 (±0.0521). Highly and moderately suitable habitat (red and orange 

colours) are interpreted as areas of higher priority to target and enhance for further monitoring efforts for these species

Fig. 6. Conservation areas currently designated (or in the pro-
cess of being designated) that may provide some degree of
protection for (a) blue whales Balaenoptera musculus and (b)
northern bottlenose whales Hyperoodon ampullatus in our
study area (green line). Note that there was no representation
of conservation areas in the northern part of our study area.
Conservation areas are numbered in (b) as: 1: Gully Marine
Protected Area (which includes northern bottlenose whale
critical habitat inside its boundaries); 2: Laurentian Channel
Area Of Interest (AOI); 3: St. Ann’s Bank AOI; designated crit-
ical habitat for 4: northern bottlenose whales and 5: North At-
lantic right whale; 6: Northeast Channel Coral Conservation
Area; 7: Lophelia Coral Conservation Area (The Stone
Fence); 8: Emerald Basin Sponge Conservation Area; 9: Sam-
bro Bank Sponge Conservation Area; and 10: the Haddock
box. This map includes areas of high priority for further moni-
toring efforts for blue and northern bottlenose whales (high
suitability in red; moderate suitability in orange as per Fig. 5)
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in the NWAO because this is beyond the scope of our
model’s evaluation capabilities. Although AUC pro-
vides an adequate evaluation of model performance
(see Phillips et al. 2006), caution is warranted be -
cause it is not a perfect measure of model accuracy,
in part due to a lack of true species-absence data
(Lobo et al. 2008, Fourcade et al. 2014). There are
currently no alternatives to evaluate model perform-
ance for this type of presence-only approach (Merow
et al. 2013). Consequently, SDMs in this study were
important tools with which to highlight priority areas
that warrant increased attention and monitoring
efforts for blue and northern bottlenose whales. Our
analyses also demonstrated important differences
in some of the predicted priority areas depending
on the scenarios of sampling bias corrections (e.g.
Laurentian Channel for blue whales). We therefore
recommend that all SDM outputs presented in a sce-
nario of sampling bias correction should be con -
sidered as plausible predictions, at least until more
dedicated survey efforts and model validation be -
come available.

Priority areas for increased monitoring of
blue whales

SST, CHLmagn during spring, and ocean depth pro-
vided the greatest contribution to the blue whale
SDM. SST maps highlight areas related to increased
biological productivity and aggregated prey, in par-
ticular at persistent thermal fronts where higher food
densities are found, leading to predictable feeding lo-
cations for many marine species (Podesta et al. 1993,
Etnoyer et al. 2006, Doniol-Valcroze et al. 2007). Such
areas occurring in our study area include regions
where warm waters from the Gulf Stream meet the
cold waters from the Labrador Current (Fig. 2c).

Lagged regional values of chl a concentration (i.e.
CHLmagn during spring), which provided relatively
high contributions to the blue whale models, repre-
sent an index of regional concentrations of phyto-
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Fig. 7. (a) Commercial shipping from the Canadian Year-
Round Shipping Traffic Atlas reflecting the mean traffic
density of all ships in 2013 tracked via the Automatic Identi-
fication System (Simard et al. 2014). Released seismic cover-
age data from offshore Nova Scotia (Source: Canada-Nova
Scotia Offshore Petroleum Board, C-NSOPB). (c) Released
2-D seismic data coverage offshore Newfoundland and La -
brador (digitally recorded in blue and non-digital in green)
(Source: Canada Newfoundland and Labrador Off-shore

Petroleum Board C-NLOPB 2010)
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plankton biomass. Phytoplankton, through its fixation
of inorganic carbon into organic compounds using
photosynthesis, provides food for euphausiids, which
are key prey for blue whales. Lagged chlorophyll
 values likely account for the time lag needed for pri-
mary producers to transfer to secondary producers
(Schoenherr 1991, Kenney et al. 1996, Fiedler et al.
1998, Simard & Lavoie 1999). Areas with relatively
high primary production have been used in other
SDM studies to locate biological hotspots (Palacios et
al. 2006, Kobayashi et al. 2011) and to predict ce -
tacean distribution (Forney et al. 2015, Mannocci et
al. 2015). It is important to note that most blue whale
records (Fig. 1) are present in the neritic south region,
which has the highest values of CHLmagn in the study
area (Fig. 3). Consequently, the regional values of chl
a concentration in our study are related to primary
production but also to the distinctiveness of geo-
graphic regions shown in Fig. 3d, which are charac-
terized by unique marine communities and food web
systems (Devred et al. 2007, 2009, Long hurst 2007).
Cetacean records were not part of the marine species
used to characterize these unique regions shown in
Fig. 3d; however, the relatively high contribution of
lagged regional CHLmagn suggests that this partition-
ing is likely important to understand blue whales’
spatial distribution, at least during the summer.

Ocean depth provided the third largest contribu-
tion to the blue whale SDM. This result is consistent
with the findings of a previous SDM study (Abgrall
2009), and highlights the relative importance of
ocean depth in predicting the distribution of blue
whales in waters off Newfoundland, particularly
areas characterized by deep water and steeper
seabed slopes (Abgrall 2009).

Priority areas for blue whales were primarily lo-
cated along the outer margins of the eastern and
western Scotian Shelf and southern portion of the
Newfoundland Shelf (Figs. 5 & 6). There are several
submarine canyons there in which baleen whales are
known to feed as they are areas of enhanced shelf-
break upwelling (for a review, see Moors-Murphy
2014). Due to the known enhanced productivity of
shelf edges, frontal zones, and upwelling, these areas
are also important for other marine groups such as
seabirds (Weimerskirch 2007). Similarly, the shelf
edge area south of Newfoundland is also a key area
characterized by along-slope currents that con -
centrate marine fish eggs, larvae, and juveniles
from other regions of the NWAO (Han & Kulka 2009).
Ac cording to our SDM results, this area is also impor-
tant for northern bottlenose whales. Given the cur-
rent lack of monitoring effort and lack of historical

data from the southern edge of the Newfoundland
Shelf, this area appears to be an essential target for
future monitoring efforts — and possibly protection
— for northern bottlenose and blue whales, and po-
tentially other marine species. Areas of low priority
for blue whales were highlighted in the region north
of Labrador and in the waters off eastern Newfound-
land. Further validation of this model prediction is
necessary, as it is not clear whether the low predic-
tions are due to a paucity of data or whether these ar-
eas may also offer important habitat for blue whales,
since blue whale vocalizations have been recorded
offshore in the northern region (Clark 1995).

The blue whale is a migratory species that is known
to frequent the Gulf of St. Lawrence during the sum-
mer and the eastern Scotian Shelf between January
and November (Hooker et al. 1999, Reeves 2000 and
references therein, Sears et al. 1990). Persistently
high chl a (as a proxy for prey availability) has been
observed year-round in many areas of the Scotian
Shelf (Fuentes-Yaco et al. 2015). Blue whales vocalize
on the Scotian Shelf throughout the year (Marotte &
Moors-Murphy 2015), and satellite-tagged individ -
uals are present during the spring and winter months
(V. Lesaqe pers. comm.). This study only considered
blue whale sightings during the summer, and thus
further studies should include a seasonal component
to further refine and validate areas of high priority,
and potentially high suitability, for this species.

Priority areas for increased monitoring of northern
bottlenose whales

Ocean depth provided the greatest contribution to
the northern bottlenose whale SDM, followed by av-
erage SST during the summer. SST is an important
predictor of diversity and abundance of marine life in
other ecosystems (Worm et al. 2003, Morato et al.
2010, Pirotta et al. 2011), including diversity of deep-
water cetaceans in the northwest Atlantic and eastern
Pacific Oceans (Whitehead et al. 2010). It is not sur-
prising that ocean depth was important in ex plaining
the distribution of whales that feed primarily on deep-
water squid Gonatus spp., as this has been observed
in other studies (Reeves et al. 1993 and  references
therein, Gowans & Whitehead 1995, Mac Leod et al.
2003, Whitehead et al. 2003). Deep water and steep
seabed topography were often identified as the most
important variables explaining the presence of deep-
diving whales (see review by Moors-Murphy 2014).

High and moderate priority areas for northern bot-
tlenose whales were situated along the outer margins
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of the Scotian Shelf and the Newfoundland and
Labra dor Shelves, including several submarine
canyons and deep basins (Fig. 5). The eastern Scot-
ian Shelf and the shelf break off Newfoundland and
Labrador were identified as relatively high priority.
These 2 areas are the respective primary ranges for
the well-studied Scotian Shelf northern bottlenose
population (year-round residents of the Gully, Short-
land, and Haldimand submarine canyons; Hooker
et al. 1999, Wimmer & Whitehead 2004, DFO 2009,
Moors 2012), and the Davis Strait-Baffin Bay-
Labrador Sea population, which is distributed further
north (Dalebout et al. 2001, 2006).

Northern bottlenose whales are deep divers that
are known to prefer deep-water habitat (Compton
2004); however, some of the high priority areas pre-
dicted by the SDM included areas away from great
depths, such as the shallower and coastal regions
around the northern tip of Labrador (Fig. 5). There
are occasional reports of northern bottlenose whales
in very shallow waters in Newfoundland and La -
brador where the whales appear to be pursuing
aggregations of near-shore prey (J. Lawson pers.
obs.), and reports by response networks of animals
stranded or distressed in coastal waters (T. Wimmer,
pers. obs.). This is another example of the lack of
de dicated effort to identify true absences in the
NWAO given that, in order to detect rare species
such as beaked whales, multiple visual or acoustic
surveys of the same areas are often needed
(Kaschner et al. 2006). Thus, further efforts should
aim to investigate the suitability and actual use of
these areas for this species.

Offshore areas along the Flemish cap and along
the shelf break south of Newfoundland were also in-
dicated as high priority areas for northern bottlenose
whales, although these areas had significantly lower
sampling effort compared with the Gully MPA and
northern Labrador. The boundary between the Scot-
ian Shelf population and the Davis Strait-Baffin Bay-
Labrador Sea population has been arbitrarily drawn
near the Flemish Pass (more specifically, following
the boundary separating Division 3L from Divisions
3N and 3O used by NAFO; COSEWIC 2011, their
Fig. 4). It is unknown whether the individuals sighted
in the boundary region belong to the Scotian Shelf or
to the Davis Strait-Baffin Bay- Labrador Sea popula-
tion, and it is unknown whether these populations
are linked (COSEWIC 2011). The SDM results high-
light that, theoretically, there is no clear division be-
tween these regions in terms of habitat that might be
suitable for both populations. In addition, results
show that the area along the Flemish cap and the

shelf break off southern and eastern Newfoundland
warrants improved monitoring efforts to find and bet-
ter characterize northern bottlenose whale habitat.

Although the SDM analyses were limited to sum-
mer (when the majority of cetacean sightings were
collected), the priority areas identified for northern
bottlenose whales likely represents their year-round
distribution, at least in the eastern Scotian Shelf
where these whales are known to be resident (i.e.
Haldimand, Shortland, and Gully canyons).

Do priority areas for whales at risk overlap with
areas that provide protection in the NWAO?

There is minimal overlap between current conser-
vation areas and regions we identified as being of
high or moderate priority for blue and northern bot-
tlenose whales (Fig. 6). Areas predicted to be of high
or moderate priority for blue and northern bottlenose
whales do overlap with the Gully MPA and the desig-
nated critical habitat for northern bottlenose whales
(Areas 1 and 4 in Fig. 6). These 3 submarine canyons,
however, correspond to less than 1% of the entire
study area, and human activities are largely restricted
in only one of them (e.g. no commercial fishing of any
type is permitted in Zone 1 of the Gully MPA).

Areas of moderate priority for blue and northern
bottlenose whales partially overlap fishing closure
zones in the Scotian Shelf, and areas of moderate pri-
ority for blue whales overlap with the zones desig-
nated as critical habitat for North Atlantic right
whales in the Bay of Fundy (Area 5 in Fig. 6). Al -
though these zones were not specifically designated
for the protection of blue and northern bottlenose
whales, our modelling results suggest that manage-
ment measures created for other marine organisms
may have indirect benefits for these species. Specifi-
cally, less fishing gear in the water potentially bene-
fits whales by reducing entanglement risk (Vander-
laan et al. 2011, Benjamins et al. 2012). Voluntary
vessel traffic measures implemented to reduce the
number of ship strikes in right whale critical habitat
in the Bay of Fundy (Vanderlaan & Taggart 2009)
may also reduce strikes of blue whales in the same
area; however, whales outside of this small area of
overlap (where high and moderate priority areas
were predicted) do not benefit from these measures.

With the exception of a proposed MPA (the Lau-
rentian Channel AOI) in Newfoundland waters (Area
2 in Fig. 6), areas expected to provide some level of
protection to cetaceans are located solely in the Sco-
tia Shelf region. The boundaries of the Laurentian
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Channel AOI encompass an area predicted to be of
high priority for blue whale monitoring efforts and
lower priority for northern bottlenose whale efforts.
Overall, there is an urgent need for better under-
standing, and subsequent protection, of additional
blue and northern bottlenose whale habitat off New-
foundland and Labrador.

In summary, there are few practical measures in
place in the Canadian NWAO to specifically protect
blue and northern bottlenose whale priority areas
from human threats (e.g. entanglements in fishing
gear, underwater noise). Importantly, in Fig. 6 we
are not suggesting that Canada’s existing conserva-
tion areas are failing to protect blue and bottlenose
whales. Instead, we are highlighting that we cannot
count on these conservation areas exclusively to pro-
tect these whales at risk because those areas were
designated to meet other objectives. In the mean-
time, the conservation areas may be providing some
benefit for at least a fraction of the predicted priority
areas for blue and northern bottlenose whales.

Shipping and seismic surveys: noise-generating
activities that overlap with priority areas for blue

and northern bottlenose whales

We examined examples of human-caused acoustic
stressors for these species at risk by mapping ship-
ping routes and oil and gas exploration operations
(Fig. 7). Available data on commercial shipping
showed considerable traffic in areas close to the
coasts of Newfoundland and Nova Scotia (Simard et
al. 2014). Shipping activities are poorly documented
along the coast of Labrador and in offshore areas, so
this finding likely represents an underestimation of
traffic in the NWAO. Seismic survey coverage over a
period of 40 yr (from the 1960s to 2010) is distributed
widely over shelf and shelf edge areas. Due to indus-
try confidentiality standards, seismic survey work is
usually not released for 5 to10 yr after field work is
completed (e.g. recent data on over 600 000 km of
seismic surveys has not yet been publicly released in
Newfoundland and Labrador; C-NLOPB 2010).

Areas of high or moderate priority for blue and
northern bottlenose whales overlap considerably with
these sources of noise (see Figs. 5 & 7). For instance,
high and moderate priority areas for northern bottle-
nose whales were identified southeast of Newfound-
land, a region which is subject to intense oil explo-
ration. Areas of moderate priority were also found
in the Grand Banks of Newfoundland where oil ex-
ploration and production continues. Areas of high

and moderate priority for northern bottlenose whales
were also evident off Labrador where oil ex plo ration
continues, and production is being planned.

The overlap of cetacean high priority habitat with
shipping and seismic activities is of great concern due
to the negative effects that these noise-generating
human activities can have on marine species, includ-
ing mammals, fish, and invertebrates (e.g. Thompson
et al. 2013, Pirotta et al. 2014, Williams et al. 2015,
Robertson et al. 2016 and references therein). Blue
whales, for example, are known to alter their vocal-
izations in the presence of noise generated from seis-
mic airguns (Di Iorio & Clark 2010) and in the pres-
ence of ships (McKenna 2011). Beaked whales are
also known to alter their vocalizations and stop forag-
ing in the presence of vessels (Aguilar Soto et al.
2006). Changes in vocalization patterns carry ener-
getic costs, and there are physiological limits to an in-
dividual’s ability to cope with them (Holt et al. 2015).
Remaining in an area of high noise exposure can im-
pact foraging performance or reproductive rates of
marine mammals via social disruption, leading to po-
tential long-term consequences for energy budgets or
fitness (Richardson et al. 1995, Williams et al. 2006,
Lusseau et al. 2009, Pirotta et al. 2014, Tougaard et al.
2015). Hence, in addition to visual surveys, areas of
high priority identified in this study should also be
prioritized for acoustic monitoring and research on
the effects of noise on blue and northern bottlenose
whale foraging behaviour. The use of acoustic re -
corders in areas of high and moderate priority iden -
tified in this study will not only provide information
on the presence of these species, but may also aid in
the investigation of potential effects of noise exposure
on whale populations (as in Di Iorio & Clark 2010,
Melcón et al. 2012, Thompson et al. 2013). This infor-
mation could provide additional support for consider-
ing ‘lack of acoustic disturbance’ as one of the key
features of critical habitat and MPAs for endangered
whales (DFO 2009, 2011, Williams et al. 2015).

CONCLUSIONS AND RECOMMENDATIONS

Capitalizing on available long-term data from gov-
ernment, academic, and industry sources, this project
used SDM to predict priority areas in which to en -
hance monitoring efforts for blue and northern
bottle nose whales in the NWAO. Results of this work
demonstrate that there are currently few conserva-
tion areas in the NWAO that protect whales at risk,
and that predicted areas of high and moderate prior-
ity overlap with areas in which noise-producing ac-
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tivities (shipping and seismic exploration) have been
and are occurring. Overlap with activities that gener-
ate noise and other activities identified as important
threats to these species is concerning, as the sizes of
the blue and northern bottlenose whale populations
in the NWAO are small and information on their eco -
logy is limited to a small fraction of their distribution.
It is important to further evaluate this overlap once
results of SDM validations become available, using
additional and up-to-date data on human activities to
continue the process of assessing which stressors
may be preventing the recovery of these species
(Vanderlaan et al. 2011, Bombosch et al. 2014).

By highlighting priority areas for species of high
conservation importance, this study is a timely com-
ponent in the process of identifying and delineating
potential conservation areas in the NWAO (Govern-
ment of Canada 2011, King et al. 2013, Westhead
et al. 2013). Although the designation of protected
areas is an important first step, it is not always an ef-
fective way to protect highly mobile species (Mora &
Sale 2011), particularly since noise and fishing gear
can cross the boundaries of designated conservation
areas. In the long term, we recommend additional
conservation measures for blue and northern bottle-
nose whales, such as the coordination and temporal
planning of seismic operations to minimize noise ef-
fects (Nowacek et al. 2013, 2015), and potentially,
time-area closures to reduce the risk of entanglement
in fishing gear (e.g. NMFS 2005). These planning
 approaches require habitat use information, such
as that generated in this study, as well as colla -
boration between stakeholders including industry,
 government, and non-governmental sectors (Wright
2014, Wright & Kyhn 2015).

Our SDM results indicate priority areas to enhance
blue and northern bottlenose whale monitoring.
Caution is warranted with respect to interpretation of
these SDM results, as the majority of cetacean sight-
ings occur in the neritic south and neritic north sub-
regions, and there is a lack of survey effort in large
portions of the NWAO, particularly in deep water be-
yond the shelf break (see Fig. 1). Furthermore, many
cetacean sightings are collected through platforms of
opportunity rather than systematically. For these rea-
sons, the SDM results presented here represent in-
terim maps pending new information and model vali-
dation. We therefore recommend testing the results
of this study with new, updated data as it becomes
available (see iteration of steps in Fig. 4). As a way
forward to improve and validate the SDM, efforts
could focus on using cetacean sightings de rived from
systematic surveys where zeros are available (Law-

son & Gosselin 2009) as well as investigating the pos-
sibility of reconstructing the effort associated with
some of the platforms of opportunity. Using a small
subset of cetacean records from dedicated surveys
that may have reliable presence- absence data (e.g.
Lawson & Gosselin 2009) will allow comparisons with
the predictions of this work, albeit at a smaller scale
(Golding & Purse 2016, Roberts et al. 2016). We did
not have survey effort or zeros for all datasets, so we
were unable to generate such analysis here.

SDM can also be improved by incorporating addi-
tional dynamic environmental data for an extended
period of time (e.g. earlier data on chl a and SST avail-
able from other sensors), prey information (e.g. zoo-
plankton), and other relevant predictor layers (e.g.
Harris et al. 2014). We also recommend using year-
round acoustic detection data to further refine SDM
results by including a seasonal component (Clark
1995, Palialexis et al. 2011). These recommendations,
and the approach proposed in Fig. 4, can direct addi-
tional SDM efforts to other marine species of concern
in the NWAO. This will aid in the process of consoli-
dating and increasing information on the distribution
and seasonal occurrence of species at risk and human
activities in waters off Nova Scotia and Newfoundland
and Labrador as an important step towards improving
the monitoring, management, and mitigation of hu-
man activities in eastern Canadian waters.
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