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A B S T R A C T   

Collisions between vehicles and wildlife is a global conservation concern, and vessel strikes are a leading cause of 
serious injury and mortality for baleen whales. Yet vessel strikes have rarely been studied in the Arctic. Vessel 
traffic is increasing throughout the Arctic as sea ice is declining, leading to increased overlap between vessels and 
whales. We examined hypothetical vessel strike risk for the Bering-Chukchi-Beaufort (BCB) and Eastern Canada- 
West Greenland (ECWG) populations of bowhead whales during the open-water shipping season. We used sat
ellite telemetry and aerial survey data to calculate monthly relative density of both populations, and satellite 
vessel tracking data to calculate monthly vessel density and speed. We estimated vessel strike risk by multiplying 
whale density by vessel density corrected by vessel speed. For the BCB population, the highest relative risk was 
near Utqiaġvik and Prudhoe Bay, Alaska, USA, and near Tuktoyaktuk, Northwest Territories, Canada. For the 
ECWG population, the highest risk was in the Gulf of Boothia, Cumberland Sound, and near Isabella Bay, 
Nunavut, Canada. Strike risk was highest in August and September, corresponding with monthly trends in vessel 
traffic. This study provides important information for focussed monitoring and to minimize/mitigate the threat of 
vessel strikes to bowhead whales. Although vessel strike risk is presently lower for these populations than for 
other temperate large cetacean populations, bowhead whale behaviour and projected increases in traffic elevates 
their risk in the Arctic. Measures to mitigate vessel strike risk to bowhead whales will likely benefit other Arctic 
marine mammals like beluga and narwhal.   

1. Introduction 

Many anthropogenic activities cause direct threats to wildlife, but 

one of the most pervasive, direct impacts globally is collisions between 
motorized vehicles and animals (Pagany, 2020). Wildlife involved in 
collisions are injured at a minimum, but collisions often result in death 
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(Moore, 2014). The field of terrestrial road ecology has repeatedly 
demonstrated that the presence of roads, particularly roads with a high 
volume of traffic, can have population-level impacts on species (e.g., 
Barrientos et al., 2021). Various mitigation strategies exist for reducing 
the impacts of roads on wildlife, but the most effective of these involve 
keeping wildlife off roads (e.g., Glista et al., 2009). Vehicle impacts, 
however, are not limited to the terrestrial realm, and are similarly 
widespread in the marine realm (Laist et al., 2001). Marine vessels have 
frequently been documented colliding with marine animals, large 
whales (cetaceans) in particular, and these collisions are termed vessel 
strikes (or ship strikes) (Constantine et al., 2015; Douglas et al., 2008; 
Vanderlaan and Taggart, 2009). Advances in vessel propulsion tech
nology over the 20th century resulted in faster vessels, paired with the 
increased number of vessels in the global fleet, has been correlated with 
an increased number of documented vessel strikes to large cetaceans 
(Laist et al., 2001). 

Large cetaceans, particularly slow swimming baleen whales (mysti
cetes), are at risk of being struck by ships and other marine vessels 
(henceforth collectively referred to as vessels), which can lead to serious 
injury (Laist et al., 2001) and death (Conn and Silber, 2013; Kelley et al., 
2020; Vanderlaan and Taggart, 2007). Whales are at greater risk of 
vessel strike when they spend time at the surface to breathe, rest, forage, 
and socialize (Parks et al., 2012). Vessel strike risk is elevated at higher 
vessel speeds, with greatest risk for surfaced whales being within 1–2 
whale lengths of the vessel (Silber et al., 2010). Whales below the sur
face at depths that are 1–2 times the vessel's draft are also at risk, and 
even more vulnerable, due to the propeller suction effect (Silber et al., 
2010). For whale populations, vessel strikes represent a form of additive 
mortality that is slow to be compensated for due to inherent low 
reproductive outputs (George et al., 2021; Meyer-Gutbrod and Greene, 
2018). A current example is the increase in vessel strikes of North 
Atlantic right whales (Eubalaena glacialis) (Moore et al., 2021), associ
ated with the expansion of their summer foraging range into the Gulf of 
St. Lawrence (Davies and Brillant, 2019), which has positioned right 
whales directly within busy shipping lanes (Simard et al., 2019). 

Bowhead whales (Balaena mysticetus) are endemic to the Arctic, and 
like many large whales, were greatly reduced to low numbers by com
mercial whalers from the 15th to 19th centuries (Bockstoce and Burns, 
1993; Thewissen and George, 2021). Numbers, however, are rebounding 
for the two bowhead populations in the North American Arctic, the 
Bering-Chukchi-Beaufort (BCB) and the Eastern Canada-West Greenland 
(ECWG) (Givens and Heide-Jørgensen, 2021), and both populations are 
the target of sustainable subsistence hunts by Inuit (Suydam and George, 
2021). Within Canada, both the BCB and ECWG populations are listed as 
special concern (COSEWIC, 2009; Government of Canada, 2007), and 
bowheads are listed as endangered in the USA (NOAA, 2022). The BCB 
bowhead population is estimated to have had a population size of be
tween 6100 and 47,000 animals before commercial whaling (Givens and 
Heide-Jørgensen, 2021). Two surveys (one from the sea ice, one from the 
air) were conducted in 2019 to estimate abundance of the BCB popu
lation: the ice-based estimate was 14,025 animals (Givens and Heide- 
Jørgensen, 2021) and the aerial line-transect survey estimate was 
17,175 animals (Ferguson et al., 2022); these estimates are not signifi
cantly different due to the associated uncertainty (Givens and Heide- 
Jørgensen, 2021). The ECWG population is estimated to have had 
18,000 individuals before commercial whaling (Ferguson et al., 2021), 
and is now back to 11,747 individuals (95 % confidence interval: 8169 
to 20,043) (Frasier et al., 2020). There are, however, numerous 
emerging threats linked with climate change that already or could have 
negative influences on population trends, including changes in habitat 
(e.g., sea ice loss, increased temperature and upwelling frequency, 
changing current pathways), prey availability and quality (e.g., more 
temperate-associated forage fish such as capelin (Mallotus villosus) and 
lipid-poor copepods moving north), and predator occurrence (e.g., 
increased killer whales (Orcinus orca) in the Chukchi Sea and Nunavut) 
(Ashjian et al., 2021; Fortune et al., 2020b; Matthews et al., 2020; 

Stafford, 2019). Underwater noise from anthropogenic activities, 
including vessel traffic and offshore energy/mineral exploration and 
extraction activities, has increased and has significant potential to 
displace whales from important feeding areas (Halliday et al., 2021, 
2020). More vessel traffic also increases the potential for vessel strikes 
(George et al., 2021, 2017). Bowhead whales are expected to be as 
vulnerable to vessel strikes as their close relatives, North Atlantic right 
whales, which have similar body morphology, foraging tactics, slow 
swimming speed, and prevalence of subsurface foraging behaviour 
(Fortune et al., 2020b; Parks et al., 2012). 

The only studies that have investigated vessel strikes involving 
bowhead whales found little evidence of past, non-lethal, vessel strikes 
in subsistence harvested BCB whales (i.e., 1–2 % of whales with scarring 
from vessels) (George et al., 2017, 1994). However, the more recent 
analysis relies on data collected from 1990 to 2012 (George et al., 2017), 
and vessel traffic has increased in the Arctic since that period (Dawson 
et al., 2018; PAME, 2020). A recent observation from an aerial survey in 
the Alaskan Arctic documented one bowhead whale carcass with evi
dence of a vessel strike (Willoughby et al., 2020). Definitively assessing 
the frequency of lethal vessel strikes is difficult due to the carcasses 
rarely being encountered, and the ability to determine cause of death in 
these remote Arctic locations (Harwood et al., 2017a). Unlike in 
temperate regions, there is no cetacean stranding network collecting 
detailed observations of stranded cetaceans in the North American 
Arctic, nor is there an available database of reported vessel strikes from 
mariners. Vessel strikes pose a welfare issue to whales, since not all 
strikes are lethal and many whales are severely injured by strikes 
(Moore, 2014). Strikes can also pose a risk to mariners, including 
damage to vessels and injuries to humans, particularly for smaller ves
sels (Schoeman et al., 2020). 

Vessel traffic is increasing in the Arctic (Dawson et al., 2018; PAME, 
2020) and is projected to continue to increase as the Arctic becomes 
more reliably ice-free during summer (Li et al., 2021; Mudryk et al., 
2021; Smith and Stephenson, 2013; Stephenson et al., 2011). In the 
Canadian Arctic, for example, vessel traffic nearly tripled in some areas 
between 1990 and 2015 (Dawson et al., 2018). This increase has been 
caused by a combination of factors, including resource exploration and 
extraction, tourism, and shipping (Arctic Council, 2009). More vessel 
traffic will likely elevate the risk of vessel strikes for bowhead whales. 
An important step to quantifying risk involves identifying the spatio
temporal overlap between whales and vessels. This analysis may help to 
inform assessments of population-level consequences of vessel traffic on 
bowhead whales, and allow conservation and management efforts, such 
as marine spatial planning, to mitigate those effects. 

In this study, we examined the spatiotemporal overlap between 
vessels and bowhead whales in the North American Arctic (i.e., from 
Baffin Bay to the Chukchi Sea) during the July–October open-water 
shipping season. Our main objective was to examine the relative hypo
thetical risk of vessel strike and identify areas of elevated hypothetical 
vessel strike risk for BCB and ECWG bowhead whale populations by 
using vessel tracking data (2012–2018) from the automatic identifica
tion system (AIS), and data for bowhead whale distribution (during 
2001–2018) obtained through aerial surveys and satellite telemetry. In 
the Discussion, we examine vessel management strategies that are 
currently in place and provide recommendations for improved mitiga
tion of vessel strike risk for both bowhead whale populations. This study 
provides evidence to support conservation actions for bowhead whales, 
and these actions would likely also benefit other Arctic marine mam
mals, such as beluga (Delphinapterus leucas) and narwhal (Monodon 
monoceros) through reductions in disturbance from vessels. 

2. Methods 

We obtained four independent datasets from the North American 
Arctic to estimate relative densities of bowhead whales. Datasets 
included a satellite telemetry and an aerial survey dataset for each of the 
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two populations (BCB and ECWG) (Table 1). Satellite telemetry and 
aerial surveys are observation methods with different inherent biases 
(Caughley, 1974; Douglas et al., 2012; O’Toole et al., 2021). For 
example, telemetry data provide a long time series for relatively few 
individuals (>365 days), whereas aerial surveys are a short time series 
(days) for a larger number of individuals. Therefore, deriving relative 
density surfaces using both observation methods separately should 
result in more robust inference than using information from a single 
method because general trends can be compared between methods. 
Below, we describe the analytical methods used to derive relative whale 
densities from each of the four datasets. 

2.1. BCB telemetry data 

This analysis used telemetry data from 70 BCB whales tagged be
tween 2006 and 2018 with satellite-linked Argos tags (manufactured by 
Wildlife Computers Inc., Redmond, Washington, USA, and Sea Mammal 
Research Unit, St. Andrews, UK) at five locations, three in Northwest 
Territories, Canada: Tuktoyaktuk Peninsula (19 whales), Shingle Point 
(1 whale), and Herschel Island (1 whale); and two in Alaska, United 
States: Point Barrow (Utqiaġvik) (46 whales) and St. Lawrence Island (3 
whales) (full data collection details available in Citta et al., 2012; Har
wood et al., 2017b; Olnes et al., 2020; Quakenbush et al., 2010; Qua
kenbush and Citta, 2019). The sample of tagged bowhead whales 
included immature (≤ 13 m, 65 %) and mature (> 13 m; 35 %) whales; 
however, these proportions varied considerably among sites, seasons, 
and years, and we did not account for age in this analysis (see references 
in Table 1). The sample was slightly male-biased (65 % male) based on 
the 40 whales of known sex (Citta et al., 2021). The raw Argos locations 
transmitted by the tags were processed using a state-space model 
(package ‘crawl’ in R; Johnson and London, 2018; Johnson et al., 2008) 
to estimate a single position per day for each whale (see methods in 
Halliday et al., 2021). 

2.2. ECWG telemetry data 

Telemetry data were also used from 156 ECWG bowhead whales 
tagged between 2001 and 2016 with satellite-linked Argos tags (Wildlife 
Computers Inc., Redmond, Washington, USA) during two separate 
projects, one in Disko Bay, West Greenland, and the other in the eastern 

Canadian Arctic. In Disko Bay, 98 bowhead whales were tagged between 
2001 and 2011 (see details in Chambault et al., 2018). All tagged whales 
were adults (> 13 m) and 76 % were female based on the 79 bowhead 
whales of known sex (Chambault et al., 2018). The raw Argos locations 
from whales tagged in West Greenland were processed using a contin
uous time multivariate non-Gaussian state space model (as in Albertsen 
et al. (2015) and Chambault et al. (2018)), and the first location per day 
per whale was then used for subsequent analyses. 

In the eastern Canadian Arctic, 58 bowhead whales were tagged 
between 2001 and 2016, including 27 whales in Foxe Basin, 27 whales 
in Cumberland Sound, and four whales in Admiralty Inlet (see details in 
Fortune et al., 2020c; Matthews et al., 2020; Yurkowski et al., 2019). 
Most were immature (≤ 13 m; 50 whales, 86 %), 4 were adults (> 13 m; 
7 %), and 4 were of unknown lengths. The sample was female-biased 
(61 % female) based on 51 whales of known sex. The raw Argos loca
tions from whales tagged in the eastern Canadian Arctic were processed 
using a hierarchical discrete-time correlated random walk state-space 
model to reduce location error and produce a single location estimate 
per day for each individual (see Yurkowski et al., 2019 for more details). 

2.3. Calculating relative bowhead density from telemetry data 

We calculated monthly bivariate normal kernel densities between 
July and October from the modeled daily positions for each population 
to estimate the monthly relative densities of bowhead whales in each 
population. Individuals tagged in the eastern Canadian Arctic and West 
Greenland were pooled. The kernel densities were created using the R 
package ‘ks’ (Duong, 2019) with the standard (i.e., not diagonal) 
smoother cross-validation bandwidth selector. We imported kernel 
density rasters (~1 × 1 m resolution) into ArcMap (version 10.4; ESRI, 
Redlands, California, USA) and resampled the rasters to a 10 × 10 km 
resolution within the study areas for each population of bowhead 
whales. Although we applied different modeling methods to analyze 
each of the bowhead whale telemetry datasets to estimate a single po
sition per day per whale from the raw telemetry data, all methods are 
leading tools used to reduce location estimate error and refine move
ment pathways. It is unlikely that these underlying modeled data caused 
any bias in the output of the kernel density analysis, as we used daily 
modeled positions per whale to infer monthly relative densities pooled 
across all individuals, so any daily location differences among the 
modeling methods would be averaged out across the monthly estimate. 
While kernel density is a relatively simple method that pools points 
together without considering autocorrelation or other statistical issues, 
we have accounted for those issues by preprocessing the individual 
whale data into one position per day per whale, which has the effect of 
standardizing the number of points per individual to the greatest extent 
possible. In all datasets, > 25 % of individual whales had one point for 
every day of the month, which means that it is unlikely that individual 
whales would be biasing the analysis. Furthermore, the 10 km resolution 
of the kernel density output would again remove any spatial bias caused 
by different methods. 

2.4. BCB aerial survey data 

Line-transect aerial surveys were flown in the western Beaufort Sea, 
which involved a portion of the BCB summer range and their fall 
migration route, during July–October 2000–2019 as part of the Aerial 
Surveys of Arctic Marine Mammals (ASAMM) project (full methodo
logical details are available in Clarke et al. (2020)) (Fig. 1). Transects 
were spaced 19 km apart, based on a grid with a randomly selected 
starting point. Transects were oriented perpendicular to the coastline, to 
cut across isobaths, from shore to beyond the 2000-m isobath. Surveys 
were flown in de Havilland Twin Otters and North American Rockwell 
Turbo Commanders; both models are twin turbine aircraft with bubble 
windows on the left and right sides, allowing unobstructed views from 
the horizon to the transect directly beneath the aircraft. Surveys were 

Table 1 
General description of four bowhead whale datasets used in this study. Sample 
size is the number of tagged whales from telemetry data used in this study, 
whereas number of survey years is the number of years when aerial surveys were 
conducted. Primary publications are references that can be read for more details 
about the data collection.  

Population Collection 
method 

Date 
ranges 

Sample 
size/# 
survey 
years 

Primary publication 
(s) 

Bering- 
Chukchi- 
Beaufort 

Satellite 
telemetry 

2006–2018 70 whales Citta et al., 2012;  
Harwood et al., 
2017b; Olnes et al., 
2020; Quakenbush 
et al., 2010;  
Quakenbush and 
Citta, 2019 

Aerial 
survey 

2000–2019 20 years Clarke et al., 2020 

Eastern 
Canada- 
West 
Greenland 

Satellite 
telemetry 

2001–2011 98 whales Chambault et al., 
2018 

2003–2016 58 whales Fortune et al., 2020c;  
Matthews et al., 2020; 
Yurkowski et al., 
2019 

Aerial 
survey 

2013 1 year Doniol-Valcroze 
et al., 2020a  
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flown 305–460 m above the sea surface, at 213 km/h survey speed. Each 
survey team was comprised of two primary observers and one dedicated 
data recorder. 

The monthly (July to October) relative density for the BCB popula
tion was calculated based on sightings from the ASAMM data during 
2000–2019. Full details are presented in Clarke et al. (2020), and the 
primary outputs of this analysis are displayed in Fig. 23 of Clarke et al. 
(2020). This analysis includes survey effort but does not account for 
availability or perception bias. In brief, the western Beaufort Sea survey 
area was partitioned into 5 × 5 km grid cells. Two quantities, the total 
survey effort and the total number of whales sighted, were summed 
across years for each month-cell combination. Bowhead whale relative 
density was then smoothed across the study area using a generalized 
additive model (GAM) with a negative binomial distribution and a 
natural logarithmic link function in R package ‘mgcv’ (Wood, 2017). 
The GAM used only spatial covariates (projected longitude and latitude) 
as the predictor variables. The predicted relative density of bowheads in 
each month between July and October across 2000–2019 was then 
saved as a raster with 5 × 5 km resolution. To match other analyses, we 
converted the raster resolution to 10 × 10 km in ArcMap (version 10.4, 
Esri, West Redlands, California, USA). 

2.5. ECWG aerial survey data 

Aerial surveys were conducted in the eastern Canadian Arctic in 
August 2013 as part of the multi-species High Arctic Cetacean Survey 
(full methodological details are available in Doniol-Valcroze et al. 
(2020b, 2020a). All ECWG bowhead whales observed during the survey 
were counted using line-transect protocols. Transect locations were 
selected to cover a wide range of locations for both bowhead and 
narwhal throughout Nunavut based on high-abundance locations iden
tified by previous telemetry data, aerial surveys, and traditional 
knowledge (Fig. S1). Surveys were flown using three de Havilland Twin 

Otter aircraft traveling separate transects at an altitude of 305 m and a 
speed of 185 km/h. Four visual observers were located at the bubble 
windows (two per side), and a fifth team member acted as a navigator 
for each aircraft. All bowhead sightings were corrected for observer bias, 
then counted within 10 × 10 km grid cells. Sightings were not corrected 
for survey effort or availability bias (i.e., submerged individuals). This 
count represents the relative density of bowhead whales in August 2013. 

2.6. Satellite AIS vessel data processing 

Satellite automatic identification system (AIS) data from 2012 to 
2018 were provided by exactEarth (Cambridge, Ontario, Canada). AIS 
locations were converted to track lines for each individual vessel. We 
grouped AIS records by vessel class because different vessel classes tend 
to travel at different speeds (Figs. S8, S11). The classes that we used 
were bulk carriers, container ships, cruise ships, ferries, fishing vessels, 
government vessels (including coast guard ships, ice breakers, and other 
research ships), navy vessels, pleasure craft (private yachts, sailboats, 
small boats, and other recreational boats), tanker ships, and tugboats. 
AIS is mandatory for large commercial vessels ≥300 gross tonnes on 
international voyages, cargo ships ≥500 gross tonnes on domestic 
voyages, and all passenger ships of any size (International Maritime 
Organization, 2014). Many other vessels carry AIS transponders for 
safety reasons, even when they are not mandatory, particularly in the 
Arctic. However, there are still vessels that do not carry AIS transpon
ders at all and others that have AIS transponders but turn them off 
(Halliday et al., 2018), which means that our vessel densities are un
derestimates, especially for certain vessel classes like pleasure craft, 
cruise ships, and tug boats. We summed the number of times that indi
vidual vessel tracks in each vessel class crossed each 10 km grid cell in 
each month of each year (Figs. S7, S10). This metric is therefore not a 
count of the number of unique vessels within a cell, but rather a count of 
the level of traffic within the cell. For each vessel class, we calculated the 

Fig. 1. Map of the North American Arctic study area, delineating the spatial coverage of the Bering-Chukchi-Beaufort (BCB) bowhead telemetry data (A), Eastern 
Canada-West Greenland (ECWG) bowhead telemetry data (B), and the BCB bowhead aerial surveys. The ECWG bowhead aerial survey tracks are shown in Fig. S1. 
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mean number of vessel tracks per grid cell per month across years to 
obtain one vessel density value per month for each grid cell for the entire 
study period. We also calculated the mean vessel speed for each vessel 
class within each 10 km grid cell per month, while excluding vessels 
with speeds <1 knot (because those vessels likely were not moving) and 
vessels with speeds >40 knots (because those speeds are unrealistic and 
likely represent data errors). 

2.7. Hypothetical vessel strike risk calculation 

Prior to calculating hypothetical vessel strike risk, all four bowhead 

whale relative density datasets were normalized between zero and one 
by dividing each cell value by the maximum possible value for each 
dataset. This procedure standardized the output for interpretation and 
comparison of areas, since a whale density value of one equals the 
highest relative density within that dataset, and a value of zero is an area 
with no bowheads. Vessel strike risk was calculated in two steps. First, 
the overlap between bowhead whales and vessels within each class was 
calculated by multiplying the normalized bowhead whale density per 
cell by vessel density per cell. Second, overlap was corrected by vessel 
speed per vessel class, since increased vessel speed can increase the 
chance of a vessel strike being lethal. The overlap between bowhead 

Fig. 2. Example data processing steps for the Bering-Chukchi-Beaufort bowhead whales in August in a subset of the study area near Tuktoyaktuk Peninsula. The 
panels show one month of bowhead whale relative density from telemetry data (A), one month of vessel density for one vessel class (bulk carriers) (B), vessel speed 
for one vessel class (bulk carriers) (C), overlap for bulk carriers and bowhead whales (D), hypothetical vessel strike risk for bowhead whales based on bulk carriers 
(E), and vessel strike risk across all vessel classes (F). A and B are multiplied to derive D, and D is corrected by C to derive E. F is the sum of all vessel classes derived 
using the same approach as E for bulk carriers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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whales and vessels corrected by vessel speed essentially weights the 
overlap values, such that higher values represent a greater relative 
vessel strike risk. We corrected the overlap values for each vessel class 
separately by applying the equation developed by Vanderlaan and 
Taggart (2007) based on lethal vessel strike data available for all species 
of large whales. This equation relates the risk of a strike being lethal (PL) 
to vessel speed (v) in knots: 

PL =
1

1 + exp− (− 4.89+0.41 v) (1) 

We opted to use this relationship rather than the similar relationship 
developed by Conn and Silber, 2013) because eq. 1 gives PL = 0 when 
vessel speed is 0 kts, whereas Conn and Silber's relationship still has a PL 
= 0.13 when speed is 0 kts. Otherwise, the two relationships have 
similar shapes and predictions. Vessel strike risk values for each vessel 
class were then summed across vessel classes to calculate the overall 
vessel strike risk. An example of the steps to calculate vessel strike risk is 
shown in Fig. 2 with BCB telemetry data from August. 

The vessel strike risk score can vary between zero (either no vessels 
or no bowhead whales in a cell) and the maximum vessel density value 
within a region, if that maximum vessel density also overlapped with 
maximum bowhead whale relative density and the average vessel speed 
was >20 knots (see relationships in Fig. 3). When examining vessel 
strike risk results, we are specifically interested in identifying hotspots 
for vessel strike risk. Hotspots, in this case, refer to grid cells with 
elevated strike risk compared to some value. A large majority of grid 
cells in these datasets will have a vessel strike risk value of zero, simply 
because either no vessels or no bowhead whales were in that cell, and 
these cells with zero risk bias the average towards zero. However, the 
95th percentile is a useful comparison point, since the hotspots can 
simply be defined as grid cells where the vessel strike risk is in the top 5 
% of all values. These values vary between the four datasets, and are 
much lower for the telemetry data compared to the aerial survey data. 
The 95th percentile for the BCB aerial survey vessel strike risk is 0.16, 
whereas it is 0.23 for the ECWG aerial survey. We therefore use a con
servative value of 0.3 to define the vessel strike risk hotspot, where any 
cells with values ≥0.3 can be considered a hotspot. 

We do not statistically compare results between survey methods, 
months, or populations because our methodology biases the absolute 
numbers for each of these categories, making statistical comparisons 
meaningless. For example, the specific kernel density values will vary 
depending on the number of whale points going into the analysis, and 
given that the two populations had different numbers of whales tagged, 
it means that kernel density values are not comparable. Although we 

normalized these values between 0 and 1, a 1 for the BCB will not be the 
same as a 1 for the ECWG. Given that these normalized whale densities 
are then the basis of the strike risk calculation, we cannot compare be
tween them. The same logic applies to monthly comparisons even within 
a population, and similarly, between the aerial survey and telemetry 
data. 

Not all vessels are equally likely to cause a lethal strike, even when 
traveling the same speeds, due to differences in size, draft, and tonnage 
(e.g., Rockwood et al., 2018). We therefore also calculated the vessel 
strike risk using two additional subsets of vessel classes: first, with all 
vessel classes except pleasure craft (thereby excluding the smallest 
vessels); and second, only with large merchant vessels (bulk carriers, 
container ships, and tanker ships), which are the largest vessel classes 
that are most likely to cause a lethal strike. 

Not all vessel encounters are assumed to be strikes; rather, with 
increasing vessel density and increasing vessel speed, there is an 
increased risk of a vessel strike occurring. This is why we refer to our 
calculations as strike risk. Vessel strike risk values will also not be fully 
comparable across the four bowhead whale datasets, because values of 
relative bowhead whale density were normalized between zero and one, 
yet a value of one could represent a much higher density in one dataset 
versus another, and the telemetry data were based on a kernel density of 
telemetry data rather than on underlying count data. 

3. Results 

3.1. Bering-Chukchi-Beaufort bowheads 

The distribution of the BCB, based on telemetry data, shifts westward 
from July to October (Fig. S2). In July, bowhead whales are mainly 
within their main summer range in the eastern Beaufort Sea and 
Amundsen Gulf. They begin their autumn westward migration through 
the Alaskan Beaufort Sea in August, moving farther west into the 
Chukchi Sea in September, and are wholly within the western Beaufort 
Sea and Chukchi Sea in October. Aerial survey data for the western 
(Alaskan) Beaufort Sea reflect this pattern (Fig. S3), with bowheads 
distributed farther east during July, spreading throughout the Alaskan 
Beaufort in both August and September, then mostly found in the 
western Beaufort during October. 

Vessel traffic was elevated in the southern Chukchi Sea near the 
Bering Strait during all months of the study (July–October; Fig. S6). 
Near Prudhoe Bay in the mid-Alaskan Beaufort Sea, vessel traffic was 
also relatively high from July through October; however, vessel traffic in 
the eastern Alaskan Beaufort and western Canadian Arctic was highest 
in August and September. 

Hypothetical vessel strike risk based on BCB telemetry data was low 
in July, with only a few cells with values greater than zero, except 
around Prudhoe Bay where six cells had values >0.10, only two cells 
>0.3, and with a maximum value of 0.75 (Fig. 4). Vessel strike risk was 
highest during August and September, generally within 100 km of the 
coastline throughout the Beaufort Sea, with risk hotspots (i.e., defined 
here as areas of elevated risk with values >0.3) near Tuktoyaktuk, 
Prudhoe Bay, and Utqiaġvik, and with some elevated risk in the southern 
Chukchi Sea in August. In October, a few cells had elevated risk near 
Prudhoe Bay, northwest of Point Barrow, and near the community of 
Kivalina in the southeast Chukchi Sea. August had 606 cells with values 
>0.10, 133 cells >0.30, 55 cells >0.50, and 11 cells >1.0, and the 
maximum cell value was 1.50. Similarly, September had 558 cells with 
values >0.10, 77 cells >0.30, 15 cells >0.50, and three cells >1.0, and 
the maximum cell value in this month was 2.25. In October, 100 cells 
had values >0.10, two cells >0.30, and the maximum value was 0.55. 
With values pooled across months, the median cell value was 0, the 
mean was 0.008, the 75th percentile was 0.001, and the 95th percentile 
was 0.03, which means that most cells within the area determined by 
BCB telemetry data to contain bowhead whales have no strike risk 
because no vessels were present in large areas offshore in the Beaufort 

Fig. 3. Relationship between hypothetical vessel strike risk and relative bow
head whale density, vessel density, and vessel speed. The bowhead whale 
density (W) and vessel speed (S) are denoted in the legend. The maximum 
observed vessel strike risk value in this study is also denoted by the dotted black 
horizontal line. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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and Chukchi seas. For the BCB telemetry data, vessel strike risk values 
>1 were only seen at Prudhoe Bay from July through September, near 
Tuktoyaktuk in August, and near Utqiaġvik in August and September. 

The vessel strike risk based on BCB aerial survey data, which is only 
available for the western (Alaskan) Beaufort, was low (all cells <0.15) in 
July, elevated close to the coast between Prudhoe Bay and Utqiaġvik in 
August and September (many cell values >0.15), and reduced in 
October when the highest values were near Prudhoe Bay (Fig. 5). In 
August, 142 cells were > 0.10, 44 cells were >0.30, 30 cells were > 0.5, 
and 11 cells were > 1.0, with the maximum value of 3.40. In September, 
103 cells were > 0.10, 23 cells were > 0.30, 13 cells were >0.50, and 5 
cells were >1.0, with a maximum value of 4.70. In October, only nine 
cells were >0.10, and only one cell was >0.15, with a maximum value of 
0.81. With values pooled across months, the median cell value was 
0.005, the mean was 0.04, the 75th percentile was 0.03, and the 95th 
percentile was 0.16. The BCB aerial survey area was smaller in size than 
the BCB telemetry survey area, and this translated into a lower pro
portion of cells with no vessels, compared to the vast BCB telemetry 
area. This produced higher absolute values of risk for the survey area, 
but we note that the locations of elevated vessel strike risk were similar 
using both methods. 

3.2. Eastern Canada-West Greenland bowheads 

Areas of relatively high ECWG density were generally consistent 
between July and October, although they tended to become more 

concentrated in September (Fig. S4). There were three main areas of 
concentration, which were identified through both telemetry and aerial 
surveys: 1) in the Gulf of Boothia and northern Foxe Basin; 2) in Cum
berland Sound; and 3) along the east coast of Baffin Island near Clyde 
River and Isabella Bay. These three locations with higher bowhead 
density were also identified by the aerial surveys that occurred in August 
2013 (Fig. S5). 

Vessel traffic within the ECWG bowhead whale range was fairly high 
along the coastline of West Greenland from July through October, but 
remained fairly diffuse throughout most of Baffin Bay and Nunavut. 
Certain key routes had repeated vessel passages, such as: through 
Hudson Strait, northern Hudson Bay, and Frobisher Bay from July 
through October; in Eclipse Sound and Gulf of Boothia in August and 
September; and along southern Devon Island in August (Fig. S9). Based 
on the vessel data used in this study, the only 10 × 10 km cells within the 
eastern Canadian Arctic that had >17 vessel passages per month were in 
Eclipse Sound in August and September. The other key travel routes 
previously mentioned all had cells with >5 vessel passages per month, 
on average. 

The hypothetical vessel strike risk for ECWG based on telemetry data 
was relatively low throughout their range, with vessel strike risk hot
spots in the Gulf of Boothia and near Isabella Bay and Clyde River in 
August and September, and in Cumberland Sound near Pangnirtung 
from August through October (Fig. 6). In the Gulf of Boothia, the main 
area with elevated vessel strike risk was near the south end of Somerset 
Island in August, whereas in September it was farther south near the 

Fig. 4. Hypothetical vessel strike risk for Bering-Chukchi-Beaufort bowhead whales based on telemetry data in July, August, September, and October. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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community of Kugaaruk and into Fury and Hecla Strait and northern 
Foxe Basin. Along eastern Baffin Island, the areas with greatest risk were 
near Clyde River and Isabella Bay in August, whereas in September, the 
high risk area was concentrated offshore of Isabella Bay only. The vessel 
strike risk hotspot in Cumberland Sound remained fairly consistent be
tween August and September, and was centred around the community of 
Pangnirtung. In October, two cells within Hudson Strait were also above 
the threshold to be considered a vessel strike risk hotspot. In the three 
main areas with hotspots, September was the month with peak risk 
(Fig. 6). In July, only 69 cells were > 0.10, and the maximum value was 
0.18. In August, 146 cells were > 0.10, 12 cells were > 0.30, and only 
one cell was >0.50, with a maximum value of 0.51. In September, 201 
cells were > 0.10, 30 cells were > 0.30, 12 cells were > 0.50, and only 
one cell was >1.0, with a maximum value of 1.10. In October, 177 cells 
were > 0.10, 15 cells were > 0.30, and six cells were > 0.50, with a 
maximum value of 0.82. With values pooled across months, the median 
cell value was 0, the mean was 0.003, the 75th percentile was 0.00005, 
and the 95th percentile was 0.012. Similar to the BCB telemetry data, 
the ECWG telemetry data had a large proportion of cells with a vessel 
strike risk value of zero, due to the lack of overlap between vessels and 
bowhead whales in those cells. 

Vessel strike risk based on the ECWG aerial survey data, which was 
only available for the month of August, similarly showed increased risk 
in the Gulf of Boothia, Cumberland Sound, and near Isabella Bay, with 
the highest cell values in Gulf of Boothia and Cumberland Sound (Fig. 7). 

The aerial survey covered 45 cells, and of these, only five had values 
>0.10, two were > 0.30 (and both of these also >0.50), and the 
maximum was 0.82. The median cell value was 0.002, the mean was 
0.05, the 75th percentile was 0.03, and the 95th percentile was 0.23. 

3.3. Hypothetical vessel strike risk as a function of vessel class 

When we excluded pleasure craft from the calculation of hypothet
ical vessel strike risk, the identified hotspots were identical and the cell 
values remained largely unchanged for both BCB and ECWG bowhead 
whales (Figs. S16, S17). Therefore, pleasure craft had little impact on the 
calculation of vessel strike risk. This is likely because most pleasure craft 
in our study region traveled at low speeds (< 10 knots), particularly in 
the BCB region (Figs. S8, S11). 

Focusing the calculation of vessel strike risk only on bulk carriers, 
container ships, and tanker ships, the outputs changed significantly 
(Figs. S16, S17). Although all previously identified risk hotspots 
continued to have some elevated risk based on these three vessel classes, 
the magnitude of risk decreased. For BCB in particular, the vessel strike 
risk decreased because few vessels within those classes traveled through 
whale concentration areas. For ECWG, the area off eastern Baffin Island 
near Clyde River and Isabella Bay remained an area of higher vessel 
strike risk, particularly in September, as did the area in Cumberland 
Sound closest to Pangnirtung. Much of the vessel strike risk in the Gulf of 
Boothia, particularly during August near southern Somerset Island, all 

Fig. 5. Hypothetical vessel strike risk for Bering-Chukchi-Beaufort bowhead whales based on aerial survey data in July, August, September, and October. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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but disappeared, whereas risk decreased but was still present during 
September in the southern Gulf of Boothia compared to the calculations 
that included all vessel classes. 

As a final step in this analysis, we extracted the average number of 
vessel tracks across years within each vessel class in September that 
contributed to the vessel strike risk hotspots (values >0.3) for each 10 
km cell, and then summed the number of vessel tracks per class across 
cells (Fig. 8). 

For the hotspot at Utqiaġvik, tug boats were the most common class. 
The next most common vessel class was fishing vessels (many of which 
are research vessels), which were less than half as common as tug boats. 
Most other vessel classes were still relatively common, but tanker ships 
and ferries were the least common. For the hotspot near Tuktoyaktuk, 
tug boats were also by far the most common vessel class. Government 
vessels, tanker ships, and fishing vessels also occurred multiple times per 
year, whereas other classes were quite rare, and ferries were entirely 
absent. 

In the Gulf of Boothia, government vessels were the most frequent 
vessel class, followed by tanker ships. Tug boats and fishing vessels were 
entirely absent, container ships and navy vessels were rare, and other 
vessel classes had a few vessels per year contributing to this hotspot. The 
hotspot near Isabella Bay was most commonly frequented by tanker 
ships and bulk carriers, but all other classes except tug boats were 
common. Tug boats were entirely absent from this hotspot. The hotspot 

in Cumberland Sound is driven by relatively low levels of bulk carriers, 
cruise ships, government vessels, and recreational boats, and very low 
levels of ferries and tanker ships. Container ships, fishing vessels, navy 
ships, and tug boats were entirely absent from this site. 

4. Discussion 

Combining whale distribution data and vessel density data has 
allowed us to identify multiple hotspots for hypothetical vessel strike 
risk (i.e., areas of elevated risk) for both the Bering-Chukchi-Beaufort 
(BCB) and Eastern Canada-West Greenland (ECWG) populations of 
bowhead whales in the North American Arctic. Our analysis was con
ducted at the temporal resolution of one month, based on pooled vessel 
data spanning 2012 through 2018, and four bowhead whale datasets 
collected at different periods between 2000 and 2019. Most of the vessel 
strike risk hotspots were consistently identified by both the bowhead 
whale satellite telemetry and aerial survey data. 

For BCB whales, hotspots for vessel strike risk were identified in the 
Alaskan Beaufort Sea from August through October near Utqiaġvik and 
Prudhoe Bay and in the Canadian Beaufort Sea near Tuktoyaktuk in 
August and September. For ECWG, hotspots for vessel strike risk were 
identified in four areas: 1) Gulf of Boothia at the south end of Somerset 
Island in August; 2) Gulf of Boothia near Kugaaruk and Fury and Hecla 
Strait in September; 3) along the eastern coast of Baffin Island near 

Fig. 6. Hypothetical vessel strike risk for Eastern Canada-West Greenland bowhead whales based on telemetry data in July, August, September, and October. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Clyde River and Isabella Bay in August and September; and 4) in 
Cumberland Sound near Pangnirtung from August through October. 

In all cases, the greatest potential for vessel and whale overlap 
occurred in areas where relatively large numbers of bowhead whales 
congregate (Figs. S2-S5) and where vessels tend to use the same transit 
routes (Figs. S6, S9). Areas where bowhead whales congregate are likely 
related to foraging activity (Finley, 1990; Fortune et al., 2020a; Har
wood et al., 2017b; Olnes et al., 2020), which increases the risk of vessel 
strike given that bowhead whales forage close to the surface at times 
(Fortune et al., 2020b) and may continue foraging even when a vessel is 
nearby (Wartzok et al., 1989). Vessels follow similar paths in these re
gions for a variety of reasons. In some locations, vessels follow restricted 
routes in narrow waterways. This type of geographically restricted route 
occurs in the Gulf of Boothia where vessels transit south of Somerset 
Island, and in Fury and Hecla Strait. Near communities, vessels tend to 
follow similar routes. These community traffic routes occurred near 
Tuktoyaktuk, Kugaaruk, Clyde River, and Pangnirtung. In the case of 
vessels transiting long distances, many tend to travel close to the coast. 
Coastal routes are often used in the Beaufort Sea to reduce the potential 
of encountering sea ice. Some vessels coming from the Chukchi Sea are 
destined for Utqiaġvik and others for the eastern Beaufort Sea, causing 
routes to converge near Point Barrow. Finally, resource extraction ac
tivities can lead to increased concentration of vessel traffic. This is the 
case in Milne Inlet and Eclipse Sound from Baffinland's Mary River Mine, 
in the Alaskan Beaufort Sea near the Prudhoe Bay oil and gas operations, 
and in other areas of the Chukchi and Beaufort seas where oil and gas 
exploration activities have taken place. 

Our study used two different observation methods, satellite telem
etry and aerial surveys, to calculate relative density of bowhead whales 

Fig. 7. Hypothetical vessel strike risk for Eastern Canada-West Greenland 
bowhead whales based on aerial survey data in August. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 8. Average number of vessel tracks per year between 2012 and 2018 in different vessel classes contributing to hypothetical vessel strike risk in September at the 
hotspots for Eastern Canada-West Greenland bowhead whales (Cumberland Sound, Isabella Bay, and Gulf of Boothia) and at the hotspots for Bering-Chukchi-Beaufort 
bowhead whales (Tuktoyaktuk and Utqiaġvik). Red cells on the map show all 10 × 10 km cells for September above a vessel risk strike value 0.33. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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for our predictions of hypothetical vessel strike risk. By considering both 
methods, we were able to qualitatively compare patterns of whale 
habitat use and therefore the role of survey method in determining 
vessel strike risk. Results based on telemetry and aerial survey data 
generally agreed, each identifying the same hotspots for vessel strike 
risk, thereby providing confidence in the geographic locations of the risk 
areas identified. However, each observation method has inherent biases 
which must be considered when interpreting the results. The BCB 
telemetry data, for example, contained a large proportion of immature 
whales (65 %). Immature whales frequent the shallow shelf waters of the 
eastern Beaufort Sea, whereas mature whales tend to use deeper waters 
of the Amundsen Gulf (Koski et al., 1988). Consequently, mature whales 
were under-represented in the tagging sample for the western Canadian 
Arctic portion of their range (Harwood et al., 2017b), and the habitats 
they use that overlap with shipping routes through Amundsen Gulf in 
summer and autumn are also likely under-represented. Similarly, ECWG 
telemetry data from whales tagged in Disko Bay was mostly adult fe
males (Chambault et al., 2018) and Cumberland Sound was almost 
entirely immature whales (Fortune et al., 2020c), which may cause 
biases within each of those datasets. The aerial survey data used for BCB 
bowhead whales only covered the Alaskan Beaufort Sea, comprising 
only a portion of the population's summer and autumn range; however, 
the strength of this dataset is that it captured both seasonal and annual 
variability, given surveys were done July to October across two decades. 
By contrast, the aerial survey data for ECWG represented only a single 
month in a single year. However, ECWG aerial survey had the advantage 
of covering most of the ECWG summer range, with the exception of some 
anticipated low density areas in Hudson Bay and Hudson Strait. 

This analysis was based on average vessel density between 2012 and 
2018. There has generally been an increasing trend in vessel traffic over 
time during our study period throughout the Arctic (PAME, 2020) and in 
the Northwest Passage in particular (PAME, 2021). The increase in 
vessel traffic specifically in Baffin Bay is large, with a 160 % increase in 
bulk carrier traffic between 2013 and 2019 that is directly caused by 
traffic to Baffinland's Mary River Mine (PAME, 2020). Much of this 
increased traffic travels through the bowhead whale concentration area 
near Isabella Bay and Clyde River. If more recent data were available, an 
annual analysis could conceivably show increased risk for ECWG in 
recent years due to the increased traffic in Baffin Bay. Conversely, the 
Governments of Canada and the United States began a five-year mora
torium on new oil and gas licences in the Arctic in 2016 (Government of 
Canada, 2016), which effectively led to a decrease in vessel traffic 
related to oil and gas developments in the Chukchi and Beaufort seas in 
subsequent years. Therefore, an annual analysis of vessel strike risk 
might show reduced risk for BCB whales in more recent years compared 
to some of the earlier years (such as in 2017) when oil and gas activities 
were more widespread (Halliday et al., 2021). 

The spatiotemporal distributions of vessel traffic and of bowhead 
whales should be monitored to determine whether the patterns identi
fied here persist or shift, or if spatiotemporal variability in hypothetical 
vessel strike risk occurs at finer temporal scales than the averaged 
monthly resolution considered here. Continued monitoring of bowhead 
whales, through both aerial surveys and telemetry, will allow for more 
precise estimates of bowhead whale density and allow for assessments of 
how monthly distributions may shift through time. In particular, 
increasing the number of bowhead whales tagged within a year would 
improve our capability to assess changes in distribution and annual 
variability. Similarly, more frequent aerial surveys covering the full 
summer range of each population of bowhead whales would contribute 
to monitoring of habitat use patterns for each population. For vessel 
traffic, the quality of satellite AIS data has improved in recent years, 
therefore this data source is good for tracking vessels with an AIS signal. 
However, given that numerous vessels do not carry AIS transponders, 
including a large number of pleasure craft (Halliday et al., 2018), more 
work needs to be done to quantify the extent, types, and timing of ma
rine vessel traffic through these waters. This could include creating 

incentives to increase the number of vessels carrying AIS, making AIS 
mandatory for all vessels, or incorporating other ways to track vessels, 
such as using data from the Canadian Coast Guard (Pizzolato et al., 
2014), land-based cameras, or even satellite imagery (Charry et al., 
2021). Another potentially useful exercise would be to model the dis
tribution of bowhead whales and vessel traffic in the future under 
different sea ice/climate change scenarios to determine any forecasted 
shifts in vessel strike risk for both bowhead populations. 

Understanding the scale of vessel strike risk is an important consid
eration when interpreting our results (see Fig. 3). To put these risk 
values into context, the highest value for overlap (i.e., bowhead whale 
density × vessel density before correcting by vessel speed) was 26 for all 
bowhead datasets. A value of 26 could be achieved in the highest density 
bowhead whale area (i.e., a normalized bowhead density value of 1) and 
an average of 26 vessels present in that cell per month. Alternatively, an 
equivalent overlap value could occur in a cell with even higher vessel 
density and a lower bowhead whale density (e.g., vessel density = 52, 
bowhead density = 0.5). Overlap was then corrected by vessel speed, 
such that the only way that cell values could be equivalent for both 
overlap and vessel strike risk is if all vessels were traveling at fast speeds 
(> 20 knots), which is uncommon. Most vessel classes in the Beaufort 
and Chukchi seas traveled between 5 and 12 knots, based on the inter
quartile range of measured speeds (Fig. S8). The exception was ferries, 
which had interquartile ranges reaching >25 knots. For a vessel trav
eling 10 knots, vessel strike risk is 0.3 times the overlap value. For a 
vessel traveling 5 knots, vessel strike risk is 0.06 times the overlap. 
Given that many cells had speeds <10 knots (Figs. S8, S11), the vessel 
strike risk values would only be a maximum of 0.3 times the overlap 
value, if not much less than that. The vessel strike risk that we calculated 
ranged between 0 and 4.70, although only 31 cells across all bowhead 
datasets had values >1.0. 

Although our study focused on the summer shipping season from 
July through October in North America, West Greenland, and eastern 
Russia, which is when most of the Arctic has the least sea ice, vessel 
traffic does occur during other times of the year in other parts of the 
Arctic, likely resulting in some vessel strike risk for bowhead whales. 
Three areas with potential for vessel strike risk during November to June 
include: Hudson Strait and Disko Bay for ECWG, and the Bering Strait 
and Bering Sea for BCB. Vessels bound for the Port of Churchill in 
Manitoba or Ragla Mine in Nunavik (Northern Quebec) travel through 
Hudson Strait much earlier and later into the year than elsewhere in the 
Canadian Arctic, and overlap with the winter congregation of bowheads 
in Hudson Strait. West Greenland, and in particular Disko Bay, is 
another important ECWG congregation area during the winter and 
spring. The eastern part of Baffin Bay has year-round fishing operations 
and community resupply traffic (Heide-Jørgensen, pers. obs.). Similarly, 
BCB whales overwinter in the Bering Sea, where they could potentially 
encounter fishing vessels (Silber and Adams, 2019), although currently 
these fisheries tend to operate in the southern Bering Sea far from where 
bowheads over-winter (Citta et al., 2014, 2012). Ice-strengthened 
tankers have begun using the Northern Sea Route through Bering 
Strait and Russian waters during the winter months (Staalesen, 2021), 
which may lead to increased vessel strike risk for bowhead whales 
traveling south along the Russian coast in the Chukchi Sea in November 
and December through the narrow Bering Strait to their core over-winter 
area in the northern Bering Sea (Citta et al., 2012). More work is needed 
to fully assess the extent of vessel strike risk to bowhead whales during 
the winter months and shoulder seasons, especially as the main shipping 
season expands earlier and later into the year in the increasingly ice-free 
Arctic. 

Alternative methods exist to calculate vessel strike risk. The metrics 
that we derived do not account for whale behaviour, such as context- 
dependent avoidance of vessels due to increased underwater noise 
disturbance (reviewed in Halliday et al., 2020). Additionally, we did not 
consider the moderating influence of background sound levels on a 
whale's ability to detect and possibly avoid an approaching vessel. 
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Furthermore, alternative model formulations for vessel speed, such as 
the equation by Conn and Silber (2013) would have yielded slightly 
higher values for vessel strike risk. The model from Kelley et al. (2020) 
suggests that large vessels traveling <10 knots are still capable of 
causing lethal strikes due to the force of the impact, although the 
probability of the vessel strike occurring is reduced because the whale 
may be able to move away from a slower vessel (Conn and Silber, 2013). 
Finally, more complex models of vessel strike risk exist that incorporate 
vessel draft, critical distance, whale velocity, and time in the strike zone 
(Rockwood et al., 2018). Overall, we provide the first data-based 
assessment of hypothetical vessel strike risk to bowhead whales using 
the most comprehensive spatial datasets available. Investigating the 
sensitivity of vessel strike risk to model assumptions is a logical exten
sion to our analysis. 

Another important consideration is that none of the hypothetical 
vessel strike risk results from our study have been ground-truthed with 
real-world data on actual vessel strikes. A more direct approach to 
identify vessel strike risk hotspots would be based on spatial data of 
vessel strikes and identifying areas with high vessel strikes using similar 
methodology to how we measured the relative density of bowhead 
whales, such as kernel densities. Such an analysis would require a long- 
term dataset of vessel strikes, such as the database used by Laist et al. 
(2001) for the Atlantic Ocean. Unfortunately, such a dataset does not 
exist for the Arctic that we are aware of. The remote and often harsh 
nature of Arctic coastlines makes such data difficult to obtain. However, 
the lack of data and difficulty collecting data do not preclude action on 
this issue. Increased focus lately by government agencies on monitoring 
whale populations and anthropogenic stressors may lead to better 
availability of vessel strike data for the Arctic in the future. An important 
recommendation from our study is further effort focused on monitoring 
whale populations in the Arctic, particularly in these potential hotspots 
for vessel strikes that we identified. 

5. Management implications and conclusions 

A number of vessel management measures can be used to reduce 
vessel strike risk, including slow-downs, avoidance of key areas, 
implementing protected areas, and restricting vessel traffic to corridors 
(McWhinnie et al., 2018). These measures have been used on temperate 
species, such as North Atlantic right whales, to mitigate vessel strike (e. 
g., Transport Canada, 2018), so there is existing evidence to support 
efficacy of these mitigation measures. Many of these measures would 
likely not only benefit bowhead whales, but would also benefit other 
species that inhabit these areas, such as beluga and narwhal. Although 
strike risk is likely not as large a threat to small cetaceans, efforts to 
reduce strike risk will also likely reduce underwater noise and distur
bance from vessels, which will benefit beluga and narwhal. Well-placed 
avoidance areas or vessel corridors can effectively remove all vessel 
traffic from important areas for bowheads, whereas slowdowns can 
reduce the risk of lethal strike in certain areas where vessels must transit. 
These management measures could be effective in areas of increased 
vessel strike risk, such as those highlighted in this study. Educating 
mariners about the different bowhead hotspots and implementing ma
rine mammal observers or some form of whale detection technology 
could further help to reduce vessel strikes. 

Two of the hotspots we identified have management measures in 
place: one for BCB and one for ECWG. There has been a voluntary Notice 
to Mariners published annually by the Canadian Coast Guard since 2019 
requesting that vessels traveling through important bowhead whale and 
beluga whale habitats in the eastern Beaufort Sea and Amundsen Gulf 
travel at 10 knots or less (Canadian Coast Guard, 2020). This mitigation 
measure includes two Marine Protected Areas (Tarium Niryutait and 
Anguniaqvia Niqiqyuam) and the vessel strike risk hotspot we identified 
near Tuktoyaktuk. 

In the eastern Canadian Arctic, the Ninginganiq National Wildlife 
Area at Isabella Bay (south of Clyde River, Nunavut) was designated 

specifically to protect bowhead whales (Environment and Climate 
Change Canada, 2020). This protected area limits access of vessels to 
Isabella Bay through a permitting process to minimize interactions be
tween vessels and bowhead whales (Environment and Climate Change 
Canada, 2020). However, the boundaries of the protected area only 
cover Isabella Bay and the adjacent ocean 12 nautical miles (~22 km) 
offshore, whereas the hotspot for increased vessel strike risk that we 
identified for this area is completely outside the designated boundaries, 
laying roughly between 5 and 35 km east of the boundary (e.g., Fig. 6). 
Expanding a 35 km (or even 50 km) buffer around the protected area 
and designating it as an exclusion area, or creating a corridor for vessels 
farther offshore, could be an effective way to better protect bowheads in 
this area. 

Two other hotspots for hypothetical vessel strike risk identified by 
this study are in Cumberland Sound and Gulf of Boothia, and neither 
have any measures in place to mitigate against vessel strikes. Both are 
spatially constricted areas where vessel traffic cannot be excluded; 
therefore, vessel slow-downs might be the most appropriate manage
ment measure, especially paired with marine mammal observers 
actively searching for bowhead whales so they can be avoided. 

Finally, within the Alaskan Beaufort, hotspots for vessel strike risk 
occur in the vicinity of Utqiaġvik and Prudhoe Bay. The United States is 
currently in the process of designing corridors through the Alaskan 
Beaufort Sea, which may route vessels farther offshore. If these corridors 
were mandatory for any vessels transiting through the region (but not 
those stopping at Utqiaġvik and Prudhoe Bay), it would greatly reduce 
the overlap between vessels and bowheads in the Alaskan Beaufort Sea. 

Vessel strike risk to bowhead whales will likely escalate as vessel 
traffic continues to increase throughout the Arctic. Identifying hotspots 
for hypothetical vessel strike risk is an important first step in mitigating 
this risk. However, continued monitoring and updating is also required 
to track whether these hotspots are static or dynamic, and, if dynamic, to 
determine the characteristics of the underlying spatiotemporal vari
ability, which is especially important in the context of climate change- 
induced shifts in the distribution and composition of prey. Similarly, 
verifying the hotspots with actual vessel strike data should be a priority. 
While the overall magnitude of vessel strike risk is likely lower for 
bowhead whales than it is for non-polar large whale species due to lower 
vessel traffic in the Arctic, it is crucial to track this threat for bowhead 
whales, given recent increases in vessel traffic in conjunction with a 
rapidly changing Arctic environment due to climate change (Meredith 
et al., 2019). This relatively lower risk also offers a rare opportunity to 
learn from conservation challenges caused by vessel strikes in temperate 
locations and apply mitigations strategies that have been shown to be 
effective for other species before traffic increases more in the Arctic. 
Bowhead whales are also an important subsistence species for Inuit, 
underscoring the importance of reducing threats to this species. Proac
tively managing vessel traffic within the hypothetical strike risk hotspots 
identified in this study is an important first step towards reducing strike 
risk to bowhead whales, especially since detecting any increases in 
vessel strikes will continue to be difficult due to the remote areas 
occupied by these populations. The hotspots identified in this study also 
represent smaller areas within the North American Arctic that could be 
the target of increased monitoring to look for evidence of vessel strikes 
in both bowhead populations. Reducing and mitigating the impacts of as 
many human activities as possible on bowhead whales is essential for 
their conservation and management. 

More broadly, our study highlights a relatively simple method to 
identify potential areas of concern for vessel strikes for large whales, 
which can be easily replicated in other regions with other species. Re
searchers do not need to necessarily collect new data on vessels or 
whales to conduct a vessel strike risk analysis such as we undertook 
here, since AIS data are becoming more readily available (e.g., from 
NOAA: https://marinecadastre.gov/ais/) as are animal movement data 
(e.g., Movebank: https://www.movebank.org/). Our method can allow 
for a rapid assessment of potential vessel strike risk hotspots, that can be 
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followed-up with more dedicated monitoring and assessment in focused 
areas which can lead to reduced costs to conservation programs 
compared to more widespread monitoring. 
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