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ABSTRACT: Habitat use of the northern bottlenose whale Hyperoodon ampullatus in the North-
east Atlantic is poorly understood. This study aimed to identify locally utilised habitat features and
create predictions of northern bottlenose whale habitat use over a wider area around the island of
Jan Mayen, Norway. Bottlenose whales were sighted regularly near Jan Mayen in June 2014-
2016 at higher rates than over a wider study region reported in other studies, indicating that the
Jan Mayen habitat may be a hotspot of bottlenose whale presence in early boreal summer. Habitat
models were created by fitting generalised additive models of selected environmental variables
to sighting occurrence and additional whale sightings given a first encounter (total number of
sightings — 1) recorded in June 2014-2016. Higher occurrence was estimated at steeper topogra-
phy and April-average chlorophyll concentration below 0.4 mg m~3. Additional whale sightings
given a first encounter were predicted to be higher at water depths (<1000 m) with steep topogra-
phy, and deeper water (depths between 1300 and 2000 m) with a gentle seafloor slope. Spatial
predictions largely corresponded with field observations that indicated high usage around the
submarine canyon regions in the east and southeast of Jan Mayen Island. This study highlights
the likely importance of steep and deep bathymetric features in shaping patterns of habitat use of
this deep-diving species. Predictions of habitat use over a wider area not covered by the analysed
surveys require validation; however, these data could inform conservation and management
efforts to minimise spatial overlap between potential high-use areas and potentially disruptive
anthropogenic activities.
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1. INTRODUCTION

Patterns of habitat use reflect the way animals
utilise the geographic and biological distribution of
resources (Krausman 1999). For wide-ranging mobile
animals such as cetaceans, responses to environmen-
tal variability are readily reflected by spatial and tem-
poral changes in distribution and habitat-use patterns

*Corresponding author: pm29@st-andrews.ac.uk

(Forney 2000). Species—habitat modelling can serve
as a powerful and flexible tool to explain and predict
such varying patterns of habitat use under ecologi-
cally dynamic processes (Forney 2000, Redfern et al.
2006) and thus allow inference of high-use areas with
respect to associated environmental features (Gui-
san & Zimmermann 2000). Together with knowledge
of distribution and abundance (Hooker et al. 1999,
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Canadas et al. 2005, Redfern et al. 2006, Rogan et al.
2017), understanding habitat use sets a foundation for
effective conservation and management. For example,
habitat-based mitigation measures can reduce spatial
and temporal overlap between areas of high animal
occurrence and anthropogenic activities (Rogan et al.
2017). However, it can be challenging to obtain the
required field data for offshore deep-diving marine
mammals such as beaked whales because of the fi-
nancial and logistical constraints involved with study-
ing these elusive species (Forney 2000).

Cetacean distribution within their feeding areas is
expected to be primarily correlated with the abun-
dance and distribution of their prey (Kenny et al.
1996, Hatun et al. 2009), which may be largely un-
known (e.g. Isojunno et al. 2012). Therefore, environ-
mental variables are usually included in habitat mod-
els as proxy measurements of prey availability
(Redfern et al. 2006, Rogan et al. 2017). The northern
bottlenose whale Hyperoodon ampullatus (Forster,
1770) (Family Ziphiidae, beaked whales), hereafter
referred to as the 'morthern bottlenose whale’, is a
deep-diving cetacean for which scarce information on
distribution and habitat use is available owing to bio-
logical factors such as its pelagic habitat (Hooker et al.
2002, Ramirez-Martinez et al. 2019) and long and
deep dives (Hooker & Baird 1999). Previous studies
indicate that they feed primarily on the benthic-living
cephalopod Gonatus fabricii, the most abundant deep-
water squid in the Arctic and sub-Arctic (Bjorke
1995), and occasionally on other squid species and
fish (Kastelein & Gerrits 1991, Lick & Piatkowski 1998,
Hooker et al. 2001, Fernandez et al. 2014). Knowledge
of population trends and distribution of this species is
principally based upon historical whaling records
(Whitehead et al. 2021) and recent research on the
uniquely well-studied population in the Gully, Nova
Scotia, Canada (Hooker 1999, Gowans et al. 2000).
Likely driven by prey distribution and availability,
bottlenose whales tend to favour open waters of
>1000 m depth along the continental slope (Benjamin-
sen 1972, Whitehead & Hooker 2012), the primary
habitat of large and mature G. fabricii (Bjerke 2001).

More than 65000 bottlenose whales were Kkilled
during commercial whaling beginning in the 1850s
(Reeves et al. 1993). This has severely depleted the
global population, likely causing them to remain well
below historical levels (Whitehead et al. 2021) given
their slow reproductive rate (Feyrer et al. 2020). In
combination with high susceptibility to pervasive
anthropogenic threats, including disturbance from
underwater noise (Miller et al. 2015a, Wensveen et
al. 2019) and risk of bycatch, bottlenose whales are

classified as Near Threatened on the IUCN Red List
(Whitehead et al. 2021). Currently, no regional or
national conservation framework has been estab-
lished for this species or its habitat outside the Gully
Marine Protected Area (Whitehead & Hooker 2012),
where bottlenose whales of the Scotian Shelf are
found to be genetically distinct from other North
Atlantic populations (COSEWIC 2011, Feyrer 2021,
de Greef et al. 2022, Einfeldt et al. 2022).

In the Northeast Atlantic, where bottlenose whales
were most hunted (Whitehead & Hooker 2012), esti-
mates from the 1990s indicated roughly 40000 indi-
viduals (NAMMCO 1995), with a high-latitude (over
60°N) population potentially forming 4 distinct
stocks off (1) northern eastern Greenland, Iceland,
Jan Mayen and Faeroe Islands, (2) Andenes, Nor-
way, (3) Mere, Norway, and (4) Svalbard (Benjamin-
sen 1972, Whitehead & Hooker 2012). Recent sight-
ings data have documented bottlenose whales in
waters southeast of Svalbard and along the Knipo-
vich Ridge (Storrie et al. 2018). High-density areas
were identified in shipboard line-transect surveys
between the British Isles and Greenland, but few or
no sightings were made in historic whaling grounds
off Svalbard, Andenes, and Mgre, despite survey
effort in those areas (Ramirez-Martinez & Hammond
2019). The northern limits for this species in the east-
ern North Atlantic may be in a state of flux due
to changing ice conditions (Whitehead et al. 2021).
A broad description of habitat use in the northeast
Atlantic based on shipboard surveys conducted in
1998-2015 found a positive effect of depths from 800
to 2000 m on bottlenose whale density, with waters
shallower than 500 m having a negative effect on
whale density (Ramirez-Martinez & Hammond 2019).
Other significant factors included seafloor aspect, sea
surface temperature (SST), and mixed layer depth in
June, salinity in August, sea surface height (SSH) in
July, and chlorophyll a (chl a) in April.

From 2014 to 2016, the 3S3-ORBS (sea mammals
and sonar safety—off-range beaked whale study)
project (Miller et al. 2014, 2015b, 2016) conducted
sailboat-based surveys in the waters off the Island of
Jan Mayen to collect visual sightings and animal-
attached tag data from bottlenose whales. During the
survey period in June of each year, animals were
routinely sighted along the Jan Mayen submarine
canyon, mainly to the north and southeast of the
island of Jan Mayen. The surveyed area is topo-
graphically dominated by the West Jan Mayen Frac-
ture Zone, which forms a steep submarine canyon
(1200-3800 m; see Fig. 1) (IHO-IOC 2017), resulting
in a steep and deep bathymetric profile close to the
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north coast of Jan Mayen Island. Oceanographically,
the region is characterised by the Nordic Sea circula-
tion, which consists mainly of the warm and saline
Norwegian Atlantic current and the cold and fresh
East Greenland current flowing in opposite direc-
tions (Piechura & Walczowski 1995, De Schepper et
al. 2015). The interface between these currents forms
the Arctic Jan Mayen front (Piechura & Walczowski
1995, Bersheim et al. 2014, Erga et al. 2014), which
creates a strong thermohalocline gradient within the
water column from 0 to 200 m (Piechura & Walczow-
ski 1995). The spring bloom off northern Jan Mayen
is found to last longer and reach higher chlorophyll
concentrations than other regions on the Arctic side
of the front (Bersheim et al. 2014).

The aims of this study were to (1) use bottlenose
whale sightings data to quantify habitat use near Jan
Mayen and identify key static and dynamic environ-
mental correlates of bottlenose whale presence within
a habitat-use model, and (2) apply the habitat-use
model to predict potential bottlenose whale habitat-
use patterns across a wider area of the Greenland Sea.

68°

2. MATERIALS AND METHODS
2.1. Surveyed area and wider prediction area

The surveyed area encompassed a marine region
covered by major survey effort tracks around the
island of Jan Mayen in the Norwegian Sea (Fig. 1),
delimited by latitudes 70-71.5°N and by longitudes
5-9.5°W. Model predictions were made over a wider
rectangular marine region demarcated by latitudes
68-72° N and by longitudes 1-17°W, based on sight-
ings made within the surveyed area.

2.2. Visual sighting data collection

Visual sighting data of bottlenose whales were col-
lected in June in 2014, 2015, and 2016 (Table 1), with
search effort concentrating along the submarine
canyon from north to southeast of Jan Mayen Island
(Fig. 1). Visual surveys were conducted by 2 dedi-
cated observers from the deck whenever weather
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Fig. 1. (Top left) Location and number of northern bottlenose whale sightings (coloured symbols) and survey effort (coloured

lines) by year within the study area off Jan Mayen Island. (Top right) location of the study area relative to Iceland, Greenland

and Norway. (Bottom left) Zoomed map illustrating the dense sighting records made along the submarine canyon to the south-
east of Jan Mayen Island
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Table 1. Selected survey effort and northern bottlenose whale sightings by year

2014 2015 2016 Total
Start date of survey 10 June 15 June 2 June -
End date of survey 26 June 2 July 24 June -
Research vessel and length T/S 'Prolific’ (29 m) ‘Donna Wood' (32 m) ‘Donna Wood' -
Survey duration (h) 166.0 152.4 201.1 519.5h
Distance surveyed (km) 1237.4 1137.4 1574.9 3949.7
Number of sightings 77 75 68 220
Average group size of whale sightings 3.01+1.11 3.08 +1.59 3.19 £ 1.59 3.09 +1.44
Number of 12.5 km effort segments 99 91 126 316
Number of segments with sightings 46 31 37 114

conditions permitted. Both observers made visual
scans from bow to stern, with one observer searching
across the starboard and the other across the port of
the boat, together covering 360° around the vessel.
Binoculars were used to confirm whale species and
location once an animal was spotted.

When a sighting was made, the time, whale loca-
tion (latitude and longitude), estimated sighting dis-
tance, bearing, group size, animal heading, and level
and duration of seeking (behavioural indication of
attractive movement towards the research vessel, as
suggested by Whitehead & Hooker 2012) were re-
corded. Vessel GPS location and speed were auto-
matically logged every 5 s in 2014 and 2015, and
every 1 sin 2016.

Boat speed was maintained between 4 and 7 knots
during the survey, which was approximately double
that of the normal swim speed of bottlenose whales
(~5 km h~!; Kastelein & Gerrits 1991). Therefore, it
could be assumed that animals were stationary when
visual sampling took place, and any positive bias due
to repeated counting of the same individual or group
was minimised (Glennie et al. 2015).

Following a sighting, the whales were often ap-
proached for tagging. If successful, the tagged whale
would be tracked for the duration of the tag deploy-
ment. Sighting and effort data during tagging and
tracking periods were excluded from the analyses.

2.3. Calculation of survey effort

Survey effort, which is a measure of locations
searched, was first quantified to account for the spa-
tial and temporal heterogeneity of sampling, which
was opportunistic in the sense that it was determined
mostly by weather and logistics for tagging, rather
than a priori distribution survey design. Only effort
data with Beaufort sea state lower than 5 and visibil-

ity greater than 2 km, when observers actively
looked for whales during on-effort status, were con-
sidered for further analysis. These criteria were used
to reduce perception bias caused by poor weather
conditions. The selected tracks were then divided
into segments of 12.5 km, with each segment repre-
senting a spatial unit of observer effort. The 12.5 km
segment length was determined considering the size
of the study area and the average spatial resolution
of explanatory variables so that covariate values
were not over-averaged within each effort segment.

2.4. Tabulation of static and dynamic
environmental variables

Effort segments were populated with a covariate
set of grid pixels on which the centroid point of each
segment landed, based on the assumption that whale
sighting and its corresponding effort segment shared
the same set of environmental variables. A grid layer
of 1470 pixels (12.5 x 12.5 km) was overlaid on the
wider prediction area to standardise the spatial reso-
lution of environmental variables for each grid cell.
As grid size was the same as the length of an effort
segment, candidate covariates were not over-aver-
aged within an effort segment and were also not
averaged over several effort segments. Environmen-
tal predictors that were evaluated for inclusion in
habitat-use models consisted of 5 static, 4 dynamic,
and 2 temporal covariate variables (Table 2).

2.4.1. Static environmental variables

Bathymetry was summarised as water depth (BODC
2003), seafloor slope, aspect, and distance from 2000 m
depth contours. It was expected that underwater
topography would play a considerable role in explain-
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Table 2. Predictor variables for habitat models of sighting presence and additional northern bottlenose whale sightings given

a first encounter

Variable Spatial Temporal Description Data source
resolution resolution
Static predictor variables
Depth.m 30 arc-sec N/A Average water depth (in m) Gridded bathymetry data from General
Bathymetric Chart of the Oceans
(GEBCO), obtained from interpolated
depth soundings from ship (BODC 2003)
Slope.max 30 arc-sec N/A Maximum degree of seafloor Derived from GEBCO gridded
inclination from the horizontal bathymetry data
surface (angle, in degrees)
Aspect 30 arc-sec N/A Average seafloor orientation in Derived from GEBCO gridded
which the slope is facing (in bathymetry data
number degrees of east,
increasing counter-clockwise)
DistAF N/A N/A Distance from the Arctic front Steady distance values calculated based
(in km) on the location of Arctic Front illustrated
by Piechura & Walczowski (1995), and
Borsheim et al. (2014)
Dist2000 N/A N/A Distance from the nearest Derived from GEBCO gridded

Dynamic predictor variables

Chl a 1x1km Monthly
averaged
(April)
SST 0.25 x 0.25 As above
degree
SSH 0.083 x 0.083 As above
degree
SA 0.083 x 0.083 Monthly
degree averaged
(June)

Temporal predictor variables

Solar N/A
elevation
Year N/A

Hourly

Yearly

2000 m contour (in km).

Positive value for sample point
located at water depth >2000 m;
negative value for point at
water depth <2000 m

Average sea surface chl a
concentration in 2014-2016
(in mg m~%)

Average sea surface
temperature in 2014-2016
(in K)

Average sea surface height
(in m) above geoid in
2014-2016

Average sea surface salinity in
2014-2016 (107%)

Solar position in terms of sun
elevation angle measured up
from the horizon (in degrees)

Survey year

bathymetry data

Monthly mean satellite data of global
ocean chlorophyll (global colour proces-
sor) provided by the EU Copernicus
Marine Service Information

Daily mean in situ and satellite ensemble
products of global ocean sea surface
temperature from 11 analysis systems.
Data obtained from the EU Copernicus
Marine Service Information

Daily mean numerical model data of sea
surface height assimilated using the
Incremental Analysis Update (IAU)
method. Data obtained from the EU
Copernicus Marine Service Information

Daily mean numerical model data of
salinity assimilated using the Incremental
Analysis Update (IAU) method. Advection
of the salinity tracers was computed with
the total variance diminishing advection
scheme. Data obtained from the EU
Copernicus Marine Service Information

Calculated based on the algorithm
provided by Michalsky (1988)

In situ data
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ing the observed pattern of whale habitat use off
Jan Mayen since water depth is a good predictor of
Hyperoodon ampullatus distribution in the northeast
North Atlantic (Ramirez-Martinez & Hammond 2019)
and above the Gully off Nova Scotia (Hooker 1999,
Hooker et al. 2002), as well as beaked whale distribu-
tion and abundance in the Northeast Atlantic (Rogan
et al. 2017). A mean depth-slope interaction term was
alsoincluded as a predictor variable, as the interaction
between depth, slope, and bottlenose whale sightings
in the Gully was found to be significant (Hooker 1999,
Hooker et al. 2002). The predicted core area for bot-
tlenose whales in the northwestern Atlantic was
found to be characterised by aspect (Compton 2004).
Distance from the 2000 m depth contour was signifi-
cantly associated with beaked whale distribution in
the northern east Atlantic (Rogan et al. 2017).

The distribution of Gonatus fabricii is strongly re-
lated to the Norwegian current system. The Norwe-
gian Atlantic current brings G. fabricii juveniles
northward to waters between Jan Mayen and Vester-
dlen (Wiborg et al. 1982), while deep-sea adults
might join the East Greenland current to reach Jan
Mayen (Bjorke 1995). The proximity to the frontal
boundary, which appears to be geographically
steady across the study period (Raj et al. 2019,
Skagseth et al. 2022), is a good predictor of habitat
use of beaked whales and squid-feeding sperm
whales Physeter macrocephalus off the northeastern
USA (Waring et al. 2001).

2.4.2. Dynamic environmental variables

Dynamic variables including chl a concentration,
SST, SSH, and salinity (SA) were included as proxies
of cephalopod distribution, given that the squid
species, including Gonatus, feed on amphipods and
copepods (Bjerke 1995). Since chl a, SST, and SSH
are more likely to reflect plankton growth rather
than squid or whale distribution directly (Eppley
1972), 2 mo lagged values (April-averaged) were
used to account for the energy transfer across trophic
levels. For SA, June-averaged values without a time
lag were used, as the distribution of Gonatus squid is
strongly associated with high SA level (above 35 ppt)
in Atlantic waters (Bjorke 1995).

Solar elevation and survey year were also exam-
ined to capture any temporal pattern of whale habitat
use; the former reflected the effect of hourly change
in sun position relative to the horizon, while the latter
reflected annual variation between survey years.
Elevation angle was calculated based on the algo-

rithm presented by Michalsky (1988) and verified
using NOAA's Solar Calculator (Global Radiation
Group 2017).

2.5. Bottlenose whale habitat modelling
2.5.1. Detection function analysis

Distance sampling analysis was performed to esti-
mate the detection function for bottlenose whales,
using the '‘Distance’ package v.0.9.6 (Marshall et al.
2016) in Rv.3.4.1 (R Core Team 2017). This technique
is commonly adopted for distribution and abundance
estimates in cetacean studies (Hammond et al. 2002,
2009, 2013, Embling et al. 2010, Rogan et al. 2017).
Sightings that involved attraction to the research
vessel were excluded from this analysis. Perpendicu-
lar distance was re-calculated, followed by trunca-
tion of sighting data at a distance to improve model
goodness-of-fit while retaining as much data as pos-
sible (Buckland et al. 2001). Model fit was examined
and compared using QQ plots and goodness-of-fit
tests (Buckland et al. 2004).

Conventional distance sampling (CDS) models
(Buckland et al. 2001) with half-normal and hazard-
rate key functions were fit and compared based on
Akaike's information criterion (AIC; Akaike 1992)
and QQ plots. The model fits detection probability as
a function of perpendicular distance from transect
lines. Multi-covariate distance sampling (MCDS)
(Marques & Buckland 2003) models were then run to
incorporate the potential effects of environmental
and sighting conditions in addition to detection dis-
tance. Group size and Beaufort sea state were exam-
ined to account for covariate-related heterogeneity
in detection probability by post-survey stratification
of data (Marques & Buckland 2003). Since there were
few sightings of group sizes larger than 4 and the
environmental conditions at multiple Beaufort scales
were similar, some sightings were grouped together
for MCDS modelling. CDS and MCDS models with
the best functional form (either half-normal or
hazard-rate) were examined and compared using
AIC and Cramer-von Mises test (i.e. goodness-of-fit
test to compare the exact and asymptotic distribu-
tion; Cramér 1928), and the best-fitting model was
adopted for the estimation of detection probability
and associated effective strip width (ESW). Signifi-
cant effects of group size and/or sea state (if any)
would be taken into account in habitat models via the
offset, which was calculated as the effort segment
length multiplied by twice the ESW.
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2.5.2. Sighting occurrence and additional sightings
as response variables

Wildlife count data often contain a larger number of
zeros (absences of detection) than expected by classi-
cal count probability distributions, such as the
Poisson distribution. Zero-inflation can be caused by
multiple factors, including experimental design, sam-
pling variability, and the size and behaviour of the
animal population of interest (Blasco-Moreno et al.
2019). In this study, zero-inflation may have been
partly driven by the long dive duration of the study
species, which reduces their availability for visual de-
tection at the water surface. Here, the sightings data
appeared to be zero-inflated according to Vuong test
results (Vuong 1989). A 2-model approach was there-
fore adopted to accommodate for the zero-inflated
nature of sightings data: (1) sighting presence—ab-
sence per segment was first modelled with a binomial
model for the prediction of occurrence; i.e. expected
probability of whale sighting presence—absence, fol-
lowed by (2) the number of additional whale sightings
given first encounter; i.e. zero-truncated counts of
sightings conditional on presence, per segment, fitted
to a Poisson model. The 2-step model approach (pro-
bability function detailed by Zuur et al. 2009 as their
Eq. 11.24), also known as the hurdle model developed
by Cragg (1971), has been commonly applied in eco-
logical studies aiming to predict relationships between
animal sighting data and environmental variables
(Agarwal et al. 2002, Barry & Welsh 2002, Potts &
Elith 2006, Mellin et al. 2012, Smith et al. 2019). It has
also been found to outperform other regression mod-
els in terms of model fit between observations and
model predictions (Potts & Elith 2006), with flexibil-
ity allowing for potential different drivers of animal
occurrences and counts. As linear cetacean-habitat re-
lationships are uncommon, sighting presence—absence
and additional sightings were fitted with gener-
alised additive models (GAMs; Hastie & Tibshirani
1986) within the ‘'mgcv’ v.1.8-28 (Wood 2016) library
inR.

2.5.3. Modelling occurrence of whale sightings

In a first step to understand the effect of each co-
variate, univariate GAMs were fit within the ‘mgcv’
library in R to relate sighting presence-—absence
per segment to each predictor variable. Sighting
presence—absence per segment was assumed to fol-
low a Bernoulli distribution, as an animal was either
present or absent in a particular effort segment. The

expected probability of whale sighting occurrence in
the i™ segment, E(y;), is formulated as (Hedley et al.
1999):

E(y) =g '(Bo + 2f(2)) )

where ¢() is the link function, f, is the intercept to be
estimated, f represents the smooth functions of
explanatory covariates, and z; denotes the value of
the explanatory variable in the i™ effort segment. A
probit link function was chosen for the global bino-
mial model as it has smaller unbiased risk estimator
(UBRE) scores in most univariate GAMSs. In a similar
fashion as AIC, a smaller UBRE score indicates a bet-
ter model fit (Shadish et al. 2014). Most covariates
were included as smooth terms, except for 'year’,
which was treated as a factor, and the interaction
term of mean depth x slope, which was specified as a
tensor product interaction allowing covariates to be
included at different scales (Wood 2006).

The maximum number of knots (i.e. degrees of
freedom, joining successive smoothing splines along
the x-axis) was manually set as 8, as the sample size
was much larger than 100 (Thomas et al. 2015), and
the optimal degree of smoothing was chosen by
cross-validation. In addition, covariate terms were
specified as thin plate regression splines, whose
shrinkage component penalises smooth parameters
to zero if no signal is found (Wood 2016). These allow
the degrees of freedom to be included as part of the
model selection process (Rogan et al. 2017).

Correlation among non-normally distributed co-
variates was examined by Spearman's rank collinear-
ity test in R (R Core Team 2017). For highly corre-
lated variables (r > 0.5 or r < —0.5), only the one that
explained more of the deviance, with a lower UBRE
score, and was more informative and ecologically in-
fluential (i.e. with more direct ecological impacts)
was retained based on the univariate model results.
This selection process improves model reliability by
ensuring that the assumption of independence
among explanatory variables is not violated (Thomas
et al. 2015). Selected covariates from the univariate
models were included in a global multivariable
model for the occurrence model selection.

2.5.4. Binomial model selection and
model-averaged predictions

Since GAMs with different degrees of smooth-
ness are not nested, global model selection rather
than stepwise selection was performed within the
‘MuMIn' (Barton 2015) library in R. The smooth
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terms of latitude and longitude were excluded as
candidate covariates prior to model selection, given
that the spatial coverage of the surveyed area was
uneven in terms of coordinates, and model estimates
for a wider prediction area would thus be highly un-
certain. Models with all other possible covariate com-
binations were compared by small-sample corrected
AIC (AICc) (Cavanaugh 1997) and model weight.
Model fit was also examined by UBRE score, ad-
justed R? value (reflecting the proportion of variance
explained), and the percentage of deviance ex-
plained by the model.

Standard model diagnostics tests (residual plots,
influence, and leverage plots) were then performed
for the best binomial GAM, although the binary na-
ture of the response variable makes residual plots
(except for QQ plots) difficult to interpret. Serial
residual correlation was checked using the Durbin-
Watson test (Durbin & Watson 1971) and illustrated
by autocorrelation function (ACF) plot (Fox et al.
2016) after model selection, as it could not be incor-
porated into the GAM together with the shrinkage
smooth terms. A particular time lag with p < 0.05 in
the Durbin-Watson test or with an ACF score exceed-
ing the threshold values for statistical significance
(illustrated as horizontal dotted lines in the ACF plot)
was considered to imply serial correlation (Thomas et
al. 2015).

Uncertainty in model selection due to the large
number of covariate combinations was addressed by
model averaging (Burnham & Anderson 2002), in
which spatial prediction was made based on a confi-
dence set of models with AAICc < 2. Model-averaged
predictions of sighting occurrence and associated
coefficients of variation (CVs) were calculated for
each prediction grid. The relative importance of each
predictor variable was calculated by the summation
of Akaike weights. Model-averaged predictions of
sighting occurrence were then plotted throughout
the range of each significant covariate (with a =
0.05), given that other predictor variables were fixed
at their mean values.

2.5.5. Modelling the number of additional whale
sightings given a first encounter

Similar to the GAM for sighting occurrence, the
respective relationships between the number of ad-
ditional sightings per segment (provided there was at
least one sighting) and each predictor variable were
first modelled as univariate GAMSs. This approach is
designed to independently model additional whale

sightings given a first encounter as a response para-
meter, which is not accounted for in the occurrence-
only model. The response variable was assumed to
follow a Poisson distribution, which required the esti-
mation of a single rate parameter, A. The expected
number of additional whale sightings in the i" seg-
ment, E(x;), can also be calculated by Eq. (1), except
that a log link function was specified due to its lower
UBRE score. An interaction term between mean
depth and slope was also included. The maximum
degrees of freedom were set manually, and over-fit-
ting was prevented in the same way as for the occur-
rence model. Model selection and diagnostics were
carried out following the same criteria and proce-
dures as for the occurrence model, with the same
covariate set as suggested by univariate models, and
a covariate collinearity test being specified in the
global Poisson GAM. Model-averaged predictions of
the number of additional whale sightings given a
first encounter, CV, and covariate effects were esti-
mated and visualised in the same way as the occur-
rence predictions. It should be noted that group size
of whale sighting was not included in the Poisson
GAM, as it is potentially correlated with social fac-
tors other than environmental variables, e.g. male
bottlenose whales appeared to form stronger associ-
ations with con-specifics in their own age classes
compared with females and immature individuals
(Gowans et al. 2001).

2.5.6. Zero-inflated Poisson location-scale model

The 2-model estimates of habitat-use relationships
were validated by a zero-inflated Poisson location-
scale model within the ‘mgcv’ library in R. The zero-
inflated GAM consists of 2 linear predictors: one con-
trols the probability of occurrence with a logit link
function, while the other controls the Poisson param-
eter given first encounter with a log link function
(Wood 2016). The first and second formulae of the
model specify the multivariate response and the lin-
ear predictor structure respectively for Poisson and
binomial parameters (Wood 2016). Here, the re-
sponse variable was simply the number of whale
sightings made per segment. Covariate sets for the
best models of additional sightings given a first
encounter and sighting occurrence were specified in
the first and second formulae respectively. Given
comparable model assumptions such as a = 0.05,
model estimates of the zero-inflated GAM were ex-
pected to be similar to those of the 2-model hurdle
approach.
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2.5.7. Spatial prediction of habitat use

The predicted pattern of habitat use in relation to
the environmental covariates for a wider area (Fig. 1)
was obtained by quantifying environmental covari-
ates retained in our near Jan Mayen habitat model.
Model-averaged estimates of sighting occurrence
and number of additional whale sightings + 1 were
multiplied (i.e. occurrence probability x sightings, so
as to calculate the predicted total number of whale
sighting for each grid with the observed number of
sightings) for each prediction grid. Standard error
(SE) was first calculated as the square root of the sum
of estimated variances of occurrence and additional
sightings given a first encounter (Buckland et al.
2001), and it was then converted to CV as a measure
of prediction uncertainty.

3. RESULTS

A total of about 4000 km of survey distance was
included in the analysis, with a roughly equal distri-
bution of effort across the 3 yr (2014-2016). Northern
bottlenose whales were regularly sighted in the sur-
veyed area each year, with a mean survey distance
per sighting of approximately 18 km (Table 1). The
average group size of sightings was 3.1 + 1.4 whales,
resulting in a mean survey distance per individual of
5.8 km off Jan Mayen Island, compared to 1463.9 km
in Norway and 104.6 km in Iceland-Faroes as per
Ramirez-Martinez & Hammond (2019).

3.1. Detection function analysis

A total of 26 of 220 sightings were scored in the
field as whales being attracted to the research vessel
(labelled as 'strong seekers' as part of the field data
collection) and were discarded prior to detection
function modelling. The truncation distance was set
to 700 m, retaining approximately 167 sightings,
which was ~85 % of non-seeking sightings. The final
best model for detection probability was a hazard-
rate CDS model as a function of perpendicular dis-
tance (Fig. 2), followed by MCDS models all with
AAIC > 2 (Table 3). The average detection probabil-
ity of bottlenose whales given the 700 m truncation
distance was estimated to be 0.33 (CV = 0.15), for an
effective half-strip width of 231 m or ESW of 462 m.
The 0.33 correction factor was applied to all effort
segments assuming that the survey years and whole
surveyed area was homogenous in terms of detection
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Fig. 2. Detection function fit for the hazard-rate conven-

tional distance sampling model with a truncation distance

of 700 m. Open circles: perpendicular distances of sightings

of northern bottlenose whales; smoothed curve: the fitted
detection function

probability. No offset or ESW information was fitted
to habitat models for occurrence and additional
sighting estimates.

3.2. Habitat modelling

Based on the results of the covariate collinearity test
and univariate modelling of both response variables
(sighting presence—absence and additional sightings),
global models with 7 covariates (including mean
depth, distance from Arctic front, April chlorophyll
concentration, April SST, slope, solar elevation, and
aspect) and the tensor product term of depth-slope
interaction were established for model selection.

3.2.1. Occurrence of whale sightings

The best occurrence model (with the lowest UBRE
score and AIC) retained bathymetric slope, April
chlorophyll concentration, April SST, and a topo-
graphic interaction of depth with slope, explaining
8.4 % of the deviance (Table 4). With the first 2 vari-
ables also gaining statistical support (p < 0.05) in the
zero-inflated Poisson location-scale model, sighting
occurrence was found to increase with steeper topo-
graphy (Fig. 3a) and was correlated with lower April
concentration of chlorophyll (below 0.4 mg m™3), with
greater prediction uncertainty above 1 mg m™
(Fig. 3b). SST became insignificant (p > 0.05) when
the same covariate set was specified in the zero-in-
flated Poisson GAM, indicating that the effect of SST
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Table 3. Detection function models for northern bottlenose whales. Models are sorted in ascending order of Akaike's infor-
mation criterion (AIC); hr.model was the final best model. hr: hazard-rate key function; n: size; ss: Beaufort sea state; hn: half-
normal key function; as.factor() indicates the conversion of integer variable to categorical variable; CV: coefficient of variation

Key Formula AIC  Cramer- Average SE CV AAIC
function von Mises detect-
p-value  ability
hr.model hr ~1 2088 0.79 0.326 0.047 0.15 O
hr.n.model hr ~as.factor(grouped_size) 2094.3 0.84 0.336 0.048 0.14 6.3
hr.ss.model hr ~as.factor(grouped_beaufort) 2094.6 0.88 0.305 0.048 0.16 6.6
hr.ssn.model hr ~as.factor(grouped_beaufort) + as.factor(grouped_size) 2100.7 0.91 0.316 0.048 0.15 12.7
hn.model hn ~1 2114.7 0 0.51 0.025 0.05 26.7

Table 4. Best models of sighting occurrence and number of additional sightings, given a first encounter of a northern bot-
tlenose whale. MaxK: maximum number of knots allowed; edf: estimated degree of freedom, %DevEx: % deviance explained;
UBRE: unbiased risk estimator; AIC: Akaike's information criterion. See Table 2 for covariate descriptions

Covariates MaxK edf P %DevEx  UBRE AIC  Model
(o0 =0.05) weight
Best sighting occurrence model slope.max 4 0.798 0.038 8.44 0.2438  393.1 0.03
April Chla 4 1.84 0.028
August SST 4 2.902 0.010
depth.m:slope.max 5 0.807 0.178
Best additional sightings model depth.m:slope.max 8 3.68 0.001 23.4 0.1899 258.129 0.036
distAF 4 2.15 0.015
April Chla 6 1.93 0.111
August SST 5 0 0.472
depth.m 4 0 0.704
slope.max 6 0 0.895
aspect 6 0 0.944

was not robust. The model was interpreted without
incorporating any autoregressive structure (AR[1] or
ARIMA), given that general additive mixed models
(GAMMs; Chen 2000) are reported to perform poorly
with binary data (Wood 2016). Nevertheless, it should
be noted that SE, confidence intervals (Cls), and CVs
quantifying the uncertainty in covariate effects were
likely to have been somewhat underestimated without
incorporating any autoregressive structure. Occur-
rence model diagnostics are detailed in the Supple-
ment at www.int-res.com/articles/suppl/m718p119_

supp.pdi.

3.2.2. Average estimates of occurrence based on the
confidence set of models

The confidence set consisted of 49 models with
AAICc < 2, which accounted for 70.4% of total
Akaike weights. SST in April and chlorophyll con-
centration in April were respectively the most and
second most important variables with high relative
importance (with summed Akaike weights of 1 and

0.95, respectively) and were included in nearly all
models among the confidence set. Maximum slope
was moderately important (with a relative impor-
tance of 0.67) and was retained in about 60 % of all
models among the confidence set.

Model-averaged predictions of occurrence plotted
against each statistically supported covariate, with
other explanatory variables fixed at their mean val-
ues in the data, are given in Fig. 3. Similar to the
best occurrence model estimates, higher occurrence
was predicted at steeper topography (Fig. 3c) and
April chlorophyll concentration below 0.4 and above
1 mg m3, with greater prediction uncertainty above
1 mg m™ (Fig. 3d). Spatial estimates of sighting
occurrence were based on model-averaged predic-
tions and are further detailed in the Supplement.

3.2.3. Number of additional whale sightings given a
first encounter: GAM results

The number of additional whale sightings given a
first encounter (total number of whale sightings — 1)


https://www.int-res.com/articles/suppl/m718p119_supp.pdf
https://www.int-res.com/articles/suppl/m718p119_supp.pdf
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was modelled as a function of the same covariate set
(see Section 4.2) in the global Poisson GAM. The
final best Poisson model with the lowest UBRE score
and AIC retained all covariates except for solar ele-
vation, while the 6 explanatory variables and one
topographic interaction term together explained
23.4% of the deviance (Table 4). With depth-slope
tensor product term also being the only statistically
supported variable at the 5% level in the zero-
inflated Poisson GAM, the number of additional
whale sightings given a first encounter at different
water depths appeared to depend on seafloor slope:
steep topography increased the expected additional
number of whale sightings given a first encounter at
shallower water depths (<750 m), while more whale
sightings were estimated in deep waters (about
2000 m) with gentle slopes (Fig. 4). Distance from the
Arctic front lost statistical support (p > 0.05) when the
variable was specified in the zero-inflated Poisson

GAM, indicating that the effect of this predictor was
not robust. As a GAMM could not effectively correct
for serial correlation in this case, the best additional
sightings model was also interpreted without any
autoregressive structure. SEs, ClIs, and CVs were
also likely to have been underestimated under serial
correlation. Model diagnostics for the Poisson GAM
are further explained in the Supplement.

3.2.4. Average estimates of the number of
additional whale sightings given a first encounter:
confidence set of models

The confidence set included 25 models with AAICc
< 2, accounting for 61.7% of total Akaike weights.
The depth-slope interaction term, distance from Arc-
tic front, and depth were the 3 most important vari-
ables, and they were retained in almost all models
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Fig. 4. Modelled values of additional northern bottlenose whale sightings
given a first encounter on the response scale, as a function of the interaction
between mean depth and slope. Black points: whale-present observations

among the confidence set with very high relative
importance (Akaike weight ~ 1).

Model-averaged predictions of additional whale
sightings given a first encounter were plotted
throughout the range of each important covariate in
Fig. 5. The effect plot for the tensor interaction term
between mean depth and slope (Fig. 5a) illustrated
that more bottlenose whales were estimated at
water depths between 1000 and 2500 m with flat
topography, whereas those found at water depths
shallower than 1000 m preferred steeper seafloor
slope. The SE values of model predictions made for
shallow water depths with steep slopes were high,
given that the estimates were dominated by few
data points (Fig. 5b).
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Fig. 5. (a) Model-averaged estimates of additional northern bottlenose whale sightings given first encounter as a function of

3.2.5. Wider area habitat use
prediction

2.16

The predicted pattern of potential
habitat use based on estimates of
sighting occurrence multiplied by the
estimated number of total whale sight-
ings (additional number of whale sight-
ings given a first encounter + 1) was
concordant with whale sightings re-
corded in the surveyed area along the
West Jan Mayen Fracture Zone: higher
sighting rates were predicted in the
southeast of the submarine canyon and
off Jan Mayen Island (Fig. 6). Higher
numbers of whale sightings were pre-
dicted in areas northwest of Jan Mayen
Island, which were similar to the oc-
currence model estimates. Fewer sight-
ings were predicted in the southeast corner of the
wider prediction area and coastal waters south of Jan
Mayen, which was consistent with the spatial esti-
mates of the whale sighting occurrence model.
Higher prediction uncertainty (i.e. higher CV) was es-
timated in the southeast corner of the wider prediction
area, matching the lower survey effort in the area.

1.49

0.82

0.15

Model number of additional whale sightings

4. DISCUSSION

Regular bottlenose whale sightings were made
yearly during the survey efforts in June 2014-2016,
indicating an overall high level of use of the surveyed
area at those times. The average group size sighted

0 5 10 15 20 25 30 35
Slope (°)

the depth-slope interaction term and (b) associated SE values. Black points: whale-present observations

Standard errors
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Fig. 6. Spatial estimates of the number of northern bottlenose whale sightings over the wider prediction area, based upon the

observed pattern of sightings in the smaller surveyed area covered by effort tracks. Model estimates are illustrated by the

colour of grid cells. The associated coefficient of variation (CV) is represented by the centroid point, with higher CV values
indicated by darker dot colour

was about 3 individuals, which was consistent with
the group sizes observed near Jan Mayen in June
2013 (Miller et al. 2015b), although some larger group
sizes were noted by Ramirez-Martinez & Hammond
(2019, see their Fig. 22). While the sighting platform
used in this study was likely less effective than the
shipboard double-platform of the study by Ramirez-
Martinez & Hammond (2019), the ESWs for both
studies were similar (N. C. Ramirez-Martinez pers.
comm.). The much shorter mean survey distance
per animal in our study (6 km whale™!; Table 1) ver-
sus that of the wider regions covered by Ramirez-
Martinez & Hammond (2019) (105-1460 km whale™;
see their Table 2) therefore indicates that a relatively
high sighting rate of northern bottlenose whales oc-
curred in Jan Mayen in the period surveyed.

4.1. Species-habitat modelling

4.1.1. Model estimates and significant
environmental correlates

Binomial model results indicated that seafloor slope
and April chlorophyll concentration were significant
correlates of bottlenose whale sighting occurrence
within the wider prediction area during June 2014-
2016. Preference for steep bathymetry (Fig. 3c)
around Jan Mayen Island is consistent with bottle-
nose whale habitat preference off eastern Canada:

higher whale encounter rate (i.e. the number of en-
counters divided by number of hours of effort) was
correlated with steeper seafloor slope within the
Gully submarine canyon (Hooker et al. 2002). The es-
timated relationship may be driven by the onto-
genetic descent in juvenile Gonatus, which perform
vertical migration from shallow water to depths over
1000 m upon maturity (Hooker 1999, Bjorke 2001).
This could attract whales to deeper water in order to
feed on prey of greater body sizes. The probability of
whale sighting was also found to be higher in concen-
trations of chlorophyll below 0.4 mg m= in April
(Fig. 3d), which was also predicted in the zero-in-
flated Poisson GAM. This pattern is different from the
chlorophyll relationship typically observed in other
cetacean species: animal distribution positively cor-
relates with productive waters with higher sea
surface chlorophyll concentrations (Smith et al. 1986,
Redfern et al. 2008), an indirect indication of high
prey abundance. However, a negative correlation be-
tween chlorophyll concentration in April and bot-
tlenose whale density across the broader northeast
Atlantic over summer periods from 1998 to 2015 was
also identified by Ramirez-Martinez & Hammond
(2019, their Fig. 25). This result may be explained by
the incorporation of the 2 mo temporal lag, which
might not be effective in capturing the spatial discon-
nect between surface productivity and deep-water
prey abundance, and/or the effect of chlorophyll con-
centration on prey abundance. Alternatively, there

72°N

F70°N
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could potentially be other, unexplored environmental
variable(s) that would better explain the observed
negative relationship ecologically. We suggest that
future research is needed to obtain field data with
longer temporal coverage and further explore the ef-
fects of other environmental variables on bottlenose
whale occurrence or density.

The Poisson GAM showed that depth—slope inter-
actions and whale distance from the Arctic front
were significant predictors of additional whale sight-
ings given a first encounter. However, distance from
the Arctic front did not gain statistical support when
it was specified in the zero-inflated Poisson GAM,
indicating that the effect identified in the Poisson
GAM was not robust. More whale sightings in water
depths between 1000 and 2500 m (Fig. 5a) was con-
sistent with findings in the literature; bottlenose
whales in the Gully and northeast Atlantic waters are
mainly found in offshore waters deeper than 500 m
(Benjaminsen 1972, Benjaminsen & Christensen 1979,
Hooker 1999, Rogan et al. 2017, Ramirez-Martinez et
al. 2019, Whitehead et al. 2021). Reliance on sub-
marine canyons by the Gully population might even
cause it to be genetically different from individuals in
the rest of eastern Canada (Feyrer 2021), as whales
around the Labrador-Davis Strait are more evenly
distributed along the continental shelf edge and in
deep basins (Reeves et al.1993, Gomez et al. 2017,
Feyrer 2021). Preference for deeper water could be
driven by the downward vertical migration in matur-
ing prey Gonatus (Hooker 1999, Bjerke 2001). Al-
though some whales were sighted at shallower water
depths (<500 m) in the field, the predicted effect of
the interaction term between mean depth and slope
revealed that steep seafloor topography (and thus
deeper water) was located nearby.

Despite the unclear effect of seasonal migration
(Benjaminsen & Christensen 1979, Reeves et al. 1993)
on the habitat use of bottlenose whales in the north-
east Atlantic, the potential migration patterns might
be one of the reasons for the low percentages of de-
viance explained by the best models of sighting oc-
currence and additional whale sightings given a first
encounter in this study. Whaling records in Norway
suggested that bottlenose whales might reach their
northern distribution in spring and early summer and
migrate southward in July (Reeves et al. 1993). The
north—south migration hypothesis is further supported
by Miller et al. (2015b), who tagged whales off Jan
Mayen Island in June 2015. The tagged individuals
exhibited southward directional movements, with one
travelling long distances to the Azores Archipelago
between late June and early August 2015. Whale

strandings along Europe and Ireland, peaking in late
summer and autumn, suggest northward whale
movement in spring and later southward movement
between late summer and autumn (Whitehead &
Hooker 2012). Year-round records of bottlenose
whales off the Faroe Islands (Bloch et al. 1996) and
Norway (Jien & Hartvedt 2011) suggest that bot-
tlenose whales in the northeast North Atlantic might
exhibit inshore-offshore movement driven by the
seasonal change of prey abundance (Whitehead &
Hooker 2012). In this study, some whale sightings
were recorded during the vessel transit between Jan
Mayen Island and Iceland (Fig. 1), which could have
been whales migrating southward or offshore.

4.1.2. Spatial prediction of whale habitat use over
the wider prediction area

Spatial predictions of whale habitat use over a
wider area using the 2-model approach (Fig. 6) cor-
responded to field observations of this study: in situ
bottlenose whale sightings were mostly made to the
east of Jan Mayen Island and the submarine canyon
southeast of Jan Mayen. They also indicated that the
submarine canyon area to the southeast of Jan
Mayen Island (marine region ranging from 70.8°N,
6.5°W to 71.2°N, 5.5° W) could be a high-use site by
bottlenose whales in summer. These estimates were
largely consistent with the model predictions of both
the binomial and Poisson GAMs of this study, and
average density prediction for bottlenose whales
from 1998 to 2005 for the broader northeast North
Atlantic by Ramirez-Martinez & Hammond (2019,
see their Fig. 26).

An apparent preference for submarine canyon
habitats has been observed in bottlenose whales,
sperm whales, and striped dolphins Stenella coeru-
leoalba in the Gully off Nova Scotia, and sperm
whales within the Andeya Canyon northwest of
Andenes, Norway (Teloni et al. 2008). Submarine
canyons are often regarded as biomass and biodiver-
sity hotspots (Vetter & Dayton 1999, De Leo et al.
2010, Amaro et al. 2016) that are capable of sustain-
ing ecologically complex communities. These topo-
graphic features act as conduits for the influx of
macrophyte detritus and diel vertical migrators
which are later distributed throughout much of the
canyon system by strong gravity currents (Greene et
al. 1988, Vetter & Dayton 1999). Canyon hydrogra-
phic effects such as accelerated currents enhance the
concentration of suspended particulate matter (De
Leo et al.2010). Organic matter together with strong
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habitat heterogeneity within canyons substantially
support a diversity and abundance of benthic fauna,
including mega-benthic invertebrates (De Leo et al.
2010, Santo 2010) and deep-sea fish (Vetter & Dayton
1999). Epibenthic diversity within the Jan Mayen
Fracture Zone (and the submarine canyon) is rela-
tively high, in which Oschmann (1991) identified 36
taxa and Santo (2010) found 47 identifiable species
among 66 disparate species (including crinoideans,
anthozoans, tunicates, poriferans, fishes, and hexa-
corallian corals). Eurybathic species appear to be
remarkably abundant between 580 and 3222 m
(Oschmann 1991). This might favour the underwater
aggregation of adult Gonatus squid at 1000 m or
below or other prey and, in turn, attract bottlenose
whales to forage within the canyon area.

Although higher sighting rates were also estimated
in waters from 71.3°N, 4.5°W to 71.8°N, 1.5°W,
northern and northwestern waters off Jan Mayen
Island, as well as waters south of the study region
(similar southern Jan Mayen pattern was also pre-
dicted by Ramirez-Martinez & Hammond 2019),
model estimates of these areas should be treated
carefully, as at-field whale observations or dedicated
survey effort did not cover these areas.

In addition, the 2-model approach alias hurdle
model can only deal with excessive zeros by mod-
elling additional whale sightings given a first en-
counter with a zero-truncated Poisson distribution,
but not differentiate true zeros (i.e. actual absence of
an animals) from false zeros (i.e. animal is present
but detected). As some false zeros might potentially
arise from availability or perception bias, these
model predictions should be corroborated by system-
atic and ideally year-round line-transect studies in-
corporating both visual and acoustic detection. Such
monitoring would help to equally sample the whole
survey area, while survey bias on detection probabil-
ity can be minimised. By reducing false zeros and
model prediction uncertainty, this can potentially in-
form the delineation of marine protected area(s) cov-
ering important whale habitat in Jan Mayen waters
for effective conservation of bottlenose whales in the
northeast North Atlantic.

4.2. Conservation insights of northern bottlenose
whales off Jan Mayen Island

Our study indicates a potential key habitat for
northern bottlenose whales around Jan Mayen in
June, particularly the submarine canyon area to the
southeast of the island. This potential high-use site is

not currently under any statutory protection, such as
the Jan Mayen Nature Reserve designated in 2010,
which covers a total area of 4315 km? of Jan Mayen
territorial waters (up to 22.2 km from the island;
Bruserud et al. 2010).

In the meantime, oil and gas surveys using airguns
have been frequent along the coast of Norway (see
www.npd.no/en). The Norwegian government re-
cently proposed opening its waters to deep-sea mining
(see https://www.reuters.com/sustainability/climate-
energy/norway-moves-open-its-waters-deep-sea-
mining-2023-06-20). A recent study has documented
the effects of airgun sounds on narwhals Monodon
monoceros (Heide-Jorgensen et al. 2021), another
marine mammal species living in high-latitude re-
gions. Though northern bottlenose whales can display
strong inquisitiveness to unfamiliar sounds (Hooker
1999, Miller et al. 2015a), acoustic disturbance is re-
garded as one of the key threats to this beaked whale
species (Whitehead et al. 2021). Beaked whales may
be more behaviourally responsive to man-made noise
in relatively pristine waters such as around Jan
Mayen compared to areas with frequent human ac-
tivity (Wensveen et al. 2019). Northern bottlenose
whales were found to exhibit strong behavioural re-
sponses with relatively low response thresholds to
sonar signals, with long-term area avoidance and ces-
sation of echolocation-based foraging (Miller et al.
20154, Sivle et al. 2015, Wensveen et al. 2019) indicat-
ing consequent risk from marine development and
naval activity. Along with these previous studies, the
findings here can, to a certain extent, inform the man-
agement of underwater noise threats by minimising
spatial overlap between potential high-use areas of
bottlenose whales and future noise-generating an-
thropogenic activities, such as seismic surveys.

Data accessibility. Original whale sightings data are available
from Dryad at https://doi.org/10.5061/dryad. wm37pvmt5
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