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Abstract

Northern bottlenose whales (Hyperoodon ampullatus) are echolocating, deep-diving beaked whales found primarily in
arctic and sub-arctic offshore waters. In the eastern North Atlantic, the species has been suggested to undergo seasonal
north—south migrations, however, previous whaling data and more recent sighting surveys insufficiently covered the winter
months. To address this data gap, bottom-moored hydrophone deployments (n=8) were conducted at three locations in
the Nordic Seas: off Jan Mayen (Norway; 2015-2017), north-east Iceland (2020-2022) and east Iceland (2020-2023).
Automated click detection allowed identification of species-specific clicks. Detector precision and recall were manually
evaluated using subsets of the data and precision was used to correct the weekly proportion of snapshots that contained
clicks. Generalized additive mixed models were used to investigate whether environmental variables associated with prey
availability explained occurrence patterns. Results revealed near year-round presence of northern bottlenose whales in
the Nordic Seas with a gradual northward shift in spring between Iceland and Jan Mayen. The lowest numbers of detec-
tions occurred from July into September, contradicting the long-standing hypothesis of north—south migrations to enable
overwintering at lower latitudes. The observed seasonal occurrence patterns were stable across years and associated with
higher sea surface height variation, indicative of eddy activity. We interpreted this as support of a prey-driven distribution,
as eddies characterize the spawning grounds of northern bottlenose whales’ main squid prey in the Nordic Seas, Gonatus
fabricii. The observed occurrence patterns can inform planning of future anthropogenic activities in these waters to avoid
habitat degradation and reduce stressors on this species.
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Animal movements are commonly driven by environmen-
tal conditions, predator avoidance, and the availability of
resources needed to maintain basic life functions and maxi-
mise fitness. Such resources include availability of food,
access to mating partners, and appropriate shelter (Dingle
and Drake 2007). The spatial and temporal scale over which
animals move to obtain access to resources relates to a spe-
cies’ life history and ecological needs (Briger and Bréger
2019) but can also vary between individuals and popula-
tions of the same species (Shaw 2020). Within cetaceans,
small populations of many species are considered resident,
i.e. they only move within a limited range (e.g. Indo-Pacific
bottlenose dolphins (Tursiops aduncus): Chabanne et al.

@ Springer


https://doi.org/10.1007/s00227-026-04798-6
http://orcid.org/0000-0001-8154-0057
https://orcid.org/0000-0001-8028-9673
http://orcid.org/0000-0002-7518-3548
http://orcid.org/0000-0003-1842-7515
http://orcid.org/0000-0001-6829-5667
https://orcid.org/0000-0001-9570-7567
https://orcid.org/0000-0002-9894-2543
http://crossmark.crossref.org/dialog/?doi=10.1007/s00227-026-04798-6&domain=pdf&date_stamp=2026-2-10

48 Page 2 of 17

Marine Biology (2026) 173:48

2012; fin whales (Balaenoptera physalus): Falcone et al.
2022; goose-beaked (Ziphius cavirostris) and Blainville’s
beaked whales (Mesoplodon densirostris): McSweeney et
al. 2007). At the other extreme are migratory species. For
instance, grey whales (Eschrichtius robustus) spend the
summer months on their feeding grounds in Alaska and
along the Canadian west-coast, and travel over 7600 km
south to their winter breeding and birthing grounds along
the Mexican coast (Swartz 1986). On a smaller spatial scale,
fish-eating Norwegian killer whales (Orcinus orca) season-
ally migrate between feeding grounds, following the move-
ment of their herring prey (Vogel et al. 2021).

Understanding a species’ movement patterns and their
underlying drivers are crucial aspects in conservation
as knowledge of habitat use is helpful to mitigate poten-
tial threats. For instance, resident populations can greatly
benefit from the establishment of a localised protected
area, whereas this might have less conservation benefit for
a migratory population (Reynolds et al. 2017). Neverthe-
less, if a migratory species is known to seasonally return
to the same areas for specific behaviours relevant to spe-
cies survival (e.g. breeding grounds, feeding hotspots) the
protection of such areas can have positive effects on species
conservation (Lascelles et al. 2014), especially if the migra-
tion routes connecting them are also considered (Hooker
et al. 2011). Key habitats may also shift over time and
can result in temporal and spatial shifts of cetacean rang-
ing behaviour (Hooker et al. 2011; Lascelles et al. 2014),
for instance due to climate change induced ocean warming
(Lambert et al. 2014; MacLeod 2009).

A key driver of animal movements is food availability
(Stern and Friedlaender 2018; Bréiger and Bréager 2019),
both on short and small (e.g. immediate foraging, diel
movements) as well as long and large (e.g. migratory) tem-
poral-spatial scales. Distributions of marine mammals are
typically closely linked to the availability and distribution
of their prey; therefore, many studies have investigated the
relationship of environmental proxies for prey availability
with visual or acoustic detections of cetaceans to understand
and predict their movements (e.g. Feyrer et al. 2024; Pirotta
et al. 2011; Ramirez-Martinez et al. 2024).

Northern bottlenose whales (Hyperoodon ampullatus)
are deep-diving beaked whales found primarily in arctic
and sub-arctic offshore waters (Gray 1882; Whitehead and
Hooker 2012), feeding mainly on deep-sea squid. Fish is
also part of their diet, though with some regional variation
(Murray and Hjort 1912; Hooker et al. 2001; Fernandez et
al. 2014). Northern bottlenose whales are believed to fol-
low the distribution of their main prey, cephalopods of the
genus Gonatus (Bjerke 2001; Hooker et al. 2001). Gona-
tus fabricii is the most abundant squid in arctic and sub-
arctic waters of the North Atlantic with a range from the
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central Polar Basin in the north, as far south as the North
Sea in the east and Cape Cod (USA) in the west (Golikov
et al. 2013). The species undergoes life history related ver-
tical migrations from an epipelagic distribution of paralar-
vae and juveniles, to a meso- and bathypelagic distribution
of immature and mature specimens (Bjorke and Gjeseter
1998). Mature Gonatus fabricii undergo sex-specific devel-
opments: while males remain active swimmers, spawning
females become gelatinous and immobile serving as posi-
tively buoyant floats for their eggs until paralarvae hatches
(Arkhipkin and Bjerke 1999; Golikov et al. 2019). Northern
bottlenose whales have been suggested to feed primarily
on easier to catch gelatinous females as they aggregate on
breeding and spawning grounds (Bjerke and Gjesater 1998;
Arkhipkin and Bjerke 1999). This hypothesis has been con-
firmed for the small northern bottlenose whale population
on the Scotian Shelf (Canada) based upon comparisons of
fatty-acid compositions (Hooker et al. 2001). The Scotian
Shelf waters, as well as the Central Polar Basin, south-
western and northern Davis Strait, southeastern Greenland
Sea, northern Icelandic Sea, waters southwest of Svalbard,
and northeastern and southern Norwegian Sea have to date
been suggested to be Gonatus fabricii breeding and spawn-
ing grounds (Wiborg et al. 1984; Arkhipkin and Bjerke
1999; Golikov et al. 2019). These areas are characterized
by a highly productive epipelagic layer providing food for
juvenile specimens and strong surface currents contributing
to dispersal (Golikov et al. 2019). It has further been sug-
gested that eddies, frontal activities and retention processes
locally concentrating nutrient rich waters attract Gonatus to
such areas due to high food availability (Wiborg et al. 1982;
Semmens et al. 2007). Remotely sensed environmental
variables on ocean surface conditions can be useful proxies
for identifying such oceanographic processes and thus for
inferring the distributions of cephalopods and their special-
ist predators.

The hypothesis that the distribution of northern bottle-
nose whales follows that of its squid prey stems from
research that focused on either Gonatus fabricii (Bjerke and
Gjesater 1998; Arkhipkin and Bjerke 1999) or the well-stud-
ied Scotian Shelf population of northern bottlenose whales
(Hooker et al. 2001). However, the Scotian Shelf population
is considered resident, with individuals only moving across
few adjacent underwater canyons (Wimmer and Whitehead
2004), and is genetically distinct from populations further
north off Canada and in the eastern North Atlantic (Dale-
bout et al. 2001; Feyrer et al. 2019; de Greef et al. 2022). In
contrast, the distribution of bottlenose whales in the eastern
North Atlantic is believed to change seasonally. It has been
a long-standing hypothesis that these whales migrate north
to sub-arctic and arctic feeding grounds in spring and move
southwards in late summer or early autumn to overwinter in
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more temperate waters (Gray 1882; Murray and Hjort 1912;
Benjaminsen and Christensen 1979). Southward migrations
were indeed observed using Argos-linked satellite tags by
Miller et al. (2015a, b, 2016a, b), as two whales tagged off
Jan Mayen in June of 2015 and 2016 travelled south to an
area close to the Azores (Portugal) before the tags stopped
transmitting. The dive behaviour of these and eight other
individuals tagged off Jan Mayen in 2014-2016 suggested
that the Iceland and Norwegian Seas are important forag-
ing areas for the population (Neubarth et al. 2025). Three
northern bottlenose whales tagged off north-east Iceland
in June 2023 were tracked following an almost identical
route, and then only spent about two weeks near the Azores
before quickly heading back northwards in late July or early
August (Wensveen et al. 2025).

These recent findings from satellite telemetry are consis-
tent with visual sightings of northern bottlenose whales in
the Azores peaking in July and August (Silva et al. 2003),
but contradict the whalers’ belief that bottlenose whales
overwintered in more temperate Central Atlantic waters
(Gray 1882; Murray and Hjort 1912; Benjaminsen and
Christensen 1979). Low numbers of bottlenose whale sight-
ings in Icelandic and Norwegian waters throughout the win-
ter months (Gunnlaugsson and Vikingsson 2014; Qien and
Hartvedt 2015) may be due to a lack of scientific sighting
surveys (Qien and Hartvedt 2015; Pike et al. 2019, 2020a;
Leonard and @ien 2020) or, historically, whaling activities
(Benjaminsen and Christensen 1979) in the rough and dark
Nordic winter. Thus, the currently available evidence on
northern bottlenose whale distribution and movement con-
tains a summer bias in sampling effort and, in the case of
tagging studies, stems from few individuals.

Here we address this data gap on the winter distribution
of eastern North Atlantic bottlenose whales using multi-
year passive acoustic monitoring (PAM) data collected with
bottom-moored hydrophones. Northern bottlenose whales
are suitable for PAM methods (Moors 2012; Kowarski et al.
2018; Delarue et al. 2024) as they produce species-specific
echolocation clicks at high rates (Wahlberg et al. 2011; Bau-
mann-Pickering et al. 2013) throughout much of their dive
cycle (Haas et al. 2025). Hydrophones were deployed at
three locations within the Nordic Seas, situated within dif-
ferent water masses. Deployments to the east of Jan Mayen
Island were located close to the Jan Mayen Front where
warmer and more saline waters originating from the North
Atlantic encounter colder and fresher waters of polar origin
(Erga et al. 2014; Drinkwater et al. 2020). The north-east
Iceland deployments were located within the East Icelandic
Current originating from the Arctic Sea carrying colder less
saline water (Jonsson 2007; Macrander et al. 2014), and the
east Iceland deployments were between the East Icelandic
Current to the north and the warmer North Atlantic Current

to the south (Semper et al. 2020, 2022). This might result
in different environmental conditions and prey availability
at the monitored locations. Thus, we investigated whether
observed occurrence patterns of northern bottlenose whales
simply follow a seasonal trend independent of environmen-
tal conditions (HPO) or can be explained by environmental
variables that may be indicative of high prey abundance
(HP1). We addressed this objective by modelling the rela-
tionship between bottlenose whale acoustic detections and
environmental data on ocean surface conditions indicating
biomass aggregation, frontal activities and eddies, which
locally attract Gonatus squid (Wiborg et al. 1982; Semmens
et al. 2007). We hypothesized that higher occurrence and
acoustic detections of northern bottlenose whales occur due
to increased prey availability as indicated by oceanographic
variables.

Materials and methods
Acoustic data collection

Acoustic data were collected with bottom-moored hydro-
phones (Loggerhead Instruments, autonomous recorder,
models DSG-ST, LS1X-AL and LS2X-AL) at three offshore
sites in the Nordic Seas: Jan Mayen, Norway (71.03°N
7.03°W), north-east Iceland (67.27°N 13.63°W) and east
Iceland (64.89°N 9.05°W; Fig. 1). The deployment site off
Jan Mayen was approximately 493 km and 685 km from the
north-east and east Iceland location, respectively, and the
two Icelandic deployment sites were about 335 km apart.
Recorders were equipped with either one (DSG-ST, LS1X-
AL) or two (LS2X-AL) HTI-96-MIN hydrophones, though
in the latter case only the channel with less frequency
dependent interference was analysed for consistency across
deployments. Hydrophone sensitivity at 27.4 kHz, the cen-
tre frequency of northern bottlenose whale clicks (Clarke
et al. 2019), was similar across instruments, with clipping
levels of 166.8 dB re 1 pPa for the DSG-ST, and 166.6 dB
re 1 pPa for the two LSX-AL models.

Deployments off Jan Mayen were conducted between
June 2015 to June 2017 as part of international research
projects on body condition (Miller et al. 2016a, b) and the
effects of naval sonar on cetacean behaviour (Miller et al.
2015a, b; Wensveen et al. 2019). We deployed the instru-
ments to the east of the island within the Jan Mayen Fracture
Zone from aboard the sailing vessel Donna Wood. Water
depths at deployment locations ranged between 2000-2300
m (Table 1) and the hydrophones were mounted on the
mooring line at approximately 115 m above the seafloor.
Recordings were conducted at 144 kHz sampling rate and
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Fig. 1 Hydrophone deployment locations in the Nordic Seas. Seafloor depth is based on GEBCO 2024 gridded bathymetry data (https://doi.org/1
0.5285/1c44¢e99-0a0d-5f4f-e063-7086abc0ealf)

Table 1 Detailed overview of autonomous acoustic recorder deployments including location, approximate hydrophone and seafloor depth, deploy-
ment time and duration, duty-cycle (as recording duration/cycle duration) and sample rate of each deployment
Location Deploy- Recorder Latitude  Longi- Hydro- Sea- Deployment  Deployment Deploy- Duty cycle Sam-

ment ID model (°N) tude (°W) phone floor start (UTC) end (UTC) ment (min/min) ple
depth  depth duration rate
(m) (m) (hours) (kHz)
Jan Mayen JM3 DSG-ST 71.03203  7.02855 2185 2300 30/06/2015 09/06/2016 8277 2.5/45 144
23:12 20:12
M7 DSG-ST 70.85213  6.13852 1885 2000 23/06/2016 14/06/2017 8558 2.5/45 144
06:52 21:07
North-east LNEI1 DSG-ST 67.26558 13.63352 1470 1510 07/11/2020 14/08/2021 6714 5/15 96
Iceland 06:45 00:30
LNE2  DSG-ST 67.26783 13.62633 1440 1480 27/10/2021 16/08/2022 7041 5/15 96
00:30 09:00
East KRA1  DSG-ST 64.88870  9.04570 2540 2580 21/02/2020 16/08/2020 4272 5/15 96
Iceland 00:00 23:45
KRA2 LSIX-AL 64.88805  9.04593 2520 2560 24/02/2021 14/08/2021 4106 5/15 96
16:55 18:25
KRA3 LSIX-AL 64.88600  9.04650 2600 2640 28/10/2021 25/05/2022 5010 3/15 96
11:25 05:40
KRC3  LS2X-AL 64.91900 9.04517 2300 2340 19/08/2022 10/08/2023 8541 2.5/30 96
16:00 12:30
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16-bits resolution, with a duty-cycle of 2.5/45 min, i.e.
recording 2.5 min snapshots every 45 min.

Deployments off the Icelandic shelf were carried out in
collaboration with the Icelandic Marine and Freshwater
Research Institute from aboard the research vessel Bjarni
Semundsson. Off north-east Iceland, we collected data
between November 2020 and August 2022 near the conti-
nental shelf edge at bottom depths of approximately 1500
m (Table 1). Off east Iceland, hydrophones were deployed
between February 2020 and August 2023 at water depths
between 2300-2650 m on the northern side of the Iceland-
Faroe Ridge. The hydrophones at these two sites were
deployed around 40 m above the seafloor. At the two sites
in Icelandic waters, data were recorded at 96 kHz sampling
rate and 16-bits resolution though at variable duty-cycles,
recording either 5/15 min, 3/15 min or 2.5/30 min (Table 1).

Spatiotemporal acoustic occurrence patterns

All acoustic recordings were processed and analysed in
MATLAB (Version 9.12.0 R2022a; The MathWorks Inc.,
(2022). Automated detection and classification of echoloca-
tion clicks was performed using the SPICE detector plugin
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(Frasier 2020) in the software Triton (Wiggins et al. 2010).
We used a peak-to-peak received level threshold of 120 dB
re 1 pPa (for details on detector tuning, see supplementary
information S1). A peak-to-peak level threshold provides an
absolute detection criterion for calibrated hydrophones and
was chosen to ensure consistent detection probability across
seasons and recording locations, regardless of background
noise level. Click classification was based on known time,
frequency and energy characteristics of northern bottlenose
whale echolocation clicks (Wahlberg et al. 2011; Clarke
et al. 2019) (Fig. 2, Table 2). Manual evaluation of detec-
tions was carried out using the MATLAB interface detE-
dit (Solsona-Berga et al. 2020) customised to work with
duty-cycled recordings and with an additional Wigner-Ville
time—frequency display. The tool displayed received level
and time—frequency characteristics (supplementary infor-
mation S2) averaged over all, or a manual selection of,
detected clicks inside a detection positive snapshot (each
corresponding to a recording file of 2.5, 3 or 5 min depend-
ing on the respective duty-cycle). Those files containing a
minimum of two click detections were classified as detec-
tion positive snapshots.

| I

Sep Oct Nov Dec Jan

|.Nor1hern bottlenose whale B Goose-beaked whale B Other odontocete [ Anthropogenic sounds [JElectronic noise [JAbiotic and unknown sounds|

Fig. 2 Seasonal (bar graphs) and geographic variability (bar and pie
graphs) in detector precision for northern bottlenose whales (i.e. the
proportion of detections that were true positive detections), and pro-
portions of false positive detections per different annotated category.

Results are averaged across deployments at the respective monitoring
location based on the manually evaluated subset of~10% of detection
positive snapshots per deployment
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Table2 Parameter thresholds used by the detector for automated detec-
tion and classification of northern bottlenose whale clicks. Thresholds
were based on previous knowledge (Wahlberg et al. 2011; Clarke et al.
2019) and recommended SPICE detector settings for beaked whales

Parameter Minimum Maximum
Peak-to-peak received level thresh- 120 -

old (dB re 1 pPa)

Bandpass filter edges (kHz) 15 45

Click duration (ps) 100 1000
Peak frequency limits (kHz) 20 45

Click energy envelope ratio -0.8 0.8

Clip threshold (0-1) - 0.98

Time between detections (sec) 0.07 -

Detections were annotated as (1) northern bottlenose
whale, (2) goose-beaked whale, (3) other odontocete, (4)
anthropogenic sound, (5) electronic noise, or (6) abiotic and
unknown sounds. Goose-beaked whales were in a separate
category due to the similarity of their clicks with those of
northern bottlenose whales (Stanistreet et al. 2017). Other
odontocete species that frequent the monitored waters off
Iceland and Jan Mayen and can produce clicks within the
recording bandwidth are primarily the sperm whale (Phy-
seter macrocephalus), killer whale, long-finned pilot whale
(Globicephala melas) and white-beaked dolphin (Lageno-
rhynchus albirostris) (Pike et al. 2019, 2020b; Leonard and
©ien 2020). Both killer whales and long-finned pilot whales
can be acoustically distinguished from bottlenose whales
as their clicks are unmodulated in frequency and shorter in
duration (Eskesen et al. 2011) and often accompanied by
burst-pulse calls and whistles (Bellon et al. 2024), whereas
sperm whales produce clicks at lower frequencies (Goold
and Jones 1995). Detector performance was evaluated on
the level of the detection snapshots as opposed to individ-
ual clicks. If detections were caused by multiple sources,
the majority category was assigned unless the snapshot
included northern bottlenose whale clicks, in which case it
was considered a true positive snapshot.

Detector performance is commonly described consider-
ing two statistics, precision and recall (Knight et al. 2017):

.. _ true positives

Precision = ;— positivest false positives (1)
_ true positives

Recall = true positives+ false negatives (2)

with false positives referring to detections caused by any-
thing other than northern bottlenose whales, and false nega-
tives referring to missed detections. Recall was evaluated
for a 1% subset from three deployments, using the longest
deployment per monitoring location (JM7, LNE2, KRC3;
see Table 1) to cover all seasons. Within the initial 100
detection negative files, a random starting point was chosen
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and subsequently every 100th file manually inspected for
missed detections using frequency and time-domain plots
similar to those in detEdit. When the LTSA of the detection
negative file showed click-like sound energy at the frequen-
cies of interest (20—45 kHz; Table 4.2), the recording was
inspected further in Raven Pro 1.6, (Lisa Yang K. Center for
Conservation Bioacoustics at the Cornell Lab of Ornithol-
ogy 2021) to determine the origin of the sound.

Detector precision was evaluated for each deployment
and calculated per week, using a subset of detection positive
snapshots (~10% per deployment). This subset was chosen
to cover the deployments’ distribution of detections across
time of year and time of day (for details see supplementary
information S2 and Figure S1).

The weekly proportions of detection positive snapshots
were calculated from the raw detector output, correcting for
the monitoring effort, i.e. recording proportion, based on
the respective duty-cycle. Each weekly presence proportion
was then multiplied with its detector precision estimate to
obtain the weekly proportion of northern bottlenose whale
acoustic presence. We did not correct for recall in the calcu-
lation of northern bottlenose whale acoustic presence since
the detector showed a near perfect recall (>99%) at all three
monitoring sites. The 95% confidence intervals were cal-
culated per week by correcting the standard error with the
finite population correction factor (Cochran 1977), account-
ing for the size of the manually evaluated subsample for
that week.

Environmental covariates

The relationship between northern bottlenose whale acous-
tic detections and environmental variables was investigated
using generalised additive mixed models (GAMMSs). The
variables considered were: chlorophyll (chl a) sea surface
concentration as phytoplankton biomass indicator; mean sea
surface height (SSH) and deviations from it (sdSSH), indi-
cating eddy formations potentially associated with cephalo-
pod distribution (Wiborg et al. 1982; Semmens et al. 2007);
mean sea surface temperature (SST), previously associated
with bottlenose whale distribution (Woo et al. 2023; Feyrer
et al. 2024; Ramirez-Martinez et al. 2024) and deviations
from it (sdSST) as an indicator of frontal activities; and sea
ice concentration since the geographical range of northern
bottlenose whales extends to the pack ice edge (Gray 1882;
Whitehead et al. 2021).

Choosing the appropriate temporal and spatial scales can
impact predictions of species occurrence by an environmen-
tal covariate model. We therefore followed a multi-scale
approach and statistically selected variables to create the
best fitting model (Jaquet 1996; Goh et al. 2024). Environ-
mental covariates were considered at weekly and monthly
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time resolutions and at multiple spatial resolutions ranging
from 0.1°%0.1° to 0.5°x0.5° latitude x longitude (subject
to availability; Table S1). The highest considered spatial
resolution for acoustic studies should be equivalent to the
species’ acoustic detection range to ensure inclusion of envi-
ronmental conditions at all possible whale locations. Thus,
the smallest grid cell considered was 0.1°x0.1° around the
mooring location, equivalent to approximately 4 km longi-
tude x 10 km latitude at the monitoring sites, latitudinally
matching the 5-km maximum acoustic detection range esti-
mated for northern bottlenose whales (Moors 2012).

Chl a data were obtained from the Copernicus Marine
Service at a daily temporal resolution and multiple spatial
resolutions (Table S1). The data were downloaded using the
Copernicus Marine Toolbox in Python (Version 3.9) for a
grid cell centred around each deployment’s mooring loca-
tion. Chlorophyll (chl a) surface concentration has been
hypothesized to translate into prey biomass after a time lag,
and cephalopod abundance is estimated to peak 3—4 months
after surface chl a peaks (Jaquet 1996; Pirotta et al. 2011).
Thus, we averaged daily chl a concentration over 7 and 30
days centred around a time lag of 90 days prior to the start
of a weekly detection bin. However, our approach does not
account for ocean currents, thus surface ch/ a at the moor-
ing locations could have resulted in time lagged increases in
biomass at other locations rather than locally. SSH, SST and
sea ice data were downloaded from the NOAA ERDDAP
data servers using the rerddap (Chamberlain 2024) and
rerddapXtracto (Mendelssohn 2024) packages in R (Ver-
sion 4.3.2; R Core Team 2023). These data were obtained
at daily temporal resolution and different spatial scales
(Table S1). Mean values were calculated as 7-day averages
corresponding to the weekly detection bins, and monthly
averages comprised the weekly detection bins plus 23 days
before the bin start date. Similarly, sdSSH and sdSST were
calculated as the standard deviations of the respective vari-
able over these time windows. Due to the remoteness of the
study area and to ensure consistency in data source across
deployment sites, the environmental variable datasets con-
sidered here were either assimilations and interpolations
of sparsely sampled data or stemmed from oceanographic
models.

Modelling of environmental distribution drivers

The relationship between environmental covariates and
marine mammal occurrence has often been shown to be
non-linear (e.g. Barile et al. 2021; Pirotta et al. 2011) thus to
investigate said relationships, we used generalized additive
mixed models (GAMM). Models were fitted in R (version
4.3.2) using the mgcv package (Wood 2004) with an autore-
gressive order 1 correlation structure per deployment to

control for temporal autocorrelation (supplementary infor-
mation S3). Since the response variable was a proportion
bound between 0 and 1 calculated from binomial data, we
used a quasibinomial error family and logit link function.
Additionally, weights corresponding to the amount of data
points inside each bin were included in the model to account
for differences in the number of available recordings across
different duty-cycle settings. The base model was fitted with
week of year as a smooth cyclic cubic regression spline per
deployment location to account for simple temporal patterns
in the acoustic detections of northern bottlenose whales at
each location.

Selection of the best-fitting temporal and spatial scales
was done manually by maximising adjusted R? values as
indicator of model fit. Therefore, each covariate at each tem-
poral and spatial scale was added individually to the base
model to avoid correlation due to adding the same variable
but at different scales. Covariates were fitted as thin plate
regression splines using restricted maximum likelihood
(REML) estimation to allow smooths to shrink to linear
terms if suitable. The selected covariates were then assessed
for collinearity and for any pair with a Pearson correlation
coefficient greater than 0.7, only the variable with the better
individual model fit was retained. All remaining variables
were then added to the base model as thin plate regression
splines with a shrinkage base, allowing smooth penaliza-
tion towards zero (bs=‘ts’), and using REML. Smooths that
were penalized to zero and those with p-values above the
significance level (a=0.05) were removed to reduce model
complexity.

Results
Detector performance

The detector showed a near perfect recall based on the 1%
subset evaluated for three deployments, with a recall of
100% off Jan Mayen (JM7), 99.2% off north-east Iceland
(LNE2), and 100% off east Iceland (KRC3). Thus, recall
was considered neglectable and not evaluated further in the
remaining deployments.

Detector precision varied with deployment ID, location
and week of year (Fig. 2, S4). The first deployment off Jan
Mayen (JM3), between June 2015 and 2016, had the lowest
overall precision (41%) because of electronic noise (Fig-
ure S4). Its temporal detection pattern corrected for detec-
tor precision nevertheless showed great similarity with the
deployment off Jan Mayen in the subsequent year (JM7,
June 2016-2017; Fig. 3A) which had the highest overall
detector precision (83%) of all deployments.
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Detector precision for the deployments off north-east
(November 2020 — August 2022) and east Iceland (Febru-
ary 2020 — August 2023) ranged between 61-78% (Figure
S4) and varied greatly with time of year, showing highest
precision in the winter months (Fig. 2). The most common
cause of false positive detections in these Icelandic waters
were other odontocetes, with higher false positive rates in
the east Iceland location, followed by abiotic and unknown
sounds, and anthropogenic noise.

Spatiotemporal acoustic occurrence patterns

Acoustic detection patterns for northern bottlenose whales
were relatively stable across years but showed strong sea-
sonal variations at all three recording sites (Fig. 3). Around
Jan Mayen, bottlenose whales were largely acoustically
absent in mid-August, followed by a gradual increase
in detections from September onward which reached its
weekly maxima (58%) between the following April to early
June. After that, detections in Jan Mayen dropped rapidly
in late June, followed by short detection peaks in Icelan-
dic waters, and low numbers of acoustic detections for all
three locations throughout late July, August and Septem-
ber (Fig. 3). Northern bottlenose whales were acoustically
present off north-east and east Iceland throughout the year,
though weeks of acoustic absence occurred at both record-
ing sites at different times of year (Fig. 3). Detections around
Iceland were highest in March (57% off north-east Iceland)
and around the short detection peaks in late June and early
July (approx. 50% at both sites).

Environmental distribution drivers

The base model, fitted with week of year as cyclic cubic
regression spline per location and an autoregressive order
1 correlation structure per deployment, had an adjusted R?
value of 0.52 (n=315). Following stepwise selection and
backwards reduction of environmental covariates, sdSSH
and SST were retained in the final model (Fig. 4; adjusted
R?2=0.65, n=315), both selected at the largest considered
temporal (monthly) and spatial (0.5°x 0.5° latitude and lon-
gitude) scale (Fig. 5). Chl a and mean SST showed moder-
ate correlation (Pearson’s r=0.70) and comparison of base
model fits when either one of the two covariates was added
revealed a better fit with SST (adjusted R>=0.61) than ch/
a (adjusted R2=0.56); thus, chl a data was removed from
further analysis. Sea ice and sdSST did not improve model
fit, and mean SSH had no significant effect (p=0.15) on the
proportion of northern bottlenose whale presence, thus these
covariates were removed.

In the final model, the effect of time (week of year) on
northern bottlenose whale acoustic presence depended on
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the location (Fig. 4A). A positive effect with higher than
average northern bottlenose whale presence was predicted
for Jan Mayen (edf=5.40, F=5.89, p<0.001) from February
until early June, for north-east Iceland (edf=5.46, F=3.80,
p<0.001) during mid-February into April, and for east Ice-
land (edf=5.26, F=6.78, p<0.001) from late December to
the beginning of April. Negative effects of week of year, i.e.
northern bottlenose whale presence expected to be below
the yearly average, were most pronounced from late June to
early October for Jan Mayen and north-east Iceland when
data were available, and from September to November off
east Iceland. The sdSSH smooth was shrunk to a linear term
(edf=1, F=14.48, p<0.001), thus sdSSH had a linearly
increasing positive effect on the probability of bottlenose
whale presence for sdSSH values greater than 0.2 m, and
a negative effect below that (Fig. 4B). The SST thin plate
regression spline (edf=6.90, F=7.39, p<0.001) predicted
minimal effects of surface water temperatures below 5.0°C
on bottlenose whale presence, and a positive effect at tem-
peratures between 5.0-7.5°C (Fig. 4C). Overall, the model
showed a moderately good fit to the data (adjusted R>=0.65,
n=2315) but predictions of northern bottlenose whale acous-
tic presence were overestimated at low and underestimated
at high observed presence (Fig. 4D).

Discussion

Acoustic occurrence of northern bottlenose whales in the
Nordic Seas differed seasonally between monitored loca-
tions but was notably stable across years. There was a sub-
stantial northwards shift in bottlenose whale occurrence
from February to May, with the highest proportions of detec-
tions in Jan Mayen throughout May and early June, coin-
ciding with fewer detections off north-east and east Iceland
(Fig. 3). Detections off Jan Mayen suddenly dropped in late
June to early July, coinciding with short detection peaks in
Icelandic waters which were followed by fewer detections
at all three locations throughout late July and August. This
pattern matches the historical observation by whalers of the
species moving south in summer; however, the increase in
detections across all locations from September onwards
contradicts the hypothesis that these animals overwinter
at more southern latitudes and would only return north in
spring (Gray 1882; Murray and Hjort 1912; Benjaminsen
and Christensen 1979). Instead, our observations included
only a short period of low acoustic occurrence from late
July into October, providing evidence of a near year-round
presence of northern bottlenose whales in the Nordic Seas.
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Fig. 3 Temporal acoustic detection patterns of northern bottlenose
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black, right y-axis). Northern bottlenose whale presence is presented
as the weekly proportion of recording files containing true positive
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sea surface height deviations (sdSSH), and (C) mean sea surface tem-
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Detector performance

The precision of the northern bottlenose whale detector var-
ied temporally and across deployment locations. Thus, to
allow for valid comparisons of northern bottlenose whale
occurrence across space and time, the raw detector output
was corrected for detector precision at weekly resolution.
False positive detections were primarily annotated as stem-
ming from other odontocetes, which showed spatiotemporal
differences in their acoustic occurrence (Fig. 2). Off Iceland,
these detections of other odontocetes appeared to be primar-
ily caused by killer whales or long-finned pilot whales, and
occasionally sperm whales, and were in line with reports
on the seasonal presence of these species to the north and
east of Iceland (Pike et al. 2019, 2020a; Leonard and @ien
2020; Bellon et al. 2024). Around Jan Mayen, occurrence
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bottlenose whale detection positive snapshots plotted against predicted
proportions, illustrating model fit. The grey dashed line indicates a per-
fect linear agreement between observed and predicted values, whereas
the purple line shows a GAM smooth fit to the observed and predicted
proportions

of killer and sperm whales has also been visually confirmed
(Leonard and Qien 2020; Ramirez-Martinez et al. 2024).
Both species caused false positive detections annotated as
‘other odontocetes’ in this location, which were fewer than
in Icelandic waters. Compared to the Icelandic monitoring
sites, the more remote location off Jan Mayen resulted in
fewer detections of anthropogenic activities (i.e. ship noise)
and an overall higher detector precision for the deployment
not affected by electronic noise (Fig. 2; Figure S4).
Echolocation clicks with a beaked whale-specific fre-
quency upsweep, but with a higher peak frequency and
increased lower frequency bandwidth cutoff than northern
bottlenose whale clicks (Figure S5), were identified and
matched, with low confidence, to goose-beaked whales
(Zimmer et al. 2005; Baumann-Pickering et al. 2013). These
detections occurred only off east Iceland between April to
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Fig. 5 Example of monthly (A) sea surface height deviations (sdSSH)
and (B) mean sea surface temperature (SS7) during May 2020. The
month of May was chosen as an example as northern bottlenose whale

May of 2022 and 2023 (Fig. 2, S4). Strandings of goose-
beaked whales have, amongst other locations, been reported
along the Icelandic east coast (Halldorsson et al. 2019),
which is considered the most northern extent of their range
in the eastern North Atlantic (Baird et al. 2018). However,
the species’ presence in the Nordic Seas has yet to be con-
firmed through visual sightings. Based on the present data,
we cannot confirm the acoustic presence of goose-beaked
whales with certainty, since the acoustic sample rate of the
Icelandic deployments (96 kHz) was too low to capture the
full bandwidth of the species’ echolocation clicks (Zimmer
et al. 2005).

Seasonal distribution drivers

The whales’ weekly presence data were associated with
time of year (Fig. 4A) but also with deviations in sea sur-
face height (sdSSH Fig. 4B), a proxy for frontal activities
and eddy formation. This supports our hypothesis (HP1)
that environmental variables associated with Gonatus
occurrence (Wiborg et al. 1982; Semmens et al. 2007)
also explain northern bottlenose whale occurrence due to
increased prey availability. Low sdSSH values east of Ice-
land throughout the year (Fig. 3C, Fig. 5A) and temporarily
reduced sdSSH values north-east of Iceland between March
to June (Fig. 3B) suggested reduced eddy activity at these
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detections greatly varied across monitoring locations during this time
of year, reflecting a northwards shift in acoustic occurrence (Fig. 3)

locations and times, indicating low upwelling and associ-
ated productivity. This might indicate lower densities of
prey, possibly causing the whales to leave these areas and
forage elsewhere. The consistently higher values in sdSSH
around Jan Mayen (Fig. 3A, Fig. SA) — known to be a key
habitat for northern bottlenose whales (Woo et al. 2023) —
indicate dynamic movements of water masses and high pro-
ductivity in the area. Dynamic surface conditions have also
been identified as a common characteristic across Gonatus
fabricii breeding grounds (Golikov et al. 2019), which con-
stitute suitable feeding grounds for bottlenose whales due
to the aggregation of gelatinous spawning females (Bjorke
and Gjesater 1998; Arkhipkin and Bjerke 1999). Gona-
tus fabricii spawns over several months throughout winter
to spring, with the spawning peak in the Norwegian Sea
between April to June (Wiborg 1979). This could explain
the gradual increase of northern bottlenose whale detec-
tions off Jan Mayen during this time (Fig. 3) and supports
a prey-driven distribution of the whales with an underlying
seasonal pattern.

Sea surface temperatures (SST) between 5.0-7.5°C had
a positive effect on northern bottlenose whale detections
(Fig. 4C), however, this appeared to be driven solely by
the short detection peaks recorded north-east and east of
Iceland between late June to early July (Fig. 3). Previous
studies that had associated bottlenose whale occurrence
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with SST also did not yield clear results as the effect varied
depending on the considered monitoring period (Ramirez-
Martinez et al. 2024), was of small predictive power (Feyrer
et al. 2024) or unstable between models (Woo et al. 2023).
Surface water temperatures change with season because of
solar heating, yet northern bottlenose whales spend most
time at meso- and bathypelagic depths (Neubarth et al.
2025), and deeper waters (>800—-1000 m) remain at more
stable temperatures between —1 to 0°C throughout the year
(Drinkwater et al. 2020; Semper et al. 2020). Thus, surface
water temperatures are unlikely to directly impact north-
ern bottlenose whale occurrence or availability of deep-sea
squid but could point towards a seasonal distribution trend.
Overall, our GAMM performed better in predicting low to
moderate proportions of northern bottlenose whale detec-
tions, likely driven by prey distribution, compared to higher
levels in detections (Fig. 4D), some of which were caused
by movements through an area (Fig. 3) possibly due to long-
distance migrations (Wensveen et al. 2025).

The environmental covariates considered here were
largely derived from oceanographic models to ensure con-
sistency across monitored locations and seasons but might
therefore not fully capture the true environmental states. In
situ measurements are available for part of the Nordic Seas
across seasons and research efforts have been increasing
in recent years (Renfrew et al. 2019; Semper et al. 2025;
Euro-Argo https://www.euro-argo.eu/; Icelandic Marine
and Freshwater Research Institute data available through
www.seadatanet.org). However, temporal and spatial cover-
age is not uniformly available for the monitored locations
and timeframes. Moreover, the scarcity of light during the
polar and sub-polar winter further hinders the acquisition of
remotely sensed data through satellite imagery. Thus, mod-
elling data or assimilating modelled and in situ measured
data are the only means of getting year-round environmental
data coverage at the required temporal and spatial scales.
The interpretation of these environmental drivers should
therefore be viewed with caution and might yield different
results depending on the considered environmental datasets
and underlying modelling methods.

Despite our results supporting a prey driven distribution
of northern bottlenose whales within the Nordic Seas, the
low numbers of acoustic detections during part of the sum-
mer months, which are considered a productive period of
the Arctic (Pabi et al. 2008), raises the question of where
the whales might go and what drives their movement away
from feeding grounds. Northern bottlenose whales around
Jan Mayen in June were found to spend more time perform-
ing foraging dives (Siegal 2020) and had larger lipid stores
(Miller et al. 2016a, b) compared to the resident animals
on the Scotian Shelf off Nova Scotia (Canada), possibly in
preparation for migrations. Seasonal migrations between

@ Springer

higher latitude productive feeding grounds and less produc-
tive lower latitude breeding grounds are common among
baleen whales (Swartz 1986; Evans 1987), but the increase
of bottlenose whale detections throughout autumn and win-
ter (Fig. 3) contradicts such a seasonal feeding-breeding
migration.

Recently, short-term moulting migrations have been pro-
posed for northern bottlenose whales. A whale tagged in the
Canadian Arctic travelled over 2500 km southwards in July
but was back north already in early September (Lefort et al.
2025). Similarly, three bottlenose whales tagged off Iceland
moved to the Azores and back within few weeks between
June to August 2023 (Wensveen et al. 2025). This behaviour
appears to be similar to Antarctic killer whales’ short and
directional roundtrips to subtropical waters (Durban and Pit-
man 2012; Levin et al. 2016; Pitman et al. 2020), and these
rapid migrations into warmer waters are thought to support
skin maintenance by encouraging increased blood flow to
the skin (Pitman et al. 2020). The pattern of northern bottle-
nose whale acoustic presence observed in this study, with
lower detections off Jan Mayen from late June, followed by
short detection peaks at the lower latitude Icelandic deploy-
ment locations and low detections throughout July, August
and September, supports such short-term moulting migra-
tions over seasonal north—south migrations for overwinter-
ing in warmer waters. This migratory behaviour differs from
the movement behaviour of several other beaked whale spe-
cies, which typically includes high residency or site fidel-
ity with consistent usage of the same habitats year-round
(McSweeney et al. 2007; Stanistreet et al. 2017; Dinis et al.
2017; Foley et al. 2021).

It is however likely that at least part of the northern
bottlenose whale population remains in the more northern
latitudes throughout the summer months based on opportu-
nistic visual sightings from Icelandic inshore waters (Grove
et al. 2020; Haas et al. 2024) and dedicated scientific sur-
veys (Pike et al. 2019; Leonard and @ien 2020; Ramirez-
Martinez et al. 2024). These surveys are typically conducted
between June to August and report the highest numbers of
northern bottlenose whale sightings to the north and west
of the Faroe Islands and southeast of Greenland (Pike et al.
2019) on a proposed Gonatus breeding ground (Golikov et
al. 2019). Sightings further north than Jan Mayen (Leon-
ard and Qien 2020) or further south than the Faroe Islands
(Lacey and Hammond 2023; Ramirez-Martinez et al. 2024)
are rare during these sighting surveys in summer. The data
presented here, however, does not allow for any conclusions
on where the whales went when their detections decreased at
the monitored locations. An expansion of the PAM record-
ing locations to other bottlenose whale hotspots based on
visual sightings (Pike et al. 2019; Leonard and @ien 2020)
and Gonatus fabricii spawning grounds (Wiborg et al. 1984;
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Arkhipkin and Bjerke 1999; Golikov et al. 2019) within the
Nordic Seas, in conjunction with a better understanding of
other prey sources and more detailed movement data from
Argos-linked satellite tags, would improve our understand-
ing of this northern bottlenose whale population’s distribu-
tion and underlying drivers.

Conservation implications

Sub-arctic and arctic waters are facing an increase in ocean
industrialisation because of increasing accessibility due to
climate change and sea ice decline, including deep sea min-
eral mining (Levin et al. 2016; Gilbert 2024) and oil and gas
exploration as most remaining reserves are presumed to be
found in the offshore Arctic (Gautier et al. 2009; Hasle et al.
2009). The exploration and extraction of deep-sea minerals
and hydrocarbons generates noise pollution that can directly
impact marine mammals (Broker 2019). They also pose the
risk of long-term ecosystem impacts across trophic levels
due to seafloor disturbance, wastewater discard (Levin et
al. 2016) and potential oil spills at depth or during transport
(Hasle et al. 2009; Barron et al. 2020).

The Dreki area at the southern end of the Jan Mayen Ridge,
located between the north-east Iceland and Jan Mayen monitor-
ing locations, has repeatedly and recently (e.g. September 18,
2025, see https://www.ruv.is/english/2025-09-18-icelands-ch
amber-of-commerce-urges-oil-exploration-453780, accessed
October 27, 2025) been proposed as area of interest for oil and
gas exploration. Such operations could affect northern bottle-
nose whales through noise pollution and potential long-term
habitat degradation. Additionally, plans exist for the construc-
tion of an industrial harbour in Finnafjérdur, north-east Iceland,
to process offshore sourced resources and support future trans-
arctic shipping (Bennett et al. 2020). With the retreat of sea-ice,
cargo ships travelling the projected Central Arctic Shipping
Route are likely to sail past Finnafjérdur and along the Jan
Mayen ridge, passing by Jan Mayen and Svalbard before
transiting the central Polar Basin (Bennett et al. 2020). These
locations between Iceland and Svalbard are considered key
northern bottlenose whale habitats (Leonard and @ien 2020;
Woo et al. 2023; Ramirez-Martinez et al. 2024; Neubarth et al.
2025), as confirmed by the high acoustic detection rates in this
study (Fig. 3). The area between Jan Mayen and Svalbard has
also been found to show the highest concentrations of juve-
nile Gonatus fabricii within the Norwegian Sea (Bjerke and
Gjesaeter 2004). Extensive bottom-fishing and oil exploration
have also been raised as conservation concerns for cephalo-
pods (Hastie et al. 2009) and effects on Gonatus fabricii are by
extension expected to affect northern bottlenose whales.

Military sonar for anti-submarine warfare constitutes a
further possible threat as northern bottlenose whales were
found sensitive to naval sonar, eliciting behavioural changes

and displacement (Miller et al. 2015a, b; Wensveen et al.
2019). NATO anti-submarine warfare exercises occur annu-
ally within the Nordic Seas and British waters, and Rus-
sian naval activity in Norwegian waters has been reported
in conjunction with such exercises in previous years (Atland
et al. 2022). The acoustic detection patterns presented here
alongside visual sightings (e.g. Leonard & @ien 2020; Pike
et al. 2019) and satellite tag data (Miller et al. 2015a, b,
2016a, b; Wensveen et al 2025) suggest that northern bot-
tlenose whale distribution spatially, and at least in some
years temporally (e.g. Dynamic Mongoose 2017), overlaps
with these naval activities. As a result, northern bottlenose
whales might cease foraging and be displaced from key hab-
itats (Miller et al. 2015a, b; Wensveen et al. 2019) leading to
a potential reduction of individual fitness and posing reason
for concern.

The spatiotemporal occurrence of northern bottlenose
whales in the Nordic Seas (Fig. 3, Fig. 4A), and the stabil-
ity of these patterns across years, suggest a seasonal impor-
tance of Icelandic waters and the waters off Jan Mayen as
northern bottlenose whale feeding grounds. The presented
occurrence patterns should thus be considered in (1) the
establishment of fishing regulations in bottlenose whale
habitats to protect both the whales and their main cephalo-
pod prey, (2) the planning of oil and gas exploration, deep-
sea mining and future shipping routes, and (3) the timing of
naval exercises in waters frequented by northern bottlenose
whales at specific times of year. Activities creating noise
pollution (e.g. resource exploration and extraction, naval
exercises using military sonar) could be scheduled during
times of low northern bottlenose whale acoustic occurrence
(Fig. 3) to reduce the impact on this noise sensitive beaked
whale species.

Conclusions

Using passive acoustic monitoring, this study showed a near
year-round presence of northern bottlenose whales in Ice-
landic and Norwegian waters. Detections were lowest from
July into September before increasing again throughout
autumn and winter. This contradicts the previous hypoth-
esis of seasonal north—south migrations for overwintering in
lower latitudes (Benjaminsen and Christensen 1979). Dis-
tribution within the Nordic Seas between Iceland and Jan
Mayen followed a gradual northward shift in spring which
coincided with the proposed spawning peak of Gonatus

fabricii in the Norwegian Sea (Wiborg et al. 1982) and over-

lapped with decreases in sdSSH at the Icelandic monitoring
sites, indicative of reduced productivity, supporting a prey
driven distribution. The time-delayed detection peaks from
higher to lower latitudes during late June and early July,
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followed by the short-term decrease in acoustic detections
into September, supported a southward shift in distribution
during the late summer. However, whether this shift in dis-
tribution is primarily driven by movements towards more
southern feeding grounds or short-term moulting migrations
requires further research. The inter-annual stability of the
observed occurrence patterns has strong implications for
conservation efforts and should be considered in the plan-
ning of future anthropogenic activities in these waters (e.g.,
by timing them during low northern bottlenose whale occur-
rence) to avoid habitat degradation and reduce stressors on
this beaked whale species.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s00227-0
26-04798-6.
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