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ABSTRACT:
The Atlantification of the Arctic is driving a northward habitat shift of many cetaceans, including sperm whales

(Physeter macrocephalus). As Arctic warming continues to decrease sea ice extent and contributes to the change in

species distributions, it is crucial to study how the distribution patterns, habitat, and the demographic structure of

sperm whale populations may continue to change. In this study, we assess the temporal presence of echolocating

sperm whales on the continental slope southwest of the Svalbard archipelago and compare it with acoustic

backscatter and temperature as a proxy for biomass. Size classes of echolocating whales were estimated using

cepstral analysis. Echolocation rates were higher in summer and fall, suggesting a seasonality in the sperm whale

presence; however, sperm whale clicks were present year-round and the acoustic backscatter and temperature were

positively correlated with the recorded echolocation activity. The summer and fall size classes included a mix of

large adult males, mid-sized sub-adult males and/or adult females, and social groups, which likely include immature

animals and/or adult females and their offspring. We observed a shift to adult males in the winter, suggesting

sex-specific partial migration at this site.VC 2025 Acoustical Society of America. https://doi.org/10.1121/10.0039060

(Received 28 March 2025; revised 24 July 2025; accepted 7 August 2025; published online 9 September 2025)

[Editor: Lauren A. Freeman] Pages: 1921–1933

I. INTRODUCTION

The Svalbard archipelago is located at the junction of

the Greenland, Norwegian, and Barents Seas. This region is

heavily influenced by the West Spitsbergen Current (WSC),

a branch of the North Atlantic Current (Teigen et al., 2011).
While bounded by cold, coastal water from the East

Spitsbergen Polar Current coming from the Barents Sea, the

WSC transports warm, saline, nutrient rich water northward.

The seasonal nutrient pulse from the WSC creates foraging

hotspots for numerous marine mammals that inhabit or

migrate to the Greenland and Barents Seas (Hamilton et al.,
2022). However, the WSC has undergone warming in the

last two decades (Spielhagen et al., 2011; Tverberg et al.,
2014; Lind et al., 2018). Rapid warming and sea ice loss

driven by climate change has then resulted in the expansion

of warm, salty, nutrient-rich Atlantic Water even further

northward causing the Atlantification of Arctic waters

(Wassmann et al., 2011; Barber et al., 2015; Polyakov et al.,
2020).

Atlantification has begun to fundamentally alter the

ecosystem, which has also caused the northward expansion

of Atlantic marine mammals into the Arctic (Storrie et al.,
2018; Bengtsson et al., 2022; Davis et al., 2020; Nieukirk

et al., 2020) as well as their migrations. Humpback whale

(Megaptera novaeangliae) abundance is increasing in south-

east Greenland (Jansen et al., 2016; Hansen et al., 2019) and
fin whales (Balaenoptera physalus) remain in Davis Strait

until the end of December (Simon et al., 2010). Blue whales
(Balaenoptera musculus) are arriving to eastern Greenland

one month earlier (Ahonen et al., 2021) and killer whale

(Orcinus orca) presence in Canadian Arctic waters is also

increasing during the ice-free season (Lefort et al., 2020;
Garroway et al., 2024).

The northernmost Atlantic distribution of sperm whales

(Physeter macrocephalus) has historically been in the Davis

Strait, as well as the Barents and Norwegian Seas (Berzin,

1972; Christensen et al., 1992; Davidson, 2016; Evans,

1997; Madsen et al., 2002; Weir et al., 2001). However,
sperm whales have been documented in Baffin Bay (75�N)
off northwest Greenland (Frouin-Mouy et al., 2017), where
their presence may be increasing (Posdaljian et al., 2022)
and within the Arctic Circle (81�N), north of Barents Sea

(Kovacs et al., 2015; Vacqui�e-Garcia et al., 2017; Storrie
et al., 2018; P€oyh€onen et al., 2024). The adult males typi-

cally migrate to forage in higher latitudes in the summer,

while adult females with calves and juveniles remain in

lower and mid-latitudes year-round (Best, 1979; Rice 1989;

Connor et al., 1998; Whitehead, 2003). A number of studies

have documented sperm whale presence in the Greenland,

Barents, and Norwegian Seas (e.g., Klinck et al., 2012;

a)This paper is part of a special issue on Climate Change: How the Sound of

the Planet Reflects the Health of the Planet.
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De Vreese et al., 2018; Bengtsson et al., 2022; P€oyh€onen
et al., 2024). P€oyh€onen et al. (2024) was the first to use pas-

sive acoustic monitoring (PAM) to assess the multi-year

acoustic presence of sperm whales around the Svalbard

Archipelago, with a focus on the High Arctic. However, if

whales are pushing further north due to Atlantification, we

hypothesized that the population trends in the lower Arctic

waters would also change.

Sperm whales frequently dive to depths of 500–2000m

for up to 60–90min (Teloni et al., 2008; Irvine et al., 2017;
Watwood et al., 2006), during which they emit constant

clicks (Watkins, 1980) for echolocation (Goold and Jones,

1995; Møhl et al., 2000; Jaquet et al., 2001). These clicks

are primarily used to locate mesopelagic squid (Kawakami,

1980; Rice, 1989; Santos et al., 1999) but also to detect fish,

particularly in higher latitudes (Clarke and MacLeod, 1976;

Martin and Clarke, 1986; Kawakami, 1980; Rice, 1989).

These highly directional, powerful echolocation clicks have

a broadband frequency extending to 30 kHz (centroid fre-

quency 15 kHz), source levels reaching 236 dB re 1 lPa at

1m [root mean square (RMS)], and durations up to 100ms

(Møhl et al., 2003). Variations in source level and click

duration depend on click type and body size (Backus and

Schevill, 1966; Gordon, 1991; Møhl et al., 2003; Growcott
et al., 2011), with adult males producing more powerful

clicks at a slower rate than adult females and juveniles

(Goold and Jones, 1995; Solsona-Berga et al., 2022).
Depending on the inter-click interval (ICI), clicks are

classified as usual, slow, creaks, or codas (Gordon, 1987;

Whitehead and Weilgart, 1991; Weilgart and Whitehead,

1988; Whitehead, 1993; Watkins and Schevill, 1977; Pavan

et al., 2000). Usual clicks are the most common echolocation

signals used for navigation and foraging (ICI 0.5–2 s).

Because sperm whales produce echolocation clicks frequently

during foraging dives (Miller et al., 2004; Watwood et al.,
2006; Giorli and Goetz, 2019), it makes them ideal candidates

for detection using PAM. PAM is a cost-effective and non-

invasive method for studying the distribution and behavior of

acoustically active species, especially for species that per-

forms long dive cycles. It enables long-term, year-round data

collection in areas where other methods would be challenging

and at times when polar night and poor weather would elimi-

nate visual survey methods (Giorli and Pinkerton, 2019, 2023;

Miller and Miller, 2018). Additionally, the repetitive nature of

sperm whale clicks, with consistent temporal and frequency

characteristics, makes them ideal for automated detection

(Skarsoulis et al., 2022; Ward et al., 2012).
Finally, the structure of the sperm whale echolocation

signals also allows the estimation of body length. Norris and

Harvey (1972) hypothesized that the spermaceti organ plays

a key role in sound production and that the multi-pulse

structure (Backus and Schevill, 1966) of sperm whale echo-

location clicks results from a single pulse bouncing between

reflective air sacs at either end of the spermaceti organ.

Thus, assuming the inter-pulse interval (IPI), which repre-

sents the two-way travel time in the spermaceti organ, is a

constant property and an allometric relationship between

spermaceti organ length and body length (Nishiwaki et al.,
1963; Clarke, 1978), IPIs could be used to determine the

body length of a sperm whale.

Understanding of the sound pathways within the sper-

maceti organ was further refined by Møhl et al. (1981) and
Møhl (2001) as the “bent-horn model.” The updated hypoth-

esis has been supported by a number of studies since then

(Adler-Fenchel, 1980; Gordon, 1991; Møhl and Amundin,

1991; Madsen et al., 2002; Møhl et al., 2003; Zimmer et al.,
2005a; Zimmer et al., 2005b), and the length equations

developed by Gordon (1991) and Growcott et al. (2011)
continue to be used in recent studies (Giorli and Goetz,

2020; Solsona-Berga et al., 2022; Posdaljian et al., 2024).
Here, we examine the multi-year presence of sperm

whales southwest of the Svalbard Archipelago using two

years (June 2022–July 2024) of PAM with automated click

detection methods. Acoustic data were collected using a

mooring deployed in the region, and we also assessed size

classes and, for the first year of deployment, the relationship

with acoustic backscatter and temperature from data col-

lected at the same mooring.

II. METHODS

A. Data collection

Passive acoustic data were collected from an omnidirec-

tional Autonomous Underwater Acoustic Data Logger

(Loggerhead Instruments Inc., Sarasota, FL) mounted on a

mooring named S1. S1 was developed and maintained by

the National Research Council, Institute of Polar Sciences

and the National Institute of Oceanography and Applied

Geophysics (OGS) since June 2014. The acoustic recorders

were first mounted on the S1 mooring during the Nordic

Recognized Environmental Picture (NREP22) sea trial in

June 2022. In the summer 2023, mooring S1 was serviced

during the Arctic Climate Observatory (ACO23) research

cruise, and finally re-deployed in July 2023. Both cruises

were led by the North Atlantic Treaty Organization (NATO)

Science and Technology Organization’s Centre for

Maritime Research and Experimentation (CMRE).

Since 2014, the S1 mooring has been deployed at

�76.44�N, 13.95�E (Fig. 1; supplementary material Fig. 1)

at 1042m depth. The location of the mooring was chosen

because it lies at the convergence of Atlantic Water with

dense waters from Storfjorden (Svalbard’s largest fjord) and

shelf waters from the West Spitsbergen continental shelf

(Bensi et al., 2019; Bensi et al., 2025). Thermohaline data

were collected at various depths, from 480m to the seafloor,

via conductivity-temperature-depth measurements (CTD)

(Sea-Bird Electronics, Bellevue, WA; models SBE16 and

SBE37) and thermistors (model SBE56), with sampling

time intervals from 15min to 60min. The data were checked

for quality and compared with those of the vertical CTD

casts carried out before each recovery and deployment of

the mooring. The NREP22 hydrophone was located at a

depth of 557m, and the ACO23 hydrophone was located at

a depth of 453m. For both deployments, the sampling
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frequency was 96 000Hz, the system sensitivity was

–170 dB re 1V/lPa, gain was 2 dB re V/V, bit rate was 16-

bit, and A-to-D converter zero-to-peak voltage was 1.0V.

The NREP22 hydrophone was operated on a duty cycle

(Table I) recording 2min every 15min (resulting in four

2-min long .wav files per hour; 13.3% duty cycle). The

ACO23 hydrophone was operated on a duty cycle (Table I)

recording 10min every hour (resulting in one 10-min long .

wav file per hour; 20% duty cycle).

All figures were made in R (R Core Team, 2024) with

“sf” (Pebesma, 2018; Bivand, 2023), “ggplot2” (Wickham,

2016), “ggOceanMaps” (Vihtakari, 2024), and “ggspatial”

(Dunnington, 2023).

B. Sperm whale click detection

Sperm whale clicks were detected using a custom algo-

rithm in Matlab (MathWorks, Inc., Natick, MA) with the

approach described by Giorli and Goetz (2019, 2020) and

Giorli and Pinkerton (2023). Briefly, the acoustic data were

bandpass filtered between 4 and 30 kHz. An adaptive thresh-

old of 6 dB above average ambient noise was used to iden-

tify clicks, which were grouped into click trains if the ICI

was less than 3 s and if there were at least three clicks per

click train. At this stage, our main scope was to isolate click

trains from any sperm whale. The probability of each click

train being produced by a sperm whale was computed by

dividing the number of clicks that meet the criteria for peak

frequency (4–15 kHz), ICI (0.25–2 s), and click duration

(500–1200 ls) by the total number of clicks in the click

train. The duration of each echolocation click was measured

as the time interval between the 5th and 95th percentiles of

the energy obtained by integrating the square pressure over

a 2ms window around the signal. A window of 2ms long

was chosen to capture the entire echolocation signal (Møhl

et al., 2003). The peak frequency was measured as the

FIG. 1. Location of S1 mooring at the junction of the Greenland, Norwegian, and Barents seas. The green circle indicates the location of the S1 mooring.

The red arrows indicate warm Atlantic water, and the blue arrows indicate cold Arctic water. International Hydrographic Organization Sea Areas were

downloaded from https://www.marineregions.org/ (Flanders Marine Institute, 2018).

TABLE I. Mooring deployment and hydrophone sampling information.

Cruise

Hydrophone

depth (m) Deployment time Recovery time

Duty cycle

(on/off; min)

Sample

rate (kHz)

A/D converter

(0 to peak; V) Bit rate Gain (dB)

Sensitivity

(dB re 1 V lPa�1)

NREP22 557 2022/6/25 13:30:00 2023/6/22 08:00:00 2/13 96 1.0 16 2.05 �170

ACO23 453 2023/7/7 11:18:00 2024/7/4 09:00:00 10/50 96 1.0 16 2.0 �170
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frequency corresponding to the peak of the spectrum of the

2ms signal window. ICIs were computed as the time inter-

val between the peak pressure between two consecutive

clicks. A click train was considered to be produced by a

sperm whale if the probability was greater than 0.5.

Peak frequency, ICI, and click duration ranges were ini-

tially chosen based on the literature (Zimmer et al., 2003;
Zimmer et al., 2005a; Giorli and Goetz, 2019, 2020). The

detector performance was determined using a receiver-

operator characteristic (ROC) approach. A series of 11

detector trials were tested using a training dataset created

from .wav files collected both in NREP22 and ACO23. The

training dataset consisted of 65 files (five files per month)

that contained only sperm whale echolocation clicks and 65

files (five files per month) that did not contain sperm whale

echolocation clicks. Performance was assessed across the 11

different trials varying clicks parameters, percent probabil-

ity, and the adaptive threshold dB value above average

ambient noise (supplementary material Fig. 2). The highest

performing combination was then used to analyze the full

dataset. The parameters that returned the best detector per-

formance were (1) peak frequency between 4 and 15 kHz;

(2) ICI between 0.25 and 2 s; and (3) click duration between

500 and 1200 ls, probability of 0.5, detection threshold

6 dB above ambient noise. Performance from the full data

set was assessed using 100 randomly chosen files per year.

C. Sperm whale size estimates

The body length of detected sperm whales was esti-

mated using the methodology described by Teloni et al.
(2007), Giorli and Goetz (2019), and Caruso et al. (2015).
Briefly, stable IPIs were identified averaging the cepstra

obtained from each echolocation click in separate click

trains (Zimmer et al., 2005b). Only click trains with more

than 50 clicks were used (Giorli and Goetz, 2019; Caruso

et al., 2015). The cepstra from each echolocation signal in a

click train were averaged to obtain a mean cepstrum, and

the mean IPI was identified as the maximum gamnitude

between a quefrency of 2 and 13ms of the mean cepstrum

(Goold et al., 1996; Giorli and Goetz, 2019; Caruso et al.,
2015). This approach assumes the echolocation signals in

each click train are produced by the same individual. After

visual inspection, any average cepstrum without a clear

peak in gamnitude was discarded (supplementary material

Fig. 3). To reduce the chances of measuring the same indi-

vidual multiple times, an autocorrelation filter was applied

to excluded IPI measurements if (1) they occurred within

two hours of a previous measurement, and (2) if they dif-

fered by less than 0.3ms from the previous measurement

(Bøttcher et al., 2018). However, this approach does not

avoid counting the same animal multiple times if it had to

visit the area in different days of the month. Potential out-

liers were removed if the value was 1.5 interquartile ranges

above the upper quartile or below the lower quartile

(Schwertman et al., 2004). The measured mean IPI was then

used to estimate the size of the sperm whale producing the

click train using the equations proposed by Gordon (1991)

and Growcott et al. (2011). Gordon’s formula is well suited

for measurements of individuals< 11 m (� 4ms IPI); while

Growcott’s equation better fits the measurement of larger

individuals (IPI> 4ms) (Caruso et al., 2015). Combining

the IPIs with the appropriate size formula, we then broadly

categorized size classes as defined by Caruso et al. (2015):
>12m as adult males (hereafter “Adult Males”), 9–12m as

mid-sized adult females and/or sub-adult males (hereafter

“Mid-Sized”), and <9m as immature animals and/or adult

females and their offspring (hereafter “Social Groups”).

D. Backscatter intensity estimation

During the NREP22 deployment, an acoustic Doppler

current profiler (ADCP 150 kHz; Teledyne RD Instruments,

Poway, CA) was mounted on mooring S1 at 488m with a

four-beam (20�) downward-looking configuration. During

the ACO23 cruise, the ADCP was upward-looking. We only

included the first year of ADCP data since the downward-

looking configuration is more relevant to collect data on

deep biomass that constitute prey for sperm whales. In fact,

sperm whales are deep-diving predators that forage during

the bottom phase of their dives (Watwood et al., 2006).
Despite the lack of direct measurements of zooplankton

abundance, the ADCP backscatter signal has been demon-

strated to provide qualitative insights into the composition

and dynamic of the zooplankton community (Ursella et al.,
2018; Guerra et al., 2019; Liu et al., 2022), particularly
in open-ocean settings where contributions from suspended

sediments are negligible. To evaluate the particle concentra-

tion in the water column resulting from the contribution of

sediment and zooplankton (Reichel and Nachtnebel, 1994),

we estimated the acoustic backscatter strength (Sv) for

each depth cell from the broadband ADCPs, starting

from the echo amplitude signal (E). Many different mathe-

matical methods exist to estimate the backscatter. While

Deines (1999) is the most frequently referenced, Mullison

(2017) better resolves signal and noise in a low backscatter

environment with low concentrations of suspended

matter, such as in pelagic environments. The backscatter

(BS) equation determined by Mullison (2017), including

signal (S) and noise (N), plus terms that depend on

the ADCP, oceanographic conditions, and sampling strat-

egy, is

BS ¼ Cþ 10 log Tx þ 237:16ð ÞR2
� �

� Lbdm

� Pdbw þ 2aRþ 10 logð10KcðE�ErÞ=10 � 1Þ; (1)

where E (in counts) is the returned signal strength indicator

(RSSI) amplitude, reported by the ADCP for each bin along

each beam; Er is the reference noise floor RSSI amplitude, a

constant for each beam of a given ADCP and is available

from factory parameters calibration; Kc is a conversion fac-

tor of the amplitude counts reported by the ADCP receiver

circuitry to decibels (dB); and C (�153.3, for this study) is

an instrumental constant. Values for Er, Kc, and C were

1924 J. Acoust. Soc. Am. 158 (3), September 2025 Szesciorka et al.

https://doi.org/10.1121/10.0039060

https://doi.org/10.1121/10.0039060
https://doi.org/10.1121/10.0039060
https://doi.org/10.1121/10.0039060


provided by the manufacturer. Ldbm (34.32, for this study) is

the 10 log (transmit pulse length, L) and Pdbw (15, for this

study) is the 10 log (transmit power, W), which is provided

by the manufacturer. Tx is real-time temperature (�C) of the
transducer, R is the slant range, which is the range to the rel-

evant scattering layer along the beam and is calculated by

R ¼ Bþ Lþ Dð Þ=2þ N� 1ð ÞDþ D=4ð Þ� �
=cos h

� �
c=c1;

(2)

where B (29.47, for this study) is blank after transmit, D (8,

for this study) is the depth cell length, N is the depth cell

number of the scattering layer being measured, h (20�, for
this study) is the beam angle, c’ is the average sound speed

from the transducer to the range cell, and c1 is the speed of

sound used by the instrument.

Transmission loss along the water column depends on

absorption of acoustic energy by the sea water. The absorp-

tion for each range cell, an¼ 2aD/cos(h) where a is the

absorption coefficient at that depth. The value of 2aR is

determined by

2aR ¼ 2ab
cos h

� �
þ Rb

n�1a
0n; (3)

where a0 is the absorption at the profiler and b is the range

cell number. The absorption coefficient is calculated by the

algorithms from Stevens (2022), which used the Fisher and

Simmons (1977) and Ainslie and McColm (1998) equations

based on viscous absorption generated by particle motion

and absorption by specific chemicals reported in Kinsler

et al. (2000).
The oceanographic parameters of salinity and tempera-

ture used for the determination of the coefficient a are

retrieved by the measurements conducted on the mooring by

the SBE probe at 506 and 597m depth. To ensure the accu-

racy of backscatter measures, the ADCP tilt data were qual-

ity controlled by verifying that the tilt angle did not exceed

20�, which is the critical threshold for maintaining data

integrity and correct slant range calculation, which is a fun-

damental term in the backscatter formula.

III. RESULTS

A. Click detection performance

The trials with the test dataset (Table II), which

included 65 files with sperm whale clicks and 65 files with-

out sperm whale clicks, resulted in a 98.5% true positive

rate, 100% true negative rate, 0% false positive rate, and

1.5% false negative rate. Precision (true positive relative to

total number of true and false positives) was 100%. Recall

(true positive relative to the total number of true positives

and false negatives) was 98.5%. The F-score (Powers, 2020;

Davis and Goadrich, 2006), a measure of the overall accu-

racy, was 99%.

The detector identified 21 199 sperm whale echoloca-

tion click trains in 8514 files from the first year of data

(NREP22). The assessment of the performance on the real

dataset of NREP22 resulted in a 100% true positive rate, a

98% true negative rate, 0% false positive rate, and a 2%

false negative rate. Precision (true positive relative to total

number of true and false positives) was 100%. Recall (true

positive relative to the total number of true positives and

false negatives) was 98%. The F-score was 99%.

The detector identified 25 355 sperm whale echoloca-

tion click trains in 3282 files from the second year of data

(ACO23). The assessment of the performance on the real

dataset of ACO23 resulted in a 96% true positive rate, a

100% true negative rate, 4% false positive rate, and a 0%

false negative rate. Precision (true positive relative to total

number of true and false positives) was 96%. Recall (true

positive relative to the total number of true positives and

false negatives) was 100%. The F1 beta score (accuracy)

was 98%.

B. Temporal trends

Data collection during NREP22 resulted in more than

1158 effort hours from 34 730 2-min files spanning June

2022 to June 2023. Data collection during ACO23 resulted

in more than 1449 effort hours from 8738 10-min files span-

ning July 2023 to July 2024. Effort for both years was

roughly equal and consistent across months (13% and 16%,

respectively; Table III); however, effort was reduced during

deployment and recovery months.

Sperm whale echolocation clicks were detected month-

and year-round in both deployment years (Table III; Fig. 2).

Sperm whale echolocation clicks were only absent for 48

non-continuous days out of 363 days of effort in the first

year and for 53 non-continuous days out of 364 days of

effort during the second year. Despite the year-round pres-

ence, seasonal trends were evident. The summer and fall

months had the highest number of sperm whale echolocation

click detections, with at least one month each summer

exceeding a 60% presence (which we calculated as the num-

ber of hours with clicks compared to number of effort hours

TABLE II. Performance metrics (i.e., true positive, true negative, false positive, and false negative) for the test data set, which included 65 files with clicks

and 65 without clicks that were manually validated and the full dataset for each year, of which 100 randomly chosen files were manually validated.

Test dataset (n¼ 130 files) NREP22 dataset (n¼ 100 files) ACO23 dataset (n¼ 100 files)

Positive Negative Positive Negative Positive Negative

Positive 64 1 50 0 48 2

Negative 0 65 1 49 0 50
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that month). Their presence decreased in winter, dropping

below 10% by February, and then began increasing again

slightly in the spring. Although there were more detections

in most months during the first year of data collection, both

years displayed the same overall seasonal pattern.

C. Size trends

The algorithm used to identify stable IPIs from the cep-

stra of each echolocation signal for size estimation resulted

in 1839 click trains from NREP22 and 3718 click trains

from ACO23. The manual validation removed 1309 and

2916 click trains, respectively, resulting in 530 click trains

and 757 click trains retained for further analysis. The auto-

correlation filter removed 157 and 349, respectively, result-

ing in 373 click trains and 408 click trains retained. The

final outlier filter removed 14 and 53, respectively, resulting

in 359 click trains and 355 click trains retained. While the

numbers retained for final analysis were small (and thus a

limitation of this study), we were able to estimate sperm

whale body lengths for each month with recording effort.

The result was a mix of Adult Males, Mid-Sized animals

(i.e., sub-adult males and/or adult females), and Social

Groups (i.e., immature animals and/or adult females and

their offspring). Adult males dominated throughout the time

series; however, some seasonality was evident, with a

greater mix of size classes in the summer, followed by a

shift toward adult males in the winter (Fig. 3).

D. Acoustic backscatter, temperature variability, and
sperm whale presence

Temperature in the water column showed a seasonal pat-

tern in the layer between 480m and 600m depth. Overall,

the temperature fluctuates between –0.9 �C and 4.0 �C, with
values >2.0 �C related to the vertical shifts of the Atlantic

Water from the upper layer to the deep one (Fig. 4). The

highest values were recorded in November–December 2022

and in February 2023, the lowest in April–May 2023.

TABLE III. Summary of monthly sperm whale echolocation click detections, including total files, recording hours, click hours, presence ratio (hours with

clicks vs effort hours), and percent effort. The black line indicates the month in which the mooring was refurbished.

Year Month Total files Recording hours Click hours Presence ratio Percent effort

2022 6 522 131 68 0.52 2.4

2022 7 2976 744 531 0.71 13.3

2022 8 2976 744 360 0.48 13.3

2022 9 2880 720 309 0.43 13.3

2022 10 2976 744 427 0.57 13.3

2022 11 2880 720 439 0.61 13.3

2022 12 2976 744 347 0.47 13.3

2023 1 2976 744 287 0.39 13.3

2023 2 2688 672 57 0.08 13.3

2023 3 2976 744 47 0.06 13.3

2023 4 2880 720 80 0.11 13.3

2023 5 2976 744 320 0.43 13.3

2023 6 2048 512 255 0.50 9.5

2023 7 590 589 495 0.84 13.2

2023 8 744 743 408 0.55 16.6

2023 9 720 719 252 0.35 16.6

2023 10 744 743 319 0.43 16.6

2023 11 720 719 437 0.61 16.6

2023 12 744 743 235 0.32 16.6

2024 1 744 743 191 0.26 16.6

2024 2 696 695 62 0.09 16.6

2024 3 744 743 126 0.17 16.6

2024 4 720 719 115 0.16 16.6

2024 5 744 743 167 0.22 16.6

2024 6 720 719 388 0.54 16.6

2024 7 80 80 71 0.89 1.8

FIG. 2. Monthly sperm whale percent presence, calculated as number of

hours with clicks compared to number of effort hours per month. Dark pur-

ple represents clicks detected from NREP22 (June 2022–June 2023) and

light purple represents clicks detected from ACO23 (July 2023–July 2024).
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Although somewhat driven by the low in April, temperatures

at 500m showed a linear, but non-significant, relationship

with monthly sperm whale presence [p¼ 0.10, R2¼ 0.25;

Fig. 5(A)], with higher sperm whale presence when water

temperatures were warmer. The largest peak in backscatter

intensity occurred in November and December; however,

there were also pulses in the summer and spring. There was

a low correlation between monthly sperm whale presence

and mean monthly acoustic backscatter for all depth-

intervals below 630m (all p< 0.05). Backscatter intensity at

700m depth showed the greatest correlation with monthly

sperm whale presence [p¼ 0.1, R2¼ 0.48; Fig. 5(B)]. Spring

exhibited some of the lower intensity values, while summer,

fall, and winter months fluctuated between moderate and

higher intensity. The greatest intensity ( –136.7 dB) corre-

sponded to the highest percent of sperm whale presence in

July (71%).

IV. DISCUSSION

The presence of sperm whales in Greenland, Barents,

and Norwegian Seas is well known from visual survey

(Christensen et al., 1992; Øien, 2009; Storrie et al., 2018;
Bengtsson et al., 2022), tag (Hamilton et al., 2022), and
PAM data (De Vreese et al., 2018; P€oyh€onen et al., 2024).
Similar to previous PAM studies, we found seasonality in

the number of click hours per month, with greater presence

in summer through fall and reduced presence in winter

through spring. The WSC and the inflow of Atlantic water

also show considerable seasonal fluctuations and tend to be

stronger in winter and weaker in summer (Long et al.,
2024). However, the 1-year data from S1 show that in the

intermediate layer, the highest temperatures were recorded

in November–December 2022 and February 2023, and the

lowest in April–May 2023. Such variability is strongly

related to atmospheric disturbances that stimulate internal

waves propagation (Bensi et al., 2019). Our study also

detected sperm whale clicks each month across the two-year

FIG. 3. Ranges of monthly sperm whale size estimates. Blue circles repre-

sent sizes estimated from clicks from NREP22 (June 2022–June 2023), and

yellow circles represent sizes estimated from clicks from ACO23 (July

2023–July 2024). Dashed lines represent size classes with >12m as Adult

Males, 9–12m as Mid-Sized adults (sub-adult males and/or adult females),

and <9m as Social Groups (immature animals and/or adult females and

their offspring). Box and whisker plots represent combined median, upper

(75th percentile or Q3) and lower (25th percentile or Q1) quartiles, and

range (minimum and maximum) values.

FIG. 4. (Upper panel) In situ temperature (�C) from the mooring S1.

(Lower panel) Acoustic backscatter intensity (dB) estimated from the

downward-facing ADCP. Data cover the period from June 2022 until June

2023.

FIG. 5. Relationship between monthly sperm whale presence and (A) tem-

perature (�C) at 550m and (B) backscatter intensity (Sv) at 700m collected

during NREP22 (June 2022–June 2023). Standard error bars are included

for the monthly calculations of temperature and backscatter intensity.
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study period. This is not completely surprising as male

sperm whales are wide-ranging nomads, capable of traveling

at least 5000 km per year across ocean basins (Mizroch and

Rice, 2013). However, to our knowledge, no other study has

detected sperm whales year-round near Svalbard.

P€oyh€onen et al. (2024) did not find year-round presence

in their 10-year study; however, their hydrophones were

deployed north of 78�, which would be at the higher end of

sperm whale extent. That being said, they did detect whales

in January at their northernmost site (81�N). Although visual
sightings reported by De Vreese et al. (2018) in the

Greenland Sea were not year-round, the presence of sperm

whales in some winter and spring months also hint at a

likely year-round presence. Off northern Norway, Rødland

and Bjørge (2015) also reported winter sightings of sperm

whales by local fishers and whale watching companies.

Elsewhere, sperm whales have recently been documented

year-round in the Gulf of Alaska and off Central California

(Oestreich et al., 2024; Posdaljian et al., 2024).
Our findings also suggested a range of size classes,

including adult males, mid-sized adult females and/or sub-

adult males, and social groups including immature animals

and/or adult females and their offspring. These size classes

were well represented in the summer and fall, but shifted to

almost entirely large adult males in the winter. In July, we

observed the appearance of mid-sized immature males and/

or adult females and social groups composed of immature

animals and/or adult females and their offspring returning to

high latitudes and an increase in foraging-related activities

across the size classes. Similar size classes have also been

documented in higher latitude sub-Arctic waters of the Gulf

of Alaska (Posdaljian et al., 2024; Oestreich et al., 2024)
and temperate waters off central California (Oestreich et al.,
2024). Despite the year-round presence of sperm whales in

the Gulf of Alaska and off central California, Oestreich

et al. (2024) found opposite seasonality at individual sites in

the Gulf of Alaska and off central California and no tempo-

ral change in size classes, which their movement simula-

tions suggested were due to resource-driven seasonal

migration. However, Posdaljian et al. (2024) found season-

ality among three equivalent size classes in the Gulf of

Alaksa across five recording sites. Although our study also

only included one mooring location, the persistent presence

of predominantly adult males from winter through spring

suggests sex-specific partial migration at this site.

Deploying additional hydrophones in nearby regions would

help further investigate this hypothesis.

Questions remain about the number of animals present

off southwest Svalbard, especially in winter, as well as their

individual residence time in the region. In the Northern

Hemisphere, sperm whales mate between January and

August, peaking March–June (Rice, 1989), which may

explain the lower sperm whale presence in winter through

spring despite the increased backscatter intensity. It is possi-

ble whales detected in the summer either remained or

returned after moving between groups of females while

searching for receptive partners (Whitehead, 1993). Mature

males migrate to lower latitude breeding areas for a short

period of time, only remaining with specific females for

days to a week (Whitehead, 1993; Coakes and Whitehead,

2004; Gero et al., 2014; Eguiguren et al., 2023). Most males

also do not begin mating until they are in their 20 s (Best,

1979; Best et al., 1984). Thus, it is possible some of the

larger males remaining behind have not yet reached socio-

sexual maturity (Eguiguren et al., 2023) and therefore spend

winter at higher latitudes eating and growing. Whether they

are remaining year-round or returning after attempted or

successful mating, foraging throughout the year allows

males to grow bigger, which will allow them to compete for

territories or females (Whitehead, 1994).

It is thought that sperm whale diet in high latitude

North Atlantic consists of cephalopods and mesopelagic and

bathypelagic fish (Øynes, 1957; Christensen, 1980; Bjørke,

2001), with males consuming a greater range and larger

prey than females (Best, 1979; Clarke, 1980; Clarke et al.,
1988; Rice, 1989; Clarke et al., 1993). The sperm whale

habitat model by Storrie et al. (2018), based on visual sight-

ings around Svalbard, suggested suitable areas in deeper

waters along the continental slope, consistent with their

known use of deep-water areas associated with their cepha-

lopod prey throughout their range (Weir et al., 2001). Their
presence near the mooring site on the continental slope sug-

gests that sperm whales feed on deep sea prey in this region.

Additionally, the relationship with temperature and back-

scatter at the deeper sampling intervals also suggests that

sperm whales were likely feeding on deep-sea pelagic spe-

cies, potentially Atlantic species whose northward expan-

sion (Snoeijs-Leijonmalm et al., 2022) may have sustained

their year-round presence at the site.

Animals presumably migrating to lower latitudes in the

winter may include “bachelor schools,” groups of males that

form long-term associations and forage in close proximity

(Kobayashi et al., 2020). They may also include females

and mixed groups whose spatial and temporal distribution

(Best et al., 1984) in this region remain poorly understood.

Early hypotheses on sperm whale distribution were that only

males were found at higher latitudes (Ohsumi, 1966; Best,

1979) with the oldest and largest at the highest latitudes

(Whitehead, 2018). Adult male sperm whales have long

been documented along the continental slope from northern

Norway to Svalbard (Øien, 2009). Adult females and juve-

niles are already known to nomadically travel up to

35 000 km in tropical or temperate waters (Whitehead,

2003). Females have also been increasingly observed at

higher latitudes (Fearnbach et al., 2012; O’Callaghan et al.,
2024); however, visual surveys have yet to report female

sperm whales off Svalbard.

Sea ice has historically constrained the northernmost

distribution of sperm whales, as they typically avoid ice-

covered areas (Seger and Miksis-Olds, 2020; Posdaljian

et al., 2022). However, rapid warming (Rantanen et al.,
2022) has allowed sub-Arctic cetaceans to expand their

northward extent further into the Arctic. Increased presence

and expanded northward migratory routes have already been
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observed in Baffin Bay, an area experiencing sea ice loss

and longer open water seasons (Posdaljian et al., 2022;

Davidson et al., 2023). With sperm whales being detected in

the high Arctic (Kovacs et al., 2015; Vacqui�e-Garcia et al.,
2017; Storrie et al., 2018; P€oyh€onen et al., 2024) and the

ongoing Atlantification of Arctic waters, other demographic

groups may also be expanding their migratory routes north-

ward, potentially taking advantage of shifts in prey distributions

or new prey assemblages. The Atlantic Water intrusions

detected on the deep sea mooring S1 (Fig. 5) are strongly

related to seasonal and long-term changes in the WSC Arctic

inflow. They are also signals of nutrient changes both at the sur-

face and in the water column that could create favorable prey

conditions for sperm whales in the region.

For size estimation, Adler-Fenchel (1980) found that

�11% of the clicks met the criteria for their analysis. In our

study, we went from 5557 size estimates to 714 size esti-

mates after applying our error reduction methods, which is

roughly 13% of the total number of clicks originally

detected. While the remaining size detections allowed us to

assign size classes for each month of effort, they certainly

do not represent the entire potential size class distribution in

the study area. Future analysis could include the method

described by Solsona-Berga et al. (2022), which uses the

ICI (i.e., time between pulse trains) as a proxy for sperm

whale body size and sex. Additionally, we cannot determine

whether the smaller animals are females or males.

Finally, there are some limitations in using acoustic

backscatter as a proxy for biomass, especially in such a

localized area around a single mooring. While previous

studies have found relationships between sperm whales and

phytoplankton biomass, the correlations are weak at finer

scales (Jaquet, 1996) suggesting other data on oceanogra-

phy, environment, or prey may better explain the distribu-

tion of sperm whales on their foraging grounds.

V. CONCLUSIONS

Our study detected sperm whale echolocation clicks

year-round with peaks in summer and fall. The summer and

fall size classes included adult males, mid-sized adult

females and/or sub-adult males, and social groups including

immature animals and/or adult females and their offspring.

This shifted to mainly adult males in winter, suggesting sex-

specific partial migration. There were low positive correla-

tions between echolocation click hours and temperature and

acoustic backscatter, which may partially explain their year-

round presence. This year round-presence corroborates other

findings that sperm whales are shifting their northern extent

into higher latitudes. However, many questions remain about

the number, sex, and individual residence patterns of sperm

whales off southwest Svalbard. Additional mooring loca-

tions, visual surveys, or tag data would help clarify how

many sperm whales spend winter in this region and whether

they remain year-round or return after visiting the breeding

grounds. Echolocation clicks confirm that the whales are for-

aging along the continental slope, where deep-sea squid are

typically found, and their relationship with mean monthly

acoustic backscatter further illuminated this and the impor-

tance of year-round foraging in the Arctic. As climate change

continues to warm the Arctic, it remains uncertain how the

distribution patterns and structure of sperm whale habitats

may continue to change. Long-term monitoring is needed to

understand the changing structure of sperm whale habitats,

prey fields, and distributions for this far-ranging species.

SUPPLEMENTARY MATERIAL

See the supplementary material for a schematic repre-

sentation of the mooring deployed for this study (supple-

mentary material Fig. 1); ROC curve with the results of the

training test of the detector used in the study (supplementary

material Fig. 2); and the example average spectrum com-

puted from a clicks-train of sperm whales echolocation sig-

nals (supplementary material Fig. 3).
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