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A B S T R A C T

Understanding the main drivers of behavioural disturbance in deep-diving cetaceans would improve predictions 
of anthropogenic noise effects on individual animals, habitats and populations. To investigate the potential roles 
of received level and source distance on behavioural disturbance, we tagged 14 sperm whales in northern 
Norway with multi-sensor data loggers and conducted dose-escalation experiments. Each experiment included 1 
to 4 tagged individuals and involved multiple vessel passes (‘exposure sessions’, n = 25 total) by a navy frigate or 
research vessel towing a naval sonar, at different starting distances and maximum source levels. We analysed 
behaviour state series and proxies for locomotor activity and foraging success with generalized additive mixed 
models. The probability of occurrence of non-foraging active behaviour was affected by received level, source 
distance and session order, with decreased foraging effort at higher received levels and shorter distances, and 
during subsequent sessions (indicating short-term sensitisation). Prey capture attempts decreased with increasing 
received level when whales kept foraging. Similar to what has been suggested for some populations of blue 
whales and beaked whales regularly exposed to navy sonar, but unlike northern bottlenose whales in more 
pristine waters, source distance affected sperm whale behavioural responses on a high-latitude foraging ground.

1. Introduction

Marine animals face a myriad of anthropogenic stressors in today’s 
oceans (Tyack et al., 2022). Cetaceans are challenging to study due to 
their fully aquatic lifestyles and therefore effects of stressors, be it from 
changes in anthropogenic or natural sources, can easily go unnoticed. 
Anthropogenic noise is one stressor that has raised the interest and 
concern of the scientific and regulatory communities (Merchant et al., 
2022; Southall et al., 2019a). Key factors are the importance of sound to 
marine taxa (e.g., (Miller et al., 2022; Kunc et al., 2016)) and the 
pervasiveness of noise in the marine environment due to the increasing 
human footprint coupled with efficient physical propagation.

The sperm whale (Physeter macrocephalus), globally designated as 
“vulnerable” on the IUCN Red List (Taylor et al., 2019), is a long-living 
species that was heavily hunted in the 18th–20th century. Large-scale 

commercial whaling ceased around 1987, by which time its global 
population size had declined by roughly two-thirds (Whitehead and 
Shin, 2022). Sperm whales are a large deep-sea predator with a cir
cumglobal distribution that feed mainly on cephalopods, in addition to 
fish, beneath the photic zone (Whitehead, 2003; Santos et al., 1999; 
Similä et al., 2022). They are thought to play an important role in 
bringing nutrients to the surface and enhance primary production, 
especially in nutrient-limited waters (Lavery et al., 2010; Roman et al., 
2014). While female sperm whales tend to stay in groups at lower lati
tudes, the larger males make long-distance migrations to high-latitude 
foraging grounds where they are sighted mostly solitary (Whitehead, 
2003). In these habitats, sperm whales overlap with areas with regular 
naval sonar operations and other noise-generating activities. For 
example, sperm whales in the Nordic Seas and North Atlantic are often 
found in slope waters near two critical naval chokepoints, the GIUK Gap 
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and Bear Island Gap, which are important focus points for anti- 
submarine warfare exercises (Ramirez-Martinez et al., 2024; Depledge, 
2020; Åtland et al., 2022). Given their vulnerable status and potentially 
important mesopredator roles in marine ecosystems, such as the nutrient 
turnover, it is important to understand the risks of multiple stressors, 
including underwater noise.

As an echolocating toothed whale, sperm whales are highly sound- 
dependent creatures that produce clicks for foraging, finding mates, 
navigation, and social cohesion (Miller et al., 2004; Hersh et al., 2022; 
Fais et al., 2015). Sperm whales may be affected by anthropogenic noise 
pollution through the mechanisms of masking, distraction or misleading 
(Dominoni et al., 2020). Some studies have suggested high sensitivity to 
noise disturbance (acoustic tomography, (Bowles et al., 1994); vessel 
passes, (Azzara et al., 2013); naval sonar, (Isojunno et al., 2016)), whilst 
others have found no or minor effects (seismic surveys, (Madsen et al., 
2002; Miller et al., 2009)). Specific reasons for these differences may 
vary, as the disturbance responses of wildlife can depend on many 
context variables relating to the exposure as well as intrinsic and 
extrinsic factors (Tablado and Jenni, 2017; Booth et al., 2022).

Since the 1990s, large-scale naval exercises have been linked to 
strandings of cetaceans, particularly beaked whales (Cox et al., 2006; 
Bernaldo de Quirós et al., 2019), which led to increased research effort 
on sonar effects (e.g., (Hooker et al., 2012; Southall et al., 2016; Harris 
et al., 2018)). Studies have also targeted marine mammals other than 
beaked whales, as sub-lethal effects may have population-level conse
quences when repeated often and over long periods (Pirotta et al., 2018; 
Farmer et al., 2018). Evidence on the scale of disturbance effects of naval 
exercises has started to emerge for species including goose-beaked 
whales (Ziphius cavirostris), Blainville’s beaked whales (Mesoplodon 
densirostris), and sperm whales (Stanistreet et al., 2022; Tyack et al., 
2011; Joyce et al., 2019). Behavioural response studies using experi
mental approaches have associated features of the acoustic signal, such 
as source level or frequency, and exposure context to an increasing array 
of response metrics (e.g., (Miller et al., 2012; Wensveen et al., 2019; 
Southall et al., 2019b; Wensveen et al., 2017)). Such experimental 
studies have found that male sperm whales at high latitudes are 
medium-sensitive compared with other cetaceans (Miller et al., 2022; 
Harris et al., 2015). After controlling for several context variables, one 
study (Isojunno et al., 2020) observed minor but matching foraging 
reductions between high-power pulsed active sonar and medium-power 
continuous active sonar in this area, leading them to conclude that 
received sound exposure level (SEL) better predicted those responses 
than received sound pressure level. Non-controlled, incidental sonar 
exposures were also reported by that study (Isojunno et al., 2020) and an 
earlier study on sperm whales in northern Norway (Isojunno et al., 
2016), but neither observed responses to those incidental signals.

Behavioural response studies on goose-beaked whales and blue 
whales (Balaenoptera musculus) in areas with regular naval activity 
suggested that received level and/or distance mediated behavioural 
responsiveness (Southall et al., 2016; Southall et al., 2019b; DeRuiter 
et al., 2013; Falcone et al., 2017), but these studies were not designed to 
distinguish between the two potential drivers. Responses of northern 
bottlenose whales (Hyperoodon ampullatus), also a beaked whale, in 
more pristine Arctic waters were associated with received level and not 
distance (Wensveen et al., 2019). This lack of a ‘distance effect’ could be 
due to a higher perceived level of risk being associated with unfamiliar 
or relatively novel signals, a phenomenon widespread across taxa (Crane 
and Ferrari, 2017), although further data on Hyperoodon ampullatus from 
areas with more regular sonar use or on other beaked whales from more 
acoustically pristine areas are needed to test this hypothesis. For 
example, Arctic cetaceans including beluga (Delphinapterus leucas) and 

narwhal (Monodon monoceros) generally exhibit further and stronger 
responses to anthropogenic noise in their relatively pristine habitats 
compared with cetaceans in areas with more human activities (e.g., 
(Heide-jørgensen et al., 2021; Williams et al., 2022; Martin et al., 
2022)).

This study aimed to test specific hypotheses about what exposure 
factors can influence behavioural disturbance from naval sonar in male 
sperm whales in northern Norway: acoustic received level, source dis
tance, or an interaction of both. We conducted dose-escalation experi
ments during which individuals were exposed to received levels 
previously associated with behavioural responses in this species, but at a 
wider range of source distances than in previous experiments. Physical 
spreading of sound away from the source results in an intrinsic rela
tionship between acoustic received level and distance if source level 
were to be kept constant. An important aim of our study design was 
therefore to use a set of experimental procedures to break up this 
inherent ambiguity by exposing subject whale to: 1) close and distant 
vessel pass starting distances at identical transmission source levels, 2) 
ramp-up protocols that stepwise-increased the source level during the 
first half of the session, and 3) three different maximum source levels, 
including one that could only be produced by an operational naval 
frigate, to expose whales to similar received levels at different distances. 
We aimed to tag multiple individuals per experiment to increase data 
coverage at the longest distances and to reduce the total number of sonar 
transmissions required in the study area.

2. Material and methods

2.1. Data collection

The field methods are described in detail in (Kvadsheim et al., 2020; 
Kvadsheim et al., 2021). Data were collected in August and September of 
2019 in waters off Andenes, northern Norway (Table 1). Whales were 
located visually by naked eye or binoculars, or acoustically by moni
toring their echolocation clicks using a towed hydrophone array from 
the 55-m research vessel H.U. Sverdrup II. A water jet propulsion Man 
Over Board boat (the ‘tag boat’) was launched from the research vessel 
when sperm whales were in the general area. Before each experiment, 
we deployed suction cup-attached data loggers on individuals using a 
15-m pole that was cantilever-mounted to the bow of the tag boat. We 
targeted for tagging any individual that surfaced sufficiently close to the 
tag boat. The tag boat team used a directional hydrophone, as well as 
information from the visual and acoustic observers on the main research 
vessel relayed over VHF radio, to position the tag boat as close as 
possible to a surfacing whale. The data loggers known as mixed-DTAGs 
(Kleivane et al., 2022) consisted of a DTAG multi-sensor core unit 
(version 3; University of Michigan), a snapshot GPS logger (F5G 234C, 
Lotek Wireless Inc.), VHF transmitter (F1835B, Advanced Telemetry 
Systems Inc.) and Argos transmitter (SPOT-386, Wildlife Computers 
Inc.) placed inside a robust purpose-built housing. The DTAG core unit 
recorded continuous sound at 120 kHz using two hydrophones (16 bits 
and 12 dB or 0 dB gain per channel), as well as three-axial acceleration, 
three-axial magnetic field, and pressure at between 250 Hz and 625 Hz 
(decimated to 50 Hz). When the tag was dry, one Argos transmission was 
sent every 45 s (no hourly limit; transmission delay 0.5 s) and one GPS 
snapshot was logged every 30 s (the highest rate that could be set). VHF 
signals were 25 ms long and transmitted twice per second in the 
215–221 MHz band. Once multiple animals were tagged, one of them 
was designated as the focal individual for tracking. The focal whale was 
tracked visually and by VHF until the tag released from the animal at a 
pre-programmed time.
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2.2. Experimental design

Tagging was followed by a baseline pre-exposure phase for con
trasting animal behaviour during sonar exposure. This baseline phase 
started once the research vessel had recovered the tag boat (Isojunno 
and Miller, 2015) and lasted a minimum of 4 h. The subsequent exper
imental phase consisted of up to four 40-min vessel passes (‘exposure 
sessions’; Table 1) to the focal whale, with a minimum of 1 h 20 min 
between sessions. The source vessel during the exposure sessions was 
either the research vessel towing the SOCRATES source (TNO, the 
Netherlands) or the 134-m Norwegian Navy frigate KNM Otto Sverdrup 
towing a CAPTAS-Mk2 source (Thales Group, France). Each sonar source 
was towed ~485 m behind the source vessel at 120 m depth. The aim 
was to start the session with the vessel at either 7.4 km (close) or 14.8 km 
(distant) from the focal whale and to approach the whale at an angle of 
~45◦ to its expected path. Source vessel course and speed (4.1 m s− 1) 
were kept constant during each exposure session. The research vessel 
aimed to sail 4–6 km wide square boxes around the focal whale to 
facilitate visual, VHF, and acoustic tracking using target motion anal
ysis. This movement pattern was changed only when the research vessel, 
and not the frigate, conducted the vessel passes to the focal whale. Visual 
tracking was typically lost between, and in the beginning and end of, 
such vessel passes with the research vessel and the focal whale was 
tracked by VHF during these periods.

The source was deployed but not transmitting during no-sonar con
trol sessions (always close; Table 1). Five types of exposure sessions with 
pulsed active sonar (PAS) transmission were presented in rotating order: 
the extra high-level PAS-close (XHPAS-C) or distant (XHPAS-D) with 
maximum source level of ≥220 dB re 1 μPa2 m2, high-level PAS-close 
(HPAS-C) or distant (HPAS-D) with maximum source level of 214 dB re 1 
μPa2 m2, and medium-level PAS-close (MPAS-C) with maximum source 
level of 206 dB re 1 μPa2 m2. XHPAS and MPAS exposures were only 
conducted by the frigate and research vessel, respectively. These 
different types of exposure sessions were used to maximise data 
coverage across the bivariate space of received level and source dis
tance. The study design was not factorial, so each combination of session 
type and presentation order was not considered a separate treatment. 
Each sonar pulse was a 1-s duration hyperbolic frequency upsweep from 
1.28 to 1.92 kHz, transmitted once every 20 s (SOCRATES) or 21–24 s 
(CAPTAS). Source level was increased stepwise over the first 20 min of 
the session according to a pre-defined MPAS, HPAS or XHPAS ramp-up 
protocol (Kvadsheim et al., 2020; Kvadsheim et al., 2021).

To reduce the chance of exposing the same individuals to significant 
levels in multiple experiments, sonar exposure experiments were con
ducted at least 37 (HPAS) and 56 km (XHPAS) away from previous 
experiment locations within 24 h. Photo-identification was used to 
ensure that the same individuals were not tagged more than once. A 100 
or 200 m mitigation zone around the source, depending on transmitted 
source level, was monitored visually during exposure sessions. Visual 
observation was aided by infrared night vision equipment during low- 
light conditions. If any marine mammals entered the mitigation zone, 
active transmission would be ceased immediately. The experiments 
were conducted under permits from the Norwegian Animal Research 
Authority (permit no 18/126201), and experimental procedures were 
approved by the Animal Welfare Ethics Committee of the University of 
St Andrews.

2.3. Data processing

Standard procedures were used to convert DTAG-recorded pressure 
to depth and derive body orientation (pitch, roll, heading) from tri-axial 
acceleration and magnetic field strength (Johnson and Tyack, 2003). 
Fluke strokes were detected using an automated detector based upon 
cyclic variations in pitch (Tyack et al., 2006), with detection parameters 
determined manually for each tag record by inspecting the magnitude of 
the fluke stroke signals within the pitch series. An important input to the 
detector was the fundamental stroke frequency of the whale, which 
varied between 0.11 and 0.16 Hz across the tag deployments. The 
geographical position of the whale throughout the tag record was esti
mated at 1 Hz from its body orientation, forward speed (based on flow 
noise in the 66–94 Hz band), and visual and GPS position fixes using a 
state-space model fitted in a Bayesian framework (Wensveen et al., 
2015). The horizontal source distance was determined using the esti
mated whale track and an approximate source track for each sonar 
transmission. Based on the assumption that the source closely followed 
the trail of the ship, the source track was approximated by adding 120 s 
(the time for the source to cover ~485 m at 4.1 m s− 1) to the times of the 
vessel’s GPS track.

We followed the data-processing and statistical procedures described 
in (Isojunno et al., 2020), with any differences noted below. Echoloca
tion click trains of the tagged animal were manually identified by 
inspecting acoustic data (96 kHz) from the tag, both aurally and visually 
using spectrograms. The start of each terminal echolocation ‘buzz’ (i.e., 
rapid increase in click rate indicative of a prey capture attempt; (Miller 

Table 1 
Summary of the collected data. Duration refers to the analysed data and excludes tagging periods. Each experiment was conducted with the research vessel (RV) or 
naval frigate vessel (FV) as the source vessel. Exposure sessions are listed in order of presentation and include only those that could be analysed. PAS, pulsed active 
sonar; MPAS-C, medium-level PAS-close; HPAS-D, high-level PAS-distant; HPAS-C, high-level PAS-close; XHPAS-D, extra high-level PAS-distant; XHPAS-C, extra high- 
level PAS-close; NS, no-sonar control; BF_2h, blackfish detected within the last 2 h; UPAS_2h, unidentified pulsed active sonar detected within the last 2 h; TS, test sonar 
pulses from the frigate (number of 1-min time-bins). Sex and age of the tagged whales are unknown, but they were most likely physically mature males based on their 
size and the location of research (Whitehead, 2003).

Deployment id Focal whale Tag on (UTC) Duration (h) Experiment id Exposure sessions BF_2h (h) UPAS_2h (h) TS (# bins)

sw19_241a Y 29 August 08:32 21.0 1 (RV) HPAS-C, HPAS-D, MPAS-C 9.7 0.0 5
sw19_241b – 29 August 09:43 19.7 1 (RV) HPAS-C, HPAS-D, MPAS-C 6.8 0.0 6
sw19_243a Y 31 August 07:32 20.5 2 (RV) HPAS-D, HPAS-C 17.0 0.0 0
sw19_244a – 01 September 19:20 31.5 3 (FV) XHPAS-D, XHPAS-C 21.1 2.0 10
sw19_245a Y 02 September 19:22 12.5 3 (FV) XHPAS-D, XHPAS-C 3.0 0.0 10
sw19_248b Y 05 September 06:23 24.1 4 (RV) NS, HPAS-D, MPAS-C, HPAS-C 12.9 4.1 0
sw19_250a Y 07 September 11:32 18.5 5 (FV) XHPAS-C, XHPAS-D 14.7 6.5 6
sw19_253bc1) Y 10 September 08:07 25.7 6 (FV) NS, XHPAS-D, XHPAS-C 18.3 0.0 21
sw19_254a Y 11 September 15:04 20.7 7 (FV) XHPAS-C, HPAS-C, XHPAS-D 1.3 0.0 0
sw19_255b Y 12 September 07:11 17.3 8 (FV) XHPAS-D, XHPAS-C, NS 14.9 6.8 4
sw19_255c – 12 September 08:03 8.2 8 (FV) XHPAS-D 8.1 1.2 0
sw19_255d – 12 September 08:34 3.9 8 (FV) 2) 2.4 0.0 0
sw19_259a – 16 September 09:25 4.0 9 (FV) 4.0 0.0 0
sw19_259b Y 16 September 10:28 21.6 9 (FV) NS, XHPAS-C, XHPAS-D 2.2 0.0 0

1 Tag sw19_253c was redeployed on the same individual after it prematurely released during the no-sonar session.
2 Tag sw19_255d suffered a depth sensor failure during the baseline period and therefore no sonar period data were available.
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et al., 2004)) was judged from both change in amplitude and inter-click 
interval, relative to regular click trains. The presence of sounds pro
duced by killer whales, Orcinus orca, or long-finned pilot whales, Glo
bicephala melas, (hereafter, “blackfish”) and the presence of distant sonar 
signals that were not transmitted as part of the experiments were also 
annotated. Visual sightings of blackfish species, automatic detections on 
the acoustic array, and CAPTAS transmission logs also informed the 
presence/absence variables for blackfish species, incidental sonar, and 
unidentified sonar (Table 2).

Received SEL (dB re 1 μPa2 s) was measured for each sonar pulse 
identified in the acoustic recordings using a semi-automated procedure 
similar as in (Miller et al., 2012; Miller et al., 2011). The approach used a 
matched filter to identify the start of the first arrival of the sonar pulses. 
Acoustic pressures were measured in three frequency bands (1.12–1.41 
kHz, 1.41–1.78 kHz and 1.78–2.24 kHz) that overlapped with the 
transmitted signal by applying 6th-order Butterworth bandpass filters to 
the unfiltered waveform. Pulse duration was defined as the time during 
which the time-weighted (10-ms) sound pressure level exceeded a 
threshold of 20 dB below its maximum (in a few cases this threshold was 
not reached and were the pulse start/end times marked manually). 
Received SEL was integrated across the three frequency bands and over 
the duration of the single pulse. We favoured single-pulse SEL over 
sound pressure level as the received level metric predicting behavioural 
responses in sperm whales (Isojunno et al., 2020) but note that these 
metrics are within a few dB for 1-s duration signals.

Each tag deployment was assigned behaviour states at 1-min reso
lution based on acoustic and movement parameters using a Bayesian 
state-switching model (Isojunno and Miller, 2015). This unsupervised 
classification method estimated the posterior probability of being in one 
of six states: layer-restricted search behaviour, descending to a deeper 
depth, ascending to a shallower depth, surfacing/logging at the surface, 
resting at and below the surface, and a non-foraging active state. The 
non-foraging active state can be considered a potential ‘response state’, 
because sperm whales in this area are mostly either diving and foraging, 
or resting (Isojunno et al., 2020). To maximise the amount of data 
informing the behaviour state classification, the state classification 
model was fitted to the non-exposure (baseline) control periods from 28 
previous tag records (Isojunno et al., 2016; Isojunno et al., 2020) in 
addition to the 14 new tag records that included sonar exposure 
(Table 1).

2.4. Statistical analysis

Generalized additive mixed-effects models (GAMMs) were fitted for 
three response variables of interest, each modelled at the resolution of 
the 1-min time-bins, with tag id specified as a random effect to account 
for repeated measures of individuals. The analysis was performed in the 
statistical computing software R using the mgcv package (version 
1.8.40; (Wood, 2008)). Variable names in the text are italicized for 
clarity. The three response variables were: pNFA, the posterior mean 
probability of the tagged whale being in the non-foraging active state 
associated with disturbance; buzz, the presence/absence of one or more 
buzz starts, a proxy for prey capture attempts (Miller et al., 2004); and 
fluke, the fluke stroke rate, a proxy of locomotor activity. These variables 
were carefully selected to avoid, as much as possible, multiple testing of 
the same behavioural response (Isojunno et al., 2020). Specifically, 
models for buzz only included data from the foraging states (descent, 
layer-restricted search, ascent). Models for fluke were controlled for 
behaviour state effects and did not include data from the surface state for 
which fluke rate measurements can be unreliable. Within-individual 
temporal residual autocorrelation was reduced to acceptable levels 
using an ARMA(1,1) structure for pNFA and buzz and AR(1) structure for 
fluke (Harrison, 2021). The ARMA parameters were estimated for the 
full models and fixed for reduced models to decrease computational time 
(Harrison, 2021). Response variables pNFA and buzz were modelled as 
binomial variables with logit link, whereas fluke was specified a Poisson 
distribution with log link (all with “quasi” option).

Candidate predictors included baseline covariates such as time since 
solar noon (solarnoon) and exposure covariates such as the maximum 
single-pulse sound exposure level (SELmax) and minimum source dis
tance (DISTmin) since the start of the exposure session (see Table 2 for all 
variables and descriptions). We included the interaction between SEL
max and DISTmin, as well as terms for session order and post-exposure 
that were defined by the previous DISTmin (Table 2). SELmax was 
transformed before model fitting by subtracting 60 dB re 1 μPa2 s (a 
value below its minimum observed value). The DISTmin covariates were 
transformed by subtracting 25 km (a value above its maximum observed 
value) and flipping the sign. We assumed that none of the animals would 
respond to the sonar at these two offsets, but note that the exact values 
are not important because we used additive models. Each 1-min time- 

Table 2 
List of data variables used in statistical models.

Variable Description

Response:
pNFA Posterior probability of the non-foraging active state
buzz Buzz start presence/absence: 1 when a buzz start was present in the 

1-min time-bin, 0 otherwise
fluke Fluke stroke rate: number of strokes per minute

Predictor:
state Most likely categorical behaviour state (only in fluke models; 

Isojunno et al., 2020).
solarnoon Time since solar noon (h) at the start of each 1-min time-bin
depth Whale depth (m) at the start of the 1-min time-bin (only in buzz 

models; Miller et al., 2004)
depth_bathy Bathymetric depth (m) at the start of the tag deployment
BF_2h Blackfish (pilot or killer whale): 1 when detected acoustically or 

visually in the last 2 h, 0 otherwise
UPAS_2h Unidentified pulsed active sonar: 1 when detected acoustically in the 

last 2 h, 0 otherwise
TS Test sonar, i.e., incidental sonar exposure: 1 when test pulses were 

transmitted by the frigate, 0 otherwise
NS No-sonar: 1 during no-sonar control sessions, 0 otherwise
SELmax Maximum single-pulse sound exposure level (dB re 1 μPa2 s) since 

sonar exposure start, for each 1-min time-bin
DISTmin Minimum source distance (km) since sonar exposure start, for each 1- 

min time-bin
DISTmin_prev Minimum source distance (km) of previous sonar exposure sessions, 

during exposure (i.e., order effect)
DISTmin_post Minimum source distance (km) of sonar exposure session, during 

post-exposure
BF_2h_dur Same as predictor variable BF_2h, but 0 outside sonar exposure 

sessions

Table 3 
Terms in the full baseline model and exposure model. The baseline model was fitted to the time-bins in the baseline control series and the exposure model was fitted to 
all time-bins excluding tagging periods. Terms indicated with s() are smooth covariates and ti() is a tensor product interaction; others are factor covariates. B represents 
the covariates of the selected (reduced) baseline model.

Model Specification

Baseline s(solarnoon) + s(depth_bathy) + BF_2h + UPAS_2h + TS + s(depth)1) + state2)

Exposure B + NS + s(SELmax) + s(DISTmin) + ti(SELmax,DISTmin) + BF_2h_dur + s(DISTmin_post) + s(DISTmin_prev)

1 Only the full baseline model for buzz included whale depth.
2 Only the full baseline model for fluke included behaviour state.
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bin in the ‘baseline’ control series (i.e., the combined pre-exposure 
baseline and post-exposure data, excluding 20 min following each 
exposure session) was assigned a transformed value of 0 for SELmax and 
DISTmin. Continuous variables were included as thin plate spline smooth 
covariates and binary variables as factor covariates. SELmax and DIS
Tmin were expected to induce monotonic changes in the response vari
ables so the flexibility of their smooths was limited by setting k = 5 
maximum degrees of freedom. Variable solarnoon was fitted as a cyclic 
penalised cubic regression spline smooth (with k = 7 and bs=”cc”).

Covariate selection was a two-step process. A selection of baseline 
covariates was carried out first using only the time-bins in the baseline 
control series. The best ‘baseline model’ was then carried forward for the 
selection of the ‘exposure model’ covariates using all time-bins in the 
dataset excluding tagging periods (Table 3). The thin-plate smooths had 
a shrinkage spline base which included a penalty to reduce model 
complexity by excluding smooth terms from the model (bs=”ts”). Binary 
variables were backwards-eliminated based on p-values in ANOVA until 
all were below 0.05. Smooths for baseline covariates with p-values 
above 0.05 in Wald-like tests were removed only after the stepwise 
baseline model selection. The exposure model for fluke did not converge 
and was therefore refitted with a linear interaction instead of the tensor 
product interaction. Data from both focal and non-focal individuals were 
included in the analysis.

3. Results

3.1. Data set

We analysed a total of 249 h of data (14,953 time-bins of 1 min) from 
9 experiments with 14 tagged individuals (Table 1), including 291 h of 
data in the non-exposure control series of which 116 h were pre- 

exposure baseline data. The duration of the analysed data varied from 
3.9 h (235 time-bins of 1 min) to 31.5 h (1,890 time-bins of 1 min) 
among the individuals (Table 1). All tagged sperm whales were pre
sumably male based upon their body size and the location of the study 
site. Eight individuals were presented with XHPAS-C, XHPAS-D or 
HPAS-C exposure sessions by the frigate, 4 individuals with HPAS-C, 
HPAS-D or MPAS-C sessions by the research vessel, and for 2 in
dividuals only pre-exposure data were analysed (Table 1). Four no-sonar 
control vessel approaches were conducted, of which 3 were the first 
session in the experiment (Table 1). The behavioural time series of one 
tagged sperm whale is illustrated (Fig. 1).

Blackfish detections were generally more prevalent in the data set 
than detections of unidentified and incidental sonar. Blackfish were 
detected in all tag records, with a total of 136 h (55 %) of analysed data 
having at least one blackfish detection in the preceding 2 h (variable 
BF_2h; Table 1). Twenty-one hours (8 %) of analysed data had at least 
one detection of unidentified sonar in the preceding 2 h (UPAS_2h) and 
62 time-bins of 1 min contained incidental test sonar from the navy 
frigate (TS) (Table 1). Testing for the effects of blackfish presence and 
unidentified and incidental sonar exposures on the whales’ behaviour 
was conducted as part of the GAMM analysis (see section 3.3).

3.2. Time allocation, buzz rate and stroke rate

As expected for the study site, the tagged sperm whales allocated 
most of their time to foraging (Fig. 2), with the descent, layer-restricted 
search, ascent, and surface state accounting for 22 %, 36 %, 19 % and 17 
% (total of 93 %) of the individual-average time budget during baseline, 
respectively. The non-foraging active state averaged 4.3 % of the time 
budget during baseline, 4.1 % during no-sonar control sessions, and 8.3 
% during sonar exposure (Fig. 2a). The time spent in this state by the 

Fig. 1. Example tag data. a) Full tag record of sw19_259b with the depth and pitch time series shown at 5 Hz sample rate. Echolocation clicks and other click types 
produced by the tagged whale are shown in the upper panel. Blackfish detection is shown below the dive profile. Orange vertical lines in the upper panel indicate the 
start of the pre-exposure baseline and start/end of the consecutive no-sonar control, extra high-level PAS-close (XHPAS-C) and extra high-level PAS-distant (XHPAS-D) 
sessions. Behaviour state allocations at 1-min time resolution are shown in the lower panel. Orange dots on the lower panel’s second y-axis represent the single-pulse 
sound exposure levels on the tag. b) Detailed view of the period before, during and after the XHPAS-C sonar session with posterior probabilities of behaviour state 
shown in the bottom panel. LRS, layer-restricted search; NFA, non-foraging active.
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whales was correlated with the received SELmax of the sonar signals 
(Fig. 2a) and the non-foraging active state was allocated more often 
when the received single-pulse SEL was near its session maximum 
(Figs. 1, S1). Resting was the least common behaviour state; with an 
estimated 2.0 % of the individual-average time budget during baseline 

and 1.4 % during sonar exposure (Fig. 2a). The individual-average buzz 
rate and fluke stroke rate varied across behaviour states but, within 
states, were similar between baseline and sonar exposure (Fig. 2b).

3.3. Behavioural response to sonar

Sonar exposure effects were supported in the models for response 
variables pNFA and buzz, but not fluke (Table 4; see Table 2 for variable 
definitions). The GAMM analysis also supported effects of one or two 
baseline covariates for each response variable, highlighting the impor
tance of controlling for natural fluctuations in variables of interest 
(Table 4). Effects of bathymetric depth (depth_bathy), no-sonar control 
(NS), unidentified sonar (UPAS_2h), incidental sonar (TS), or the pres
ence of blackfish altering the sonar response itself (BF_2h_dur), on the 
whales’ behaviour were not supported. The predictive performance of 
the models and how well they met model assumptions was considered 
good for buzz (Fig. 4) and acceptable for pNFA and fluke (Figs. S2, S4).

For the probability of non-foraging active state (pNFA), there was 
strong evidence for effects of time since solarnoon (F = 9.3, p < 0.001) 
and blackfish presence within the last 2 h (BF_2h; F = 21.6, p < 0.001) 
(Table 4). The percentage of time whales spent in the non-foraging 
active state at solar noon was predicted to be 5.6× higher than 12 h 
later, reflecting strong baseline fluctuations in the occurrence of this 
behaviour state at different times of day (Fig. S2c).

The analysis also supported an interactive sonar effect between 
received SELmax and DISTmin (F = 0.2, p = 0.02) and an effect of repeat 
exposures (DISTmin_prev; F = 0.8, p = 0.03) on response variable pNFA 
(Table 4). The time that sperm whales spent in the non-foraging active 
state during the first sonar exposure session was predicted to increase 
from a typical baseline probability of 2.9 % (95 % CI 0.8–5.0 %; low/ 
high baseline probabilities 0.6/8.1 %) to 8.5 % (− 1.8–19 %; 1.9/21 %) 
at SELmax 180 dB re 1 μPa2 s and DISTmin 1 km, representing a 1.9×
(− 1.6–5.5; 1.4/3.2) increase (Figs. 3, S3). Based on these model pre
dictions, we are 95 % confident that the probability of the non-foraging 
active state decreased back to baseline levels for DISTmin 13 km or 
greater depending on SELmax (dashed contours in Figs. 3 and S3). The 
supported interaction of SELmax with DISTmin indicated the existence of 
two response thresholds at which previously unexposed animals 

Fig. 2. Individual-average time budgets, buzz rates and stroke rates. a) Time- 
activity budgets calculated from the posterior probabilities of the categorical 
behaviour state and b) numbers of buzz starts and fluke strokes per 1 min time- 
bin, coloured by the posterior estimate of behaviour state. Data are shown as a 
function of context variables solarnoon and BF_2h, experimental phase, and 
sonar dose terms SELmax and DISTmin. Numbers on the top axis are sample 
sizes in individuals. NFA, non-foraging active; LRS, layer-restricted search; NS, 
no-sonar control. Buzz rates during baseline averaged 0.8 min− 1 in layer- 
restricted search, 0.4 min− 1 during descent, and 0.2 min− 1 during ascent. 
Fluke stroke rates during baseline averaged 4.4 min− 1 in layer-restricted search, 
6.0 min− 1 during descent, 5.8 min− 1 during ascent, 1.1 min− 1 during resting, 
and with 7.0 min− 1 were highest during the non-foraging active state.

Table 4 
Model statistics for the selected exposure models. The analysed response vari
ables were the probability of non-foraging active state (pNFA), presence/ 
absence of buzz starts (buzz), and fluke stroke rate (fluke). E.d.f., effective de
grees of freedom; (ref.) d.f., (reference) degrees of freedom. Statistics for factor 
and smooth covariates are based on ANOVA and Wald-like tests, respectively. 
Only covariates with a p-value below 0.05 were interpreted.

Response 
variable

Predictor variable e.d.f. (ref.) d.f. F p

pNFA BF_2h – 1 21.6 <0.001
s(solarnoon) 3.4 5 9.3 <0.001
s(SELmax) 0.0 4 0.0 0.54
s(DISTmin) 0.0 4 0.0 0.75
ti(SELmax,DISTmin) 1.0 16 0.2 0.02
s(DISTmin_prev) 0.8 4 0.8 0.03
s(DISTmin_post) 0.7 4 0.6 0.06

buzz s(depth) 7.9 9 128.5 <0.001
s(solarnoon) 4.3 5 10.8 <0.001
s(SELmax) 0.9 4 1.5 0.005
s(DISTmin) 0.0 4 0.0 0.37
ti(SELmax,DISTmin) 0.0 16 0.0 0.68
s(DISTmin_prev) 0.3 4 0.1 0.22
s(DISTmin_post) 0.0 4 0.0 0.60

fluke state – 4 254.0 <0.001
BF_2h – 1 19.5 <0.001
SELmax:DISTmin – 1 0.4 0.51
s(SELmax) 0.0 4 0.0 0.06
s(DISTmin) 0.0 4 0.0 0.92
s(DISTmin_prev) 0.0 4 0.0 0.55
s(DISTmin_post) 0.9 4 3.0 <0.001
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Fig. 3. Predicted percentage of time spent in non-foraging active (NFA) state. Mean predictions for the a) first exposure session (DISTmin_prev 25 km) and b) 
subsequent exposure sessions (DISTmin_prev 5 km; the average observed value). Panels c and d show the corresponding upper confidence bounds, respectively. e-h) 
Same as panels a-d but illustrated as percentage change in p(NFA) relative to the estimate for the baseline data (assigned the back-transformed values of SELmax 60 
dB re 1 μPa2 s and DISTmin 25 km for ‘no response’). Predictions were generated using solarnoon 2 h, BF_2h true and DISTmin_post 25 km to represent the typical 
baseline condition (Fig. S2c). Dashed contour lines in panels a and e indicate the upper confidence bound of the baseline estimate. Circles indicate the data coverage 
(for clarity, only shown in panels b and f).
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initiated non-foraging active behaviour; the first at ~120 dB re 1 μPa2 s 
for whales within 5 km from the source and the second at ~150 dB re 1 
μPa2 s for whales within 13 km (Fig. 3a, e). When the whale had been 
approached by the source to 5 km in a previous sonar exposure session 
(i.e., the average value of DISTmin_prev), time spent in the non-foraging 
active state was predicted to increase further to 15 % (0.1–31 %; 3.7/35 
%) at SELmax 180 dB re 1 μPa2 s and DISTmin 1 km, representing a 4.3×
(− 1.0–9.6; 3.6/6.0) increase from baseline levels (Figs. 3, S3).

For the presence/absence of buzz starts (buzz) during foraging dives, 
modelling revealed strong evidence for effects of whale depth (F = 128.5, 
p < 0.001), time since solarnoon (F = 10.8, p < 0.001) and received 
SELmax (F = 1.5, p = 0.005) (Table 4). The sperm whales’ production of 
these foraging buzzes, which are indicators of prey capture attempts, 
was predicted to decrease from over 90 % of the 1-min time-bins at 2 km 
depth to nearly 0 % at the surface during baseline (Fig. 4d). Buzz 
presence was also predicted to decrease with increasing SELmax (Fig. 4c, 
e). For example, the predicted decrease from baseline levels to SELmax 
180 dB re 1 μPa2 s corresponded to from 26 % (95 % CI 19–32 %) to 17 % 
(9–25 %) at 500 m depth and from 88 % (84–93 %) to 82 % (73–91 %) at 
1.5 km depth (Fig. 4c). Based on the model predictions, we are 95 % 
confident that buzz production rose back to baseline levels for received 
SELmax below ~130–150 dB re 1 μPa2 s and most dive depths (Fig. 4c, 
e).

Modelling also supported effects of behaviour state (F = 254.0, p <

0.001) and presence of blackfish (BF_2h; F = 19.5, p < 0.001) on the 
fluke stroke rate of the whales (Table 4; Fig. S4). A post-exposure co
variate (DISTmin_post; F = 3.0, p < 0.001) in the model for fluke was also 
supported (Table 4). According to the model predictions, the extent to 
which the sonar exposure affected the whales’ stroking locomotor ac
tivity during post-exposure as function of the DISTmin of the exposure 
session was small (Figs. S4d, S4e).

4. Discussion

This study was designed to separate the potential effects of received 
level of sonar and source distance on the behavioural time series of 
sperm whales. After controlling for baseline variations in behaviour, we 
observed that naval sonar exposure was associated with 1) increased 
time allocations of the ‘active non-foraging’ behaviour state and 2) 
decreased buzz presence when whales kept foraging, indicating that 
whales made fewer prey capture attempts (which might be indicative of 
reduced foraging success). Overall, our data supported the hypothesis 
that both sonar received level and source distance were driving the 
behavioural response. Source distance was found to modulate the effect 
of received level on the time spent in the non-foraging active behaviour 
state (Fig. 3), but not on buzz rate (Table 4).

Our study provides further evidence that male sperm whales in a 
high latitude habitat respond to naval sonar exposure by reducing time 

Fig. 4. Model evaluation and predictions for the presence of buzz starts during foraging. a) Autocorrelation function of the within-individual residuals; b) receiver 
operator characteristic (ROC) curve constructed from the model-predicted buzz presence vs. observed buzz presence; c) mean predictions of buzz presence, shown as 
a percentage of the 1-min time-bins, with 95 % confidence intervals, for c) SELmax at four whale depths and d) whale depth at the two extremes of solarnoon; and e) 
predicted percentage change in buzz relative to the estimate for the baseline data (assigned the back-transformed value of SELmax 60 dB re 1 μPa2 s). Predictions in 
panels c and e were generated using solarnoon − 3 h to represent the typical baseline condition. Vertical line markers (panel c) or the dashed contour line (panel e) 
indicate the lower confidence bound of the baseline estimate.
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spent foraging. Short-term changes in foraging or in other fitness- 
enhancing activities have the potential to affect vital rates if such 
changes occur repeatedly, over long periods or during phenologically- 
important times, particularly for species with limited behavioural plas
ticity (Pirotta et al., 2018; Farmer et al., 2018). Naval sonar and its ef
fects may also interact with other anthropogenic stressors and their 
effects (Tyack et al., 2022; Orr et al., 2020; Pirotta et al., 2022). Whether 
such long-term effects are likely for male sperm whales in northern 
Norway is beyond the scope of this study and requires additional in
formation (e.g., on nutritional buffering capacity). Instead of a direct 
effect, acoustic interference of echolocation may also have caused the 
apparent change in buzz production during our experiments, especially 
during periods when the received single-pulse sound exposure level was 
above 140–160 dB re 1 μPa2 s (von Benda-Beckmann et al., 2021; Iso
junno et al., 2021).

The observed responses were very similar to those in previous 
behavioural response studies on sperm whales in the area, despite this 
study only reusing some of their baseline control data (Isojunno et al., 
2016; Miller et al., 2012; Isojunno et al., 2020; Isojunno et al., 2021; 
Curé et al., 2021). The main similarities with these studies were the 
overall type and magnitude of the responses, increased responsiveness in 
subsequent sessions (indicating short-term sensitisation), support for 
context factors related to whale depth, behaviour state and time-of-day, 
lack of effects of incidental and unidentified sonar (likely from distant 
sources), and high levels of unexplained variation. The main differences 
were the decrease in the probability of being in the non-foraging active 
state during baseline associated with blackfish detections, and overall 
reduced sensitivity compared to 1–2 kHz PAS experiments conducted in 
the same area in 2008–2009 (Fig. S1). Differences in the effect of 
blackfish on the probability of non-foraging active behaviour may have 
resulted from an overall higher prevalence of blackfish in our dataset 
from 2019, with detections noted for each tag record (Table 1), 
compared with previous years (Isojunno et al., 2020; Curé et al., 2021). 
Our methods for detecting blackfish (often faint acoustic or distant vi
sual detections) did not enable us to consistently identify the precise 
species of blackfish (or ecotype of killer whale) present. Therefore, it is 
possible that these differences may have been due to the (unknown) 
composition of the blackfish encountered, which can include potential 
predators in the form of mixed-diet killer whales as well as non-predator 
species (fish-specialist killer whales, long-finned pilot whales).

Overall reduced sensitivity compared to PAS experiments in 
2008–2009 was previously observed by Isojunno et al. (2020), who 
suggested that the sonar signal was a more novel presentation in 
2008–2009 when the Norwegian Navy had recently brought this low- 
frequency sonar system into service, though some detailed differences 
in the experimental sonar exposure protocols between 2008 or 2009 and 
2019 could also have led to reduced responsiveness to the sonar pre
sentations in the present study. However, the potential importance of 
the novelty of the sonar in the responsiveness of whales aligns with the 
relatively strong response of sperm whales during a naval exercise off 
eastern Canada in 2016 that was consistent with large-scale feeding 
cessation and area avoidance (Stanistreet et al., 2022). Those whales 
may have been less accustomed to sonar signals, as no other such sounds 
were observed at this and other recording sites in the region over a 2- 
year period (Stanistreet et al., 2022). Sperm whales are rapid social 
learners (e.g., (Whitehead et al., 2021)) so the whales in our study may 
already have learned to associate especially the distant sonar signals 
with a lower perceived risk, reducing their responsiveness to those sig
nals. However, a lack of response could also simply reflect a lack of 
options (Gill et al., 2001), and the most responsive animals might not be 
those that are most vulnerable to disturbance (Beale and Monaghan, 
2004; Burslem et al., 2022).

For whale responses to be affected by source distances of several 
kilometres, the whales likely use auditory cues to detect signals and 
estimate the distance to the source. The main auditory distance cues in 
humans and birds are based on frequency content, reverberation and 

received level of the sounds (Naguib and Wiley, 2001; Kolarik et al., 
2016). Human listeners fail to accurately estimate source distance for 
unfamiliar sounds, and their estimates improve with repeated exposure 
(Kolarik et al., 2016; Coleman, 1962). Less research on auditory distance 
perception has been conducted in cetaceans compared to humans, but 
bottlenose dolphins (Tursiops truncatus) also use at least high-frequency 
harmonic attenuation and reverberation to estimate distance (Mulsow 
et al., 2018). Familiarity with the signal may also help cetaceans with 
source distance estimation.

Most of the experiments were conducted by a navy frigate towing an 
operational sonar source. The higher source level was crucial for 
addressing the study objective. Use of the navy frigate also increases the 
operational relevance of the results, as it alleviates the concern that 
disturbance effects of actual exercises could be very different than those 
inferred based on extrapolations from less powerful sources. Caveats 
related to the use and availability of the operational source included 
minor differences in exposure characteristics compared with earlier 
studies (mainly a more rapid increase in source level during ramp-up 
due to a limited number of attenuation levels; Fig. S1), a research 
period with some darkness hours (unsuitable for tagging and visual 
tracking), and challenges during pre-cruise planning and in scheduling 
of experiments. The experimental phase had to be shortened on some 
occasions and sonar sessions were given priority over no-sonar control 
sessions when frigate availability was limited.

The low number of no-sonar sessions (n = 4; Table 1) did not allow 
for strong statistical inference about the vessel itself being a response 
driver. During these four sessions the foraging behaviour of the focal 
whales did not appear to have been significantly affected, similar to 16 
different sperm whales presented with such controls in previous studies 
using similar analyses (Isojunno et al., 2016; Isojunno et al., 2020). In 
other studies (Curé et al., 2021; Curé et al., 2016), no-sonar vessel 
approach sessions were associated with some changes in behaviour 
other than foraging but the probability and severity of these changes 
were lower than during sonar exposure sessions. The present work 
mainly focussed on foraging and thus did not consider all types of 
behavioural disturbance (e.g., social responses) that may occur due to 
sonar exposure.

High-resolution, multivariate timeseries data from animal-attached 
sensors are inherently challenging to analyse statistically. This study 
built upon the methodology developed by another study (Isojunno et al., 
2020) which it extended by using the ARMA(1,1) correlation structure 
to reduce residual autocorrelation. While our statistical approach can be 
considered advanced, several future methodological improvements are 
possible, at least theoretically. Uncertainty in the behaviour state esti
mation (step 1) could be carried over to the GAMM analysis (step 2) by 
using random draws from the posterior distribution of the Bayesian 
model and refitting the GAMM multiple times, in a bootstrapping 
approach to uncertainty estimation. Further, the two-step modelling 
approach could also conceivably be combined into one by incorporating 
the use of covariates into the state estimation process (e.g. (Klappstein 
et al., 2023)). Such an approach could have the added benefit of more 
fully describing the behaviour of the animals as it reduces concerns 
about multiple testing of the same behavioural responses.

Quantitative assessments of the potential consequences of noise 
disturbance on areas or cetacean populations often use received level- 
based dose-response functions that are derived from different sound 
sources and exposure contexts (e.g., (Farmer et al., 2018)). A better 
understanding of when and in which contexts source distance affects 
behaviour independent of received level should improve the accuracy of 
their predictions and result in more effective conservation management. 
This study adds to the growing body of knowledge on the distance- 
mediated behavioural effects of anthropogenic noise in cetaceans 
(Southall et al., 2016; Wensveen et al., 2019; Southall et al., 2019b; 
DeRuiter et al., 2013; Falcone et al., 2017; Dunlop et al., 2017) and 
provides important input to noise criteria and risk thresholds for 
behavioural disturbance (Accomando et al., 2024). Its empirical data on 
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sperm whale natural behaviour and responses can also be used to inform 
and provide input parameters to PCoD (population consequences of 
disturbance) modelling efforts (Pirotta et al., 2018; Farmer et al., 2018) 
which increasingly include effects of multiple stressors (Tyack et al., 
2022; Pirotta et al., 2022).
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