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Subsea power cables are expanding in number and capacity due to increasing demand to transport offshore
generated energy. Energy transported through a cable creates an electromagnetic field (EMF). Elasmobranchs are
dependent on their perception of the earth’s magnetic field and biologically induced electric fields, for orien-
tation, navigation, locating conspecifics and detecting prey. EMF levels from subsea power cables will add to
natural signals potentially disrupting elasmobranch perception, but the effects are not fully understood. Reported
behavioural responses include attraction, disturbance, and indifference, varying with exposure type, level and
experimental set-up. In this study, the effects of EMF on swimming behaviour of 14 individual small-spotted
catshark Scyliorhinus canicula were studied. All sharks were exposed to field-relevant EMF gradients cables in
three trials: 15.0 uT AC, 19.6 pT DC, and a control treatment. Sharks showed no startle response to EMF onset,
did not alter movement towards or away from the cable, and crossed it as frequently as in control trials. Hidden
Markov Models showed that behavioural states were best explained by EMF treatment, trial order and sex. Sharks
showed 25 % less time transiting during DC trials when compared to AC and control trials. These findings
indicate reason for further refined studies to better determine behavioural effects from direct current subsea
power cables with S. canicula, for example using tagging studies. In addition, exploring effects on other species
will help obtain a broader understanding of the potential impacts of EMF on benthic elasmobranchs.

1. Introduction time-varying magnetic field, while DC cables carry constant current,

producing a steady magnetic field that can interact with the Earth’s

Offshore energy production plays a crucial role in the transition to
renewable energy and is expanding rapidly. To scale up from 16 GW
offshore wind energy today, to 61 GW in 2030 and the projected 340 GW
by 2050 in European Union waters, subsea power cables (SPC) must
transport over 20 times more wind generated power (European Court of
Auditors, 2023; Wind Europe, 2023). SPC generate electromagnetic
fields (EMF) which consist of an electric field (between two charged
particles) and a magnetic field (between to magnetic poles). The direct
electric field is confined inside the cable due to shielding. The magnetic
field protrudes into the environment and generates an induced electric
field in flowing water, which is most notable for alternating current (AC)
and negligible for direct current (DC) cables. AC cables carry current
that periodically reverses direction (50 Hz in Europe), generating a
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magnetic field. As an EMF is a magnetic field generated around moving
charged particles, the electric and magnetic field components are closely
related. Naturally, magnetic fields are omnipresent, such as the Earth’s
magnetic field (25-65 pT), and create induced electric fields in the
marine environment (Gill et al., 2014; Hayakawa et al., 2004). In 2030,
an estimated 5.5 % of the Dutch continental shelf will be influenced by
SPC-generated EMF (Hermans et al., 2024). The range and intensity of
EMF depend on cable characteristics, amount of power transported, and
the power type e.g. AC or DC (Hutchison et al., 2021; Normandeau et al.,
2011; Taormina et al., 2018). Modelling indicates that EMF from export
SPC can be detectable above background levels, up to 60 m from high
voltage 220 kV AC (export) cables and up to 125 m for bundled (phase
conductors joint together) high voltage 525 kV DC cables, decreasing
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approximately as an inverse square of the distance to the cable. The
potential exposure of marine organisms to EMF depends on the burial
depth and the cable configuration. Cables that are buried deeper result
in lower EMF levels on the seabed and in the water column. Cables
within an offshore windfarm, or infield cables, are AC and have a
network-like structure. Conversely, export cables cross long sections
perpendicular to the coast and can be both AC (closer to shore) or DC
(further from shore). EMF from SPC might affect the way electro- or
magneto sensitive organisms perceive the environmental or biological
cues and it is therefore possible that this influences their behaviour.

Various marine taxa can detect electrical or magnetic fields,
including crustaceans, sea turtles, birds, mammals and fish, e.g. eel,
salmon and sturgeon (Albert et al., 2020; Nyqvist et al., 2020; Wiltschko
and Wiltschko, 2005). The only taxonomic group that is known to detect
both electrical and magnetic fields are elasmobranchs; i.e. sharks, rays
and skates (Anderson et al., 2017; Collin et al., 2015; Crooks, 2019;
Meyer et al., 2005). Elasmobranchs use bioelectric fields for detection of
predators, conspecifics and prey, and the geomagnetic field for naviga-
tion (local and long-distance migrations) (Ball et al., 2016; Kalmijn,
1971; Kempster et al., 2013; Klimley, 1993; Klimley et al., 2005; Newton
and Kajiura, 2017, 2020; Sisneros and Tricas, 2002). All species of this
subclass have highly sensitive ampullae of Lorenzini which are used for
electroception (Newton et al., 2019). It is not yet understood how
magnetic field reception works, but three empirical drivers are
hypothesised: (1) induction-based electroreception (2) magnetite-based
magnetoreception and (3) radical pair mechanism (Albert et al., 2022;
Anderson et al., 2017; Nyqvist et al., 2020). SPC routes intersect with
elasmobranchs’ habitat. This is especially relevant for bottom-dwelling
(benthic) elasmobranchs, as their close proximity to cables in the
seabed increases the rate of encountering elevated EMF (Hermans et al.,
2024; Hutchison et al., 2020; Orr, 2016).

Elasmobranchs play a vital role in many ecosystems, acting as a link
between various trophic levels and regulating prey populations
(Heithaus et al., 2008). Many elasmobranchs are threatened by
anthropogenic pressures such as bycatch in fisheries or habitat
destruction (Dulvy et al., 2021; Gallagher et al., 2012; Pacoureau et al.,
2021; Stevens, 2000). This makes elasmobranchs a priority taxon under
several regulatory frameworks including the Convention for the Pro-
tection of the Marine Environment of the North-East Atlantic (OSPAR),
the Common fisheries policy of the European Union, the Convention on
Migratory Species (CMS) and the Convention in Trade of Endangered
Species (CITES).

Elasmobranchs are highly electrosensitive and are reportedly able to
detect down to a threshold limit of 5 nV/cm (Kalmijn, 1971). The
magneto sensitivity is hypothesised to be at least 5 nT to perceive
changes in the earth magnetic field needed for local and large-scale
orientation (Hermans et al., 2024; Nyqvist et al., 2020). Behavioural
responses to EMF depends on species, intensity, cable characteristics and
frequency distribution of the signal (Bedore and Kajiura, 2013). A first
exploration indicates that elasmobranchs may be unable to discriminate
between artificial (dipole electrode) and natural (live crabs) EMF
(Kimber et al., 2011). A variety of behavioural changes could be elicited
from SPC-induced EMF during key activities such as foraging, mating,
and/or migration (Hermans et al., 2024; Hutchison et al., 2020; Taor-
mina et al.,, 2018). Mesocosm experiments indicated changes in
foraging, or exploratory behaviour and shifts in habitat use in
small-spotted catshark (Scyliorhinus canicula), thornback ray (Raja
clavata) and little skate (Leucoraja erinacea) (Gill, 2009; Hutchison et al.,
2020). Alterations in migratory patterns, such as course deviations and
delays have been observed in magnetically sensitive species such as
Chinook salmon (Oncorhynchus tshawytscha) and European eel (Anguilla
anguilla) (Ohman et al., 2007; Westerberg and Lagenfelt, 2008; Wyman
et al., 2018) and may also occur in elasmobranchs. Changes in activity
levels induced by anthropogenic EMF stimuli could lead to less time
foraging, reduced overall fitness, or an increased risk of predation due to
reduced mobility, as suggested from experiments with crabs (Scott et al.,
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2021). Repeated behavioural changes (e.g. delays in migration, reduced
swimming depth) when crossing export SPC might increase predation
risk and hinder migration, potentially delaying encounters with
important ecological cues like feeding or mating opportunities.

To study the potential effects of EMF on sharks, S. canicula (Linnaeus,
1758) was chosen as the test species due to its small size, hardiness and
high abundance. S. canicula is a demersal shark and is very common in
the north-east Atlantic (Compagno et al., 2005). It can be obtained
relatively easily as it is commonly caught as bycatch of commercial
fishing along European coasts (Revill et al., 2005) and is suited to be
held in captivity. It exhibits opportunistic scavenging feeding behaviour
as well as engages as an active predator, interacting with the substratum
to consume a diverse array of benthic species (Heessen et al., 2015;
Martinho et al., 2012; Santi¢ et al., 2012). It frequents sand, gravel, or
mud substrates, mostly from coastal areas down to depths of 400m
(Finucci et al., 2020), from the west coast of Norway down to the Sen-
egalese coast (Compagno et al., 2005). This shark is known to be elec-
trosensitive as shown by Kalmijn (1972, 1971) and Peters and Evers
(1985). While the magnetosensitivity of most shark species, including
S. canicula, has not been shown, its ability to detect electric fields sug-
gests that it might also be sensitive to magnetic fields, as these are
closely related senses in elasmobranchs (Nyqvist et al., 2020). The wide
habitat range and relatively small home range of S. canicula makes it
probable that SPC are encountered frequently, e.g. resulting in a high
rate of encounter (North Sea Energy, 2023; Ocean Biodiversity Infor-
mation System (OBIS), 2023; Papadopoulo et al., 2023; Rodriguez-Ca-
bello et al., 2004).

The objective of this study was to determine the behavioural re-
sponses of S. canicula to AC and DC generated EMF at levels comparable
to realistic in situ conditions around SPC. Sharks were exposed during
three trials, each separated by three weeks, to either an AC or DC
treatment, or a control. Spatial utilization disparities (attraction or
avoidance to EMF), frequency of EMF crossings, variance in distance
travelled, startle response, shelter use, and alterations in behavioural
states were quantified and compared to the control scenario.

2. Method & materials
2.1. Animals and holding conditions

In April 2023, 15 S. canicula were line-caught by anglers off the coast
of Port Logan (Dumfries and Galloway, Scotland, UK). Animals were
kept in fishing ponds prior to being transported to St Abbs Marine Sta-
tion. All animals underwent a visual health check upon arrival (ecto-
parasite presence, abrasions or lesions, and overall fitness) to ensure
animal condition and assess whether the animals were at the desired
level of fitness for participation in the experiments. Individuals were
subsequently sexed (17M:14F), weighed, measured (total length), pho-
tographed and tagged using T-bar anchor tags (Hallprint fish tags) to
allow for individual identification. All animals were held together in a
13 000 L tank measuring 7.5x1.7 x 1.0 m (LxWxH), provided with a
constant flow of ambient temperature seawater, pumped from the North
Sea in the Berwickshire Marine Reserve. Several recirculation filtration
systems (Tropical Marine Centre) were used, providing UV, mechanical
and biological filtration to the tank. Additional Fluval FX6 filters and air
stones were added to maintain good water quality and oxygen levels,
respectively. pH, ammonia, nitrite and nitrate were assessed weekly.
The holding facility had a transparent roof, allowing the animals to be
exposed to a natural photoperiod. Over the period of the experiment,
there were an average of 17.33 + 0.25 (sd) hours of daylight. Environ-
mental enrichment, in the form of PVC shelter tubes (@ 15 and 25 cm),
rocks and fronds of seaweed were provided. Animals were fed 3 % of
their bodyweight per week, late in the afternoon every other day, with a
diet of Californian squid (Loligo opalescens), king prawn (Pennaeus van-
namei) and sand eel (Amnodytes marinus). Any food left uneaten was
removed after 24 h and prior to the next batch of feeding. Supplements,
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including vitamins and iodine were added to the feeding regimen. Visual
welfare checks were conducted on each individual daily.

2.2. Technical set-up

The experimental tank was custom-built 15.0x1.65 x 1.60 m
(LxWxH), filled to a water level of 0.90 m and made of non-ferrous
materials (fibreglass and wood), with opaque sides to prevent any vi-
sual disturbances from outside (Fig. 1). All possible sources for elec-
tromagnetic interference were shielded with radio-frequency
identification (RFID) EMF shielding fabric (Lexiangnong, 20 % Nylon
copper, 80 % polyester mesh and Lvfeier, 100 % Nylon). Two PVC pipes
(Im (0.15 m) were placed at the 5 and 10 m mark to provide shelter
opportunities during the trials. To monitor behaviour during the trials,
16 remote controlled infra-red cameras (Reolink RLC-810A) were sus-
pended above the tank and recorded behaviour throughout the trials.
The cameras did not interfere with the geomagnetic or solenoid

(a)
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generated EMF. The water was controlled in a closed recirculation sys-
tem during the trials. Between trials, 50 %-100 % of the tank volume
was replenished with seawater, depending on the tide, with full ex-
changes only possible at high tides. Inflowing seawater was filtered
using filter socks to prevent sediment build-up.

The electromagnetic field was generated by two solenoids fixed to an
aluminium frame connected to a Keysight N6715C DC Power Analyser
with two 20 W Source/Measure units. Both solenoids were 1.9 x 2.9 m
(WxH) and contained 32 turns of 1.25 mm? copper wire. The solenoid
system was placed at the 5-m mark of the 15-m experimental tank, to
create an EMF gradient in the tank (Fig. 1). In the DC configuration, only
the lower solenoid was in use and the maximum field generated was
19.6 pT. The magnetic field levels were measured at 135 points in the
tank, before any experimentation began, with a Twinleaf VMR sensor
and SYNC4 data acquisition system (Fig. S1c). In AC configuration, one
solenoid was located on the horizontal frame and the other on the ver-
tical frame. By controlling the two solenoids, coupled with the same

Food odour
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Fig. 1. (a) Schematic overview of the experimental tank indicting the proportions, the location of the coil and the cameras above the tank. The solenoids (enclosed in
the black frame) are indicated by the power symbol in the black triangle and located at the 5m mark (b) Top view schematic overview of the experimental tank (15m
x 1.65m x 1.6m; L x W x H). Sharks were entered at one of three randomized entry points. Two PVC pipe shelters (1m, 25 @cm) were located in the tank at 5 and 10m
and the solenoid system (yellow line), to induce the EMF, was situated at the 5m shelter. Food odour was added at the start of treatment time (Fig. 2b) to promote
foraging behaviour, which was dispersed to the far ends of tank using a water pump. Black and white arrows indicate the water flow through the tank during
experiments. Green arrows indicate the entry points of food odour. An indication of the total magnetic field intensity for both DC, after subtraction of the
geomagnetic field (solid line) and 50 Hz AC trials (broken line) at the mid-width and bottom of the tank. Image created with https://BioRender.com. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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frequency of 50 Hz, but with a phase difference of 90°, a rotating field
was generated in the water volume around the frame, similar to a 3-
phase AC transport cable. By setting the amplitude of the current in
the horizontal solenoid twice as strong as the amplitude of the vertical
solenoid, a circular rotating field was created in the centre of the vertical
solenoid. The maximum AC magnetic field generated was 15.0 uT Root
Mean Square (RMS) (Fig. 1b and S1b in more detail). The difference in
AC and DC level can be explained by the physical changes in the coil
positioning. The magnetic field generator was designed and fabricated
by the Netherlands Organisation for Applied Scientific Research (TNO).
The magnetic field intensities were modelled to field measurements of
the high voltage 220 kV 50 Hz AC Borssele offshore wind export cable
(NL) and the high voltage 525 kV bundled DC Norned interconnector
cable, measured at 1m from the cable (minimum required burial depth),
data used with permission from T.S.O. TenneT. The average static
ambient field (geomagnetic field) in the experimental facility was 50.7
pT (Fig. S1a).

2.3. Experimental procedure

The number of sharks (15) was selected to ensure the experiment
could be conducted within a three-month period, minimizing potential
seasonal effects while maintaining sufficient explanatory power. One
individual died due to reasons unrelated to the experiment and was
subsequently excluded from the analyses. Each of the resulting 14 sharks
(weight: 587.7 + 83.2g, length: 55.3 + 6.1 cm), were used for three
trials in the experimental tank supplied with ambient seawater (13.2 +
1.2 °C, 33.9 £ 0.2 salinity ppt, 109.4 + 8.7 % dissolved oxygen):
receiving three treatments (one per trial) in a randomized order 1) EMF
resulting from AC, 2) EMF resulting from DC, and 3) EMF not powered
(Control). The experimental tank was thoroughly cleaned by siphoning
the waste out once halfway through the trials to remove sediment and
improve visibility. Pilot trials were carried out to determine the most
appropriate acclimatisation period, aimed at returning to ‘normal’
behaviour. The acclimatisation time was set accordingly for 1h:30m to
1h:45m (depending on the speed at which the animal was caught).
Considering the twilight and nocturnal activity pattern of S. canicula
(Papadopoulo et al., 2023), trials were conducted at dusk, starting
2h:45m before sunset (Fig. 2). This schedule was selected, as opposed to
nighttime trials, as preliminary trial runs indicated that the animal
tracking software was unable to identify the shark less than 45 min
before sunset due to a shortage of natural light and ineffectiveness of
infra-red. In treatment trials, EMF (either AC or DC) was remotely
activated for 2:00 h after acclimatisation, ending 45 min before sunset to
ensure proper animal tracking. On the day of the trial, the individual was
not fed, to ensure that it would respond to the olfactory incentive during
the trial. 500 mL of food odour was added to the experimental tank at
the start of the treatment period using a DD H20cean P1 dosage pump to
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promote movement and foraging behaviour during the trials. The ol-
factory stimulus was prepared by defrosting five frozen king prawns
(Pennaeus vannamei) in 500 mL seawater. This was added at the inflow of
the circulation pump allowing the odour to enter the experimental tank
through the outflow at both ends of the tank (Fig. 1 bottom). A shark was
released in the experimental tank at a randomly selected position, either
in the middle or one of the far ends, to mitigate entry-side bias. A
minimum interval of three weeks between trials was selected for each
individual to ensure sufficient time for the sharks to regain naivety, and
avoid habituation, based on Kimber et al. (2014). The order of trials was
randomized, as an animal being introduced to a novel arena may not
behave in the same way than when introduced to the same arena again
(Dhellemmes et al., 2021; Finger et al., 2016). The animal remained in
the experimental tank until the next morning when it was returned to
the holding tank.

2.4. Data processing and analysis

The footage recorded from each camera was stitched together using
Adobe Premiere Pro (version 22.2.0) to one 3h45m file (acclimatisation
and treatment) with a full overview of the entire experimental tank.
Sharks in each trial were tracked 25 times per second using Ethovision
XT Pro software by Noldus, resulting in a single file with x and y co-
ordinates over time for each trial. The tracking was conducted auto-
matically with the software and manually adjusted when the software
failed to identify the shark due to decreased light availability, splashing
of the water surface or proximity of the animal to the experimental
tank’s edge. Further analyses were carried out using R (4.2.1). Initial
exploration of the data was done using heatmaps and showing the tra-
jectory of the shark in each trial. The behavioural parameters explored
were: [1] distance to the highest EMF level in the gradient in cm
(hereafter: EMF highpoint) [2] times crossing the EMF highpoint per km
travelled [3] total distance travelled per hour [4] startle response
(immediately visible response) when EMF was turned on after accli-
matisation period (yes/no) and [5] shelter use in minutes. The accli-
matisation period was not included in the data analysis as shark
behaviour was expected to be influenced by handling. The unit crossings
per km was selected (parameter 2) as sharks exhibiting higher swim-
ming activity would inherently encounter the EMF more frequently and
thus the number of crossings was normalized by dividing it by the total
distance covered. We analysed these response variables in generalized
linear mixed models with a Gamma error distribution and log-link
function. Sharks’ ID were included as random effect, and their body
length (cm), weight (gram), sex, EMF treatment (AC, DC, Control), order
of the treatments, and interaction between weight and EMF treatment as
covariates in the full model. The best model was selected based on the
lowest AICc score of all possible covariate combinations. When EMF
treatment was not part of the best model, it was added to the final model

start stop
recording recordlng
-05:00h -04:00h -03:00h -02:00h -01:00h sunset
| | | 1 | I | 1 | ] | | 1 1 | 1
16:42 - 21:27 -
17:13 21:58
GMT GMT

Fig. 2. Overview of the time schedule used during the trials. Time of entry was between 4h45m and 4h30m before sunset, after which sharks were given 1h45m to
acclimatize to the new environment. The treatment lasted 2h and finished 45m before sunset to ensure proper light conditions for cameras. Food odour was added at
the start of experimental treatment to promote foraging behaviour. Trials ran from May 22nd until July 14th’ 2023.
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anyway because the study was designed to get insight into EMF effects.
The final models were ran and all covariate effects reported. For the EMF
treatment effects, a Tukey post hoc test was conducted for pairwise
comparisons. Environmental factors could have influenced activity
levels (Hyatt et al., 2018; Papadopoulo et al., 2023; Schlaff et al., 2014)
but these factors showed limited variation over the experimental period,
and were therefore not included in subsequent analysis. Individual
factors such as sex, body length, and weight, which may have impacted
overall behaviour and specifically foraging behaviour (e.g. researching
different food types and sizes) were used in analyses (Papadopoulo et al.,
2023; Rodriguez-Cabello et al., 2004; Santi¢ et al., 2012; Sims et al.,
2006).

Discrete-time hidden Markov models (HMMs) were used to examine
if the EMF treatment affected the time spent in various behavioural
states by the sharks. The HMMs were applied in R using the package
‘momentuHMM” (version 1.5.5; McClintock & Michelot, 2018). Initially,
the sharks’ horizontal step length (speed) (Fig. 3a) and turning angle
(Fig. 3b) were used to fit the HMMs, but because the swimming
behaviour and derived behavioural states were strongly influenced by
the corners of the experimental tank, a variable stating whether the
shark was within 1 m from one of the far ends of the experimental tank
was added (Fig. 3c). HMM null models were fitted with 1 up to 4 states
and the AIC scores were compared to determine the number of behav-
ioural states that were best supported by the models. The model with 4
states had the best fit (Table S1) and the behavioural states were labelled
as follows: (1) Inactive; low step length and a flat distribution of turning
angles, (2) Locally active; moderate step length and a low degree of
directionality, (3) Transiting; large step lengths and highly directional
swimming, (4) active swimming at the ends of the experimental tank,
moderate step length and a low degree of directionality, confined within
1 m of the experimental tank ends (Fig. 3). Combinations of the cova-
riates EMF treatment (AC, DC, Control), order, weight, sex, and length

b
Step length distribution

(o
Turning angle distribution
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were added as state transition probability covariates to select the best
fitting model. Comparison of AIC scores indicated that the inclusion of
Treatment, Order, and Sex resulted in the best fitting model (Table S2).
For this model, stationary state probabilities with 95 % confidence in-
tervals were determined. When intervals of two levels of a covariate did
not overlap, these levels were considered significantly different.

3. Results
3.1. No evident attraction or avoidance

Overall, considerable inter- and intraindividual variation in sharks
behaviour during EMF exposure was observed (Figures S2, S3 and S7).
The mean distance from the EMF highpoint (mean + standard devia-
tion) was measured at 594 + 182 cm for AC, 514 + 171 cm for DC, and
586 + 199 cm for the control group. These differences were not signif-
icant (all pairwise comparison p-values >0.34, Fig. 4 top panel, distance
to EMF), suggesting no attraction or avoidance behaviour. The weight of
the shark was part of the best model and had a non-significant negative
correlation with the distance from the EMF (intercept: 6.46, slope =
—1.35*10~*, p-value: 0.65). The number of EMF highpoint crossings per
km was 44.6 + 21.3 for AC, 41.4 + 26.2 for DC, and 43.2 + 21.8 for
control treatments, with no significant difference (all pairwise com-
parison p-values >0.99, Fig. 4 middle panel, number of times EMF
highpoint crossed). The weight of the shark was part of the best model
and had a non-significant positive correlation with the number of
crossings (intercept: 2.98, slope: 1.39*10-3, p-value: 0.45). The distance
travelled per hour was 622 + 344 m for AC, 590 + 553 m for DC, and
569 + 435 m for control treatments. These differences were not signif-
icant (all pairwise comparison p-values >0.99, Fig. 4 lower panel, Dis-
tance travelled) The weight was again part of the best model with a non-
significant positive correlation with the distance travelled (intercept:

Far ends distribution

0.020 —" 0.8 064

0.0154 0.6 - Behavioural state
> 0.4 Inactive
% 0.010 0.44 Locally active
o Transit

0.24
0.005 4 0.2 1 Active in tank end
0.000 VAR e S 0.04 A & 0.04
0 25 50 15 100 -2 0 2 No Yes

Step Length (m/s)

Turning angle (radians)

Close to the far ends

d
Swimming pattern (example)
Individual 'SCA052' | 2:35 - 2:40 (h:mm) after the trial start
1.5 4
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; 0.54 .:‘_—‘_‘/?//_:>”<: . e’m&r-\.‘
OO e T T T T
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Fig. 3. Distribution of step length (a), turning angle (b), and being in the tank end (c) of the four behavioural states (colours) a classified by the hidden Markov model
(HMM). We used the behavioural state *Active in tank end’ (yellow) to compensate for the ‘tank effect’: forced turning behaviour at the ends of the tank. (d) An
overview of a 5-min swimming track, with the classified behavioural states. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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DC Control
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)
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Fig. 4. Violin plots showing the mean distance to the centre of the electromagnetic field (EMF) (top), the number of times the centre of the (EMF) was crossed per km
travelled (middle), and total distance travelled in meters per hour (bottom) for alternating current (AC), direct current (DC) and control treatments. Top and bottom
figures are corrected for total treatment time as some trials were cut short due to a lack of visibility. No statistical significance was found between the treatments in all
three parameters. The control trials are close to a random distribution as the experimental tank housed an a-symmetric setup which resulted in relatively more data

closer to coil (0-5 m) than far from the coil (10-15 m).

5.81, slope: 1.07*1073, p-value: 0.73). Furthermore, there were no
startle responses (indicated by a sudden change in behaviour) observed
when the EMF was turned on after the acclimatisation period. During the
trials, only two sharks made use of the shelters for 59 min (SCA069, trial
29, Control) and 8 min (SCA069, trial 43, DC) respectively, both during
the acclimatisation period, indicating that EMF did not increase shel-
tering behaviour. Because of the lack and scarcity of startle responses
and hiding behaviour respectively, no inferential statistics were

performed here.

3.2. Changes in behavioural states

Overall, on average, sharks spent almost half of the trial time being
inactive, a quarter of the time transiting, and the remainder of the time
was spent active in the tank ends or locally active. During the DC
treatment, sharks were spend significantly more time being inactive, and
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spend significantly less time transiting and moving at the experimental
tank ends, compared to both AC and control conditions (Fig. 5). The
total distance covered during the trials did not differ significantly (Fig. 4
lower panel), indicating a higher swimming speed for sharks under DC
conditions when active. This is also evident from the step length dis-
tribution during the locally active and transit states, with longer step
lengths during DC trials (Fig. 6 for all states). Sharks were mostly
inactive during the first trial, which significantly changed as the number
of trials progressed, regardless of the treatment order which was ran-
domized (Fig. S4). No significant effects of sex on the time spent in the
different behavioural states was found (Fig. S5).

4. Discussion

Behavioural responses of S. canicula to SPC-related EMF stimuli were
studied in a controlled experiment. No attraction or avoidance behav-
iour was observed in response to EMF exposure, nor were any differ-
ences detected in spatial utilization. No shark showed a startle response
when turning on the EMF and there was no reluctance to cross the EMF
or alterations in shelter use. Based on HHM analysis, sharks subjected to
the DC EMF showed a 25 % reduction in transiting time coupled with an
30 % increase in inactivity and on average higher swimming speeds.

4.1. Movement behaviour

There were no signs of attraction or avoidance to EMF, contrary to
suggestions by other studies with comparable field intensities. Barry
et al. (2008) showed anecdotal evidence attraction of 126 longnose
skates (Raja rhina) around an unused power and data cable (MARS, no

Stationary state probability
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Fig. 6. The step length distribution, as histogram, during the experimental
treatment, for the locally active and transit behavioural state only. For the DC
trials a higher amount of larger step lengths can be seen, indicating a higher
swimming speed when they are active.
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Fig. 5. The stationary state probability of the behavioural states of the 14 sharks during the experimental treatments. This is the Hidden Markov Model (HMM)
output for the best model fit which included the parameters treatment, sex and trial order. The error-bars represent the 95 % confidence interval, when the error-bars
of different treatment do not overlap, there is a significant treatment effect. The sharks were significantly more inactive, transited less, and spend less time active in

the tank ends during the DC treatment.
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cable specifications provided), but no such aggregation was shown when
the cable was in use suggesting there no longer was an attraction to the
SPC. Gill et al. (2009) showed attraction to a 50 Hz offshore wind AC
cable with exposures up to 8 pT and decreased movement near the cable
in S. canicula. In accordance with our findings, Hutchison et al. (2020)
demonstrated no clear attraction or avoidance in Leucoraja erinacea in a
mesocosm experiment above a live DC cable (14 puT), but did see
increased exploring/foraging behaviour based on spatial distribution,
total distance travelled, speed of movement and proportions of large
turns. In our study, if there was attraction to AC or DC, we would have
expected to see a shorter mean distance to cable, or more crossings of the
solenoid midline, which were not significant. Individuals crossed the
cable as frequently in all treatments, so the EMF levels associated with
SPC did not serve as a barrier. EMF-deterrence devices can serve as
barrier, but this was shown at ~250 000 uT, which is 10° higher than the
EMF intensities used in this study design (Doherty et al., 2022; O’Con-
nell et al., 2014a; 2014b; Smith & O’Connell, 2014).

Conversely, there was a change in time spent in the behavioural
states in the DC trials, where individuals on average spend 30 % more
time inactive and 25 % less time transiting. This observed decrease in
activity for DC exposure contrasts findings of other studies, involving
different species or power systems. For instance, in a mesocosm exper-
iment, little skates (Leucoraja erinacea) exposed to a comparable EMF
level (14 puT DC) showed altered swimming time, with effects varying by
exposure sequence (3 % increase or 29 % decrease) (Hutchison et al.,
2020). Juvenile thornback rays (Raja clavata) exposed to a >20 times
higher DC stimulus (450 pT), in a study by Albert et al. (2022),
demonstrated a time-dependent 20 % increase in activity, showing only
a response in the afternoon and not in the morning, differing from this
study’s results. In a choice experiment, Kimber et al. (2011) found a
significant preference of S. canicula for stronger DC fields (90 pA,
resulting in a higher magnetic field level), as opposed to lower DC fields
(9 pA, resulting in a lower magnetic field level). In this case, uT cannot
directly be calculated from pA as the coil turns, distance, and medium
properties are not known. The experiment of Kimber et al. could indicate
that stronger DC fields resulting from e.g. unbundled SPC might result in
different effects than observed in our study. Gill et al. (2009) observed
decreased movement in a mesocosm experiment with S. canicula, which
seems comparable to findings in this study. However, the SPC in the
study of Gill et al. was an AC cable, and although of comparable EMF
intensities (maximum of 8 pT), the data from our study did not show
behavioural differences during AC exposure. Atlantic lumpfish (Cyclo-
pterus lumpus) show a comparable decrease of swimming velocity by 16
% when exposed to a 230 pT DC EMF. Comparable to our study,
swimming activity and distance travelled were not affected in the
lumpfish (Durif et al., 2023).

The observed differences between results obtained from this study
and others may be caused by differences in study design, species-specific
responses or exposure levels. For instance, the EMF levels employed by
Albert et al. (2022) were >20 times higher (450 pT) as may be seen in
unbundled DC cables. The magnitude difference in exposure could have
led to a different response, depending on the unknown EMF
dose-response curve. Additionally, Albert et al. (2022) studied juvenile
Raja clavata, while we examined adult S. canicula; sensory abilities vary
with age and species due to life history traits like mating and foraging.
Almost all studies reported high inter-individual variability and a small
sample size, which likely also contributed to the observed differences.
Although the individual differences make it more difficult to determine a
population mean, they might be indications of behavioural phenotypes
in response to EMF. Stuber et al. (2022) described that those differences
in movement, habitat use, and home range behaviour make up spatial
personalities; behaviours that might be influenced by EMF. Consistent
intraindividual differences, or personalities (Roche et al., 2016), might
help species to adapt to increasing anthropogenic stressors by rapid
behavioural adaptation due to differences in stress response (Smith and
Blumstein, 2013; Stuber et al., 2022). For example, shy and bold
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behavioural phenotypes may respond differently to an SPC EMF. If one
of these trait-related responses results in reduced fitness of one trait, this
could lead to impact at population level.

Another explanation for the different findings between studies is that
the dose-response curve of elasmobranch responses to EMF may not
follow a traditional S-shaped pattern. Instead, it might exhibit an
inverse-parabolic U-shaped curve where very low stimuli mimicking
natural EMF signals and very high stimuli overloading the system may
induce behavioural changes, but medium levels may not elicit a signif-
icant behavioural response. The limited availability of studies, differ-
ences in study design, combined with a potential non-chromatic dose-
response curve, necessitates caution in interpreting the study results,
rendering them preliminary in nature.

4.2. No startle response or shelter use

No direct effect of the EMF onset was observed in the trials. Sharks
that were lying in the vicinity of the EMF at the time of it being turned on
did not change their behaviour instantly. This suggests that the EMF
levels used where not sufficient to elicit an immediate behavioural
response in contrast to the responses to 10° times higher exposure levels
used from pulse fisheries or shark deterrence devices (Boute, 2022; De
Haan et al., 2009; O’Connell et al., 2014a,2014b; Smith and O’Connell,
2014). However, it cannot be excluded that an unobserved stress or
freeze response occurred. Combining biologging tags to monitor physi-
ological stress indicators—such as respiratory rate, heart rate, and
stroke volume—with video analysis can enhance our understanding of
stress responses that do not manifest as overt movements (Barkley et al.,
2020; Laurioux et al., 2024; Meira et al., 2024).

Additionally, the animals did not make more use of the shelter in any
of the treatments. Increase in sheltering versus roaming behaviour under
the influence of EMF has been observed in edible crabs (Cancer pagurus),
at EMF field intensities that were an order of magnitude higher than
those used in this study (>500 pT) (Scott et al., 2021). Our experiment
was conducted during the twilight period, chosen for heightened shark
activity (Papadopoulo et al., 2023). Sheltering behaviour was not ex-
pected during the trials, as it was only observed during the daytime in
the holding tank, consistent with natural behaviour. Any alterations in
daytime sheltering behaviour during the trial may therefore have been
an indication of stress of discomfort.

4.3. Influence of trial order, sex and body length

In the observed trials, treatment, order, and sex emerged as primary
predictors of shark behavioural states, with body length also presented
as a potentially contributing factor. The order of trials significantly in-
fluences behaviour, as sharks showing more exploratory behaviour in
subsequent trials, even though trials were spaced by > 3 weeks. Evi-
dence suggests that elasmobranchs can retain knowledge of a novel area
for extended periods, e.g. showing the retention of visual cues for >50
days(Brown and Schluessel, 2023; Fuss and Schluessel, 2015). While the
first experience in the experimental tank might have been highly novel,
familiarity with the tank or procedure likely increased during subse-
quent trials, shown by more locally active and transit and less inactive
behaviour (Fig. S4). This is in line with observations in lemon sharks
(Negaprion brevirostris) displaying increasing rate of movement and
exploratory behaviour over repeated introductions in the novel arena
(Dhellemmes et al., 2021; Finger et al., 2016). Three weeks might still
have been sufficient for re-naivety to EMF cues, as wild sharks
frequently encounter varying EMFs from shifting prey and conspecifics
conditions, while habitat appearance remains more stable. Conversely,
evidence suggests yellow stingray (Urobatis jamaicensis) can retain EMF
memory for 180 days when conditioned to associate a magnetic field
with a food reward, highlighting the need for more understanding on
how EMF us used by different species of elasmobranchs (Newton and
Kajiura, 2017).



A. Hermans et al.

Even though no direct significant effect of sex and EMF treatment
was found, including sex gave a higher explanatory power in the se-
lection of the model. This indicates that sex might play a role in
explaining variation in behaviour, either by differences in behaviour
between sexes in general, or by sex-specific responses to EMF-fields
(Table S2). To disentangle this further, a follow-up study with larger
sample size per sex would be needed. Especially, as research shows
sexual dimorphism in the ampullae of Lorenzini (Kempster et al., 2013),
and male S. canicula are reported to have longer ampullae and alveoli,
higher number of alveolar bulbs, larger sensory epithelial surface areas
and a greater number of sensory receptor cells in the ampullae than
females (Crooks and Waring, 2013) which is believed to increase the
capability of males to detect females. In addition, sexual behavioural
dimorphism in relation to electric stimuli has been shown and is linked
to differing reproductive strategies and resultant sexual conflict (Kimber
et al.,, 2009; Rodriguez-Cabello et al., 2007; Sims et al., 2001). The
interaction between sex and EMF-response may be an interesting focus
for future studies.

Shark body length shows a relation with treatment response
(Table S2). Older, and thus larger, sharks have a lower electroreceptive
resolution, as the pores grow further away from the ampullae, and will
gain in receptor sensitivity and a larger sensory field that samples a
greater area (Newton et al., 2019). As the older/larger sharks have a
changed sensitively to EMF, they could respond differently to the EMF
resulting from SPCs. Alternatively, larger individuals may have higher
cruising speeds, potentially resulting in the same distance travelled
when related to as body lengths per second. In the wild, larger sharks
were found to exhibit reduced activity space, indicating that as length
increased, their range of movement decreased (Papadopoulo et al.,
2023). This could imply that the relation between body size and treat-
ment response is not EMF related, contrary to what our data suggest.

4.4. Implications for future studies

The results of this study indicate that DC induced EMF reduces shark
activity with 25 %. It is important to acknowledge that the study design
does not fully addresses the potential impact on foraging, including
factors such as prey masking and fruitless foraging in EMF due to false
suggestions of prey presence. For example, a different experimental set-
up, with live prey or a choice-experiment could provide more infor-
mation on the effects of EMF in relation to foraging (Hubert et al., 2021;
Kimber et al., 2011; Williams et al., 2023). Our experimental set-up did
not allow for the measuring of changes in swimming depth as reported in
a mesocosm study by Hutchison et al. (2020). The parameter depth
could be recorded by including side-angle cameras or tagging in-
dividuals with a depth sensor (Ellis et al., 2019; Sims et al., 2006) and
would increase the understanding of potential EMF effects. Lastly,
further research is recommended to explore how behavioural responses
vary among species and life stages with differing traits, such as habitat
use or food choice. Behavioural responses to electromagnetic fields may
vary between species, especially those with different migratory patterns.
Species that undertake long-distance migrations, unlike the more
localized movements of our study species, could perceive and react
differently to changes in their magneto sensitive environment. Studies
using tags with a magnetometer and depth sensor could provide further
insight in the effect of EMF on migration.

The absence of data on habituation of EMF from SPC in adult in-
dividuals, both in this study and others, precludes an assessment of
cumulative EMF impacts. For example, if a shark reduces its movement
by a third every time it comes across a cable during migration, the
accumulated time lost might have a larger negative effect on the
migration goal than when it habituates and does not slow down. In
addition, it is not known if the reduction measured in the lab will also
occur in the field, and what the duration of the reduction will be. To the
contrary, if the shark does habituate to SPC EMF cues, this might impair
the sensitively to natural EMF cues and result in reduced foraging
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success or disturbed conspecific interaction. It is likely that sharks can
habituate to stimuli, as habituation is one of the most primitive learning
mechanisms (Heinrich et al., 2022). However, habituation does not
necessarily exclude the masking of relevant (EMF) cues.

It is believed that sharks can learn and ignore electric stimuli
repeatedly not resulting in prey capture as shown in a laboratory study
by Kimber et al. (2014). In their natural habitats, there is also evidence
of learning to ignore non-profitable stimuli, as for example low yielding
foraging patches or hard-to-catch prey (Heinrich et al., 2022). However,
habituation might be less likely as there is a large temporal and spatial
variability in EMF from SPC and habituation most often occurs if the
repeat exposure has comparable stimuli (Hutchison et al., 2021). An
experimental design focussed on possible habituation for the above
mentioned different potential effects is relevant for environmental risk
assessments and should address EMF effects on different life stages,
especially embryogenesis and migration (Hermans et al., 2024).

5. Conclusion

This study showed no attraction or avoidance behaviour by adult
S. canicula to field-relevant exposure levels of EMF. No change in shelter
use, startle response or number of cable crossings was observed. We
observed 25 % less swimming activity, and correspondingly more
inactivity in sharks exposed to a DC field. As the animals covered the
same distance, this indicates an increased swimming speed when active.
It is advised to study whether this behavioural change is a stress
response and whether habituation would occur after longer or repeated
exposure to variable field intensities. Additionally, insights should be
gained in differences in effects of EMF exposure to species with other
ecological traits. Ideally, the behaviour of sharks around DC cables
would be studied in the field using pop-up or archival tags for movement
and EMF intensities.
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