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A B S T R A C T

Subsea power cables, required for offshore generated wind power transport, emit electromagnetic fields (EMFs) 
into the marine environment. EMFs also occur naturally, resulting from biotic (animals) and abiotic (geomag-
netic field) sources. Skate and oviparous shark embryos in the egg can sense EMF from predators and respond by 
reducing their normal movement (‘freezing response’) to prevent detection and subsequent predation. When 
nursery areas overlap with power cables, embryos will be exposed to varying levels of anthropogenic EMFs and 
effects thereof on embryonic development is currently understudied. Here, we present behavioral responses of 
thornback ray (Raja clavata) embryos to varying field-related EMF levels (1.8–4.6 μT) generated by alternating 
current throughout embryogenesis (~20 weeks). Chronically exposed individuals were overall more active, 
including 33 % more tail undulations and 150 % increased body movements, compared to non-exposed in-
dividuals. This increased activity suggests that eggs exposed to EMFs generated by subsea power cables might be 
at risk of increased predation. We found no indications of reduced health or survival after hatching, or changes in 
development time or biometry. Effects on subsequent life stages cannot be excluded, follow-up studies should 
observe hatchling development. We did not observe an increase in freezing response resulting from EMF change 
as described by other researchers who used different types and intensities of EMF cues. We recommend that 
different species, along with DC exposure, should be studied to gain a more complete insight into the potential 
effects of EMF exposure during embryogenesis of these EMF-sensitive species.

1. Introduction

The offshore energy transition plays a crucial role in the transition to 
sustainable energy production (European Court of Auditors). Offshore 
wind energy generation will be upscaled from 16 GW as of 2024, to 61 
GW in 2030, and is projected to be 340 GW by 2050 in European Union 
waters (European Court of Auditors), (Wind Europe). The 
wind-generated power is transported to shore with subsea power cables 
(SPCs) (Taormina et al., 2018), (Boon et al., 2019), of which there are 
both alternating current (AC) and direct current (DC) power systems 
deployed at sea. For export cables connecting windfarms <70 km from 
shore and for infield cables connecting turbines within a windfarm to the 
offshore high voltage station (OHVS), three phase AC SPCs are most 
commonly used (Taormina et al., 2018), (Elliott et al., 2016), (Hutchison 
et al., 2021). The range of perceptible magnetic fields produced depends 
on cable type and power level transported and could reach up to 120 m 

around AC cables and up to 240 m around DC cables (Hutchison et al., 
2021), (Hermans et al., 2024). The expansion of offshore wind genera-
tion and concomitant increase in number, capacity, and length of SPCs 
will increase anthropogenic EMF exposures that may impact marine life 
in general and the electro- and magneto-sensitive elasmobranchs (sharks 
and rays) even more (Hermans et al., 2024).

Elasmobranchs use EMF cues in foraging and activities such as in-
teractions with conspecifics and navigation during migrations (Kalmijn, 
1971), (Newton et al., 2019), (Kajiura and Holland, 2002), (Sisneros and 
Tricas, 2002a). However, it is poorly understood how oviparous elas-
mobranch embryos might be affected by exposure to EMFs from SPCs 
(Kempster et al., 2013), (Ball et al., 2016), (Christensen et al., 2023). 
Over one third of elasmobranch species are oviparous (Musa et al., 
2018), (Compagno et al., 2005), (Dulvy and Reynolds, 1997), (Hamlett 
and Koob, 1999), and the developing embryos can respond to and thus 
sense EMF cues already from an early developmental stage. Ball et al. 
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(2015) showed that Thornback rays (Raja clavata) respond to 0.61 
mV/cm (RMS) at 1–2 Hz already at one-third of the embryonic devel-
opment (Ball et al., 2016). It is suggested that this early sensory ability 
serves to detect potential predators (Christensen et al., 2023), (Paoletti 
et al., 2023). The freeze response resulting from an external EMF stimuli, 
reduces emission of EMF from the embryo itself and reduces emission of 
olfactory cues from the egg which could otherwise be detected by 
predators (Kempster et al., 2013), (Ball et al., 2016), (Christensen et al., 
2023), (Paoletti et al., 2023). A freeze response is characterised by 
temporarily ceasing pharyngeal respiration while coiling the tail around 
the body (Kempster et al., 2013), (Sisneros et al., 1998), (Ripley et al., 
2021). For example, Brownbanded bamboo shark (Chiloscyllium punc-
tatum) embryos show a freeze response when exposed to 
predator-mimicking electric fields (0.4–2.1 μV/cm at 0–20 Hz) 
(Kempster et al., 2013). The ability to detect EMFs early in the devel-
opment of egg cases could disrupt the normal development of elasmo-
branch embryos when developing within the field of anthropogenic 
EMFs.

Elasmobranch egg cases are generally deposited close to the seabed 
in coastal areas (Heessen et al., 2015), (Franco and Thomson, 2016), 
(Martins et al., 2018). These areas are often also suitable for SPCs, 
resulting in an overlap of cable routes and nursery areas. IOffshore 
windfarms have the potential to attract elasmobranchs to deposit their 
eggs because of newly formed reefs and the absence of bottom trawling 
(Rodríguez-Cabello et al., 2008), (Coolen et al., 2020), (Degraer et al., 
2020). However, chronic EMF exposure due to the SPCs could have 
adverse effects on embryonic development (Hermans et al., 2024). The 
sessile egg cases are not likely to move, and when deposited close to an 
SPC, the EMF exposure encompasses the whole of embryogenesis. The 
freezing response to avoid being detected by predators is believed to be 
triggered by the electric component of EMF, induced by the muscle 
activity of an approaching potential predator. In case of EMFs near SPCs, 
this refers to the induced electric field, as the direct electric field is 
shielded within the SPC. Induced electric (iE) fields are considered to be 
low, in the order of magnitude of 10− 4 to 10− 5 V/m (Hutchison et al., 
2020a), (European Commission, 2015). However, Small-spotted cat-
shark (Scyliorhinus canicula) embryos have demonstrated a response to 
fields as low as 2.10− 4 V/m (Paoletti et al., 2023). The electric field 
levels emitted by SPC overlap with those of predators, which are also in 
the order of magnitude of 10− 4 to 10− 5 V/m, depending on the activity 
and size of the predator (Bedore and Kajiura, 2013). Therefore, artificial 
electric fields might be mistaken for predators as research has shown 
that (at least some) elasmobranchs cannot distinguish between artificial 
and natural EMFs (Kempster et al., 2013), (Kimber et al., 2011).

Given the inherent variability of SPC EMFs on both short (minutes) 
and long (hours to months) timescales - driven by the wind forces 
generating electricity – it’s unlikely that habituation to EMF occurs 
during embryogenesis. (Hermans et al., 2024), (Hutchison et al., 2020b). 
Christensen et al. (2023) observed habituation by embryos of Scylio-
rhinus canicula when continuously exposed to DC electrical stimuli in a 
range between 1 μA and 10 mA for 40 min. Most notably, embryos 
reacted with a freeze response to a change in electrical field, when the 
field was turned on and again when it was turned off, rather than just the 
presence of an electric field. Actively responding to these changing EMF 
levels may increase energy demands that then in turn may affect growth, 
development (time) and require a higher yolk consumption (Formicki 
et al., 2019), as has been demonstrated in other marine taxa (Paoletti 
et al., 2023), (Formicki et al., 2019), (Harsanyi et al., 2022), (Formicki 
and Winnicki, 1998), (Brysiewicz and Formicki, 2019), (Fey et al., 
2019), (Fey et al., 2020). If embryo development is impeded, hatchlings 
may be smaller in size which has a negative influence on pup survival 
(Walker et al., 1998), (Matich et al., 2021), (Leonard et al., 1999), 
(Holmes and McCormick, 2010). Other potential effects include a 
change in EMF sensitivity after hatching due to epigenetic imprinting as 
was shown in elasmobranchs for other stressors, such as temperature 
and trace metals (Ripley et al., 2023), (Paige Beal et al., 2021).

The batoid Thornback ray Raja clavata (Linnaeus 1758), a common 
ray species in the North Sea, was selected as the study species due to its 
oviparous nature and the potential overlap of its nursery areas with SPCs 
(Hermans et al., 2024). The development time of Thornback ray embryos 
ranges from 5 to 11 months, depending on temperature (Clark, 1922), 
(Serra-Pereira et al., 2011). For this species EMF impact studies on ju-
veniles and adults have also been carried out before (Gill, 2009), (Albert 
et al., 2022), allowing comparative analyses. Finally, its commonly 
present in public aquaria which demonstrate good husbandry practices 
and facilatates the sufficient supply of egg cases that are readily avail-
able. Tail undulations, body movement and freeze response can be 
observed within the egg cases. These parameters can be used as a proxy 
for stress and can therefore serve as an indication of response to EMF 
(Ball et al., 2016), (Sisneros et al., 1998), (Sisneros and Tricas, 2002b).

Understanding the impact of the increasing EMF exposure by SPCs on 
embryos of EMF-sensitive elasmobranchs is crucial as the rate that EMF 
will be exposed to eggs will increase in the areas around SPCs. Chronic 
embryonic exposure may affect embryonic behaviour, subsequent life 
stages and ultimately even population success (Ripley et al., 2021), (Di 
Santo, 2015), (Schröder et al., 2021), (Reynolds et al., 2005), (Pimentel 
et al., 2014). The present study compares embryonic behavioural re-
sponses to EMF stimuli between a treatment group continuously exposed 
to varying EMF levels and an unexposed control group. In addition, 
development duration and biometry (weight and length) after hatching 
are compared.

2. Materials and methods

2.1. Animal collection

Thornback ray (Raja clavata) eggs were collected daily over 28 days 
within 24h after depositing by captive-bred adults from the public 
aquarium “Dolfinarium” in Harderwijk, Netherlands, during the months 
of January and February 2023. At the Dolfinarium, each egg was ID- 
agged with a combination of coloured rubber bands and a zip tie 
attached to one of the egg horns. In total, 34 egg cases were collected 
and transferred within 7 days after collection, resulting in 4 batches of 
egg cases being transported to ‘Carus’ the animal research facility of 
Wageningen University & Research, Netherlands, where the experi-
ments were conducted. The eggs were placed in plastic bags filled with 
~10L seawater and more than 2/3rd air in styrofoam boxes to maintain 
temperature. The duration of the transport was ~60 min after which the 
eggs stayed in the bags for an additional 2h to equalise the temperature 
in increments of 1,2 ◦C per 30 min from ~12 ◦C to ~17 ◦C.

2.2. Husbandry

Up to the sixth week of development, eggs were kept together in a 
90L stock tank until the development of an embryo was visible, dis-
tinguishing fertilised and non-fertilised eggs. Egg cases were placed 
horizontally at the bottom of the tank, mimicking natural conditions. At 
six weeks after deposition, 18 fertilised eggs were selected and randomly 
distributed individually in one of the 9 treatments or 9 control aquaria. 
The aquaria (25L) were filled with artificial seawater (Tropic Marin 
Zoomix) which was refreshed weekly, 4L 2x per week. Each aerated 
aquarium (dissolved O2 concentration 8.2 ± 0.4 mg/L sd) was kept in a 
temperature-controlled room ± 16 ◦C with a 12h:12h (light/dark) 2–4 
lux photoperiod (Roline RO-1332 lux meter) filtered by a sponge filter 
(Tetra Brillant Filter). They were placed on a non-ferrous storage rack to 
prevent interference with the EMF. Daily health checks were performed, 
consisting of a visual inspection of the yolk and the state and movements 
of the embryo by shining a torch in the aquaria. Water quality was 
assessed weekly for pH (8.3 ± 0.1 sd), and daily for temperature (15.8 ◦C 
± 0.3 ◦C sd), and salinity (34.1 ± 0.7 ppt sd) and adjusted if necessary. 
In addition, weekly analysis of ammonium (0.07 ± 0.19 sd) and nitrite 
(0.12 ± 0.13 sd) (Merck MQuant Supelco) were conducted. During the 
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first 6 developmental weeks in the stock tank, ammonium and nitrite 
values were sometimes elevated, likely due to the presence of unfertil-
ised eggs undergoing decay. These eggs were removed from the group, 
and water exchanges (80 % of total volume) were conducted 
accordingly.

2.3. Experimental set-up

From development week 6 onwards, the treatment aquaria were 
exposed continuously to an AC magnetic field. The EMF field changed 
once per 24h, alternating between 1.8 and 4.6 μT, mimicking days with 
low wind speed and high wind speed, respectively. These data were 
reported from field measurements 1m from the buried 700 MW 3-phase 
50 Hz AC offshore wind export cable from the offshore wind farm 
Borssele in the Southern North Sea (unpublished data used with 
permission by T.S.O. TenneT). The corresponding inducted electric field 
levels were assumed to be 0.06–0.20 mV/m as measured in a compa-
rable set-up by Paoletti et al. (2023). The exposure level was changed 
every 24h at 10:00 CET, 3 h after the start of the daylight period. The 
magnetic field was generated by a Trutech Products transformer on loan 
from Paoletti et al. (2023) (Paoletti et al., 2023) connected to an AC 
cable (thickness 4 mm, shielding: PVC mantle, length: 30 m, resistance: 
0.1 Ω). The cable was positioned underneath the aquaria and fixed in the 
exact position required to result in the necessary exposure level within 
the aquaria. Daily magnetic field level measurements were taken with a 
Narda ELT-400 magnetometer to check the functioning of the trans-
former, and transformer output was logged throughout the experiment. 

Mu-metal sheets (2 mm thick, 1 × 1 m) were placed in front of the cable 
to limit EMF exposure to the Control aquaria placed at >4m. Daily 
measurements verified that the 9 Control aquaria were only exposed to 
the background EMF levels of 0.06 μT ± 0.03 sd that resulted from water 
quality maintenance equipment and the electric infrastructure in the 
room.

The EMF stimuli trials were carried out between developmental 
week 17–21 (Fig. 1 middle). The order of the trials was randomised 
using a randomised complete block design (RCBD). The EMF stimuli 
experiments consisted of three exposure levels: 0.1, 1.0 or 10 μT ± 0.05 
μT sd, conducted with all 18 embryos (Chronically exposed treatment 
and Control group), resulting in a total of 54 trials (Table S1). The 
unidirectional exposure level 0.1 μT was distinctly different from the 
diffuse background level (0.06 μT ± 0.03 sd) in origin, direction and 
strength. For each individual, the trials were separated by a minimum of 
1 day. The trials were conducted between two purpose build Helmholtz 
coils (coil Ø 83.5 cm, distance between coils: 43 cm), manufactured by 
WaterProof B.V. The coils were supported by a built in magnetometer, 
and created a unidirectional field in the centre in which a 1.5 L plastic 
transparent ‘trial-tank’ was placed, containing the embryo. The embryo 
movements were made visible throughout the trial using a candling 
technique, exposing individuals to ~100 lumen (Roline RO-1332 lux 
meter). The behaviour of the embryos during each trial was recorded 
using a camera (Obsbot meet 4k; settings: shutter speed 1/60, ISO 800, 
contrast 50, quality 1080 P30, video format mkv) mounted above the 
coil.

Each trial lasted 45 min and was divided into three 15 min intervals: 

Fig. 1. Schematic overview of (top) experimental set-up, showing 9 egg casesChronically exposed and 9 control egg cases, all individually housed. Experimental 
planning (middle) with the egg collection period in purple, the exposed period in green and the measurement period superimposed in yellow. Overview of an EMF 
stimuli trial (bottom), indicating each block of 15 min, including acclimatisation (purple), “Before” exposure (green), “During” the EMF stimuli (yellow) and “After” 
the EMF stimuli (green). (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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“Before” (to observe normal behaviour), “During” (to observe effects of 
EMF stimuli) and “After” (to observe lasting effects) (Fig. 1 bottom). It 
took the Helmholtz coil ~5 s to reach the required EMF exposure level. 
The trials were preceded by 15 min acclimatisation time which was in 
accordance with other studies (Ball et al., 2016), (Christensen et al., 
2023), (Paoletti et al., 2023) and verified by pilot studies where the 
period of a freeze response due to handling, and the associated recovery 
to normal behaviour was observed. The behaviours freezing, tail un-
dulating, whole body movement and partial body movement were 
selected as they could represent a predator avoidance or (stress) 
response (Kempster et al., 2013), (Christensen et al., 2023), (Paoletti 
et al., 2023), (Sisneros et al., 1998), (Ripley et al., 2021). The behaviours 
were scored per occurrence as detailed in the ethogram shown in 
Table 1. Tail undulation is performed to refresh water in the egg case, 
creating an influx of oxygenated water and removing metabolic waste 
products. Before and after the trial, the water quality parameters, tem-
perature, salinity and dissolved O2 concentration in the trial tank were 
measured and no deviations from the holding tank levels were recorded. 
During the trial period, parameters ’age’, ’time of day’, and ’trial 
number’ were noted to allow for statistical inclusion as covariates to 
check whether they influenced behavioural responses. After the trials 
were completed, on the day of hatching, the total development days 
were calculated, the hatchlings were weighed and photographed to 
determine the length using ImageJ (v. 1.52).

2.4. Data analysis

The effects of exposure to EMF fields on embryo behaviours 
(freezing, tail undulation, whole body movement and partial body 
movement) were statistically analysed in R v. 4.2.2 (R Core Team). An 
absence of the influence of covariates ‘age’, ‘time of day’ and ‘trial 
number’ was verified (Table S2). Data were checked for normality and 
homogeneity of variances through Shapiro-Wilk and Levene’s tests, 
respectively. A Bonferroni correction for multiple testing was applied 
where appropriate. The difference between Chronically exposed and 
Control embryo behaviour (occurrence and duration) was tested via a 
non-parametric general independence test, as the data did not follow 
assumptions on normality and homogeneity. This permutational test 
was applied using the independence_test function from the coin package 
(Hothorn et al., 2008). Next, during the initiation and termination of the 

EMF stimuli per trial, the occurrences of freeze response were deter-
mined. To see whether differences in behaviour within treatment groups 
(Control or Chronically exposed individuals) differed between the stage 
of the trial (“Before”, “During” and “After” the EMF stimulus), a 
Generalised Linear Mixed Model (GLMM) was run using the glmmTMB 
package in R ((Brooks E et al., 2017)). Multiple GLMMs were run with 
different options as distributions (Poisson or Negative Binomial), and 
where parameters included were varied: trial order (“Before”, “During” 
and “After”), EMF level (0.1, 1 and 10 μT) and treatment group (Control 
and Chronically exposed). Trial order, EMF level and treatment group 
were included as fixed effects and the individual rays were included as 
random effects. The model with the best fit was selected based on the 
lowest Akaike Information Criterion (AIC) value, and whether the 
addition of parameters increased the fit (p-value). Only the results from 
the model with the best fit were displayed. In order to visualize variation 
in behaviour between individual embryos, plots were produced of the 
occurrence of specific behaviours during the “Before” phase of the 
subsequent trials. For this, the average occurrence of the behaviour of 
the treatment group (Control or Chronically exposed) as recorded during 
(randomly assigned)exposure level 1 was used as a starting point. For 
each embryo the difference (increase or decrease) between the occur-
rence of the behaviour in the first trial, and in the second and third trial, 
respectively was calculated and plotted relative to the average occur-
rence in the first trial. Lastly, on the day of hatching the total develop-
ment period in days was calculated, the hatchlings were weighed and 
photographed to determine their length using in ImageJ (v. 1.52).

3. Results

All 18 embryos, 9 Chronically exposed and 9 Controls, underwent 
three trials of 45 min to observe differences in behaviour, during 
development weeks 17–21, totalling 54 trials. All 18 individuals suc-
cessfully hatched within 21 weeks after egg deposition.

3.1. Effects of chronic EMF exposure

The average developmental time between egg laying and hatching or 
biometrics upon hatching did not differ significantly between the two 
treatment groups (Table 2). The number of freezing responses during the 
EMF stimuli showed no significant change between the Chronically 
exposed embryos (0.35 ± 0.82 sd occurrences) and the Control group 
(0.21 ± 0.58 sd occurrences), with a large skew towards zero response in 
both groups (Table S3). In addition, no freeze responses were observed 
when EMF levels changed during the initiation (start “During” phase) or 
termination (start “After” phase) of the stimuli trials, for both the 
Chronically exposed and the Control animals. Chronically exposed em-
bryos did show increased tail undulation (Independence test: MaxT =
− 2.92, p-value = 0.015), increased whole body movement (MaxT =
− 2.70, p-value = 0.035) and more partial body movement (MaxT =
− 2.78, p-value = 0.005) during the “Before” phase (Fig. 2A, B and C; 
Table S3). On average, Chronically exposed animals showed 34 % more 
tail undulation than Control individuals (20.46 ± 5.7 sd versus 15.25 ±
5.7 sd tail undulation occurrences, respectively). Whole body movement 
was on average 148 % more in the Chronically exposed embryos 
compared to those in the Control group (4.54 ± 3.8 sd versus 1.82 ± 2.5 

Table 1 
Ethogram of behavioural parameters including freezing, tail undulation, whole 
body movement and partial body movement in thornback ray embryos.

Behaviour Definition Depiction

Freezing Tail retracts from horn and coils 
around the body. Embryo ceases 
all discernible movement for at 
least 5 s. Behaviour ends when 
tail undulation or other body 
movement is performed.

Tail 
undulation

Tail undulates in one of the 
horns. Behaviour starts when 
tail starts undulating in a horn 
and ends when the undulation 
ceases.

Whole body 
movement

Movement using the whole 
body, ranging from small spasms 
to half turns of body position 
inside the egg.

Partial body 
movement

Body movement using only one 
body segment (either part of 
pelvic or pectoral fin).

Table 2 
Table of average time between egg laying and hatching (development time), and 
biometrics (total length and weight) for the different treatment groups.

Treatment 
group

development time 
in days ±sd

Length at 
hatching in cm ±
sd

Weight at hatching 
in grams ±sd

Chronically 
exposed

143 ± 6 13.4 ± 0.8 103.6 ± 1.5

Control 145 ± 6 13.6 ± 0.5 104.4 ± 0.9
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sd whole body movement occurrences, respectively). Partial body 
movements occurred approximately 13 times more in the Chronically 
exposed embryos compared to the Controls (16.79 ± 25.3 sd versus 1.21 
± 2.1 sd, respectively). An absence of an effect of trial order (“Before”, 
“During” and “After”) was confirmed for the behaviours tail undulation 
and whole body movement, as including the fixed effect order did not 
result in the model with the lowest AIC (Fig. 2, Table S4). Instead, only 
treatment group (Control and Chronically exposed) and to a lesser extent 
EMF level and order were kept in the model for tail undulation and 
whole body movement, but without interactions. For partial body 
movement, order was kept in the model alongside treatment group, 
again without interactions. Chronically exposed embryos consistently 
showed higher occurrence of in tail undulation (GLMM: estimate = 0.22, 

z = 2.22, p = 0.03), whole body movement (GLMM: estimate = 0.48, z 
= 2.03, p = 0.04) and partial body movement (GLMM: estimate = 0.86, 
z = 2.91, p = 0.004) compared to Control embryos.

3.2. Variation in individual response

As indicated above, the occurrences of body movements were higher 
in the Chronically exposed group compared to the Controls. Although 
trial number did not prove to be a significant factor in explaining em-
bryonic behaviour, when comparing individual responses an increased 
variation in individual behaviour can be observed in consecutive trials. 
During the course of the experiment, illustrated by observations in 
“Before” Trials 1 to 3, the individuals from the Chronically exposed 
group showed more changes in the occurrence of movements than the 
Controls (Fig. 3). This individual variation in change of behaviour is 
most notable for the partial body movement (Fig. 3 right panel) ranging 
from 8 to − 5 for the Control and 156 to − 47 for the Chronically exposed. 
This variation is also present in whole body movement e.g. ranging from 
9 to − 1 and 11 to − 3 for the Control and Chronically exposed groups, 
respectively.

4. Discussion

Our results did not show any differences in development duration or 
hatching biometry between the Chronically exposed Thornback ray 
(Raja clavata) embryos in comparison to the Control group. We observed 
an increase in overall activity, expressed as more frequent body move-
ments on average and a higher tail undulation activity in the treatment 
group. No disparity in freezing response between the two treatment 
groups was found when exposing embryos to changing EMF levels. 
Below, we elaborate on our findings and provide recommendations for 
further research.

Despite the observed hyperactive state and changes in tail undula-
tion, neither development time nor biometry were affected. Leonard 
et al. (1999) determined that active tail beating (categorised as ‘tail 
undulation’ in the present study) costs Raja erinacea embryos over 
53–81 % compared to the standard metabolic rate. Significantly 
increased tail undulation will therefore seriously increase energy con-
sumption (Leonard et al., 1999) and it would be expected that the 
increased activity levels would have led to either changes in develop-
ment time or changed biometry as (partly) shown by Paoletti et al. 
(2023) (Paoletti et al., 2023). Paoletti et al. (2023) reported increased 
growth in catshark (Scyliorhinus canicula) embryos exposed to EMF from 
week 10 of development until week 18, accompanied by a correspond-
ing reduction in yolk size and increased length of the embryo (Paoletti 
et al., 2023). Because the trial was terminated at development week 18, 
individuals could not be followed to hatching to determine if this trend 
would lead to earlier hatching. It is worth noting that there are distinct 
differences in embryology between catsharks and rays, owing to the 
differences in the evolutionary development of oviparity between these 
taxa (Dulvy and Reynolds, 1997). Although the heightened metabolic 
demand did not lead to smaller hatchlings in our study, it may have led 
to accelerated yolk consumption, reducing the residual yolk supply at 
hatching and necessitating a quicker transition to successful foraging. 
However, since we did not measure the residual yolk size after hatching, 
we cannot determine whether there were differences in residual yolk 
between the Chronically exposed and Control groups.

Our results show an increased activity level in individuals that were 
Chronically exposed to variable levels of EMF. The observed hyperactive 
state might be a stress response to daily changing EMF levels (Ball et al., 
2016). We only observed the embryos in the trial set-up, which is 
different from the housing aquaria in terms of EMF level and lighting 
levels (2–4 lumen vs. ~100 lumen during candling). Based on our data, 
we cannot determine if the hyperactive behaviour is a temporarily 
heightened stress response due to the changed environment during the 
trials or a persistent state.

Fig. 2. Violin plots of number of occurrences during three 15-min trial periods 
(“Before” - background EMF exposure, “During” EMF exposure ranging from 
background, 1,0 and 10,0 μT and “After” - background EMF exposure) of (A) 
tail undulation, (B) whole body movement and (C) partial body movement, in 
thornback ray embryos comparing control with Chronically exposed treatment 
groups. Blue indicates the control group, and green depicts the Chronically 
exposed group. EMF levels 0.1, 1 and 10 μT are grouped. During the ‘Before’ 
trial period, significantly more occurrences of tail undulation, whole body 
movement and partial body movement were observed for the Chronically 
exposed group compared to the control (p < 0.05 after Bonferroni correction). 
The violin plot depicts the data distribution and displays a boxplot in each 
centre with the median and 25 % intervals. Outliers are depicted as points. (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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Before the stimuli trials started, embryos were allowed to acclimatise 
for 15 min, comparable to durations found in the pilot and other studies 
(Ball et al., 2016), (Christensen et al., 2023), (Paoletti et al., 2023). 
Particularly for adjusting to EMF stimuli, this acclimatisation period is 
considered sufficient due to the necessity for rapid response and re-
covery from an ecological EMF cue, such as that from an approaching 
predator. In the “Before” trial phase the embryos are expected to have 
returned to normal behaviour and recovered from the change in EMF 
level at the start of the acclimatisation phase (Fig. 1 bottom). During the 
stimuli trials embryos were exposed to changing EMF levels, but the 
average activity of the Chronically exposed group and Control group, 
respectively, did not change significantly (Fig. 2). If the EMF stimuli 
from the Helmholtz coil would act as a stressor resulting in increased 
activity, we would expect to see a change in activity in different phases 
of the trial. Our observations suggest that the EMF levels applied were 
not experienced by the embryos as (additional) a stressor, if experienced 
at all. The high light intensity needed for candling could form a stress 
factor during the trials. To our knowledge, no studies have investigated 
the effect of candling on elasmobranch embryos. Research applying this 
technique to zebrafish (Kimber et al., 2014) did not show any effect from 
increased light intensity. We did not observe specific responses of the 
embryos. These observations support the hypothesis that Chronically 
exposed embryos were constantly hyperactive and not only during the 
trials. If that is the case, the intensity of the hyperactivity was likely 
insufficient to cause detectable changes in development time or biom-
etry based on our data.

Alternatively, Chronically exposed individuals might respond 
differently to a stressor (as EMF or intensified light) and may require 
more than 30 min to recover from a hyperactive state compared to 
control individuals. This would suggest that the treatment group is only 
hyperactive during the stimuli trials.

It is possible that the hyperactive state is a result of the fluctuations 
in chronic EMF exposure levels in our study design. In a study by Paoletti 

et al. (2023) seven Scyliorhinus canicula embryos were exposed to con-
stant AC EMF levels ranging from 4 to 7 μT, comparable to our study, 
during 18 weeks and showed no changes in tail undulation frequency. 
The difference in the changes of tail undulation frequency with our 
study could be due to habituation to invariable exposure levels used by 
Paoletti et al. (2023). Indeed, several studies also showed habituation to 
repeated exposure to EMF within a short time-period, independent of 
exposure level, species and power systems (Ball et al., 2016), 
(Christensen et al., 2023), (Sisneros et al., 1998), (Kimber et al., 2014). 
In contrast, intermittent exposure has been shown to lead to a behav-
ioural response in Thornback ray (Ball et al., 2016) and it might be 
especially changes in intensity that causes elevation in behavioural 
levels. While our study utilised field-relevant EMF levels, the frequency 
of small-scale variations (minutes/hours) in our simplified experiment 
set-up is less than with SPC. In our findings, the enhanced activity did 
not affect development time to hatching or biometry upon hatching. 
However, if it is the change in EMF level that results in difference in 
behaviour, a greater number of fluctuations in chronic EMF exposure 
levels than the current once per 24 h could lead to different effects. 
Conversely, frequent, predictable changes in EMF exposure might 
facilitate habituation (Ball et al., 2016), (Christensen et al., 2023), 
(Sisneros et al., 1998), (Kimber et al., 2014), resulting in less behav-
ioural responses and result in habituation to changing levels. If elevated 
activity levels persist throughout embryogenesis this may increase te 
risk of embryos being detected by predators (Ball et al., 2016). This 
elevated detection risk could result in higher predation rates, ultimately 
reducing the recruitment of new individuals into the population. How-
ever, not much is known about the effects of predation on elasmobranch 
populations and further study is recommended (Martins et al., 2018), 
(Schröder et al., 2021), (Cox et al., 1993).

It is possible that EMF exposure during embryogenesis has resulted in 
effects that do not present themselves at hatching but manifest later in 
life for example a changed sensitivity to electric or magnetic fields due to 

Fig. 3. Plots visualising the deviation in occurrences of (left) whole body movement and (right) partial body movement in thornback ray embryos during the 
“Before” phase of subsequent trials. Presented are the average occurrences for all embryos in the Control or Chronically exposed groups during Trial 1, and the 
changes in occurrence for individual embryos between Trial 2 and 3. The figure indicates the direction of the change, i.e. increase or decrease of the occurrence, 
showing a high individual variability. The averages in Trial 1 of the Chronically exposed group lay higher than in the control group, resulting in a higher start-
ing point.
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epigenetic selection or behavioural imprinting. Paige Beal et al. (2021)
showed epigenetic responses in juvenile Negaprion brevirostris from trace 
metals released during dredging works, and temperature is associated 
with changes in tissue plasticity in Scyliorhinus canicula, as shown by a 
modelling approach of Ripley et al. (2023). It is possible that a 
changeable and intense EMF environment present during embryogen-
esis in combination with the early development of electro-sensitivity 
(Ball et al., 2016) can lead to a changed sensitivity level or response 
to EMF cues used in interactions with conspecifics, navigation or 
foraging later in life. Conversely, if the heightened activity levels found 
in our trials persist after hatching, this can lead to a higher metabolic 
demand and reduced individual fitness. Monitoring the further devel-
opment of hatchlings, preferably in semi-field conditions (mesocosms) 
to investigate the long-term behavioural implications of altered sensi-
tivity could provide valuable insights into long-term fitness and survival 
of Chronically exposed individuals.

There was no increase in freezing response during the stimuli trials, 
either on average through the stimulus exposure period or when the 
EMF level was altered. Sisneros et al. (1998), Ball et al. (2015) and 
Kempster et al. (2013) reported freezing by individuals exposed to EMF 
fields that were 102 - 103 higher than we used, and with 10 times lower 
frequencies (e.g., 56 μV/m at 0.5 Hz (Ball et al., 2016), 61 μV/m at 1–2 
Hz (Ball et al., 2016) and 40–210 μV/m at 0–20 Hz (Kempster et al., 
2013)). Paoletti et al. (2023) is, to our knowledge, the only other study 
with chronic EMF exposure and with field-relevant exposure levels, 
during the entire embryogenesis, although without variation in the EMF 
levels. The authors also reported high variability in freezing response 
and no difference in freezing between treatment groups (Paoletti et al., 
2023). Both Paoletti et al. (2023) and our study used SPC field-relevant 
EMF levels with the same frequency (50 Hz). The extent to which the 
EMF source used in our study will mimic a predator needs to be inves-
tigated further. For example, the strength of the magnetic field might be 
comparable, but the frequency of an SPC AC is 25–50 times higher., is to 
be explored further. Kempster et al. (2013) observed reduced freeze 
response of Brownbanded bamboo shark with increasing frequency from 
0 Hz to 20 Hz. It’s possible that embryos are more likely to respond with 
a freezing response to EMF resulting from a biological source (conspe-
cific or predator) with a low frequency than that of a cable with a higher 
frequency. Exploring the effects of chronic EMF exposure from a DC (0 
Hz) cable will show if this different power system has a different impact.

The Chronically exposed group developed much wider variation in 
partial movement occurrence, ranging from marked decreases to in-
creases in activity during the trials, than the Control group (Fig. 3). 
These large individual bidirectional changes, e.g. some increase the 
number of movements and some decrease, reduce the likelihood of 
demonstrating statistical differences. The significance of this observa-
tion lies not in the conventionally tested mean, but in the differences in 
the number of movements among individuals. It is recommended that 
further research in this field looks at individual differences in response 
to EMF and not only the average differences of an experimental group 
(Finger et al., 2016), (Byrnes and Brown, 2016), (Stuber et al., 2022). 
The variability in behavioural response within individuals may be 
attributed to different coping mechanisms in dealing with a stressor 
(Gallagher et al., 2014), (Creel, 2018), (Skomal and Mandelman, 2012).

Our study sheds light on the potential impact of EMF emitted by SPC 
on embryos developing in batoid egg cases, typically deposited in 
shallow coastal ecosystems (Martins et al., 2018), are also areas used for 
SPC routes (Hermans et al., 2024). While our findings provide valuable 
insights, it is premature to determine the need for mitigation measures 
or extrapolate our results to the real-world situation. Further investi-
gation into the locations of egg case nurseries is needed to delineate 
potential conflict areas. Moreover, it is recommended to study responses 
to a DC field exposure, which distinctly differs from the AC field 
employed in our study. DC cables will be used in future planned offshore 
wind farms with a greater distance to shore (>70 km). For both AC and 
DC studies, experimental designs including short-term and long-term 

fluctuations of EMF levels mimicking the field is recommended. It is 
unknown whether batoid embryos are more sensitive to EMF resulting 
from DC than AC cable sources.

Given the greater activity during the trial of the Chronically exposed 
embryos, it is important to further study relative EMF sensing capabil-
ities and behavioural responses upon EMF triggers of juveniles after 
hatching. Considering interspecies variability in coping with a stressor 
(Gallagher et al., 2014), (Creel, 2018), (Skomal and Mandelman, 2012), 
it is recommended to conduct comparative research with different 
oviparous species with distinctly diverse juvenile behaviour ecology 
(Hermans et al., 2024). Examples of species groups with different 
foraging and survival strategies are epibenthic predators as Scylio-
rhinidae or bentho-demersal ambush predators such as batoids (skates 
and stingrays). It would be appropriate to prioritise populations where 
the overlap between SPC and egg case nurseries is likely. If more 
research indicates persistent effects, mitigation measures such as micro 
cable routing or locally increased burial depth could be explored 
(Taormina et al., 2018), (Tricas and Gill, 2011). Ultimately, if EMF ef-
fects on elasmobranch embryos are minimal, offshore wind farms and 
cable crossings could serve as de facto protected areas for elasmobranch 
eggs. The prohibition of bottom trawling within offshore wind farms 
reduces fishing mortality, allowing adult oviparous elasmobranchs to 
lay eggs without the risk of bycatch, and ensuring that deposited eggs 
remain undisturbed by fishing activities (Pardo et al., 2023), (Wright 
et al., 2020), (Bergström et al., 2014).

5. Conclusions

This study shows that chronic exposure to variable EMF levels from 
AC cables increased the overall activity of Thornback ray (Raja clavata) 
embryos during trials. This could be attributed to either a heightened 
stress response or a persistent state of increased activity levels, but did 
not lead to detectable changes in development time or biometry at 
hatching. No change in freeze response, a behaviour associated with 
predator avoidance, was found resulting from EMF exposure. The 
heightened activity levels observed in Chronically exposed embryos 
could imply that depositing eggs within SPC-generated EMFs may 
elevate predation risk. Future research should prioritise effects of long- 
term DC exposure, observe the behavior of Chronically exposed hatch-
lings during embryogenesis and include different species, as species- 
specific responses may differ significantly.
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