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Abstract: The current study investigated the effects of different strength Electromagnetic Field (EMF)
exposure (250 µT, 500 µT, 1000 µT) on the commercially important decapod, edible crab (Cancer
pagurus, Linnaeus, 1758). Stress related parameters were measured (L-Lactate, D-Glucose, Total
Haemocyte Count (THC)) in addition to behavioural and response parameters (shelter preference
and time spent resting/roaming) over 24 h periods. EMF strengths of 250 µT were found to have
limited physiological and behavioural impacts. Exposure to 500 µT and 1000 µT were found to
disrupt the L-Lactate and D-Glucose circadian rhythm and alter THC. Crabs showed a clear attraction
to EMF exposed (500 µT and 1000 µT) shelters with a significant reduction in time spent roaming.
Consequently, EMF emitted from MREDs will likely affect crabs in a strength-dependent manner
thus highlighting the need for reliable in-situ measurements. This information is essential for policy
making, environmental assessments, and in understanding the impacts of increased anthropogenic
EMF on marine organisms.

Keywords: Cancer pagurus; edible crab; electromagnetic field; haemolymph parameters; circadian
rhythm; L-Lactate; D-Glucose; windfarm; environmental stressor

1. Introduction

Anthropogenically induced climate change through the burning of fossil fuels has
a significant evidence base, which has led to many governments initiating programs for
increased production of renewable or ‘green’ energy [1]. Marine Renewable Energy (MRE)
promises to assist by providing clean, inexhaustible energy and aid in the reduction of
Greenhouse Gas (GHG) emissions [2]. It is expected that, with the current implications of
climate change, the number of Marine Renewable Energy Devices (MREDs) will increase,
especially for locations that have wind and wave resources [1,3]. The increase in offshore re-
newables in Europe is expected to contribute to 10% of the continent’s energy requirements
by 2030 [4,5], with a current rise in installed wind power capacity from 0.7 GigaWatts (GW)
in 2005 to 22 GW in 2019 [6,7]. Currently, the UK, which has the largest offshore windfarm
in the world, has more projects in planning and construction than any other country [8].

There are both social and environmental concerns with the development of MREDs in-
cluding habitat loss, perceived aesthetic problems, collision risks, increased anthropogenic
noise, and exposure to increased electromagnetic fields (EMF) [1,9–13]. The continued
assessment of the implications of these structures is essential in contributing to the existing
knowledge gaps surrounding the potential impacts of MREDs in the marine environment.
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The number of subsea power cables connecting turbines, storage banks and export
cables to shore will subsequently rise with the increase in deployments. These cables
generate both an electric field (E-field) and a magnetic field (B-field) [10]. Through industry
standard insulation, E-fields can be successfully contained within the cable with no leakage,
however, there is no industry standard insulation that is able to prevent B-field leakage [10].
The leaked B-field interacts with surrounding cables emissions, due to common cable
configurations, leading to the creation of an induced electromagnetic field (iE-field) which
is subsequently influenced by saltwater ions moving via underwater currents i.e., Lorentz
force [14].

There is a great variation in the EMF arising from different deployments which are
the result of different currents (alternating (AC), or direct (DC)), cable length, distance
from conductors, and energy output from the turbines [15]. Despite the large variations
in strength, it is agreed that the highest strengths are likely to be found around the cables
compared to turbine bases, particularly export cables [16]. EMF strengths predicted around
subsea power cables, as reported in the literature, vary from 140–8000 µT [15,17,18]. A
commonly utilised cable operating at 1600 A is expected to produce an EMF of 3200 µT
in a perfect wire, at the cable surface [17]. As with all EMF, the values will decrease with
distance from the source, resulting in a field strength of 320 µT and 110 µT at 1 m and
4 m respectively [17]. EMF values used previously in similar scientific studies range from
65–165 mT [13,18–22].

The edible crab, Cancer pagurus, is a commercially important decapod found through-
out western Europe from Norway to Portugal, from the intertidal to depths of around
400 m [23]. C. pagurus are heavily exploited throughout their geographic range and are the
second most important shellfish fishery in the UK [24]. Studies have shown that, given
the life cycle and behavioural patterns of this species, they are highly likely to experience
subsea power cables, either by attraction to EMF [13] or by the creation of scour protection
zones around turbine bases, which may subsequently act as artificial reefs [25–29]. The
sensory mechanisms involved in magneto-detection in C. pagurus is unknown, however,
the leading theory behind EMF detection in crustaceans is magnetite magnetoreception.
Magnetite (Fe3O4), a mineral found in the tissues of many organisms including crus-
taceans [30,31], reorientates during exposure to magnetic fields which subsequently acts
upon secondary sensors [32,33]. A study conducted on Caribbean spiny lobsters, Palinurus
argus, found changes in orientation after exposure to magnetic pulses [31,34]. Previous
studies on C. pagurus have concluded that exposure to EMF, at strengths of 2.8 mT and
40 mT, elicits both behavioural and physiological changes in commonly used stress param-
eters [13]. In crustaceans, analysis of haemolymph enables the detection of abnormalities
in internal chemical processes caused by increased stress, allowing accurate assessment
of stress response via L-Lactate, D-Glucose, and THC [35–38]. Behavioural and response
parameters (shelter preference, time spent roaming/resting) have been shown to be reliable
indicators of stress, particularly in relation to EMF exposure [13].

The high variability in EMF strengths predicted around cables and those applied in
scientific research, combined with no standardisation across studies and a lack of in-situ
measurements makes the topic of EMF research problematic. As a result of these limitations,
along with a lack of knowledge on detection limits within these species, there is a need
to utilise a variety of strengths to begin the practice of using ‘dose–response’ studies to
enhance reliability.

The aims of the current study are to build upon previous work undertaken to further
assess the impacts of multiple EMF strengths, via previously confirmed stress parameters,
on C. pagurus [13].

2. Materials and Methods

Intermoult crabs were collected from Berwickshire Marine Reserve (St Abbs, Berwick-
shire, UK) by local fishermen for experimentation. Crabs were kept in 1000 L flow through
tanks with ambient sea temperature and a natural photoperiod for a minimum acclima-
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tion period of 1 week at densities of no greater than 5 crabs per tank. Crabs were sexed,
weighed (g), carapace width measured (mm), and assigned a condition to ensure only
intact, healthy crabs assigned a value of 1 and 2 were utilized [13]. Only crabs that were at
minimum landing size (≥150 mm) were used during experimentation. Experimentation
was conducted between May–June 2019.

2.1. Physiological Analysis
2.1.1. Helmholtz Coils

Two Helmholtz coils were utilised throughout the experiment with one set to produce
a homogeneous EMF of the required strengths and the second remaining unpowered to
act as a control. Building upon previous research conducted where 2.8 mT and 40 mT
were utilised, strengths of 250 µT, 500 µT, and 1000 µT were utilised to represent the lower
values predicted in specific models [13,15,39,40]. Each Helmholtz coil was mapped using
a gaussmeter (AlphaLab, Inc, Salt Lake City, Utah, USA, Gaussmeter Model GM-2) prior
to experimentation.

Within each Helmholtz coil, six 30 L glass tanks were set up within 60 L black ABS
water baths to ensure temperature stability and reduce visual stimuli of other crabs in
the neighbouring tanks. Each tank contained an individual air stone, received a constant
supply of temperature controlled (TECO TK2000) flow through seawater (ultraviolet (UV)
sterilised and filtered). Temperature and dissolved oxygen were constantly measured via
data loggers (Onset HOBO temperature pendant) and a multiprobe (YSI ProDSS) and kept
constant at 13 ± 0.2 ◦C and >98% respectively.

2.1.2. Haemolymph Analysis

Individual crabs were placed into the tanks in the Helmholtz coils and allowed to
acclimate for a period of 24 h before one coil was switched on. To obtain baseline data,
haemolymph was collected before exposure (0 h–09:00 a.m.) then again after 4 h (13:00 p.m.),
8 h (17:00 p.m.) and 24 h (09:00 a.m.). All haemolymph collection was staggered with 5 min
between each sample to ensure time consistency throughout the experiment. Haemolymph
samples were collected, within 60 s, from the arthrodial membrane at the base of the fifth
walking leg using sterile 1 mL pre-chilled syringes with 25-gauge (G) needles. A total of
800 µL was collected from each crab and immediately transferred to a 1.5 mL cryogenic
vial and frozen in liquid nitrogen. Samples were then stored in a freezer (−25 ◦C) until
use. A total of 20 crabs were analysed at each field strength with 10 acting as control and
10 exposed to EMF. Due to the lack of clarity concerning the potential carryover effects of
EMF exposure, combined with animal behavioural habituation, separate individuals were
used as control groups and EMF exposed groups with no individuals reused throughout
the experiment.

Haemolymph was deproteinated based on the procedure by Paterson and Spanoghe [35].
Samples were mixed with an equal volume of chilled 0.6 M perchloric acid (BDH 10175).
Denatured proteins were separated by centrifugation at 25,000× g for 10 min (Eppendorf
5417C, rotor 30 × 1.5–2 mL). The supernatant was mixed with 3 M potassium hydroxide
(BDH 29628) and centrifuged at 25,000× g for a further 10 min to remove precipitation. The
samples were then frozen and stored at −25 ◦C.

D-Glucose

D-Glucose concentration was determined using the D-Glucose assay kit (GAGO20-
1KT) [38]. The stored haemolymph was thawed before analysis, 150 µL of the sample was
mixed with 300 µL of reagent assay and incubated for 30 min at 37 ◦C in a water bath. The
reaction was stopped using 300 µL of 12 N sulphuric acid (BDH). Absorbance was then
measured in parallel measurements in microcuvettes at 540 nm. D-Glucose concentrations
were then calculated using a calibration curve of standards with a known concentration.
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L-Lactate

Deproteinated haemolymph samples were analysed for L-Lactate concentration using
a colorimetric L-Lactate assay kit (Abcam ab65331). 50 µL of reaction mix (L-Lactate
assay buffer (46 µL), L-Lactate substrate mix (2 µL) and L-Lactate enzyme mix (2 µL)),
were added to a 50 µL deproteinated haemolymph sample. The reaction mix and sample
mix were then incubated at room temperature for 30 min then spectrophotometrically
analysed in parallel measurements at 450 nm. Concentrations were determined using a
curve of values produced by spectrophotometrically assessing calibration standards of
known concentrations.

Total Haemocyte Count

Fifty microliters of haemolymph were added to 150 µL cooled 5% (v/v) formaldehyde
(Brunel Microscope Ltd. Chippenham, UK) prior to the remaining haemolymph sample
being frozen in liquid nitrogen. Haemolymph samples were dispensed to centrifuge tubes,
mixed thoroughly, and kept on ice to prevent coagulation. Total Haemocyte Count (THC)
of individual crabs were estimated with a Neubauer haemocytometer under magnification
(×100) with a Leica (MC170 HD) compound microscope. For accuracy, 9 images were
taken of the haemocytometer and 3 images were chosen at random for analysis. THC was
expressed as the number of cells in 1 mL of haemolymph.

2.2. Behavioural Analysis
Shelter Selection

A total of eight 70 L experimental tanks were set up for each type of shelter selection
trial (single or dual). One (single shelter trials) or two (dual shelter trials) black ABS shelters
(300 mm × 200 mm × 100 mm) were constructed and secured to the bottom of the tanks,
with 4 solenoid electromagnets under each shelter (Figure 1). Partition screens around the
experimental area and opaque tanks were used to reduce visual stimuli.
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During single and dual shelter trials, the electromagnets were powered under 4 of
the tanks with the remaining 4 unpowered acting as a control (Figure 1). Control tanks
were randomised to reduce bias. The EMF was mapped for each tank using a gaussmeter
(AlphaLab, Inc Gaussmeter Model GM-2) to ensure the correct field strength was obtained
(250 µT, 500 µT, 1000 µT).

An individual crab was placed into the centre of each tank and allowed to acclimate
for a period of 24 h with the acclimation period being recorded. InfraRed cameras (Sannce
1080p IR surveillance DVR system) were suspended above all tanks and set to automatically
record for 24 h acclimation and 24 h experimentation to ensure crab location could be
determined. The video files were then analysed from 23:00 p.m.–06:00 a.m., the period
during which this species is most active, using Solomon Coder (beta version 17.03.22) to
determine the percentage of time spent in the shelters or free roaming within the tank. Time
spent within the shelters or free roaming within the tank was calculated as a percentage of
the total trial time (420 min) [41].

2.3. Statistical Analysis

Results were expressed as mean ± standard error (SEM). Data were assessed for
normality using the Shapiro–Wilk test for normality and Levene’s test for equality of error
variances. When data met these assumptions, repeated measures multivariate analysis of
variance (MANOVA) followed by posthoc analysis by Tukey’s test was used. Differences
between the treatments were tested by Student’s t-test and paired samples t-test as appro-
priate. If data did not meet parametric assumptions, Mann–Whitney U-test and Wilcoxon
matched pairs signed rank tests were used. All statistics were tested at a probability of 0.05
(IBM SPSS Statistics v.23 SPSS Corp. Chicago, IL, USA).

3. Results
3.1. Physiological Analysis
3.1.1. Haemolymph Analysis
D-Glucose

Significant differences in D-Glucose concentration were observed between sampling
times and between treatments (F(3,316) = 17.51, p < 0.001, F(3,316) = 4.12 p < 0.05, re-
peated measures MANOVA). D-Glucose levels followed a similar circadian rhythm in
control and EMF exposed crabs, with significant increases towards peak locomotor ac-
tivity (F(3,316) = 59.98, p < 0.05, repeated measures ANOVA). D-Glucose concentrations
showed significant increases between 0 h and 4 h and 0 h and 8 h in control conditions
and during exposure to all three EMF strengths (p < 0.05, posthoc Tukey’s test) (Figure 2).
D-Glucose concentrations had returned to initial levels after 24 h in all samples, resulting
in no significant difference from 0 h. There were no significant differences in D-Glucose
concentration between control and 250 µT EMF exposed crabs at any sampling point
(control 0.46 ± 0.03 mM, 250 µT 0.45 ± 0.05 mM). Crabs exposed to 500 µT and 1000 µT
EMF showed significantly higher after D-Glucose concentrations at 4 h (0.91 ± 0.11 mM,
1.06 ± 0.11 mM respectively) and 8 h (0.89 ± 0.11 mM, 0.97 ± 0.11 mM respectively) expo-
sure compared to the control group (0.65 ± 0.08 mM, 0.55 ± 0.07 mM), (p < 0.05, posthoc
Tukey’s test). Haemolymph D-Glucose concentrations after 24 h exposure to 500 µT and
1000 µT EMF returned to baseline levels and did not differ significantly from the control
value at 24 h.
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Figure 2. D-Glucose concentration over a 24 h period in control conditions and exposure to EMF at 250 µT, 500 µT, 1000 µT
strength. Sample times consisted of 0 h (09:00 a.m.), 4 h (13:00 p.m.), 8 h (17:00 p.m.), 24 h (09:00 a.m.). Values are presented as
mean ± SEM, * is the significance from the 0 h within respective treatments, N is the significance from the control group for
each treatment at respective sampling times (*, p < 0.05), (N, p < 0.05). N = 10 individuals for control and N = 10 individuals
for EMF per treatment, total samples of N = 40 control, N = 40 EMF.

L-Lactate

L-Lactate followed a circadian rhythm with increased concentrations coinciding with
periods of high activity in control conditions and during exposure to 250 µT EMF (8 h,
0.63 ± 0.12 mM and 0.76 ± 0.22 mM, for control and 250 µT respectively) (F(3,76) = 3.6,
p < 0.05, repeated measures ANOVA). L-Lactate concentrations in 500 µT and 1000 µT
exposed crabs lacked a similar increase during periods of increased activity (Figure 3).
Significant differences were observed in L-Lactate concentrations among treatments at
different sampling times (F(3,316) = 2.92, p < 0.05, repeated measures ANOVA). Crabs ex-
posed to 1000 µT EMF showed significantly lower L-Lactate concentrations throughout the
24 h period (0.24 ± 0.07 mM, p < 0.05, posthoc Tukey’s test) when compared to the control
values. Crabs exposed to 250 µT EMF had significantly lower L-Lactate concentrations after
4 h exposure (0.19 ± 0.10 mM, p < 0.05, posthoc Tukey’s test), while 500 µT exposed crabs
showed significantly lower concentrations after 24 h exposure (0.23 ± 0.03 mM, p < 0.05,
posthoc Tukey’s test) when compared to the control group (0.51 ± 0.06 mM).
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THC

Average THC in control crabs was 28.64 ± 2.14 × 106 cell mL−1. Short-term rhythmical
fluctuations in the control crab’s THC over the 24 h sampling period was noted, with
significantly lower values after 24 h (Figure 4) (F(3,156) = 3.82, p < 0.05, repeated measures
ANOVA). THC of crabs exposed to 250 µT EMF did not differ significantly from values
found in crabs kept in the control condition, with similar fluctuations during the 24 h period.
THC of crabs exposed to 500 µT and 1000 µT EMF did not show similar fluctuations with
no significant decrease after 24 h of exposure. Crabs exposed to 500 µT and 1000 µT showed
slightly elevated values (38.73 ± 6.44 and 36.33 ± 6.42 × 106 cell mL−1 respectively) after
8 h of exposure when compared to control values (22.51 ± 4.55 × 106 cell mL−1) but was
only statistically significant at 500 µT strength (p < 0.05, posthoc Tukey’s test). THC values
after 24 h exposure to 500 µT and 1000 µT EMF returned to basal values and no statistically
significant differences were found between experimental and control groups.
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EMF of 250 µT present, there were no significant differences between the time spent in 
(273.50 ± 14.88 min) and out (146.50 ± 14.88 min) of the shelter compared to the control. A 
similar pattern was observed during exposure to 500 µT with no significant differences 
being found between time spent in (222.63 ± 49.14 min) and out (197.38 ± 49.14 min) of the 
shelter, despite a slight increase in time spent roaming the tank. Crabs spent significantly 
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Figure 4. Total Haemocyte Count (THC) over a 24 h period in control conditions and constant exposure to EMF at 250 µT,
500 µT, 1000 µT strength. Sample times consisted of 0 h (09:00 a.m.), 4 h (13:00 p.m.), 8 h (17:00 p.m.), 24 h (09:00 a.m.).
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3.2. Behavioural Analysis
3.2.1. Single Shelter Selection

The mean time spent in the shelter (256.20 ± 36.60 min) was slightly higher than time
spent roaming the tank (163.80 ± 36.60 min) in control trials (Figure 5). When there was
an EMF of 250 µT present, there were no significant differences between the time spent in
(273.50 ± 14.88 min) and out (146.50 ± 14.88 min) of the shelter compared to the control.
A similar pattern was observed during exposure to 500 µT with no significant differences
being found between time spent in (222.63 ± 49.14 min) and out (197.38 ± 49.14 min)
of the shelter, despite a slight increase in time spent roaming the tank. Crabs spent
significantly more time in the shelter (319.63 ± 25.73 min) during exposure to 1000 µT EMF
(F(1,18) = 36.3, p < 0.001, one-way ANOVA).
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ing in an increased glucose metabolism [41]. At the same time, D-Glucose levels decrease 
due to the increased oxidation for ATP production [44]. During the day, the reverse is 
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Figure 5. The effects of EMF exposure at various strengths on shelter selection in C. pagurus. Mean time spent in the shelter
and roaming the tank (no shelter) in control conditions and exposure to 250 µT, 500 µT, and 1000 µT EMF in single shelter
trials. Mean time spent within control and EMF exposed (250 µT, 500 µT, and 1000 µT EMF) shelter and roaming the tank (no
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as mean ± SEM, * is the significance at p < 0.05, *** is the significance at p < 0.001. Single shelter NCONTROL = 10, NEMF = 10,
dual shelter NCONTROL = 10, NEMF = 10.

3.2.2. Dual Shelter Selection

Under control conditions, a near equal split of time was spent between the EMF shelter
(169.30 ± 9.56 min) and the control shelter (172.20 ± 12.43 min) with 79.80 ± 7.19 min
time spent roaming the tank (Figure 5). Exposure to 250 µT EMF did not highlight any
significant changes in the time spent in shelters or roaming the tank (58.80 ± 10.20 min
no shelter, 155.40 ± 11.13 min EMF shelter, 205.80 ± 11.04 min control shelter). Expo-
sure to both 500 µT and 1000 µT showed significant differences compared to the control
(F(3,16) = 13.2, p < 0.001, F(3,16) = 24.3, p < 0.001, MANOVA), with an increased amount of
time spent within the EMF shelter (264.60 ± 10.96 min, and 286.50 ± 9.82 min for 500 µT
and 1000 µT respectively). There was a drop in the mean time spent roaming the tank from
79.80 ± 7.19 min in control conditions to 42.00 ± 6.41 min and 28.50 ± 3.51 min during
exposure to 500 µT and 1000 µT EMF, respectively.

4. Discussion

It has previously been demonstrated that L-Lactate, D-Glucose and haemolymph
densities are useful parameters measuring stress in crustaceans as indicators of changes in
homeostasis [36,37,42,43]. In crustaceans, L-Lactate and D-Glucose cycle together under
normal conditions. L-Lactate levels rise during periods of high locomotor activity, resulting
in an increased glucose metabolism [41]. At the same time, D-Glucose levels decrease due
to the increased oxidation for ATP production [44]. During the day, the reverse is observed,
with a fall in L-Lactate and a subsequent rise in D-Glucose.
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At EMF exposure at 250 µT, L-Lactate and D-Glucose concentrations followed a natural
circadian rhythm, with rises in D-Glucose throughout the day and an increase in L-Lactate
in the evening corresponding with periods of higher activity. This circadian rhythm
corresponds well to that found in the literature [13,41,45]. Values obtained for both L-
Lactate and D-Glucose correspond to those found in previous studies [13,41,43,44,46–49].
L-Lactate concentrations observed during this study were lower than those values recorded
for C. pagurus in previous work [13,41,45] but still followed the same diel pattern. This
variation in values could be due to the use of a different assay kit during analysis or due to
the high individual variances in haemolymph L-Lactate concentrations found within this
species [13]. The results obtained throughout this study suggest that exposure to 250 µT
EMF does not alter the circadian rhythm of L-Lactate and D-Glucose metabolism.

Exposure to EMF at 500 µT and 1000 µT showed the similar changes in L-Lactate
levels as described previously during exposure to 2.8 mT, whereby L-Lactate concentration
showed no increase during periods of higher activity [13]. The suppression of L-Lactate
impacts the O2 affinity of haemocyanin, which has been shown to increase during periods
of high L-Lactate concentrations to allow more oxygen to be transported around the body
to counteract periods of hypoxia [50].

Exposure to 500 µT and 1000 µT EMF elicits the same responses in D-Glucose as has
been previously described in this species during exposure to a field strength of 2.8 mT [13].
Despite following the same circadian rhythm, D-Glucose concentrations were significantly
higher after 4 h and 8 h before returning to normal levels after 24 h. Haemolymph D-Glucose
and L-Lactate should cycle together in normal unstressed conditions but have been shown
to be affected by certain environmental stressors [13,48,51,52]. D-Glucose has a negative
correlation with vigour, with moribund crabs becoming hyperglycaemic [38]. Evidence
suggests that D-Glucose and L-Lactate cycles are controlled by melatonin, a neuropeptide
present in crustaceans [49]. Earlier studies have suggested that EMF exposure impacts
melatonin levels by decreasing melatonin synthesis [53–55]. This study adds more evidence
to this hypothesis by finding similar circadian disruption in D-Glucose and L-Lactate at
500 µT and 1000 µT EMF exposure.

The THC values obtained throughout this study correspond well with those previously
recorded for C. pagurus in the literature. Vogan and Rowley recorded values of 2.55 ± 0.14 × 107

cell mL−1 [56], Lorenzon et al. found values of 3.19 ± 0.92 × 107 cell mL−1 [38], and more
recently Parrinello et al. observed values of 4.4 ± 0.6 × 107 cell mL−1 [57]. In shore crab,
Carcinus maenas (Linnaeus, 1758), a study conducted in North Wales by Truscott and White
found significant differences in THC concentrations between high and low tides with
double the concentration recorded at 8 m compared to a 4 m tide [58]. This suggests that
there may be natural variations in THC in C. pagurus which may explain some of the
changes detected during experimentation.

In previous work [45], THC in the European lobster (Homarus Gammarus, Linnaeus,
1758) was significantly affected by exposure to an EMF of 2.8 mT resulting in lower
mean values after 12 h with significant increases between 6 h and 24 h. However, in this
study, a significant rise after 8 h was detected during exposure to 500 µT EMF. During
exposure to control and 250 µT, there were significant drops in THC after 24 h, whilst
no significant decreases were detected in 500 µT and 1000 µT. Large variations in THC
concentration were found in individuals throughout this study which may have masked
some of the effects of the treatment. Previous studies have shown that THC levels rise
during exposure to increased stress suggesting an immune response [59,60]. However,
the reverse has also been confirmed with a decrease in THC resulting from the presence
of stressors including bacteria [61], hypoxia [62] and EMF [63]. Significant variations
from the normal rhythmic patterns of THC were detected during exposure to 500 µT and
1000 µT suggesting the beginning of an immune response. Exposure to 250 µT showed no
significant differences from the control suggesting EMF at these strengths may not result in
reduced immune capacity.
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During single shelter trials, a higher percentage of time was spent within the shelter
than roaming the tank (across all treatments), although this was lower than the results
obtained for C. pagurus in previous work [13]. This conforms to previous findings that
crustaceans show high utilisation of shelters with periods of time spent roaming out
with [13,64]. No significant changes were noted when the shelter was subjected to an EMF
of 250 µT. This result, combined with those obtained from the physiological analysis, sug-
gests that EMF exposure of 250 µT does not negatively impact C. pagurus on a behavioural
or physiological level, via tested parameters, as previously found with higher strengths [13].
During exposure to 500 µT EMF, a slight decrease in time spent in the shelter occurred,
which also occurred with H. gammarus [45]. At 1000 µT there was a clear attraction to the
source of the EMF with a significant increase in time spent within the EMF exposed shelter.
Results obtained from the dual shelter trials confirm an apparent lack of response during
exposure to 250 µT. The remaining dual shelter EMF strengths highlighted an attraction to
the EMF source with significant increases in the time spent within the shelter and decreased
time roaming the tank.

This increased attraction to the source of the EMF, despite showing signs of physiologi-
cal stress, has clear implications for C. pagurus in areas around MREDs. Many offshore sites
have introduced no-take zones around turbine arrays, with speculation that the decrease
in fishing pressure, combined with the addition of artificial reefs in the form of scour
protection blocks, could enhance the overall crustacean population by providing refuge
and breeding areas [27]. However, an attraction to subsea power cables emitting an EMF
of >500 µT could come at the cost of time spent foraging for food, seeking mates, and
potentially finding shelter, which is a cause for concern. Although the primary underlying
mechanism responsible for the effects of EMF on living organisms is unclear changes in cell
membrane permeability, gene and protein expression, and developmental changes such as
cell growth and proliferation have all been documented during exposure to EMF [65–67].
The impacts of increased EMF exposure can be determined on a number of individuals
but determining the impacts on a population level is considerably more difficult. The
key link in determining population wide impacts is the development and recruitment of
juveniles into the ecological system. The impacts of EMF exposure on brooding females
and the subsequent impact on the larvae are currently unknown and needs to be addressed
to accurately determine population level impacts. With the addition of scour protection
zones aiming to increase biodiversity [26,28], and the plan to co-locate aquaculture around
windfarm sites [4,68], there is a clear need to consider the impacts of EMF emissions on
benthic species around these sites.

The data presented in this paper can be meaningfully considered alongside previous
studies on this species by Scott et al. (Table 1) [13].
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Table 1. Summary of the impacts of C. pagurus during exposure to multiple EMF strengths from the current study and Scott et al. [13].

EMF Levels
Physiological Analyses Behavioural Analyses

L-Lactate Changes D-Glucose Changes THC Single Shelter Selection Dual Shelter Selection

250 µT
Followed circadian rhythm,

but lower concentrations after
4 h

No significant difference to
control

No significant difference to
control

No significant difference in
time spent inside shelter or

roaming compared to control

No significant difference in
time spent in either shelter or
roaming compared to control

500 µT
Did not follow circadian

rhythm, lower concentrations
after 24 h

Followed circadian rhythm,
but hyperglycaemia seen

after 4 h and 8 h

No fluctuations in levels nor
significant decrease after 24 h
(as seen in control), elevated

levels after 8 h

No significant difference in
time spent inside shelter or

roaming compared to control

Increased time in EMF shelter
and reduced time roaming

1000 µT
Did not follow circadian

rhythm, lower concentrations
throughout 24 h period

Followed circadian rhythm,
but hyperglycaemia seen

after 4 h and 8 h

No fluctuations in levels nor
significant decrease after 24 h

(as seen in control)

Significantly more time spent
in the shelter

Increased time in EMF shelter
and reduced time roaming

2.8 mT

Did not follow circadian
rhythm, lower concentrations

throughout 24 h period
(without usual peaks at

dawn)

Followed circadian rhythm,
but did not show significant

rise in levels after 8 h, as seen
in control

Not assessed
Significantly more time spent

in the shelter and reduced
roaming

Increased time in EMF shelter
and reduced time roaming

40 mT

Followed circadian rhythm,
but significantly lower

concentrations at 4 h and 8 h
compared to 0 h (not seen in

control)

No significant difference to
control Not assessed Not assessed Not assessed
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5. Conclusions

The results obtained from this study, combined with the data from previous work [13,41],
suggests that increased physiological stress will occur if C. pagurus is exposed to EMF of
500 µT or above with data obtained at 1000 µT, 2.8 mT and 40 mT confirming this trend.
This is mirrored in the behavioural trends noted, which showed an attraction to EMF
sources at the same levels despite the physiological ramifications.

This suggests that a working limit of a maximum of 250 µT could result in minimal
physiological and behavioural changes within this species and should be considered during
MRED design and implementation. Additional research is required to further identify
sensitivities to EMF in different life stages and conditions within this species and benthic
crustaceans in general.
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