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Abstract

High-voltage direct current (HVDC) subsea cables are used to transport power between locations and from/to nearshore and offshore
facilities. HVDC cables produce magnetic fields (B-fields) that could impact marine fish. Atlantic haddock (Melanogrammus aeglefinus)
is a demersal fish that is at risk of exposure to anthropogenic B-fields. Their larvae drift over the continental shelf, and use the Earth’s
magnetic field for orientation during dispersal. Therefore, anthropogenic magnetic fields from HVDC cables could alter their behavior.
We tested the behavior of 92 haddock larvae using a setup designed to simulate the scenario of larvae drifting past a B-field in the
intensity range of that produced by a DC subsea cable. We exposed the larvae to a B-field intensity ranging from 50 to 150 uT in a
raceway tank. Exposure to the B-field did not affect the spatial distribution of haddock larvae in the raceway. Larvae were categorized
by differences in their exploratory behavior in the raceway. The majority (78%) of larvae were nonexploratory, and exposure to the
artificial B-field reduced their median swimming speed by 60% and decreased their median acceleration by 38%. There was no effect
on swimming of the smaller proportion (22%) of exploratory larvae. These observations support the conclusion that the swimming
performance of nonexploratory haddock larvae would be reduced following exposure to B-field from HVDC cables. The selective
impact on nonexploratory individuals, and the lack of impact on exploratory individuals, could have population-scale implications

for haddock in the wild.
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Significance statement:

This study reports impacts of anthropogenic magnetic fields (B-fields) in the intensity range of those produced by high voltage direct
current (DC) subsea cables on larval fish behavior. The findings have implications for marine spatial planning and engineering of
marine renewable energy devices such as offshore wind farms. Atlantic haddock (Melanogrammus aeglefinus) larvae disperse through
areas where DC subsea cables are present or planned, and impacts of anthropogenic magnetic fields could alter their dispersal.
These results show that following exposure to anthropogenic B-fields, the swimming speed and acceleration of 78% of the tested
haddock larvae are significantly reduced. The study also provides insights about magnetosensitivity in marine larval fish, which

remains poorly understood.

Introduction

High-voltage direct Current (HVDC) subsea cables are used to
transport electricity over long distances. They transport power be-
tween islands, connectislands to the coast, and transport electric-
ity to/from nearshore and offshore structures, such as oil plat-
forms and marine renewable energy devices (1, 2). HVDC cables
are a valuable and cost-effective solution to support the expan-
sion of offshore marine renewable energy facilities, including off-
shore wind farms (2, 3). The number and size of offshore wind fa-
cilities are increasing rapidly to meet the increasing demand for
renewable energy (4, 5). HVDC cables have a relatively low loss
over long distance and are expected to become the most used type
of subsea cables connecting marine renewable energy devices (5).

When electricity moves through an HVDC subsea cable, it gener-
ates a static magnetic field (B-field) in the proximity of the cable
(6,7). HVDC-induced B-field intensity varies with the power being
transmitted through the cable and with the type of cable (8). The
B-field intensity, which can reach 100s of microtesla (uT) (2, 6), ex-
tends radially from the cable, and is highest at the cable surface,
decreasing inversely with distance from it (7, 8). However, the de-
crease in magnetic field intensity with distance from the cable is
nonlinear; it drops off sharply (7, 8). Due to the development of
offshore sectors such as renewable energy facilities, the number
and length of HVDC cables associated with marine renewable en-
ergy devices will increase, causing concern over potential effects
that the exposure to anthropogenic B-fields could have on marine
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organisms residing near, or drifting by, subsea cables (3, 6), since
anthropogenic B-fields can impact behaviors that influence spa-
tial distribution, such as swimming and orientation (9). For marine
fish, the risk of exposure is particularly relevant during the early
life stages, when fish have limited swimming capacity and they
are still developing.

Several marine fish can sense the Earth’s geomagnetic field and
use it to orient during migration, including during the larval stages
(10-12). Impacts of B-fields on larval swimming or orientation be-
havior would have consequences for their dispersal (13, 14), with
possible downstream effects on survival and recruitment (15). The
expansion of renewable energy facilities further offshore, with a
concomitant increase in the length and number of subsea cables,
increases the risk of exposure to anthropogenic B-fields for dis-
persing fish larvae. Previous studies demonstrated that anthro-
pogenic B-fields and electromagnetic fields can alter the swim-
ming and spatial distribution of marine species (16-18). However,
there is very limited knowledge on the possible effects of B-fields
from anthropogenic sources (such as HVDC) on the behavior of
marine fish larvae that reside in, or disperse through, areas where
HVDC is present.

Atlantic haddock (Melanogrammus aeglefinus) is a species of
commercial and ecological importance in Europe (19). One of its
largest stocks is located in the North Sea (20). Larval and juve-
nile habitats for haddock are associated with the continental shelf
(21). In the North Sea, haddock larvae disperse for a period of 2 to
3months in mid-water and close to the sea bottom (21, 22), in ar-
eas where facilities connected by HVDC cables (such as offshore
wind farms) are operating or are planned (https://www.equinor.
com/no/what-we-do/floating-wind.html). Moreover, haddock lar-
vae are magneto-sensitive and use the geomagnetic field to guide
their horizontal swimming at sea, relying on a magnetic compass
mechanism for orientation (11). For all of these reasons, Atlantic
haddock are at risk of being impacted by anthropogenic B-fields
generated by HVDC cables. Whether B-fields generated by HVDC
subsea cables affect the swimming behavior and spatial distribu-
tion of Atlantic haddock larvae is unknown.

We conducted an experiment on Atlantic haddock larvae to as-
sess the potential impact of static magnetic fields in the inten-
sity range of those emitted by HVDC subsea cables. We used an
electric coil system to modify the B-field in a manner that sim-
ulated the scenario of fish larvae swimming or drifting through
a B-field in the intensity range of that produced by a DC subsea
cable. We tested the null hypothesis that an artificially modified
B-field where a high-intensity area is followed by a sharp drop in
intensity toward a low-intensity area has no impact on spatial dis-
tribution or swimming behavior of Atlantic haddock larvae.

Methods

Experimental animals

Haddock broodstock were collected locally from the waters near
Austevoll (60.085 N, 5.261 E), Norway and two females were used
as the source of eggs, which were then fertilized. Eggs were placed
into one 500L tank at a density of 100 eggs/L. Water exchange
was set at 4L/min. During the spring at high latitudes, larvae
have enough light to feed at sea for most of the day Thus, the
photoperiod was set to 24h under 2 x 25w, 12V halogen lamps.
The larvae were reared in green water (Nannochloropsis, Reed Mar-
iculture) at a temperature of 11 to 12°C and a salinity of ca. 35
PSU. Larvae were fed first on a diet of rotifers (Brachionus sp.)
and natural plankton (mainly Acartia nauplii), and then (25days
post hatch) on Artemia and natural plankton copepod (primarily

Acartia sp.). Eggs hatched on 2021 March 19 and larvae started
feeding on March 22.

Ninety-two larvae were used in the experiments on larval
behavior. The larvae were 31 to 33 days post hatch and were
8.2 + 1.2mm standard length (mean =+ SD). Developmentally, lar-
vae were at the beginning of the flexion stage, which in haddock
occurs at approximately 10 mm standard length (23).

Experimental setup and exposure to B-field

The experimental setup used in this study was designed to expose
Atlantic haddock larvae to a B-field in the intensity range of that
produced by a DC subsea cable (Fig. 1), and followed the outline
of the setup described in (24, 25). To accomplish this, we used two
square Helmholtz coils (65x65cm; 30 wraps of copper wire for
each coil) connected to a BK Precision 1745 A DC power supply (0
to 10A), and generated a B-field intensity (50 to 150 uT) in a tank
with two separate raceways (Fig. 1) (24). The raceway tank was
produced using a 3D printer (Ultimaker Cura S5-material white
Tough PLA) (24), and was placed halfway inside the coils and filled
with filtered seawater (Fig. 1A) (24). With the raceway positioned in
this way, running a current through the coils generated a high B-
field intensity on side 1 of the raceways, and a low B-field intensity
on side 2 (see Fig. 1B) (24). The B-field was highest (150 uT) on one
side of the raceway, sharply dropped in intensity, and was lowest at
the other end of the raceway (approximately 50 uT). A similar pat-
tern in B-field intensity is found in proximity of DC subsea cables
(7, 26). The B-field intensities produced were also in the range of
those produced by HVDC subsea cables associated with facilities
such as offshore wind farms (2, 6). The experimental coils were
parallel to the ground and modified the vertical component of the
geomagnetic field, which had a total intensity (F) of 50 uT (73° In-
clination and deviation of <1°) (24). The intensity of the B-field was
recorded using a MLX90393 Triaxis Magnetic Node magnetometer
from Melexis Inspired Engineering (Belgium) (24).

Larvae could swim freely from the high to the low B-field in-
tensity area and vice versa in the raceway—>50 cm long, 7 cm wide,
and 3.5 cm deep. To minimize possible attraction-aggregation ar-
eas, the raceway was designed so that there were no sharp edges
and the corners were rounded (Fig. 1A) (24). All the experiments
were conducted in the dark to eliminate any possible visual cues
for the larvae. A GOPRO HERO 7, modified for night vision and
positioned above the raceway looking down onto it, was used to
video record fish larvae during the experiments. The two DC 12V
96 LED infrared illuminators were placed beside the camera. The
room temperature was set at 11°C, which was the same tempera-
ture as the water in the rearing tanks of the larvae (24).

Behavioral observations and data analysis

The experiment, and all handling of animals at the start/end of
every test, was conducted in the dark. This was to minimize the
exposure to any other external cue other than the magnetic field.
The day of the experiment, larvae were transferred in filtered sea-
waterin 6.3 L tanks at a density of 31arvae/L. The tanks were in the
dark. Larvae were transferred to the dark tanks 1h before the ex-
periments (24). Larvae were tested individually. A single larva was
placed in the middle of the raceway using a small cup and was
allowed 5min to acclimate to the raceway, after which its behav-
ior was recorded for 10 min. To eliminate possible disturbance to
the larva in the raceway tank, the observer started and stopped
the GOPRO recording from outside the room using a remote
control (24).
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Fig. 1. (A) Experimental setup (top view) used to expose Atlantic haddock (M. aeglefinus) larvae to a static magnetic field (B-field) gradient. The black
squares are a pair of parallel Helmholtz coils. The two gray rectangles with smoothed corners are two raceways in which larvae were swimming. Black
dashed lines show the two sides of the raceway (side 1 inside the coils; side 2 outside the coils). Light and dark gray dashed lines show the intensity of
the B-field on each side of the raceway. In the Control group (coils OFF), there was an ambient geomagnetic field in both sides of the raceway. In the
Exposed group (coils ON), there was higher B-field intensity on side 1, and lower intensity (close to the geomagnetic field intensity) on side 2. (B) B-field
intensity along the raceway (x-axis) with coils ON and coils OFF. In the Control group, the geomagnetic field had the same value along the whole
raceway (50 uT). In the Exposed group, the B-field intensity had a gradient going from 150 uT on Side 1, decreasing toward the end of side 2, to settle at
approximately 50 uT at the right end of half 2. Haddock larvae were free to swim along the whole raceway during the experiment. Figure modified

from Cresci et al., 2022 (24).

We replicated the protocol for one larva at a time in each of
the two raceways, replacing the larvae with new individuals at
the end of each 15min test (Fig. 1A). A total of 92 haddock lar-
vae were tested. Half of these (Controls, N = 46 replicates) were
video recorded in the raceway with the electric coils switched OFF
(Fig. 1). The other half of the larvae (Exposed, N = 46 replicates)
were recorded with the coils switched ON and were, therefore, ex-
posed to a B-field intensity ranging from 50 to150 uT with a sharp
drop in intensity in the middle of the raceway (Fig. 1B) (24).

Atlantic haddock larvae in the videos were tracked manually
using Tracker 5.1.5. (Copyright© 2020 Douglas Brown, https://ph
yslets.org/tracker). We tracked the position of each larva, every
second, for the 10-min observation period (600 data points per
haddock larva) (24). The tracks were used to calculate the posi-
tion of larvae along the raceway and to measure their swimming
kinematics (median and maximum speed, and acceleration) (24).

Data on fish length, position along the x-axis, and median and
maximum swimming speed and acceleration were tested for nor-
mality using the Shapiro-Wilk test. As data were not normally
distributed, comparisons between experimental groups (B-field
ON and OFF) were conducted using the nonparametric Wilcoxon
test. Values for each group are reported as median (Inter Quartile
Range; IQR).

Results

Behavior of Atlantic haddock larvae in the
raceway

Individual Atlantic haddock larvae exhibited distinct interindi-
vidual differences in exploratory and swimming behavior. After
the 5-min habituation period, 20 out of 92 larvae (22%) were ac-
tively swimming along the raceway without settling on either
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Fig. 2. Swimming tracks of Atlantic haddock (M. aeglefinus) larvae. The black rectangle represents the raceway. The vertical dark rectangle in the
middle of the raceway represents the electric coil passing between the camera and the raceway. (A) Tracks of exploratory haddock larvae recorded
every second, and density of the tracks in the raceway. The density is calculated as a 2D kernel density estimation on a square grid (function
geom_density_2d_filled, ggplot2 package, R). (B) Tracks of nonexploratory haddock larvae and density of the tracks in the raceway.

side, exploring the entire space available to them (Fig. 2A). These
larvae crossed the middle of the raceway at least once during
the 10-min-long test and were categorized as “exploratory.” The
rest of the larvae, which represented the majority of the in-
dividuals (72 out of 92; 78%), settled on one of the two sides
of the raceway and never crossed the middle of it during the
test (Fig. 2B). These larvae were categorised as “nonexploratory”
(Fig. 2B).

Exploratory larvae had a median speed of 0.92 (0.54) cm/s
[median (IQR)], which was significantly higher (W = 1259.5,
P < 0.01) than the median speed of 0.27 (0.42) cm/s dis-
played by nonexploratory larvae. During the 10min observa-
tion period, exploratory larvae swam on average 6.3 + 3.2m
(mean =+ SD), while nonexploratory fish swam on average
2.3 + 1.4m. Exploratory larvae had median standard length
of 9.0 (1.5) mm, which was significantly greater (W = 1170,
P =0.38) than the median length of 7.8 (1.3) mm of nonexploratory
individuals.

Impact of B-field

Exposure to B-field did not affect the spatial distribution (posi-
tion along the x-axis of the raceway) of larvae along the raceway
(W = 634, P = 0.89). Nor was there an effect of B-field on spatial
distribution when exploratory larvae (W = 41, P = 0.62) or nonex-
ploratory larvae (W = 634, P = 0.90) were assessed as categories.
The swimming speed of Exposed nonexploratory larvae (N = 34,
median = 0.13 cm/s, IQR = 0.36) was 60% lower than the
median speed of Control nonexploratory larvae (N = 38, me-
dian = 0.34 cm/s, IQR = 0.31) (W = 862, P = 0.01) (Fig. 3A). B-
field Exposed nonexploratory larvae also had significantly lower
acceleration (W = 844.5, P = 0.02) (N = 34, median = 0.09 cm/s?,
IQR = 0.17) compared to Control nonexploratory larvae (N = 38,
median = 0.15 cm/s?, IQR = 0.14) (Fig. 3B). Median speed and ac-
celeration of exploratory larvae were unaffected by exposure to B-
field (Wilcox. P > 0.05) (Fig. 3A and B). Exposure to B-field did not
impact the maximum swimming speed (Fig. 3C) and maximum
acceleration (Fig. 3D) of exploratory and nonexploratory larvae
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Fig. 3. Swimming speed and acceleration of Atlantic haddock (M. aeglefinus) larvae in the raceway (Control and Exposed to magnetic field). Boxplots
show minimum, 25th percentile, median, 75th percentile, and maximum values. Data points in the boxplots show the value for each individual larva
and are separated out along the x-axis for visualization purposes only (to avoid overlap). Red asterisks show statistically significant differences (« =
0.05) between Control and Exposed larvae. Data are displayed according to the exploratory behavior of haddock larvae (Exploratory; Nonexploratory).
(A) Median speed. (B) Median acceleration. (C) Maximum speed. (D) Maximum acceleration.

(Wilcox. P > 0.05). Data are available in the Supplementary Ma-
terial file.

Discussion

A simulated static B-field of intensity ranging between 50 and
150 uT did not influence the spatial distribution of Atlantic had-
dock larvae (M. aeglefinus) in a raceway. B-field exposure did not
cause attraction to either side of the raceway. These findings sug-
gest that haddock larvae would not actively swim toward or away
from B-fields in the intensity range of those produced by HVDC
cables. However, more research is needed to address whether had-
dock larvae would be attracted to or repelled from HVDC cables
in situ.

Exposure to B-field in the intensity range of that produced by
subsea DC cables did not affect the behavior of all haddock lar-
vae equally. The effect depended upon interindividual variability
in exploratory behavior (Figs. 2 and 3). Specifically, haddock lar-
vae exhibited two distinct exploratory behaviors after being in-
troduced into the raceway (Fig. 2): exploratory larvae (22% of the
total number of individuals observed) explored the whole space
available to them and displayed much higher swimming speeds
compared to nonexploratory larvae (which were 78% of the total
number of individuals observed). Exposure to a B-field intensity in
the range of that produced by HVDC cables reduced the swimming

speed of nonexploratory haddock larvae by 60% and their acceler-
ation by 38% (Fig. 3). This suggests that nonexploratory haddock
larvae drifting in proximity of HVDC subsea cables would swim
slower if exposed to these B-field levels. Exposure to B-field had no
effect on the swimming of exploratory haddock larvae. However,
this could be due to the smaller sample size of that group (n = 20)
that might have been insufficient to identify a B-field-related dif-
ference in swimming speed.

Although exploratory larvae were the same age as nonex-
ploratory larvae, they were significantly larger by 0.8mm (on
average). This difference might account for part of the differ-
encein speed between exploratory and nonexploratory larvae. Ex-
ploratory larvae had a median speed of 0.92 cm/s, which was 240%
higher than the median speed of nonexploratory larvae. Gadoid
larvae 4.5 to 9.5mm long display an increase in routine swim-
ming speed of ~35% within each 1mm increase in total body
length (27). Thus, the large difference in swimming speed between
exploratory and nonexploratory larvae observed in this study is
likely to depend on interindividual differences in locomotory ac-
tivity rather than on a difference in body size.

The differences in exploratory behavior reported in this study,
as well as the proportion of individuals in each category, are con-
sistent with literature categorizing individual fish based on differ-
ences in locomotory activity and exploratory behavior as “proac-
tive” and “reactive” (28, 29). Proactive-reactive differences have
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been reported in many fish species, such as zebrafish (Danio re-
rio) (30), cod (Gadus morua) (29), northern pike (Esox lucius) (31),
and gilthead seabream (Sparus aurata) (32). Proactive-reactive dif-
ferences in behavior have also been reported during the larval
stages in fish (31). Most of the haddock larvae (78%) observed
in the raceways could be considered reactive individuals. This is
consistent with other studies in which reactive individuals typi-
cally predominate (>70%) (33); (34); (29). The higher sensitivity to
B-fields displayed by nonexploratory larvae is consistent with pre-
vious work showing that reactive fish respond to changes in B-field
intensity and direction, but proactive fish do not (33, 35). This se-
lective impact of B-field could have important implications for co-
horts of larvae interacting with subsea cables, as reactive fish tend
to be risk-averse (36) and are more adaptable to changesin the en-
vironment (37).

A reduction in swimming activity could have consequences for
the dispersal ecology of this species because it would decrease the
active swimming component of their horizontal drifting trajec-
tory, increasing the relative importance of passive transport (pow-
ered by ocean currents) (13, 14, 38). This might alter the spatial dis-
tribution of haddock larvae, which could result in them drifting to
different areas, potentially areas with less food and more preda-
tion compared to their usual dispersal routes and nursery areas
(15). In addition, Atlantic haddock larvae are magneto-sensitive:
anthropogenic B-field could alter their drifting trajectory by inter-
fering with the magnetic compass that they use to orient in situ
(11). Whether exposure to B-field from HVDC cables has long-term
impacts on the magnetic orientation abilities of haddock larvae
has yet to be investigated.

The observed effects of exposure to static B-field on haddock
larvae are consistent with those reported for other marine species
(9). High-intensity B-field (2.8 mT) affected the spatial distribu-
tion of the crab Cancer pagurus, which was attracted to areas with
strong B-field intensity (39). Similarly, exposure to small increases
in B-field intensity (10 uT higher than the background geomag-
netic field) influenced electrosensitive fish, such as the little skate
Leucoraja erinacea, which spent less time in the center of an exper-
imental arena when exposed to altered B-field (16). However, not
all aquatic species are affected by changes in B-field. For exam-
ple, B-fields (up to 200 uT) did not affect spatial preference and
shelter-seeking behavior in juvenile European lobsters (Homarus
gammarus) (25). Similarly, rainbow trout (Oncorhynchus mykiss) ju-
veniles did not show direct avoidance of either static or time vary-
ing strong B-field of 10mT (40).

Future work should investigate how long the effects of expo-
sure to B-field last and on estimating the threshold of B-field in-
tensity, causing impacts on haddock larvae. That additional infor-
mation would support estimating a risk area around facilities that
are connected to HVDC subsea cables. Future research should in-
vestigate movement patterns of later life stages of Atlantic had-
dock around subsea cables using high-resolution acoustic teleme-
try technology. This approach would provide details on the habitat
use of this species (41) in areas where subsea cables are planned
and, later, be compared to when they are present.
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