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A B S T R A C T

Submarine power cables (SPCs) associated with offshore renewable energy developments emit electromagnetic 
fields (EMFs) that can influence aquatic biota. Although research on this topic has increased, a comprehensive, 
systematic synthesis of observed effects across taxa and life stages, and biological contexts has been lacking. 
Following PRISMA 2020 guidelines (PROSPERO ID: 1138188), we systematically reviewed peer-reviewed and 
grey literature published between 1990 and 2024. Of 1637 records screened, 67 eligible field and laboratory 
studies were included. Significant behavioural and physiological responses to EMF exposure were reported in 
66% of studies, with early life stages (embryos, larvae, juveniles) and magnetosensitive taxa, particularly fishes 
and crustaceans being most frequently affected. Effects occurred even at environmentally relevant intensities 
(<250 μT). Laboratory experiments more frequently detected effects than field studies, which were generally 
fewer, shorter in duration, and methodologically heterogeneous. Sensitivity heatmaps identified developmental 
stages and freshwater species as particularly sensitive, with notable taxonomic disparities. EMFs from SPCs can 
elicit ecologically relevant responses in aquatic biota, particularly during sensitive developmental windows and 
in magnetically responsive taxa. Emerging evidence further indicates that sex specific responses represent an 
important and previously under recognised dimension of EMF sensitivity. However, major uncertainties persist 
regarding chronic, population and ecosystem level impacts. Future research should prioritise standardisation of 
exposure characterisation and reporting, routine inclusion of sex and life stage as biological variables and co
ordinated laboratory to field validation. Integrating EMF considerations into marine spatial planning, environ
mental regulation, and biodiversity conservation frameworks will be essential to support proportionate 
ecological risk assessment and management of offshore renewable energy infrastructure.

1. Introduction

The transition to green energy, primarily driven by increasing global 
demand for cleaner, renewable sources of electricity, poses significant 
environmental challenges to marine ecosystems (Degraer et al., 2020; 
Isaksson et al., 2023). As nations strive to meet climate targets, there has 
been a rapid expansion of offshore wind farms (OWFs) and island 
interconnectivity, accompanied by a corresponding increase in the 
installation of submarine power cables (SPCs) (Gandini et al., 2024). 
SPCs are essential for transmitting electricity from marine renewable 
energy devices (MREDs), and for international interconnectors, thereby 

supporting the decarbonisation of energy systems. However, while SPCs 
provide clear sustainability benefits, they also introduce anthropogenic 
pollution into aquatic ecosystems through the emission of electromag
netic fields (EMFs), stressors that remain insufficiently integrated into 
environmental assessments and marine biodiversity protection 
frameworks.

SPCs generate both electric fields (E-fields) and magnetic fields (B- 
fields), which in conductive seawater may induce secondary electro
magnetic fields (Cada et al., 2011; Hutchison et al., 2020a,b). The 
characteristics of these emissions vary according to cable type, opera
tional load, and configuration. Alternating current (AC) cables, 
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commonly used for inter-array connections, produce low frequency, 
oscillating E− and B-fields in the range of 0.04–18 μT at 50–60 Hz (Cada 
et al., 2011; Hermans et al., 2024; Hutchison et al., 2020a,b). Direct 
current (DC) export cables, transmitting electricity over long distances, 
generate static fields typically ranging from 50 to 275 μT, with peaks up 
to 3200 μT under high load (Cada et al., 2011; Hutchison et al., 2020a,b; 
Kavet et al., 2016; Scott et al., 2021; Woodruff et al., 2013), Fig. 1. Some 
older monopolar systems and experimental set-ups report higher values, 
in extreme cases reaching several millitesla (Albert et al., 2020; Taor
mina et al., 2018). While burial alters the distribution of fields in the 
aquatic environment, it does not attenuate them, as propagation is 
governed by the Biot–Savart law unless conductive materials are present 
in the substrate (Bochert and Zettler, 2004, 2006). These physical dis
tinctions are ecologically important: some taxa detect magnetic fields, 
others electric fields, and a subset may respond to both (White et al., 
2017).

Electromagnetic emissions from SPCs are considered in environ
mental impact assessments (EIAs) and licensing processes; however, 
treatment remains inconsistent across jurisdictions and is frequently 
limited in scope (Hutchison et al., 2020a,b; Scott et al., 2021). Meth
odological standards for EMF characterisation and biological testing are 
not uniformly applied, restricting comparability across studies and 
limiting integration into risk assessments. Moreover, as OWFs expand 
globally and cable routes increasingly intersect productive coastal wa
ters and, in some cases, biodiversity hotspots (Hermans et al., 2024; 
Hutchison et al., 2020a,b; Preziosi et al., 2024), exposure risk to a wide 
range of species and life stages grows in ecological relevance.

The body of scientific evidence is heterogeneous, spanning labora
tory experiments with magnetic coils, in situ monitoring around oper
ational cables, and species-specific exposure trials (Andrulewicz et al., 
2003; Kuhnz et al., 2008; Sherwood et al., 2016). While methodological 
inconsistency reduces cross-study comparability, these studies none
theless provide cumulative insight into possible modes of interaction 
and highlight taxa of concern (Albert et al., 2020; Hutchison et al., 
2021). Importantly, many laboratory experiments employed proxy ex
posures at intensities exceeding those generated by modern bipolar DC 
or three phase AC systems, raising questions about ecological realism 
(Bochert and Zettler, 2004; Taormina et al., 2018). Distinguishing re
sponses to magnetic versus electric fields, and to AC versus DC expo
sures, is therefore essential for interpreting biological outcomes and 
informing marine management and conservation strategies.

Previous reviews have summarised SPC EMF impacts, but most are 
narrative in structure, region-specific, or limited in analytical scope 

(Albert et al., 2020; Copping, 2016; Gill, 2005; Hermans et al., 2024; 
Hutchison et al., 2020a,b; Taormina et al., 2018). This review applies 
Preferred Reporting Items for Systematic reviews and Meta Analyses 
(PRISMA) guidelines to provide a structured and transparent synthesis 
of the available evidence, ensuring methodological rigour in line with 
best practices for systematic reviews. We synthesise 67 peer-reviewed 
studies published over the past 35 years, critically appraising their 
methodological quality, quantifying evidence strength, and identifying 
trends across taxa, life stages, and exposure contexts. In addition, we 
project the potential global spatial footprint of SPC networks to 2050 
and outline an urgency ranked research agenda. By providing an 
objective and transparent evidence synthesis, this review aims to inform 
both scientific understanding and the development of robust marine 
environmental assessment and policy frameworks.

This systematic review addresses five research questions: 

1. What biological responses to SPC generated EMFs have been docu
mented across aquatic taxa, life stages, and sexes, and what patterns 
emerge across marine ecosystems (with reference to freshwater 
systems where relevant)?

2. How do reported responses in behavioural studies compare with 
those in physiological studies, and what similarities, differences, and 
knowledge gaps are evident between these two domains in relation 
to marine biodiversity?

3. To what extent do methodological factors (e.g. laboratory versus 
field setting, AC versus DC exposure, EMF intensity, and exposure 
duration) explain variability in reported biological responses?

4. What critical knowledge gaps remain in the current literature, 
particularly with understudied taxa, ecosystems, and study designs 
that constrain interpretation for marine environmental risk 
assessments?

5. What overarching trends, areas of consensus, and unresolved un
certainties can be identified, and how can future research be 
sequenced according to feasibility and ecological relevance?

2. Materials and methods

A systematic literature review was conducted to assess the biological 
impacts of EMFs generated by SPCs on aquatic organisms. This review 
followed the PRISMA 2020 guidelines (Page et al., 2021) to ensure 
transparency, reproducibility, and comprehensive coverage of relevant 
studies. The review protocol was prospectively registered with the In
ternational Prospective Register of Systematic Reviews (PROSPERO; 

Fig. 1. Schematic of Submarine Power Cables (SPC) AC/DC potential electromagnetic field (EMF) Impact on Aquatic Biota.
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Registration ID: 1138188). To ensure methodological robustness, 
reporting was additionally informed by complementary standards for 
systematic reviews (Whaley and Roth, 2022).

2.1. Literature search Strategy

Peer-reviewed studies published between 1990 and 2024 were 
identified using multiple scientific databases, including Google Scholar, 
Web of Science, EBSCO, ScienceDirect, and PubMed. Search terms 
combined keywords related to EMF, submarine power cables, aquatic 
environments, and biological responses. The final Boolean search strings 
included variations of: (“Electromagnetic*” OR “Electromagnetic field*” 
OR “EMF*” OR “MF*” OR “Magnetic Field*” OR “Static Magnetic 
Field*” OR “Anthropogenic magnetic Field*” OR “Anthropogenic”) AND 
(“Submarine Power Cable*” OR “SPC*” OR “Cable*” OR “Underwater 
Cable*” OR “Subsea Power Cable*“) AND (“Marine Renewable Energy 
Device*” OR “Marine Renewable Energy” OR “MRED* OR “Renewable 
Energy” OR “Offshore Renewable*” OR “Offshore Wind Farm*” OR 
“Wind Farm*“) AND (“Marine organism*” OR “Marine environment” 
OR “Aquatic” OR “Freshwater” OR “Ecosystems” OR “Fish” OR 
“Crustacea*” OR “Invertebrate*” OR “Mollusc*” OR” Echinoderm*” OR 
“Polychaete”) AND (“Behavio*r*” OR “Physiologic*“). Duplicates, non- 
peer-reviewed articles, and irrelevant publications were excluded. In 
addition, the reference lists of key reviews and empirical studies were 
screened for further eligible publications. A PRISMA flow diagram 
summarising the identification, screening, and inclusion process is 

provided in Fig. 2.

2.2. Inclusion criteria

Studies were included if they were published between 1990 and 
2024; investigated behavioural, physiological, or developmental re
sponses of aquatic organisms; focused on EMF exposure levels relevant 
to operational SPC conditions, defined here as up to 3200 μT (Bochert 
and Zettler, 2004, 2006). Both AC and DC fields were considered, and 
eligible study designs included laboratory experiments, field in
vestigations, or combined approaches. Publications were excluded if 
they did not involve aquatic biota, investigated EMFs unrelated to SPCs 
(for example, medical imaging or terrestrial exposure), or lacked suffi
cient methodological detail to enable appraisal.

2.3. Data extraction and categorisation

From each included study that met the eligibility criteria, key vari
ables were systematically extracted and categorised. These included the 
reported EMF strength, grouped into categories of ≤250 μT, ≤500 μT, 
≤1000 μT, ≤3200 μT), and the taxonomic group investigated, such as 
fish, crustacea, molluscs, polychaetes, echinoderms or others. Informa
tion was also collected on the life stage (adult, juvenile, or early 
development); the type of biological response assessed (behavioural, 
physiological, or both), the environmental setting (marine, freshwater, 
or estuarine), the experimental design (laboratory, field, or combined) 

Fig. 2. Screening flowchart for EMF SPCs lab and field research publications.
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and the EMF source (AC or DC, where reported). Where studies provided 
sex-specific analyses, these were recorded. Where possible, the signifi
cance and direction of biological effects were also noted, including 
endpoints such as attraction or avoidance behaviour, altered mobility, 
growth, reproduction, cellular stress, and mortality.

2.4. Critical appraisal of study quality

All included studies were subject to a critical appraisal of method
ological reliability and ecological relevance. Appraisal criteria consid
ered the extent to which studies reported EMF source characteristics (AC 
or DC, exposure intensities, gradients, and durations), the clarity and 
rigour of biological endpoints (behavioural, physiological, develop
mental), the statistical robustness of findings (sample sizes, replication, 
effect sizes). Ecological realism was also assessed, distinguishing be
tween laboratory and field settings and considering whether life stage 
and sex were reported or incorporated into experimental design. This 
approach is consistent with the triage criteria (Whaley and Roth, 2022).

2.5. Analytical approach

A qualitative synthesis of the evidence base was conducted to iden
tify patterns of biological response across taxa, EMF exposure levels, life 
stages, sexes and study types. A formal meta-analysis was considered but 
not undertaken because the reviewed studies exhibited substantial het
erogeneity in exposure generation methods (coils, magnets, operational 
cables), field types (AC, DC, magnetic, electric), exposure metrics (field 
strength, gradients, duration), biological endpoints (behavioural, phys
iological, developmental), life stages, and response measures, which 
precluded meaningful quantitative standardisation and effect size 
comparison.

Instead, emphasis was placed on identifying consistently reported 
outcomes across studies, examining divergences between laboratory and 
field results, and highlighting methodological limitations that con
strained inference, such as unreported EMF gradients or unrealistic 
exposure intensities. Attention was paid to ecologically meaningful 
patterns, including those observed in magnetosensitive taxa and during 
early developmental stages where impacts may be most consequential 
for population processes and ecosystem functioning.

3. Results

3.1. Study identification and characteristics

The systematic search initially returned 1637 publications, the ma
jority of which were excluded as they focused on human health or 
terrestrial EMF applications. After applying the eligibility criteria, 185 
articles were screened in full, of which 27 were excluded as not relevant 
to the research questions. Screening of reference lists identified an 
additional 43 relevant studies, resulting in 201 potentially applicable 
publications. Literature reviews, commentaries, and technical guidance 
documents were removed, yielding 89 empirical field and laboratory 
studies.

To ensure consistency with exposure conditions relevant to opera
tional SPCs, studies exceeding 3200 μT were excluded. This threshold 
encompassed both the upper range of DC export cable fields reported in 
operational contexts and experimental exposures simulating high load 
conditions (Bochert and Zettler, 2004, 2006; Scott et al., 2021). After 
exclusions, 67 peer-reviewed studies were retained for full analysis, 
Table 1.

Of these 67 studies, 47 (70%) were laboratory-based, 19 (28%) were 
field-based, and one combined both approaches. Collectively, they 
represented 116 distinct investigations across 54 identified species, in 
addition to multispecies field surveys. Taxonomic representation 
included 26 fish species, 18 crustacean species, four molluscs, two 
polychaetes, three echinoderms, and several other vertebrates (e.g. 

elasmobranchs) and unicellular organisms. Fish comprised most studies 
(55%), followed by crustaceans (27%). One large field study reported 
effects across 41 fish species (9675 individuals) and 43 invertebrate 
species (30,523 individuals) (Milton S. Love, Nishimoto, Snook et al., 
2017).

3.2. Biological responses by taxa and life stage

Across all taxa, 66% of the reviewed studies reported a statistically 
significant biological response to EMF exposure. Laboratory studies 
more frequently detected effects (72%) than field studies (47%).

Taxonomic differences were evident. Seventy three percent of fish 
studies reported significant responses, compared with 59% of crustacean 
studies and 40% of mollusc studies. Other invertebrates and echino
derms displayed variable results, though the evidence base for these 
groups remains sparse.

Ontogenetic stage strongly influenced sensitivity. Early life stages 
showed the highest responsiveness, with 93% of studies on fish embryos 
or larvae reporting significant impacts, compared with 86% for juveniles 
and 53% for adults. Crustaceans displayed a similar pattern, with early 
stages often more affected than adults. These findings suggest devel
opmental stages may represent critical windows of susceptibility to 
EMFs in marine ecosystems. A summary of impact and no impact out
comes across major taxonomic groups is presented in Fig. 3.

3.3. Behavioural and physiology responses

The reviewed literature encompassed 32 studies focused on behav
ioural responses, 22 on physiological endpoints, and 13 that examined 
both.

Behavioural effects included changes in swimming speed, explora
tion, attraction or avoidance, and habitat use (Hutchison et al., 2020a, 
b). Physiological effects included altered haemocyte counts in crusta
ceans (Brysiewicz et al., 2017; Formicki and Winnicki, 1998), cardiac 
anomalies in fish embryos (Krylov et al., 2022) and metabolic disruption 
such as altered lactate cycling in Cancer pagurus (Scott et al., 2021). 
Chronic exposure to high DC fields (2800 μT) also produced changes in 
glucose metabolism and haemocyte counts in C. pagurus, although par
tial recovery after 24 h suggested circadian modulation and stress re
sponses (Harsanyi et al., 2022).

The proportion of significant outcomes differed by response type. 
Ninety one percent of physiology focused studies reported significant 
effects, compared with 66% of behaviour only studies. In combined 
studies, 46% reported impacts in both domains.

3.4. Field versus laboratory studies

Laboratory studies more frequently reported significant biological 
responses to EMF exposure (72%) compared to field studies (47%) 
(Cresci et al., 2022a, 2022b; Harsanyi et al., 2022; Hutchison et al., 
2020a,b; Scott et al., 2021). The single study combining laboratory and 
field approaches reported no significant effect (Elvidge et al., 2022). 
Helmholtz coils were the most widely used EMF source in laboratory 
studies, employed in 72% (n = 34) of experiments reporting methods 
(Albert et al. 2022, 2023; Albert et al., 2022a,b; Durif et al., 2023; Scott 
et al., 2018; Taormina et al., 2020). Approximately three-quarters of 
these studies reported significant biological responses. Other exposure 
generation systems included solenoid coils (Corte Rosaria and Martin, 
2010; Hermans et al., 2024; Scott et al., 2021), static or permanent 
magnets (Bevelhimer et al., 2013; Brysiewicz et al., 2017; Formicki and 
Winnicki, 1998), ferrite magnets (Sadowski et al., 2007), and a Merritt 
coil system (Newton, 2024).

Taxonomic coverage within laboratory settings was broad, encom
passing fishes, crustaceans, molluscs, and polychaetes. For example, 
Cyclopterus lumpus exhibited reduced motility and developmental ab
normalities under EMF exposure (Durif et al., 2023). In Scyliorhinus 
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Table 1 
EMF Impact Laboratory and field-testing research publications on aquatic biota, 1990-2024.

No. Study 
Type

EMF 
Impact

Life stage Group Species Response Type Observed effects EMF 
(μT)

Reference

1 Lab Y Early life 
stages

Crustacea Ostracod (Heterocypris 
incongruens)

Physiological Dynamic of hatchability/Juvenile 
survival to adulthood decreased 
significantly after incubation

151 ±
7.5

(Bieszke et al., 
2020)

2 Lab Y Embryos Fish European whitefish 
(Coregonus lavaretus 
vendace)

Behavioural Melanophores significant 
difference by altering positioning of 
pigment organelles (melanosomes) 
within cells

1000 Brysiewicz et al. 
(2017)

3 Lab Y Early life 
stages

Fish Roach (Rutilus rutilus: 
Cyprinidae, 
cypriniformes)

Physiological Statistically significant decrease in 
testing - Earlier hatching of pre- 
larvae, increase in the 
morphological diversity of juvenile 
fish, decrease in body lengths and 
weights, changes in number of 
yearlings vertebrae

150 (Chebotareva 
et al., 2009)

4 Lab Y Larvae Fish Atlantic haddock larvae 
(Melanogrammus 
aeglefinus)

Behavioural Statistically significant reduced 
swimming activity

50-150 Cresci et al. 
(2022b)

5 Lab Y 
Y

Larvae 
Larvae

Fish 
Fish

Atlantic cod (Gadus 
morhua)

Behavioural Significant reduced swimming 
activity

22-156 Cresci et al. 
(2023)

Atlantic haddock 
(Melanogrammus 
aeglefinus)

6 Lab Y Early life 
stages

Fish Rainbow trout 
(Oncorhynchus mykiss)

Behavioural 
and 
Physiological

Significant Impact on enhanced 
yolk-sac absorption rate. No 
significant effect on embryonic or 
larval mortality, hatching time, 
larval growth, or larvae swim time

1000 Fey et al. (2019)

7 Lab Y Embryos/ 
Larvae

Fish 
Fish 
Fish 
Fish

Trout (Salmo trutta) 
Rainbow trout 
(Oncorhynchus mykiss) 
Pike (Esox lucius) and 
Carp (Cyprinus carpio)

Behavioural 
and 
Physiological

Slowed down embryonic 
development increase in a heart 
rhythm, particularly during the 
early pulsation period of the 
forming heart; significant inc. 
pectoral fin movement

1000- 
13000

Formicki and 
Winnicki (1998)

Sense of direction change 
Slowed down embryonic 
development; Gas exchange 
changes

8 Lab Y Embryonic, 
larval

Crustacea 
Crustacea

European Lobster, 
(Homarus gammarus)

Behavioural 
and 
Physiological

Significant differences in life stage 
specific egg volume and larvae 
decreased carapace height, total 
length, and maximum eye 
diameter.

2800 Harsanyi et al. 
(2022)

Edible Crab (Cancer 
pagurus)

Significant differences in life stage 
specific egg volume and larvae 
were consistently smaller across all 
measured parameters

2800

9 Lab Y Larvae Fish Larval rainbow trout 
(Oncorhynchus mykiss)

Behavioural Significant attraction to EMF source 1000 (Jakubowska 
et al., 2019)

10 Lab Y Fingerlings Fish Common carp (Cyprinus 
carpio)

Physiological Stress and immune suppression 
significant increase in enzyme 
activity; reduction in immune 
markers

2000 Khoshroo et al. 
(2018)

11 Lab Y Eggs Crustacea Water flea (Daphnia 
magna straus)

Physiological Increase in number of newborns; 
statistically significant days 2&3

high Krylov (2008)

12 Lab Y Eggs Crustacea Water flea (Daphnia 
magna straus)

Physiological Significantly different effect of 
development

75 Krylov (2010)

13 Lab Y Embryos Fish Zebrafish (Danio rerio) Physiological Increased embryo mortality; 
appearance of abnormal 
phenotypes and significant increase 
in heartrate

51.7 Krylov et al. 
(2022)

14 Lab Y Embryos Fish Japanese rice fish 
(Medaka)

Physiological Hatchlings exposed to the EMF 
during development exhibited 
anxiety-like behaviour/developed 
faster

60 Lee and Yang 
(2014)

15 Lab Y Embryos & 
Fish

Fish Zebrafish (Danio rerio) Physiological Delayed hatching and decreased 
heart rate at the early 
developmental stages. Apoptosis- 
related genes significantly 
upregulated

30, 100, 
200, 
400, 
800

Li et al. (2014)

16 Lab Y Embryos & 
Fish

Fish Nile tilapia (Oreochromis 
niloticus)

Physiological Significantly suppressed growth 
performance and reduced digestive 
enzyme activity

30, 100, 
150, 
200

Li et al. (2015)

(continued on next page)
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Table 1 (continued )

No. Study 
Type 

EMF 
Impact 

Life stage Group Species Response Type Observed effects EMF 
(μT) 

Reference

17 Lab Y Fry Fish Caspian kutum (Rutilus 
frisii kutum)

Physiological Activity of ALT (Alanine 
Aminotransferase) and AST 
(Aspartate Aminotransferase) was 
increased along with increasing 
SMF intensity & lysozyme level 
showed a significant decrease

17 Loghmannia et al. 
(2015)

18 Lab Y Sperm Polychaete Serpulid polychaete 
(Ficopomatus 
enigmaticus)

Physiological Induce stress in sperm cells; 
increased mitochondrial activity, 
DNA damage, and reduced 
fertilization capacity. Larval 
development remains unaffected.

500, 
1000

Oliva et al. 
(2023)

19 Lab Y Egg shells Fish 
Fish 
Fish

Atlantic salmon (Salmo 
salar)

Physiological Increase in the egg-shell 
permeability to water; less distinct 
increase during the entire 
embryogenesis

2000 Sadowski et al. 
(2007)

Brown trout (Salmo 
trutta)
Rainbow trout 
(Oncorhynchus mykiss)

20 Lab Y Embryos Fish Zebrafish (Danio rerio) Physiological Delay hatching 1000 Skauli et al. 
(2000)

21 Lab Y Embryos Echinoderm Sea urchin 
(Strongylocentrotus 
purpuratus)

Physiological Significant delay in cell division 100 Zimmerman et al. 
(1990)

22 Lab Y Juvenile Crustacea Edible Crab (Cancer 
pagurus)

Behavioural 
and 
Physiological

Attraction Behaviour 
Suppression of side selection 
behaviour and significantly 
disrupted haemolymph L-Lactate 
and D-Glucose natural circadian 
rhythms

2800 Scott et al. (2018)

23 Lab Y Juvenile Fish Atlantic lumpfish 
(Cyclopterus lumpus)

Behavioural Significant reduction in swimming 
speed/No significant differences for 
activity ratios, total distance 
travelled, or time spent in 
quadrants

230 Durif et al. (2023)

24 Lab Y Juvenile Fish Rainbow trout 
(Oncorhynchus mykiss)

Physiological Significant changes in growth 
stimulation (enhanced weight gain, 
length and feed efficiency), 
metabolic regulation and Immune 
function

0.01, 
0.1, 0.5, 
5, 50

Nofouzi et al. 
(2017)

25 Field Y Juvenile Fish Chinook salmon 
(Oncorhynchus 
tshawytscha)

Behavioural Higher proportions of fish crossing 
cable location south of their normal 
migratory route/No Sig impact 
proportion of migrating fish

Field Wyman et al. 
(2018)

26 Field N 
N

Smolt 
(Juvenile)

Fish 
Fish

Chinook salmon 
(Oncorhynchus 
tshawytscha)

Behavioural Alterations to migratory routes and 
timing; but not considered strong 
barrier

Field Klimley et al. 
(2017)

Adult Green Sturgeon 
(Acipenser medirostris)

27 Lab Y 
N

Juvenile 
Juvenile

Fish 
Fish

Lake sturgeon (Acipenser 
fulvescens)

Behavioural Variety of altered swimming 
behaviours

1500 Bevelhimer et al. 
(2013)

Paddlefish (Polyodon 
spathula)

No reaction

28 Lab N* Adult vertebrate Small-spotted catshark 
(Scyliorhinus canicula)

Behavioural No significant attraction or 
avoidance, no startle responses, and 
no increased use of shelter;

15 Hermans et al. 
(2024)

20% decrease in activity, with 
increased resting and higher 
swimming speeds when active, but 
not statistically significant

19.6

29 Lab Y Adult Fish Brook trout (Salvelinus 
fontinalis)

Physiological Increased night-time pineal and 
serum melatonin levels

40 Lerchl et al. 
(1998)

30 Lab Y 
Y 
N

Adult Mollusc Mediterranean mussel 
(Mytilus 
galloprovincialis)

Physiological Heat Shock Protein (HSP) 
densitometric values were 
significantly higher

600 Malagoli et al. 
(2006)

Time-dependent increase in HSP 
expression

400

None 300
31 Lab Y 

Y
Adult Fish 

Fish
Big Skates (Beringraja 
binoculata) 
Longnose skates 
(Caliraja rhina)

Behavioural Significant impact on velocity, 
spatial use, and body orientation 
with AC 
Slower, exploratory behaviours 
with DC

500 
500

Newton (2024)

32 Lab Y Adult Mollusc Mediterranean mussel 
(Mytilus 
galloprovincialis)

Physiological Significant increase in immunocyte 
values - cellular processes 
disruption

1000 Ottaviani et al. 
(2002)

(continued on next page)
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Table 1 (continued )

No. Study 
Type 

EMF 
Impact 

Life stage Group Species Response Type Observed effects EMF 
(μT) 

Reference

33 Lab Y Adult Foramini- 
fera

Amphistegina lessonii Physiological Significant deleterious effects on 
viability at higher densities and 
longer durations.

Low Rebecchi et al. 
(2023)

34 Lab Y Adult Crustacea Freshwater crab 
(Barythelphusa 
canicularis)

Behavioural Eyestalk-ablated significant 
difference and faecal matter 
excreted significantly higher

<3200 (Rosaria and 
Martin, 2010)

35 Lab Y Adult Crustacea Edible Crab (Cancer 
pagurus)

Behavioural 
and 
Physiological

Stress increased significantly, 
disrupting normal metabolic 
rhythms and immune responses.

500- 
1000

Scott et al. (2021)

Increased attraction
36 Lab Y Adult 

Adult 
Adult

Fish Larval rainbow trout 
(Oncorhynchus mykiss)

Physiological Increase in genotoxic and cytotoxic 
effects significantly elevated

1000 Stankevičiūtė 
et al. (2019)

Mollusc Baltic clam (Limecola 
balthica)

Polychaete Ragworm (Hediste 
diversicolor)

37 Lab Y 
Y

Adult 
Adult

Fish 
Fish

Longnose skate 
(Beringraja rhina)

Behavioural Significant impact on velocity, 
spatial use, and body orientation 
with AC 
Slower, exploratory behaviours 
with DC

54.6 (Toledo Marin, 
2024)

Big skate (Beringraja 
binoculata)

38 Field Y Adult Fish Little skate (Leucoraja 
erinacea)

Behavioural Significant difference - more 
exploratory activity

Field Hutchison et al. 
(2018)

Crustacea American lobster 
(Homarus americanus)

Significant difference - more 
exploratory activity

39 Field Y Adult Fish Little skate (Leucoraja 
erinacea)

Behavioural Significant distance tracked - 
heightened exploration and 
foraging

Field Hutchison et al. 
(2020)

​ Adult Crustacea American lobster 
(Homarus americanus)

Increased time in enclosure zone 
and reduced height from seabed

40 Field Y Adult Crustacea Caribbean spiny lobster 
(Palinurus argus)

Behavioural Significant movement change from 
initial course with exposure

Field Lohmann et al. 
(1995)

41 Field Y Adult Invertebrate 
Invertebrate 
Fish

Sand stars 
Black crinoids 
Fish

Behavioural Slight but statistically significant 
differences in densities: No Sig 
differences in overall composition

91.4 Love et al. (2016)

Vertebrate 
Vertebrate

Sharks 
Rays

No impact

42 Field Y Adult Crustacea Spiny check crayfish 
(Oronectes limosus)

Behavioural Statistically significant difference 
and attraction behaviour

Field Tański et al. 
(2005)

43 Field Y. Adult Crustacea Amphipod (Goondogenia 
antartica)

Behavioural Significant spontaneous orientation 
disruption

Field Tomanova and 
Vacha (2016)

44 Field Y Adult Crustacea Baltic isopod (Idotea 
baltica basteri)

Behavioural Frequency significant individual 
distribution & movement change

Field Ugolini and 
Pezzani (1995)

45 Field Y Adult Fish European eels (Anguilla 
anguilla)

Behavioural Telemetered animals significantly 
lower swimming speeds

Field Westerberg and 
Lagenfelt (2008)

46 Field N Adult Fish Green sturgen (Acipenser 
medirostris)

Behavioural Altered swimming behaviour and 
increased transit time but not 
statistically significant*

Field Wyman et al. 
(2023)

47 Lab Y Adult 
Adult 
Adult

Fish Various Behavioural 
and 
Physiological

Varied impact – some significant 1010 
1010

Woodruff et al. 
(2013)N Crustacea 

Crustacea
American lobster 
(Homarus americanus)

No effect on spatial distribution

N Dungeness crab 
(Metacarcinus magister)

No effect on spatial distribution and 
no effect of the level of agitation

48 Lab N Larvae Fish Lesser sandeel larvae 
(Ammodytes marinus)

Behavioural No effect 150 Cresci et al. 
(2022a)

49 Lab N Larvae Fish Rainbow trout 
(Oncorhynchus mykiss)

Behavioural/ 
Physiological

No effect on otolith fluctuating 
asymmetry

1000 Fey et al. (2020)

50 Lab N Juvenile Fish Thornback ray (Raja 
clavata)

Behavioural No significant variance 450 Albert et al. 
(2022)

51 Lab N Juvenile Crustacea European lobster 
(Homarus gammarus)

Behavioural No effects on the exploratory and 
shelter seeking behaviours

230 Taormina et al. 
(2020)

52 Lab N Adult 
Adult 
Adult 
Adult 
Adult 
Adult

Crustacea 
Crustacea 
Crustacea 
Crustacea

North Sea prawn 
(Crangon crangon)

Behavioural 
and 
Physiological

No effects on spatial distribution 2700 Bochert and 
Zettler (2006)

Isopod (Saduria 
entomon)

No effects on spatial distribution 2700

Round crab 
(Rhithropanopeus)

No effects on spatial distribution 2800

Baltic prawn (Palaemon 
sqilla)

No effects on oxygen consumption 
rate

3200

Echinoderm Common starfish 
(Asturia rubens)

No effects on spatial distribution 2800

Polychaete Ragworm (Hediste 
diversicolor)

No effects on spatial distribution 2800

53 Lab N Adult Mollusc Blue mussel (Mytilus 
edulis)

Behavioural None on valve activity 300 Albert et al. 
(2022)Physiological None on filtration rate

(continued on next page)
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canicula, exposure was associated with a 20% reduction in locomotor 
activity, characterised by increased resting and higher swimming speeds 
when active (Hermans et al., 2024).

Field studies exhibited greater variation in design and outcome. 
Some incorporated telemetry, behavioural tracking, or exposure vali
dation (Hutchison et al., 2020a,b; Klimley et al., 2021), whereas others 
were observational or relied on indirect assumptions of exposure. 
Long-term monitoring was uncommon, with only one study extending 
beyond one year to assess biomass and species composition near SPCs 
(Andrulewicz et al., 2003). Most field studies did not stratify responses 
by sex or life stage.

A recent study published outside the present search window reported 
significantly greater attraction of female shore crabs to cable associated 
EMFs fields than males, (James et al., 2025), illustrating the limited 
representation of sex-specific analyses within relevant EMF literature.

3.5. Exposure types: AC, DC, magnetic and electric components

Among the reviewed studies, approximately half investigated DC 
exposures, one third investigated AC, and the remainder either com
bined both or did not specify the current type. Most studies focused 
exclusively on magnetic fields, with very few explicitly addressing 
electric fields.

DC studies typically examined static magnetic fields ranging from a 
few μT to several mT, often generated by coil systems or permanent 
magnets. AC exposures, generally at 50–60 Hz, were less frequently 
reported but remain directly relevant to inter array transmission cables. 
Only a small number of studies included explicit measurements or ex
periments targeting electric field components, although in situ field 
surveys implicitly incorporated both magnetic and electric elements 
(Klimley et al., 2021).

Table 1 (continued )

No. Study 
Type 

EMF 
Impact 

Life stage Group Species Response Type Observed effects EMF 
(μT) 

Reference

54 Lab N Adult Crustacea Velvet crab (Necora 
puber)

Behavioural No attraction or repulsion 304 Albert et al. 
(2023)

55 Lab N Adult 
Adult

Invertebrate 
Invertebrate

Common starfish 
(Asturia rubens) 
European sea urchin 
(Echinus esculentus)

Behavioural 
and 
Physiological

No significant differences in 
righting reflex or total haemocyte/ 
coelomocyte counts

500 Chapman et al. 
(2023)

Crustacea Velvet swimming crab 
(Necora puber)

Mollusc Common periwinkle 
(Littorina littorea)

56 Lab N Adult Molluscs 
Polychaete

Baltic clam (Limecola 
balthica) 
Ragworm (Hediste 
diversicolor)

Behavioural None 
None on food consumption and 
respiration rates (increase in 
ammonia excretion) 
No effect on spatial distribution but 
some slight behavioural changes

850- 
1050 
1000

Jakubowska et al. 
(2019)

57 Lab N Adult Mollusc Mediterranean mussel 
(Mytilus 
galloprovincialis)

Physiological No permanent cell damage 
provoked

400 Malagoli et al. 
(2003)

58 Lab N Adult Mollusc Mediterranean mussel 
(Mytilus 
galloprovincialis)

Physiological No change 400 Malagoli et al. 
(2006)

59 Field 
and 
Lab

N Adult Fish Sunfish (Lepomis spp.) Behavioural 
and 
Physiological

No significant impact Low Elvidge et al. 
(2022)

60 Field N Adult Invertebrate Various 
macrozoobenthos

Behavioural No significant changes in species 
composition, abundance, or 
biomass

Field Andrulewicz 
et al. (2003)

61 Field N Adult Fish Reef Fish Behavioural None Field Kilfoyle et al. 
(2018)

62 Field N Adult 
Adult

Crustacea 
Crustacea

Edible red crab (Cancer 
productus) 
Yellow rock crab 
(Metacarcinus anthonyi)

Behavioural No effect on distribution Field Love et al. (2015)

63 Field N Adult 
Adult

Crustacea 
Crustacea

Dungeness crab 
(Metacarcinus magister) 
Edible red crab (Cancer 
productus)

Behavioural No effect on catchability Field Love et al. 
(2017a)

64 Field N Adult
Adult

Invertebrate 
Invertebrate

Sand stars (Astrecten 
spp.)

Behavioural 
and 
Physiological

None 91.4 Love et al. 
(2017b)

Black crinoids (Antedon 
spp.)

Adult 
Adult 
Adult

Fish 
Vertebrates 
Vertebrates

Fish 
Sharks 
Rays

No significant attraction or 
repulsion

65 Field N 
N

Adult 
Adult

Fish, 
Invertebrate

Fishes- 41 species 
comprising 9675 
individuals 
Invertebrates 43 species 
comprising 30,523 
individuals

Behavioural 
and 
Physiological

No significant attraction or 
repulsion by fish or invertebrates

<100 Love et al. 
(2017c)

66 Field N Adult All Various benthic species Behavioural No significant difference 0.072 Rijkswaterstaat 
(2020)

67 Field N Adult Crustacea Red rock crab (Cancer 
productus)

Behavioural No significant impact to crab 
harvest rates

Field Williams et al. 
(2023)
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3.6. Scale of SPCs global impact

While several assessments have evaluated the environmental im
pacts of offshore energy infrastructure more broadly (Katovich, 2024; Li 
et al., 2022, 2023), few studies have directly quantified the marine 
spatial footprint of SPCs or MREDs. Regional projections suggest that 
Europe will require over 250,000 km of additional transmission capacity 
by 2050, though this figure includes both terrestrial and subsea systems 
(Schell et al., 2017). Global estimates indicate that SPCs could reach 
approximately 23,000 km by 2050 to support a market capacity of 260 
GW (Zhang et al., 2024). Broader renewable energy expansion, 

potentially exceeding 2000 GW worldwide (DNV, 2023), implies sub
stantially greater subsea transmission requirements.

Based on these projections, a conservative estimate of ~100,000 km 
of SPCs by 2050 was used for this review. Assuming a 50 m corridor 
width, this equates to a direct seabed footprint of ~5000 km2 (0.017% of 
the global continental shelf). Expanding the influence zone to 200 m 
increases this area to ~20,000 km2, or ~0.07% of the shelf (Taormina 
et al., 2018), as summarised in Table 2.

Fig. 3. EMF exposure studies by the most researched taxonomic groups, showing reported biological impact (blue) or no impact (red), Median and Interquartile 
Range (IQR) by (a) distribution by group, and (b) log scale of tested EMF levels. Field studies without specified EMF values are excluded. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.7. Synthesis of research trends

Research on SPC generated EMFs has increased steadily over the past 
decade, with a corresponding rise in both laboratory and field-based 
investigations.

One of the most important patterns is the disproportionate sensitivity 
of early developmental stages across taxa. Heatmap analysis of labora
tory data (Fig. 4) revealed that embryos and larvae of fish, crustaceans, 
polychaetes, and echinoderms exhibited consistently higher rates of 
EMF related effects compared with juveniles and adults. For example, 
93% of early-stage fish studies reported significant impacts, compared 
with 73% of juveniles and 53% of adults. Crustaceans showed a similar 
pattern, with 100% sensitivity in early stages but only 41% in adults. By 
contrast, molluscs and other invertebrates showed comparatively low 
responsiveness, particularly at adult stages.

A complementary analysis of biological responses relative to expo
sure intensity (Fig. 5) indicated that significant effects were reported 
across the full spectrum of EMF levels tested, including <250 μT. Early 
life stages were consistently the most responsive, while juveniles and 
adults more often required higher intensities to elicit measurable effects.

Geographic and taxonomic representation was uneven. Most studies 
were concentrated in temperate systems and focused on a narrow set of 
commercially important species, such as eels, edible crabs, and Euro
pean lobster (Harsanyi et al., 2022; Scott et al., 2021). Freshwater 
studies were included, but remain peripheral compared with marine 
investigations, and limited evidence suggests high response rates. 
Similarly, ecosystems in the tropics and Southern Hemisphere have 
received little attention.

Key synthesis findings and knowledge gaps are summarised in 
Table 3. 4. Discussion

This systematic review demonstrates that biological responses to 
EMFs generated by SPCs are consistently reported across multiple 
aquatic taxa, with early life stages displaying heightened sensitivity. The 
majority of embryo and larval studies reported significant effects, 
including at intensities below 250 μT (Cresci et al., 2023; Harsanyi et al., 
2022; Scott et al., 2021), supporting the hypothesis that development 
represents a critical window of biological sensitivity. Fish and crusta
ceans were the most frequently studied groups and showed the highest 
prevalence of reported effects, whereas molluscs and other invertebrates 
displayed more variable outcomes (Albert et al., 2020; Hutchison et al., 
2020a,b). Sensitivity therefore appears structured by both ontogeny and 
taxon; although mechanistic understanding remains incomplete.

Behavioural and physiological responses were both documented, but 
they differ in inferential strength. Behavioural endpoints such as altered 
swimming speed, attraction or avoidance, and habitat use were 
frequently affected (Hermans et al., 2024; Hutchison et al., 2020a,b), yet 
responses were often context dependent, reflecting species-specific 
sensory ecology and methodological heterogeneity. Physiological 

Table 2 
Estimated global marine spatial footprint of SPCs by 2050.

Metric Estimate Reference

Total Ocean area ~361 million km2 Charette and Smith (2010)
Global continental 

shelf area
~22–45 million km2 Laruelle et al. (2018)

Estimated future 
SPC length (2050)

~100,000 km Based on extrapolation from 
current trends and projections in 
offshore renewable energy 
development (Schell et al., 2017)

Direct SPC footprint 
(e.g., trench)

~5000 km2 (0.017% 
of continental 
shelves)

100,000 km of SPCs with a 50m 
direct impact width (Zhang et al., 
2024)

Ecological 
influence zone 
(200 m width)

~20,000 km2 

(0.07% of 
continental shelves)

Expanding the direct footprint to 
account for broader ecological 
effect (Taormina et al., 2018)

Fig. 4. EMF sensitivity heatmap by taxonomic group and life stage 
(lab studies).

Fig. 5. EMF sensitivity heatmap by life stage and exposure range (lab studies).

Table 3 
Summary of key synthesis findings.

Key Factor Pattern Observed Implications/Risks

Life stage Early stages = most 
sensitive

Risk to recruitment/population 
growth

EMF type DC > AC for 
physiological changes

Design considerations for SPCs

Species group Fish > crustacea >
molluscs

Relative sensitivity across taxa 
for risk assessment

Environment Lab > field impact 
reporting

Need for realistic in situ studies

Study design Lack of standardisation Method harmonization 
required

Sex-specific 
responses

Poorly studied Gap in understanding 
differential sensitivity

EMF exposure 
strength

Significant impacts 
even at <500 μT

Effects occur at 
environmentally realistic 
exposure levels

Exposure duration Mostly short-term 
experiments

Lack of knowledge on chronic 
and cumulative effects

Long-term 
monitoring

Extremely limited Need for multi seasonal, long- 
term studies

Magneto-/ 
electrosensitive 
species

Highly vulnerable to 
anthropogenic EMFs

Potential for altered movement 
and habitat use

Scale of SPCs Global 
Impact by 2050

Estimated less than 
0.1% of the world's 
continental shelf

Risk of ecological significant 
localised effects, especially in 
sensitive or migration critical 
areas
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studies, although fewer, more consistently reported effects, including 
altered metabolic regulation and immune responses, and cardiovascular 
anomalies during development (Harsanyi et al., 2022; Krylov et al., 
2022; Scott et al., 2021). Behavioural responses may therefore act as 
sensitive early indicators, while physiological endpoints provide stron
ger mechanistic insight.

A key limitation of the evidence base is the imbalance between 
laboratory and field studies. Laboratory experiments provide controlled 
exposure and statistical power but often generate spatially uniform 
fields that differ from the heterogeneous gradients produced by opera
tional SPCs (Albert et al., 2020; Taormina et al., 2020). This likely 
contributes to the higher proportion of significant outcomes in labora
tory settings. Field studies offer ecological realism but are typically short 
term, rarely quantify exposure gradients, and seldom stratify by life 
stage or sex (Hutchison et al., 2020a,b; Klimley et al., 2021). Paired 
laboratory and field approaches incorporating exposure validation and 
standardised endpoints will be essential to improve ecological inference.

4.1. Keystone evidence and strength of inference

Although the broader literature is methodologically heterogeneous, 
a small number of the keystone studies provide particularly strong 
inferential value by combining well-characterised EMF exposures with 
ecologically meaningful endpoints. Controlled laboratory experiments 
on Atlantic cod and haddock larvae demonstrate consistent reductions in 
swimming activity at environmentally realistic field strengths, indi
cating direct interference with early life-stage locomotion and orienta
tion (Cresci et al., 2023; Cresci, Perrichon, et al. 2022). Developmental 
sensitivity is further supported by physiological studies on European 
lobster and edible crab embryos, which revealed reduced larval size and 
altered egg metrics following chronic DC exposure (Harsanyi et al., 
2022), and by zebrafish embryo studies linking EMF exposure to delayed 
hatching, cardiac disruption and gene expression change (Krylov et al., 
2022; Li et al., 2014). At the juvenile and adult stages, laboratory ex
periments on Cancer pagurus demonstrate both attraction behaviour and 
metabolic disruption under SPC-relevant EMF conditions, providing 
mechanistic evidence of stress-related physiological change (Scott et al., 
2018, 2021). These laboratory findings are complemented by field 
telemetry studies on skates and lobsters, which show increased explor
atory behaviour and altered spatial use in the vicinity of operational 
cables (Hutchison et al., 2018, 2021). Collectively, these studies indicate 
that EMFs can act as behavioural cues, disrupt physiological homeo
stasis, and exert particularly strong effects during early development, 
although few studies have yet linked short-term responses to 
longer-term fitness or population level consequences.

Sex-specific responses represent a critical and largely overlooked 
dimension of EMF sensitivity. Most studies do not stratify by sex, despite 
well-established sex differences in physiology, behaviour, and repro
ductive investment across aquatic taxa (White et al., 2017). A recent 
laboratory study recorded that female shore crabs (Carcinus maenas) 
exhibit significantly greater attraction to SPC relevant EMFs than males 
(James et al., 2025), suggesting that EMFs may interact with sex-specific 
sensory ecology, movement behaviour, or reproductive strategies. This 
finding highlights the risk of obscuring biologically meaningful patterns 
when sexes are pooled and underscores the need to routinely incorpo
rate sex as a biological variable in EMF research.

Another limitation is the strong focus on magnetic fields, with elec
tric fields rarely tested independently despite their ecological relevance 
for electroreceptive taxa (Klimley et al., 2021). In addition, AC and DC 
outcomes are sometimes pooled, obscuring differences in waveform, 
frequency and biological interaction pathways (Cada et al., 2011; 
Hutchison et al., 2020a,b). Clearer reporting of field type, intensity, 
frequency, and spatial gradients is therefore essential for mechanistic 
understanding and enabling cross-study comparison.

At the global scale, SPC expansion is projected to represent a modest 
proportional footprint (<0.1% of the continental shelf by 2050), but this 

masks localised ecological risks. Cables are concentrated in nearshore 
habitats that are disproportionately productive and biodiverse, 
including nursery grounds and migratory corridors (Hermans et al., 
2024; Schell et al., 2017; Taormina et al., 2018; Zhang et al., 2024). 
Consequently, cumulative exposure in cable dense regions warrants 
particular attention within environmental assessment and marine 
spatial planning.

4.2. Interpreting research priorities through feasibility and scalability

The research priorities identified in this review highlight the need to 
balance scientific ambition with practical feasibility and scalability. 
While Short term laboratory studies dominate the current literature, 
limiting inference on chronic, cumulative and multigenerational effects, 
several high-impact advances can be implemented immediately without 
substantial additional infrastructure. Conversely, many ecologically 
realistic research directions, particularly field-based, multi stressor and 
long-term studies remain constrained by logistical, regulatory and 
financial barriers.

Rather than ranking research topics by perceived urgency or 
importance, we adopt a feasibility informed framework that reflects the 
capacity of the wider research community to implement different study 
types under current conditions. This approach recognises that many 
research questions are equally important from an ecological and regu
latory perspective, but differ substantially in the resources, coordina
tion, and time horizons required to address them.

High feasibility priorities include methodological standardisation, 
harmonised exposure reporting, and routine consideration of sex and life 
stage as biological variables. These actions are low-cost, widely acces
sible, and can be implemented immediately across laboratory and field 
studies. Improving consistency in exposure characterisation, behav
ioural metrics, and metadata reporting would substantially enhance 
comparability across studies and strengthen the evidentiary base for 
environmental risk assessment.

Moderate feasibility priorities encompass coordinated laboratory 
experiments, extended chronic exposures, and comparative studies 
across taxa or life stages. While technically achievable, these approaches 
often require inter-laboratory collaboration, shared protocols, and 
moderate increases in infrastructure or personnel investment. Such 
studies represent a critical intermediate step between short-term labo
ratory experiments and large-scale field validation.

Low feasibility priorities represent long-horizon research agendas, 
including multi-generational exposure studies, multi-stressor field ex
periments, and population- or ecosystem-level assessments near opera
tional submarine power cables. These approaches require sustained 
funding, specialist equipment, long-term site access, and close coordi
nation between researchers, industry, and regulators. Although chal
lenging to implement, they remain essential for resolving uncertainties 
around cumulative and indirect ecological effects and should be sup
ported through dedicated consortia and strategic research programmes.

By framing research priorities through feasibility and scalability 
rather than categorical ranking, this review emphasises the importance 
of sequencing research efforts while avoiding assumptions about rela
tive ecological significance. This approach supports both immediate 
methodological improvements and the longer-term development of ev
idence needed to inform environmental management and policy de
cisions related to submarine power cable electromagnetic fields.

5. Conclusion

This systematic review applies PRISMA standards to deliver a 
transparent and structured synthesis of evidence on the biological effects 
of SPC EMFs. Across 67 peer reviewed laboratory and field studies, 
significant biological responses were reported in multiple taxa, with 
early developmental stages consistently exhibiting the greatest sensi
tivity (Cresci et al., 2022a; Harsanyi et al., 2022; Scott et al., 2021). Both 
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behavioural and physiological endpoints were affected, although the 
consistency of the responses varied among metrics, and effects were 
detected at field intensities comparable to those generated by opera
tional cables (<250 μT).

Across taxa, sensitivity was shaped by both life stage and taxonomic 
group, with fishes and crustaceans generally more responsive than 
molluscs and other invertebrates. Early stages consistently emerged as 
critical exposure windows, suggesting potential consequences for 
recruitment and population resilience in marine ecosystems. Emerging 
evidence further indicates that sex-specific responses represent an 
important and previously under recognised dimension of EMF sensi
tivity, with recent work demonstrating significantly greater attraction of 
female shore crabs to SPC relevant EMFs ().

Despite this expanding evidence base, substantial uncertainties 
remain. Long-term and multigenerational impacts are poorly resolved, 
tropical and Southern Hemisphere marine ecosystems are under- 
represented, and methodological heterogeneity continues to constrain 
cross-study comparability. Addressing these limitations will require 
improved standardisation of exposure and reporting, coordinated labo
ratory to field validation, and routine inclusion of sex and life stage as 
biological variables in experimental design.

As offshore renewable energy expands globally, systematic consid
eration of EMF effects within environmental risk assessment, marine 
spatial planning, and biodiversity policy frameworks will become 
increasingly important (Taormina et al., 2018). By consolidating current 
evidence and articulating feasibility informed research agenda. This 
review supports the development of proportionate, evidence-based 
management strategies that enable SPC deployment to proceed in par
allel with climate mitigation and marine biodiversity protection.
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