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Abstract

Electromagnetic surveys generate electromagnelitsfito map petroleum deposits under the
seabed with unknown consequences for marine anifla¢selectric and magnetic fields
induced by electromagnetic surveys can be detéstelany marine animals, and the
generated fields may potentially affect the behagfqerceptive animalanimals using
magnetic cues for migration or local orientatiospecially during a restricted time-window,
risk being affected by electromagnetic surveysléttrosensitive animals, anthropogenic
electric fields could disrupt a range of behavidiise lack of studies on effects of the
electromagnetic fields induced by electromagneti@eys on the behavior of magneto- and
electrosensitive animals is a reason for conceemne Hve review the use of electric and
magnetic fields among marine animals, presentaatsurvey generated and natural
electromagnetic fields, and discuss potential &ffe€electromagnetic surveys on the
behavior of marine animals.

KEYWORDS: Magnetism, electrosensitive animals, negrsensitive animals,
electromagnetism, orientation, noise, pollutioreef§, energy resources, ecosystem
management
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Commercially deployed since the beginning of th8 dntury, electromagnetic techniques
(controlled-source electromagnetic sounding, se&dgging, remote reservoir resistivity
mapping) have become a common tool in oil exploratiVith this technique, electric and
magnetic fields are generated to map petroleumditspander the sea bed (Constable 2006).
Many marine animals, however, use electric and/agmetic fields for orientation and
migration, and — as sharks and rays - even for camication, prey detection, and predator
avoidance (Collin and Whitehead 2004, Kalmijn 198@llnick 2000). Thus, exposure to
electromagnetic surveys may disrupt a wide rangenohal behaviors. Between 2009 and
2018, 149 surveys, extending over 4238 days wardwded in Norwegian waters alone

(OD 2019). Despite the widespread use of this tieclenacross the globe, studies on its
impact on aquatic life are virtually absent frore gtientific literature (although potential
effects are discussed in industry reports; Buchatah 2006, Buchanan et al. 2011). Here
we review the use of electric and magnetic fielt®ag marine animals and discuss potential
effects of electromagnetic surveys on the anintaisavior.

1. Electromagnetic surveys

In typical electromagnetic surveys, an electromégrs®urce is towed about 30-50 m above
the bottom or 10 m under the surface, at a speade meters per second (Buchanan et al.
2006, Buchanan et al. 2011, Key et al. 2012). btlzar type of system (vertical surveys), the
source is placed perpendicular to the sea bottorarfdwour, at consecutive stationary
positions distributed over the survey area (Elllngsand Larsen 2019, Helwig et al 2019).
The source produces an alternating electromagfieltic(0.05-10 Hz) which propagates
through the water mass and the seabed and is e the conductivity of the media it
passes through. An array of sensors anchored asethbed 0.5 — 3 km apart detect the
modified electromagnetic signals and their charattes are used to model petroleum
deposits in the ground (Buchanan et al. 2006, Buaha&t al. 2011, Holten et al. 2009,
Johnsson and Oftedal 2011, Key et al 2012). Whiteeys used to be restricted to deep
waters, far from the surface, they are now alsmtpglace over relatively shallow depths.
Surface tows are conducted over depths down torgQfeep tows are performed at depths
down to 3500 m, and vertical stationary surveywaters from 100 to 1200 m deep.
(Buchanan et al. 2011, Ellingsrud and Larsen 2Miflet 2016, Mittet and Jensen 2018).

The reported maximum electric and magnetic fietdrgjths are 0.5-6 V/cm and 200 000 nT
respectively, but both attenuate rapidly with cis&a (Fig. 1-2; Ellingsrud 2014, Johnsson
and Oftedal 2011, Mittet 2016, Mittet and Jenset&0According to Buchanan (2011), the
magnetic field is below 200 nT at 400 m distarae] the electric field under 400 nV/cm at
1000-1900 m distance. Mittet and Jensen (2018)tépeels at distances in similar order of
magnitudes (up to 600 nV/cm and 48 nT at 1000 tadce).
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Figure 1. Magnetic field strength by distances from the electromagnetic source. Red points
are data from Buchanan (2011) and include deep and shallow towed electromagnetic
sources (frequency = 0.1-10 Hz, current = 1 - 1.25 kA) with distances as the vertical distance
in line with the towing transect. Purple crosses are data from Johnsson and Oftedal (2011).
Blue squares are from modelled data from EMGS for a 1 Hz and 10 kA survey. The inset
shows the same figure but with a smaller range on the y-axis (0 — 1000 nT).
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Figure 2. Electric field strengths at different distances from the electromagnetic source. Red
points are data from Buchanan (2011) and include deep and shallow towed electromagnetic
sources (frequency = 0.1-10 Hz, current = 1 - 1.25 kA) with distances derived from the sum of
vertical (up to 750 m) and horizontal (up to 400m) distances from the source. Green triangles
are data from Ellingrud (2014). Blue squares are from EMGS for a 1 Hz and 10 kA survey. The
inset show the same figure but with a smaller range on the y-axis (0 — 10 000 nV/cm).



79

80

81
82
83
84
85
86

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

102
103
104
105
106
107
108
109
110
111
112
113

114

2. Electromagnetic fields in nature
In systems in movement, electric and magnetic sielctcur together. An electric field is
induced in any conductor that is moving throughagnetic field or that is exposed to a
changing magnetic field. An electric current inaductor creates a magnetic field in the
space surrounding the conductor (Young and Freedrd@6). Magnetic and electric fields
are part of the environment of practically evewrlg organism (Skiles 1985).

2.1 Magnetic fields
The Earth’s own magnetic field, the geomagnetildfies one of the strongest naturally
occurring components of the magnetic field thaaorgms experience. The Earth’s magnetic
field is produced by currents generated by congaati molten iron in the outer core. It has
an inclination and a magnitude (sometimes refeiweas intensity) that both vary relatively
predictably with geographic location. The inclimatiis 0° at the magnetic equator and 90° at
the magnetic poles while the magnitude is aroun@@DnT at the poles, 40 000 - 50 000 nT
at mid latitudes, and 30 000 nT at the equators Tésults in an average change of 2-5
nT/km, and 0.01°/km between the equator and thespth addition, crystal rocks in the crust
and non-dipole components of the core’s internabgyo produce local anomalies, causing
magnetic fields several times weaker or strongan #expected, and gradients of 10-100
nT/km (Kullnick 2000, Skiles 1985, Walker et al.a&). Also, relevant for life on earth, the
natural geomagnetic field is constantly changimgl bas historically even experienced
several pole reversals. Today the total field snghing at a rate of 0 - 120 nT / year
depending on geographic location (British Geololg&urvey 2018, Skiles 1985).

Solar electromagnetic and particle radiation predusnlar-terrestrial interactions that cause
both small and large magnetic disturbances. Selaedtrial interactions cause larger
disturbances at higher latitudes, ie. in the alimoaes (the latitudinal bands where northern
and southern lights occur most frequently). Logatrthl changes in magnetic field range
from a few to over 500 nT (UiT 2018; Klinowska 19&kiles 1985). Solar storms, on the
other hand, can periodically produce much largstudbances. The magnitude and frequency
of solar storms follow an 11-year solar cycle wijthiet and active times. Minor disturbances,
occurring in auroral zones, of 100-200 nT typicédigt 30 min to several hours and occur a
few to hundreds of times a year depending on longfig. 3-4). Large storms occur more
seldom but can cause disturbances of several 1D0&nadl last for days. Both the occurrence
of minor disturbances and solar storms vary withgblar cycle. (Brittish Geological Survey
2018, Klinowska 1986; Parkinson 1983; Skiles 1985).
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The total field variation is calculated by subtracting the Earth's internal field from the
measured total field strength. The internal field is estimated for every ten-day interval by
finding the value of which most of the variations are centered around (using least square
roots). Data from UiT.

2.2 Electric fields
In nature, electric fields are induced in the sbanvsaltwater, a conductor, moves in the
natural magnetic field, and vary with the magnéatd strength and current speeds. For
example, in the English channel electric fieldsallsgumeasure 5 - 500 nV/cm (Kalmijn
1999). From the Atlantic Ocean, the Gulf Stream @edNorth Sea, similar electric field
strengths of 350-500 nV/cm are reported (Buchahah 2011). Magnetic disturbances
induce electric fields both in the atmosphere antthé sea. During magnetic storms, induced
electric fields can reach strengths of 10 000 n\V(Kadmijn 1999). Following the same
principle, electric fields are also induced whemaais swim in the Earth’s magnetic field
(Kalmijn 1999).

Another source of natural electric fields is liviagganisms. Organisms constantly generate
electric fields during their life processes for exde during cell membrane transport, muscle
contractions and nerve cell communication (Cram@@19). The characteristics of the
generated electric fields depend on the taxa, ipasind activity of the animal, and typically
range from 2 000 — 100 000 nV/cm at a very closeadce (Haine et al. 2001). Some fish
also actively produce electricity (Crampton 20F)r example, some skates produce weak
electric signals, presumably for communication, aledtric rays hunt by generating electric
discharges (Bratton and Ayers 1987, Bray and Hik®r8, Lowe et al. 1994).

3. Magnetic fields and marine animals

3.1 Magnetosensitive organisms

Many organisms respond to geomagnetic cues, frateba (Frankel and Blakemore 1980)
and protists (Bazylinski et al. 2000) to insectsistaceans, fish, sea turtles, birds, and
mammals (Wiltschko and Wiltschko 2005). Organisespond to the direction, magnitude.
or/and inclination of the geomagnetic field. Thare three main mechanisms proposed for
magnetoreception: magnetite based magnetorecepdidical-pair mechanisms and electric
field mediated magnetic orientation. In the magediased magnetoreception, magnetite
crystal alignment depends on the magnetic field,iampicked up by nerve cells. The radical-
pair mechanism is based on chemical reactions diepeion the magnetic fields, and
possibly coupled to photo excitation. Finally, étexcfields are induced when the animal or
saltwater move through the geomagnetic field, andccbe used for orientation in
electroreceptive organisms (Gould 2008, JohnserLahthann 2005, Mouritsen 2018,
Rommel and McCleave 1973, Walker et al. 2003). dtfh much remains to be learned, in
the marine environment fish and turtles likely asmagnetite mechanism while the radical-
pair mechanism has strong support (without exclydimagnetite mechanism) among birds
and some invertebrates (Mouritsen 2018). All thmeehanisms are extensively explained in
reviews by Mouritsen (2018) and Johnsen and Lohn(2005; 2008).

Animals can theoretically use magnetic cues taodistaa direction of movement relative to
the magnetic north (compass orientation) or, moregiex, to orient on a magnetic map. In
contrast to the establishment of a direction, ametig map sense utilizes two magnetic
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coordinates such as inclination and magnitude iferrnagnetic gradient in combination with
other environmental cues, e.g. stars, the sumlariped light) to position the organism in
relation to its environment. A magnetic map semsglires high sensitivity to detect low
gradients, as well as mechanisms to handle loegjutarities, solar induced disturbances,
and geomagnetic drift over time. In the marine emvinent there is, so far, evidence for a
magnetic map sense in turtles, fish, and crustac@dauritsen 2018). Magnetic orientation,
on the other hand, is widespread in the aquatic@mwent, and has been related to both long
distance migrations and local movements (Johnseérahman 2008). In general, magnetic
cues seem to be used interchangeably, or togeitterother environmental cues (Freake et
al. 2006, Muheim et al 2006).

Long distance migrations are common in the marmérenment and many migratory
species seem to use magnetic cues for orientadRigim@n 2018; Mouritsen 2018). Both
salmons and eels have lifecycles that include tisance migration at sea and respond to
changes in the magnetic field. Among salmonid fggfgmagnetic orientation has been
observed for both juveniles and adults. SockeymaalOncorhynchus nerka) spawners
deviate their migration route towards the rivetdoling the geomagnetic drift (Putman et al.
2013). Further, fry or juveniles of sockeye salnf@uinn 1980), chum salmon
(Oncorhynchus keta; Quinn and Groot 1983), chinook salm@n¢orhynchus tshawytscha;
Walker et al. 2003), Atlantic salmd@B8almo salar; Scanlan et al. 201&)rown trout Galmo
trutta; Formicki et al. 2002) and rainbow trout (Oncorblyns mykiss; Chew and Brown
1989, Putman et al. 2014) - all migratory salmapdcies - orient to manipulated magnetic
fields. In experimental settings, European e&igy(illa anguilla) and Japanese eels
(Anguilla japonica) have responded to or oriented in relation to netigriields, indicating

the possible use of a magnetic sense during mamgeations (Cresci et al. 2017, Durif et al.
2013, Nishi and Kawamura 2005, Nishi et al. 20@d30 yellowfin tuna Thunnus

albacares), another fish performing long distance migratidmsve, in captivity,
demonstrated the ability to discriminate shift$ha magnetic field direction in a training
experiment (Walker 1984). Among displaced greettetsiChel onia mydas), magnetically
manipulated individuals displayed longer hominghgatompared to control animals,
indicating that a magnetic sense facilitates honfingschi et al. 2007).

Elasmobranchs potentially use their electrorecemind electric induction to sense magnetic
fields (Molteno and Kennedy 2009). In directed muoeats, hammerhead sharks are
hypothesized to orient in association with high magle magnetic slopes (Klimley 1993),
and, similarly, several species of sharks swimnmingtraight lines for long periods of time
are thought to do so using geomagnetic cues (Msetyalr 2005). Indeed, in captivity,
hammerheadSphyrna lewini) and sandbar shariSarcharhinus plumbeus) perceived the
magnetic field in a conditioning experiment. Tharks were trained to respond to an
artificial magnetic field by being presented foolem this field was turned on (Meyer et al.
2005). Also captive stingrayBasyatis brevicaudata) have been able to discriminate between
presence and absence of magnetic anomalies imgamperiments (Walker et al. 2003). It
cannot, however, be excluded that these elasmdisaracted to the electric field in the
experimental coil rather than to the magnetic fi@dlohnsen and Lohmann 2005).
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Cetaceans (whales and dolphins) have also beerhegiped to navigate using geomagnetic
cues during their migrations. In line with thigglsiing positions of fin whaleBélaenoptera
physalus) of northeastern United States correlated with anéémv geomagnetic magnitude
during migration, but not with bathymetric paramgténdicating the use of geomagnetic
cues rather than bathymetric features for navigatidalker et al. 1992). In captivity,
bottlenose dolphindursiops truncates), approached a magnetic object faster than to an
identical non-magnetic object, indicating a magnséinse (Kremers et al. 2014).

Magnetic cues can also be used to keep relativebkvwwimming animals in suitable ocean
currents, or in relation to movements to or awayrfithe shore. Larvae of juvenile
loggerhead turtlearetta caretta) presented with inclinations and intensities fraffedent
locations oriented in directions that would keegnthin the North Atlantic gyre, their
preferred feeding area (Lohmann et al. 2001, Lohma@ard Lohmann 1996). Also Atlantic
haddock larvaeMe anogrammus aeglefinus) oriented after the magnetic field, both in a
chamber placed in the North Sea and in the laborgboesumably as a mechanism for
suitable dispersal (Cresci et al. 2019a). Glass (@erenile European eels) adjust their
magnetic orientation depending on the tide andrtben phase to find their coastal habitats
(Cresci et al 2017, 2019b, 2019c). In experimgotgenile loggerhead sea turtles that leave
the shore, swimming against the waves have beemteghbto use geomagnetic cues to
maintain an off-shore direction after contact vitie coast, has been lost (Goff et al. 1998).
Similarly, Antarctic amphipod€3ondogeneia antarctica), brought to a laboratory, moved in
the geomagnetic seaward direction of their homeléBomanova and Vacha 2016). Also in
a laboratory, larvae of damselfisBhfomis atripectoralis) and cardinalfish@stor hinchus
doederleini), two coral reef fishes, responded to shifts in mégrield with corresponding
shifts in orientation, demonstrating magnetic cossparientation and its potential use in
homing or reef settlement (Bottesch et al. 2016,0@hor and Muheim 2017).

At least some marine animals use the geomagnetecfhr relatively local orientation. Spiny
lobsters Panulirus argus), for example, are capable of detecting changdsaenting in the
magnetic field, and also have a magnetic map sengade their local movements (Boles
and Lohmann 2003, Lohmann et al. 1995).

In general, our understanding of the use of magmeies among animals is limited, and its
occurrence is likely more widespread than whabisuthented. For example, among marine
invertebrates, sea slu@sudibranchia) orient relative to geomagnetic compass directions
(Lohmann and Willows 1987) and several additiomastaceans are believed to use a
magnetic compass (Kullnick 2000).

3.2 Magnetic disturbances and animal behavior

As discussed above, geomagnetic disturbancesfefatit sizes are naturally recurrent, and
correlate with changes in the movement patterroti marine mammals and fish.
Associations between live whale strandings andrabgeomagnetic disturbances have been
observed around the world (Ferrari 2017, Kirschwhlal. 1986, Klinowska 1986). Stranding
locations of whales were associated with magnetid anomalies of less than 50 nT
(Kirschvink et al. 1986). Also, a publication in gaian reports a correlation between the
level of geomagnetic activity and catches of herriderring supposedly migrated from
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shallow areas in the Barents Sea to deep watehge ddorwegian Sea during larger magnetic
storms (references in Krylov et al. 2014).

Artificial displacement experiments can be usehter changes of the magnetic field that
may result in a changed orientation of groups ahafs. In this kind of experiments, the
magnetic field is manipulated by a coil system Hralaverage orientation of animals are
tested under different magnetic field conditiond anthe absence of other orientational cues.
In such experiments, Atlantic salmon showed distmagnetic orientation from changes as
small as 3400 nT and 6.4° (Scanlan et al. 2019)evgpiny lobsters and loggerhead turtles
both displayed distinct average orientation frotifiaral displacements around 5000 nT and
8° (Boles and Lohmann 2003, Fuxjager et al. 20R&)nbow trout oriented in different
direction from a displacement of 11 000 nT and (Piftman et al. 2014). The magnetic field
differences that result in the animals changingrdation might indicate a size of disturbance
that might cause an orientation effect in exposeahals. These levels, however, in addition
to not being lower thresholds for inducing changd,in nature likely be modulated by other
orientation cues (Freake et al. 2006, Muheim @086, Mouritsen 2018)

Under water electrical cables cause local devidtiom the natural geomagnetic field
(Taormina et al. 2018). In the Baltic sea, migmtituropean eels passing over an electric
cable, inducing magnetic field strengths of 5000ah®0 m distance, deviated from their
migration route, but resumed their migration dil@tiafter only a short average delay of 30
minutes (Westerberg and Begout-Anras 2000, Ohmah 2007). In an enclosure
experiment, little skatf@l_eucoraja erinacea) reduced speed, and increased distance, travel
speed and frequency of turns — consistent witheas®d exploration or feeding behavior -
when exposed to electromagnetic fields from an waaler cable. In this experiment the
animals experienced magnetic fields strengths @@lL— 65 300 nT, or deviations from the
natural field of 300 — 14 000 nT (Hutchison et24118). In another experiment, edible crab
(Cancer pagaurus) exposed to 2 800 000 — 40 000 000 nT for 24 h aysal increased
sheltering and a preference for magnetically expadelters (Scott et al. 2018). However, no
effects were found on the shelter seeking behafiprvenile lobstersomarus gammarus)
exposed to artificial magnetic field of a maximumeeinsity of 200 000 nT (Taormina et al.
2020).

Additionally, magnets have been used experimentaliyodify fish behavior, for example to
divert or attract certain species from/to fishireags. Strong magnets have been used, with
mixed results, to reduce shark bycatch in baitgldeiiies (Hart and Collin 2015, Porsmoguer
et al. 2015, Richards et al. 2018), and in fresbwahagnets placed at the entrances of fyke-
nets increased catches of perebr¢a fluviatilis), roach Rutilusrutilus), rudd Scardinius
erythrophthalmus), and bleakAlburnus sp.) (Formicki et al. 2004). In a behavioral choice
experiment, magnets placed at artificial dens teduh fewer sheltering spiny lobsters
compared to controls, indicating that anthropogemagnetic anomalies might influence

local movement in natural environments (Ernst aodrhann 2016)

Few studies are available on magnetic field thrieishperceived or susceptible of inducing a
behavioral change in marine animals (But see thplRainbow trout, in a heartbeat
conditioning experiment, perceived magnetic fighdnges over 30 000 nT and 10°
(Hellinger and Hoffmann 2009) and Japanese eelbitath a response to 12 000 nT (Nishi et

10
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al. 2004). However, similar to the elasmobrancheexpents referred to above, in these
studies the experimental design did not allow szdiminate whether the animals responded
to the magnetic field or changing electrical fields mentioned previously, in moving or
changing systems the magnetic and electric fiebdsiotogether. This means that from a
moving animal’s perspective, or for an animal eigrering changing fields, the organism is
simultaneously exposed to both magnetic and etefitids. Depending on the animal’s
perceptive ability, it could, in theory, sense hert one, or both fields (Skiles 1985). This
should be kept in mind here, and throughout thewdsen the use of separate electric and
magnetic fields is discussed. It should also bedhthat some experimental designs do allow
the discrimination of non-magnetic effects: for exde, systems that use doubled-wrapped
coil systems with electricity running in antipaedltirections will cancel out the electric field
(Kirschvink 1992).

As discussed above, organisms may respond to itketidn and/or to the magnitude of the
geomagnetic field. That is, they may orient alorggnaple compass direction, but they may
also navigate using a ‘magnetic map’ based onrntemsity and the inclination of the field
(Johnsen and Lohmann 2005; Mouritsen 2018). Althdiitle explored, this means that the
geometry of the magnetic disturbance comparedea@ihbient geomagnetic field is likely
important when evaluating its effect. Thus, theesity of a disturbance could vary between
species that utilize different components of thgnedic field. For instance, if an organism
senses direction in the horizontal plane, like a-tlimensional compass, then the horizontal
component of the disturbance is key. It will bdetiént for organisms sensing the vertical
component or the inclination. The impact of thewtisance will also vary depending on its
geometry, where both size and direction of theudistnce field compared to the ambient
field will matter. A disturbance might also havegter effects on the inclination than on the
total intensity, or vice versa. A compass sensétrbg affected differently than a map sense,
or effects might differ if the map sense is fittedlocal rather than long distance orientation
(Johnsen and Lohmann 2005; Mouritsen 2018). Als®physiological mechanisms by
which an animal senses the magnetic field may natdw@ffects of anthropogenic
disturbances. For example, strong and short elactgoetic pulses have been used to disable
supposed magnetite based magnetic senses, whiddregdiency electromagnetic fields seem
to immobilize the radical-pair mechanism (Johnsash lcohman 2005; Mouritsen 2018).
Hence, when assessing the impact of anthropogetiidtg, it may be important to consider
the particular way animals sense the field as agthe direction of the anthropogenic field
compared to the ambient field.

Exposures to relatively high strength magnetiacBdbr days to weeks can have
physiological effects on organisms. Formicki et(2019) reviewed effects on spermatozoa
movement, fertilization rates, and egg incubatienqa in a range of fish species, and
Juutilainen (2005) reports developmental effectigsimand sea urchin embryos from
exposure to magnetic fields in the range of 0.1Al0 In addition, natural diurnal weak
magnetic field variation could play a role in orgams’ internal clocks, and magnetic
disturbances may hence be able to cause chronglmalalisruptions, with potential health
consequences for the organism (Liboff 2014) anelogdfof anthropogenic magnetic fields on
homeostatic and metabolic functions have been stggéBegall et al. 20134lso, distorted
magnetic fields during developmental phases hasudtesl in failed magnetic orientation
later in life, perhaps by effects on an internagmetic map, in loggerhead sea turtles and
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rainbow trout (Fuxjager et al 2014, Putman et @L4). However, such long-term exposure
effects are likely not relevant in the contexetd#ctromagnetic surveys which only disturb
animals for a short period (minutes to hours).

4. Electric fields and marine animals

4.1 Electrosensitive organisms

Although all animals use electricity during thefetprocesses, some animals have also
evolved to detect weak electric fields in their ieomment(Crampton 2019). Elasmobranchs
detect very weak electric fields as the potentidcence between the center of their body
and their outer skin, across membranes lining sgrgans called Ampullae of Lorenzini.
Ampullae are scattered over the head in sharkspaadthe head and pectoral fins in skates
and rays. Uneven stimulation of these ampullae lesatetection of spatial location and
direction of electrical sources. (Adair et al. 19@8llin and Whitehead 2004). Among
marine fish, specialized electroreception is alEsent among lampreys
(Petromyzontiformes), stargazersi{ranoscopidae), sturgeonsAcipenseridae), catfishes
(Sluriformes) and coelacanthkatimeriidae) (Alves.JGomes 2001, Collin and Whitehead
2004, Walker 2001). In freshwater, paddle fiBblydon spathula), lungfishes Dipnoi),
bichirfishes, reedfishe#¢lypteridae), and weak electric fisfGymnotiformes and
Mormyridae) perceive weak electric fields (Crampton 2019;Rafiis and Hofmann 2007). In
addition, Atlantic salmon and European eel resgongleak electric fields in the lab
(Rommel Jr and McCleave 1973a). Electroreceptiandiso recently been discovered in
Guiana dolphin%otalia guianensis), and its presence in other cetaceans hypothesized
(Czech-Damal et al. 2011).

4.1.1 Predation, predator avoidance, and communication

In elasmobranchs, the electric sense is used &yr gtection, predator avoidance,
communication with, and location of, conspecif@asd potentially for geomagnetic
orientation (Bratton and Ayers 1987, Collin and Whead 2004). For example, in
experiments, both skates and sharks detected ianke stt a burrowed plaice, as well as
towards electrodes simulating a plaice, but faitedo so in the absence of electrical signals
(Kalmijn 1971, Kalmijn 1982). Also, skate and sharkbryos ceased all ventilation when
exposed to electric fields simulating ventilatiariges of a typical predator, presumably to
avoid predation (Kempster et al. 2013, Sisneras. €t998). Stingray males can detect buried
females using electric cues, and their sensitimtyeases during the reproductive season
(Bodznick et al. 2003, Sisneros et al. 1998, Smmand Tricas 2000). Due to the low
strength of bio-generated electrical signals, #ection distance is relatively short, in the
range of 5 - 40 cm (Kalmijn 1971, Kalmijn 1982).€rh is also tendency for benthic feeding
elasmobranchs to have enhanced electroreceptiopazemhto pelagic feeding fish within the
same groups (Collin and Whitehead 2004, Raschi)1d@@&reshwater also paddlefish and
weak electric fish locate prey using their elecsenses (Wilkens and Hofmann 2007).

4.1.2 Orientation and migration

As mentioned above, electrosensitive animals haea Buggested to use their electric sense
to orient according to electric fields induced bg geomagnetic field. In training
experiments, stingrays showed the ability to orrefdtive to an electric field similar to those
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produced by ocean currents (Kalmijn 1982). Amomgasts, Atlantic salmon and American
eel Anguilla rostrata) showed, in heartbeat conditioning experimentgraiaing experiment
to test detection ability, consistent cardiac resgoto weak electric fields. The electric field
strengths were in magnitudes within the range ptedifor the Gulf stream, causing
speculation over the potential use of an electitse in oceanic migration (Rommel Jr and
McCleave 1973a, Rommel Jr and Mccleave 1973Db).

4.2 Electric disturbances and animal behavior

There is some knowledge of threshold levels intiatato the electric field. Elasmobranchs
can respond to electric fields of 1 — 10 nV/cm, hoise due to the fish moving in the
geomagnetic field might put the practical threshail@0 nV/cm (Collin and Whitehead 2004,
Peters et al. 2007). Among non-elasmobranch fisissRRn sturgeom¢ipenser

gueldenstaedtii) and sterletAcipenser ruthenus) showed behavioral responses to field
strengths of 500 000 nV/cm (Basov 1999) whereapiays and eels in the laboratory were
observed to perceive electrical field strengthsméav1000 nV/cm, and 670 nV/cm
respectively (Chung-Davidson et al. 2004, Kulln&00, Rommel and McCleave 1972,
Ronan and Bodznick 1986). Lamprey swimming and muarg activity was affected
differently by different electric field strength€lfung-Davidson et al. 2004). In a training
experiment, it was shown that the Guiana dolphnses electric fields down to 4 600 nV/cm
(Czech-Damal et al. 2011).

An interesting example of effects of electric fieldturbance on fish behavior comes from
juvenile paddlefish, a freshwater fish that carateqlanktonic prey using their electric sense
at up to 9 cm distance (0.5 to 1 body length fag tish). Paddlefish were observed during
feeding in environments with different levels otfamopogenic electric field intensities. Fields
magnitudes under 100 nV/cm had little effect onfdeling rates, whereas man-made fields
above 1 000 nV/cm limited prey capture to plankttose to the fish’s rostrum. At
anthropogenic field intensities at 50 000 nV/cnediag nearly stopped (Wilkens et al. 2002).
In addition, paddlefish also reacts to metalliceat§, causing electro sensory overload, with
clear avoidance (Wilkens and Hofmann 2007).

Artificial electric fields are used in electrofisly, causing local strong electric fields in the
aguatic environment, followed by strong physio-hebial effects in nearby animals. At
increasing relatively high electric field strengflsh are first forcibly attracted towards the
positive pole of the electric field (electrotax@és)d then stunned or paralyzed
(electronarcosis) by the electric field (Bary 195B)ese phenomena are used to catch fish in
commercial and scientific electro fishing. 3.3 V/daring 1 second, at 50 Hz is enough to
stun herring. In Atlantic salmon, 2.5 V/cm for 82 s or 20 V/cm during 0.8 s stuns the fish.
(Nordgreen et al. 2008, Roth et al. 2003, Snyd@B820The stunning effects of the electric
field on fish increases with fish size; 60 mV/cnemwugh to paralyze a 75 cm shark, while at
least 400 mV/cm is required for a 20 cm long mulBary 1956, Smith 1974). Injury rates
also depend on size. In an experiment relatedetiréd trawling, juvenile cod (12 - 16 cm)
survived 2.5-3 V/cm without visible injuries, whilgrger cod (41 - 55 cm) experienced
vertebrate injuries at 0.4 — 1 V/cm (Soetaert e2@15). Also invertebrates are fished using
electric fields. Razor clam&(sis spp.) were stimulated to emerge from the sediment al fiel
strengths of 0.5 V/cm, while 0.2 — 0.4 VV/cm durlhg stimulated Norway lobstersdphrops
norvegicus) to emerge from burrows (Soetaert et al. 201%cfEk fields of 40-60 mV/cm (6
Hz) perpendicular to the body elicited a verticav@ment response in brown shrimps
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432  (Crangon crangon). Fields parallel to the shrimps orientation resailin higher thresholds,
433  and 240 mV/cm elicited responses for all sizes@rehtations (Polet et al. 2005).

434  Electric barriers uses electric fields to deteln fiom specific areas (Noatch and Suski 2012).
435  In waters with high occurrence of shark attacksiomans, electric fields have been used as a
436  shark deterrent. In an experiment on scalloped hentmead shark and leopard sharkigkis

437  semifasciata) motivated to feed, a mean electric field strergjtd10 - 430 mV/cm caused

438  head twitches in the fish, whereas an electrid fsfength of 960 - 1850 mV/cm resulted in
439  the sharks retreating. In this study, the varigpih response, however, was relatively high

440  (Marcotte and Lowe 2008). In another study, baseded catches in relation to the electric

441  barrier, 30 mV/cm appeared to keep sharks fromsangsan electric barrier. Sharks were

442  observed to approach but then retreat from theredacbarrier. (Smith 1974).

443  The characteristics of the electric field seemeaarbportant in relation to fish’s perceptions
444  reactions. Elasmobranchs respond to changes ict @ilectric fields or to low frequency

445  alternating fields between 0.1 — 10 Hz (Bodznickle2003, Collin and Whitehead 2004,
446  Kalmijn 1999), but this response is thought to besiderably reduced for frequencies above
447 5 Hz (Adair et al. 1998). Similarly, in freshwategddlefish primarily react to electric fields
448  between 5 — 15 Hz, and European eel displayedfal@@acrease in detection threshold

449  when frequency was increased from 0.5 Hz to 50B¢zde 1979). In tank experiments,

450 Russian sturgeon and sterlet showed avoidanceagifm/searching behavior depending on
451  the frequency with which the electric field alteteth (Basov 1999)he directionality of

452  stationary electric fields also seems to matteleadt for some species and under some

453  circumstances. For example, American eel, in oretheat conditioning experiment,

454  responded to a lower level when the electric fiets applied perpendicular to the body,

455 compared to when the field was applied in parédiehe fish body (Rommel and McCleave
456  1972), but European eel, in another experimentndidBerge 1979).

457 5. Effects of electromagnetic surveys on marine life

458  To our knowledge there are no published studiesfi@cts of electromagnetic surveys on

459  marine life. There is, nevertheless, as shown gbmxidence of the importance of electric

460 and magnetic cues in nature, some studies on hganmms are affected by specific levels of
461  electric- or magnet field strengths, and estabtidtreowledge on natural variability of

462  electric and magnetic field strengths.

463  The effects of electrical or magnetic fields getentdby electromagnetic surveys on marine
464 life likely depend on the strength and directiortha# fields, duration of exposure, and

465 detection capabilities of the animal. In theoryeefs could be either physiological, in the

466  form of injuries or mortality, or through behavibchanges in the animals. Both the electric
467 and magnetic fields, however, attenuate quicklyhwlistance. The magnetic fields created by
468 an electromagnetic survey are below the magnitideecEarth’s geomagnetic field at 10 m
469 from the source, and at the magnitude of relatifrelgjuent geomagnetic storms at a couple
470  of hundred meter. The electric field associatedh wiese surveys, even at a very short range,
471  is substantially weaker than what is required tm $tsh, or cause sharks to retreat from an
472  electric barrier (Fig. 2; Marcotte and Lowe 200&rtigreen et al. 2008, Roth et al. 2003).
473  Similarly to the magnetic field, the electric fieddeds about 500 m to attenuate to natural
474  oceanic field intensities (Buchanan et al. 201bhndson and Oftedal 2011). Due to this quick
475  attenuation of the field strengths, any mortalityrgury effect that is limited to high fields
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strengths would be highly localized and, as thew®is continuously moved around, short in
duration. For example, according to an industryprepn towed electric magnetic surveys, a
single location along the towing line would be es@d to electric field intensities above 386
nV/cm for 21 min, and magnetic field intensitieoad 200 nT for only 14 min. (Buchanan
2011). Similarly, in vertical electromagnetic swysghigher intensities at one point can
persist for an hour before the source is movedcEethe risk of direct physical effects from
the induced electric- and magnetic fields shoulddresidered low. Maximum magnetic and
electric field strengths generated by the electgmetic surveys, however, are several times
larger than the natural geomagnetic and elec&lddi and above what causes behavioral
effects in marine animals (Fig. 1-2; Table 1-2)hBeaoral effects on magneto- and electro
sensitive animals therefore cannot be excluded.

5.1 Potential behavioral effects of exposure to the magnetic field

As many different organisms perceive changes inrthgnetic field, and can utilize magnetic
information for orientation or navigation, electragmetic surveys have the potential to
temporarily distort magnetic cues and associategttid movements (Kirschvink et al. 1986,
Westerberg and Begout-Anras 2000, Ohman et al.)200¢ artificial magnetic fields could
constitute a problem for long distance, time caistd, migrating animals with revealed
magnetic senses, such as eels (Durif et al. 201lmonids (Putman et al. 2013), or even
species such as cod (Godg 1995, Robichaud andZR062¢ Rose 1993) or herring
(Dragesund et al. 1997), which use unknown migyataes. Also local movements can be
disrupted by magnetic field disturbances. For eXapgmong terrestrial animals, a higher
proportion of honey beeg\is mellifera) failed to find the hive when exposed to artificia
magnetic fields and solar storms (Ferrari 2014) lmmding pigeons were delayed by
magnetic storms (Schreiber and Rossi 1978), ). Maggradients used for orientation may
be small, and hence even small changes in theahat@gnetic field caused by the artificial
magnetic fields might disrupt local orientationsalrelatively small changes in orientation
may cause the orienting animal to swim in the wrdimgction or miss its target. This could,
in theory, cause problems in for example homingtets (Boles and Lohmann 2003),
juvenile turtles (Goff et al. 1998, Lohmann et2001, Lohmann and Lohmann 1996), or
landward orienting fish larvae and plankton (Battest al. 2016, O'Connor and Muheim
2017, Tomanova and Vacha 2016). As small disruptaifrthe local magnetic field occur,
and even vary, at one locality for a longer penbtime (perhaps hours instead of minutes),
and at a greater distance from the source, duteagremagnetic surveys. These disruptions
might have severe effects, at least on the indalidnimal, if affecting essential, time-
restricted movements, such as finding protectiomfpredation, or suitable and timely
feeding areas for juvenile organisms.

Some animals calibrate their internal compass agather spatial cues (Cresci et al. 2019b,
Goff et al. 1998, Muheim et al. 2006). If such bbedition occur relatively seldom,
disturbances during this time may be especiallylydsligratory songbirdsChatarus), for
example, calibrate their magnetic compass usinglitieetion of the sunset or associated
polarization patterns once a day (Cochran et &l42Animals may also, as has been
suggested for bluefin tund@l{unnus maccoyii), use magnetic more intensive (dusk and dawn)
or less disturbed (night) windows to obtain magnigtiormation with minimal influence of
natural magnetic noise (Rodda 1984, Willis et @09). Marine animals using such
calibration windows, may end up moving in the wralgction for a whole day, covering
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expansive distances and using valuable energyimued if exposed to a distorted magnetic
field during the time of calibration (Ferrari 20Manselow et al. 2018). This would
exacerbate the effect of the electromagnetic distuce beyond the time of exposure.

As noted above, however, magnetic field variatiaresnot uncommon in nature. In
Norwegian waters animals experience from a fewutadneds of natural occurring magnetic
disturbances (> 100 nT) per year, depending otutii(Fig. 3) and time during the solar
cycle. Disturbances commonly seen at high latitugisally last from 30 min to 2 hours.
Rarer, but larger, geomagnetic storms creatingidiances of the magnitude of several
thousand nT, lasting for days, are also part ohtiteral geomagnetic landscape (Parkinson
1983). During an electromagnetic survey, one poitihe sea is typically exposed to levels
like these or higher for only a fraction of an héBuchanan et al. 2011). It is likely that
many animals can handle this variation in the magrield, perhaps by recognizing
temporary noise, and pause directed movementsyoomeother environmental cues (Freake
et al. 2006). As natural geomagnetic disturbancesmach more common at higher latitudes,
animals at lower latitudes could also be less usetiapted to, and hence worse at handling
electromagnetic disturbances (Vanselow et al. 2(H@gh latitude animals, exposed to a
higher rate of natural disturbances, may, on therdtand, be more dependent on the quiet
periods between frequent natural disturbancesdt tor example, been suggested that
animals, to avoid geomagnetic noise during daytimiéze the magnetically more stable
nights to establish orientation (Rodda 1984).

Lastly, in experiments, short but strong (4-5 n:-600 mT) magnetic pulses have
incapacitated the ability to orient after the magnkeld for a substantial period of time in
such diverse taxa as logger head sea turtles (kmahLohmann 2005), songbirds (Holland
and Helm 2013, Wiltschko et al. 1994, Wiltschk@kt1998), and bats (Holland et al. 2008).
The inability to orient after the magnetic fielédtad for 7-10 days after the exposure to the
magnetic pulse (Holland and Helm 2013, Wiltschkalel 994, Wiltschko et al. 1998) It is
believed that the short pulse alter the magnetimaif magnetite particles involved in the
magnetic sense of the exposed animal. For thigppédn the pulse needs to be strong enough
to re-magnetize the magnetic particles in the ahiara short enough so that the magnetic
particles are unable to rotate in the magnetid filring the pulse (Irwin and Lohmann 2005,
Wiltschko et al. 1998). In electromagnetic surveysses are of longer duration and of lower
magnitude than what was used in these experimieatsari (2014), however, achieved
similar delayed disorientation effects from a 80m®ls exposure to a 0.5 Hz magnetic field
(200uT) which is just within the range of what can b@erenced by an animal exposed to
electromagnetic surveys. The potential risk of gmeiionged disabling of the magnetic sense
from electric magnetic surveys remain highly spatiué.

5.2 Potential behavioral effects of exposure to the electric field

While magnetic cues are used for orientation, gtecties are, at least among elasmobranchs,
also used for feeding, avoiding predation, andadacteractions (Collin and Whitehead

2004). Electric fields therefore have the poterttadisrupt a wider range of behaviors.
Elasmobranchs, and even eels, should be able ¢eipersignals from a typical
electromagnetic survey at over a kilometer distdfog 3; Table 2; Buchanan et al. 2011,
Peters et al. 2007). In theory, a perceived eletigld could temporarily disrupt feeding,
orientation, attention, or social interactions. Egample, some elasmobranch species
(Bakketeig et al. 2017, Pratt and Carrier 2001hggain large mating or pupping
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aggregations. Disruption of these aggregationglated behaviors could potentially have
detrimental effects on already threatened speis3N 2018).

Further, it is also not obvious to predict how #leesensitive animals would react to an
approaching and increasing electric field. A flittog and moving electric field of an
electromagnetic survey does not necessarily trendleectly to the relatively stable electric
fields of an ocean current. Also, an electric sigralld, depending on characteristics and
context, affect fish behavior even if very weaki(@bg et al. 2014, Kalmijn 1999). In
addition, and also not studied, it is possible thatsudden changes in electric fields, or
magnetic fields, could cause escape responsess strehanged feeding behavior extending
beyond the duration of exposure, as seen in reléi@coustic noise from seismic surveys
(Engas et al. 1996).

6. Conclusions
The electric and magnetic fields induced duringtetenagnetic surveys are within the scope
of what is detectable by marine animals, and tmegeed fields will potentially affect the
behavior of perceptive animals. As the electric aradjnetic fields both attenuate rapidly,
effects should be limited to within a few kilometa@f the conducted survey. Exposures are
also of relatively short duration, and the majort pé the exposures consists of levels in the
magnitude of regularly occurring natural electrometge disturbance. The lack of studies on
effects on animal behavior is, however, a reasoedacern. From available data,
elasmobranchs seem to be the most electro-sensitiviee animals, and at highest risk of
being disrupted by generated electric fields. Reiggrthe induced magnetic field, animals
using magnetic cues for migration or local orieietaturing restricted time-windows might
be most likely to be affected by an electromagnaiiwey. This effect would be exacerbated
if the exposure coincides with calibration of tmenaal’s magnetic compass or results in
temporary retained disorientation. As a startinppfpeesearch efforts may focus on the
effects of the survey induced electromagnetic ie&dld animal movement and orientation, and
effects of the induced electric fields on elasmabhabehavior.
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9. Tables

Table 1. Observed behavioral effects of defined magnetic field strengths on marine animals. Distance is the modelled minimum distance to the
electromagnetic source according to data from EMGS (Figure 1). Under frequency, the frequency of the electric field inducing the magnetic field
in the laboratory is reported. Start means that it was a sudden onset of the artificial component of the magnetic field. Nature means that the
values are based on associations with natural field intensities. Star (*) denotes field studies where the actual magnetic field detection has been

deduced theoretically.

Di e | Field strength
Group Taxa Effect (mjtanc (nT) a Frequency | Reference
Shark Sphyrnidae Navigate gradients* >1000| 0.04 Nature Klimley 1993
Amphipod| Gondogeneia antarctica Desorientation >1000 | 2 976 Hz Tomanova & Vacha 2016
Whale Odontoceti Disturbance correlated with strandings* >980 <50 tukia Kirschvink 1986
Salmonid | Salmo salar Orientation shift (group of fish) 250 3400 Simubhte Scanlan et al. 2019
Turtle Caretta caretta Orientation shift (group of fish) 210 4900 Simukhte Fuxjager et al. 2011
Eel Anguilla angilla Minor delay and course deviation* 210 5000 (@50m) | C D \ZI\é%Sgerberg and Begout-Anras
Lobster | Panulirusargus Orientation shift (group of fish) 210 5100 Simulhte Boles and Lohmann 2003
Salmonid | Oncor hynchus mykiss Orientation shift (group of fish) 130 11 000 Sinmteld | Putman et al. 2014
Eel Anguilla japonica Perception 120 12 600 Start Nishi et al 2004
Skate Leucoraja erinacea Movement 110 14 000 60 Hz Hutchison et al. 2018
Salmonid | Oncorhynchus mykiss Perception 60 30 000 Start Hellinger and Hoffma@20
Crab Cancer pagaurus Attraction Never |40 000 000 DC Scott et al 2017
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Table 2. Observed behavioral effects of defined magnetic field strengths on marine animals. Distance is the modelled minimum distance to the
electromagnetic source according to data from EMGS (Figure 1). Under frequency, the frequency of the electric field inducing the magnetic field
in the laboratory is reported. Start means that it was a sudden onset of the artificial component of the magnetic field. Nature means that the
values are based on associations with natural field intensities. Star (*) denotes field studies where the actual magnetic field detection has been

deduced theoretically.

Group Taxa Effect Distance (m) | Field strength (nV/cm) Reference

Elasmobranchg Elasmobranchii Response >1000 1-20 Peters et al. 2007

Shark Scyliorhinus canicula Attraction >1000 100 Gill and Taylor 2001

Eel Anguilla rostrata Perception 980 670 Rommel and McCleave 1972
Lamprey Petromyzontiformes Perception 890 1000 Cited in Kullnick 2000
Dolphin Sotalia guianensis Perception 590 4 600 Czech-Damal et al. 2011

Eel Anguilla anguilla Perception <10 470 000 Berge 1979

Sturgeon Acipenser spp. Avoidance or foraging| <10 500 000 Basov 1999

Shark Scyliorhinus canicula Avoidance <10 1 000 000 Gill and Taylor 2001
Decapoda Crangon crangon Behavioral response <10 40 000 000 Polet et ab 200

Shark Sohyrna lewini; Triakis semifasciata Reaction <10 42 000 000- 43 000 000 Marcotte aowld 2008

Shark Elasmobranchii Narcosis (75 cm fish) | <10 60 000 000 Smith 1974

Shark Sohyrna lewini; Triakis semifasciata Retreat <10 90 000 000 - 185 000 000  Marcottelanek 2008
Decapoda Neprhos norvegicus Emergence <10 200 000 000 Stewart 1972, cited éta®at et al 2015
Mullet Mugilidae Narcosis (20 cm fish) | <10 240 000 000 Smith 1974

Bivalvia Ensis spp. Emergence <10 500 000 000 Woolmer et al 2011
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Highlights:

*Electromagnetic surveys generate el ectromagnetic fields to map petroleum deposits under
the seabed with unknown consequences for marine animals.

* The electric and magnetic fields induced during electromagnetic surveys are within the
scope of what is detectable by many marine animals.

* Animals using magnetic cues for migration or local orientation, especially during a
restricted time-window, may be at greatest risk of being affected by electromagnetic surveys.

* |n el ectrosensitve animal's, anthropogenic electric fields could disrupt arange of behaviors,
such as orientation, predation, predation avoidance, and communication.

*The lack of studies on effects of the electromagnetic fields induced by el ectromagnetic
surveys on magneto- and electrosensitive animal behavior is areason for concern.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




