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Executive summary

The Working Group on Electrical Trawling (WGELECTRA) works on improving knowledge of the
effects of electrical or pulse fishing on the marine environment. At the 2020 meeting, the working group
considered the Scottish Ensis fishery, ongoing work on shrimp pulse fishery study and analysed the
possible contribution of pulse trawling to reducing or increasing the ecosystem/environmental impacts
of the North Sea sole fishery and its fuel consumption.

Substantial efforts were invested during the last 10 years to examine the effect of pulsed currents at the
individual level on a range of species, species groups and life stages. Exposure to the pulsed bipolar
current (PBC), used in pulse trawling for sole, does not result in direct mortality in fish and
invertebrates, but may cause spinal injuries in fish. Pulse induced injury rate is low (<=1%) in the twelve
fish species studied and population level effect will be negligible. Injury probability in cod is 36% and
seems to decrease in small cod. The population level consequences are considered negligible. Adverse
effect on electroreceptive species is unlikely because they are sensitive for low frequency direct current
and not to high frequency PBC. Non-lethal effects are considered unlikely due to low exposure. No
adverse effects (mortality or lesions) were found for the benthic invertebrate species exposed to the sole
pulse, and animals returned to normal behaviour less than one hour after exposure. This made any
long-term ecological effect unlikely. The low exposure probability and short duration implies no
chronic exposure to pulse stimuli.

Pulse trawling has less mechanical impact on the benthic ecosystem than conventional beam trawling.
The lower towing speed of pulse trawls led to reduced mobilization of sediments, and resulted in a
smaller footprint and a reduced surface area swept when exploiting the sole quota. The replacement of
tickler chains by electrodes reduced the depth of disturbance of the trawl and likely reduced the
average mortality imposed on benthic invertebrates.

Although no specific experiments have been carried out on Natura 2000 species, the available
knowledge suggests that the probability of exposure is likely to be (very) low. Natura 2000 habitats will
have been exposed less by pulse trawls compared to conventional beam trawls.

CO2 emissions of pulse trawlers are lower than those of conventional beam trawlers due to an estimated
reduction in fuel consumption by ~50% per unit of sole quota and ~20% per unit of total landings.

Pulse trawls catch, per hour, more sole and less plaice and other species and can contribute to a
reduction in the bycatch of undersized fish (discards) and benthic invertebrates. Pulse trawling does
not impose a risk to the sustainable exploitation of sole if the stock is well managed, although an
increase in local fishing pressure was observed in the southern North Sea following introduction of the
pulse trawl.
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Introduction

Investigations to use electricity in catching target species have a long history (Soetaert et al.,
2015b). In the North Sea, the studies focused on the fishery for sole, Solea solea, and brown shrimp
Crangon crangon (Boonstra and de Groot, 1970; Vanden Broucke, 1973, Stewart, 1977; Horn, 1977).
The early studies were successful and indicated an improved catch efficiency for sole and a re-
duced bycatch of undersized fish (van Marlen et al., 1997). For the bottom trawl fishery for
shrimps Polet et al. (2005) showed that electrical stimulation could considerably reduce the by-
catch of both fish and undersized shrimps. In 1988, the EU decided to include the electrified
fishing in the list of illegal fishing methods on the basis that allowing an even more efficient
fishing gear in the fishery for North Sea sole, could aggravate the over-capacity of the fleet and
could overfishing.

Around 2005, there was renewed interest in applying the pulse trawls in the beam trawl fisheries
targeting sole Solea solea and plaice Pleuronectes platessa (van Balsfoort et al., 2006). The low TAC
in combination with a high fuel price jeopardized the economic viability of the fleet while the
growing concern about the disturbance of the sea floor and the benthic ecosystem and the high
discard rate, called the fishery to improve its practises. In 2006, the EU allowed North Sea mem-
ber states to issue pulse trawl licenses to up to 5% of their fleet. In 2011 and 2014, the Netherlands
got permission from the EU to issue 20 and 42 additional licenses up to a total of 84 (Haasnoot
et al., 2015).

The use of electricity to catch sole raised concerns about the possible increase mortality on target
and non-target species, including those that are not retained in the gear, about a possible increase
in the fishing mortality of sole and plaice, and on delayed mortality, long term population effects,
and sublethal and reproductive effects on target and not-target species (ICES 2006, 2012, 2016).
ICES (2012, 2016) recognized that conventional beam trawling has significant and well demon-
strated negative ecosystem impacts, and if properly understood and adequately controlled, elec-
tric pulse stimulation may offer a less ecologically damaging alternative. ICES (2016) therefore
advised to undertake structured experiments that can identify the key pulse characteristics and
thresholds below which there is no evidence of significant long term negative impact on marine
organisms and benthic communities. ICES (2016) also recommended that as part of the regula-
tory framework, information on the pulse parameters used during fishing operations is made
available to the scientific community as this information is needed to conduct assessments of the
ecological impact of the pulse fisheries. ICES (2016) recommended that a research programme
should be set up to address outstanding issues, including long term and/or cumulative effects of
flatfish and shrimp pulse trawling.

In response to the concerns, several research projects have been started since 2006 to address
specific concerns. Notably two PhD-projects were started in Belgium. Soetaert (2015) studied the
effects of electric pulses on marine organisms and explored the safety range for marine species.
Desender (2018) studied the impact of the shrimp pulse on a selection of marine fish species. In
the Netherlands a 4-year research project “Impact Assessment Pulse Fishery (IAPF)” was started
in 2016 including two PhD-projects (https://www.pulsefishing.eu/research-agenda/impact-as-

sessment-of-the-pulse-trawl-fishery).

The growth of the number of licenses has fuelled criticism on the commercial scale of pulse trawl-
ing while the concerns about possible harmful effects are still being investigated (Kraan et al.,
2015). Fishers in England, Belgium and France have voiced concerns about falling catches on
their traditional fishing grounds, while the French environmental organization, Bloom, cam-


https://www.pulsefishing.eu/research-agenda/impact-assessment-of-the-pulse-trawl-fishery
https://www.pulsefishing.eu/research-agenda/impact-assessment-of-the-pulse-trawl-fishery

ICES SCIENTIFIC REPORTS 2:37

paigned against pulse fishing (Stokstad, 2018; Le Manach et al., 2019). In January 2018, the Euro-
pean Parliament voted against pulse trawling in the context of the revision of the technical
measures. In 2018 to further inform and support the decision-making process, the Netherlands
has requested ICES to compare the ecological and environmental effects of using traditional
beam trawls or pulse trawls when exploiting the TAC of North Sea sole. Despite a favourable
advice (ICES, 2018a), the EU decided to maintain the ban on pulse trawling in the Technical
Management Regulations (CEC, 2019).

The current report reviews the available information to provide the science base for an advice on
the request from the Netherlands to “Analyse the possible contribution of pulse trawling to re-
duce or increase the ecosystem/environmental impacts of the fishery for sole in the North Sea
and reflect on the fuel consumption used in the fishery sole in the North Sea”. WGELECTRA
applied the assessment framework developed by WGELECTRA in 2018. Due to the Corona cri-
sis, the working group worked by correspondence. A document summarizing the results of the
IAPF project was made available to the participants two weeks before the meeting (Rijnsdorp et
al., 2020c). To facilitate discussions a draft report including an assessment table was made avail-
able to the participants two days before the meeting. After the presentation and discussion of the
results of recent research projects, the discussions focused on the assessment table summarizing
the scientific knowledge of the effect of pulse trawling on individual organisms and biogeochem-
ical processes and on the scaling up of these effects to the level of the population and ecosystem.
The scientific knowledge was summarized by answering the following questions: (i) Does pulse
exposure cause direct harm, or have long term adverse consequences, to marine organisms ?; (ii)
Does pulse trawling impose a risk to the sustainable exploitation of sole?; (iii) Does pulse trawl-
ing affect the selectivity of the sole fishery and affect the discarding of fish and benthic inverte-
brates?; (iv) Does pulse trawling affect the impact on the benthic ecosystem of the sole fishery?;
(v) Can pulse trawling reduce the impact on sensitive habitats and threatened species / ecosys-
tems?; (vi) Does pulse trawling affect the CO: emissions of the sole fishery?

In addition the working group reviewed the recent update on the Scottish Ensis fishery and re-
search on pulse fishing for brown shrimps.

ICES
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Electric fishing for razor clams

Razor clams (Ensis sp.) have been collected for millenia at a low level for local consumption but
commercial landings began to increase in the late 1990s. Clams begun to be collected using
mainly hydraulic dredges from beds in Ireland and Scotland. At the time the main market was
in Iberia, but this declined in the early 2000s but was replaced by new markets in the Far East.
Reports that illegal electrofishing was taking place in Scotland began to emerge in the press with
reports of high profits from the Far Eastern sales. In this approach, exposure to an electric field
causes the razor clams to emerge from the sediment so that they can be collected by divers fol-
lowing behind the electrofishing rig. Because fishing with electricity is illegal under the Common
Fisheries Policy these activities were of concern to the Scottish Government. In 2016, the Scottish
Government consulted on whether electrofishing should become a permitted method for har-
vesting razor clams. Following this consultation, it was announced that controlled commercial
research trials, which are permitted under the CFP, would commence in February 2018. The aims
of these trials are to restrict the fishing activity to a controlled number of licenced vessels, to
tightly control the electrofishing gear being deployed by the vessels, to control the spatial areas
where electrofishing takes place, to gather further information about the impacts of electrofish-
ing and to evaluate the potential for such fisheries to be managed within sustainable limits. It is
important to realize that the electrofishing technique used in razor clam harvesting is different
from that in the pulse-trawls used in the southern North Sea sole fishery. The technical specifi-
cations for the Ensis fishing gear are provided in Scottish (Government, 2017). There is little in-
formation on the abundance of razor clams in Scottish waters with only limited surveys being
conducted historically. A major initiative in the trial fishery has been to begin surveys of the
densities and sizes of razor clams in beds around Scotland. To achieve this, a new survey method
using towed-video cameras combined with electrofishing rigs has been developed (Fox et al.,
2019). These surveys are ongoing and will, over time, build up a much better understanding of
the resource and how it is changing over time. Additional research is being planned to study the
wider ecosytem impacts of this form of electrofishing including whether there are longer term
impacts on non-target species. At present electrofishing for Ensis appears to be largely limited
to Scotland although some illegal activity in England has been reported. The situation in Ireland
differs in that collection of shellfish using SCUBA is banned - this means that all razor clams
harvested in Irish waters are collected using hydraulic dredges. However, this approach leads
to more damaged clams, is less selective than using electrofishing and may have larger impacts
on the benthic habitat. Results from the Scottish electrofishing trial are thus likely to be of wider
interest.
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Pulse fishing for brown shrimps

All Dutch pulse trawlers targeting shrimp (HA31, ST24 and WR40 all year-round + TH10 in late
summer) were involved in a 3 year project (2018-2020). The first goal was to gather ‘reference
data’ of this fisheries in every season (per quarter) and in each of the N2000 areas (2018-2019).
Data are gathered in 3 ways: (i) catch volume estimate + commercial catch are recorded for every
haul and compared with a conventional fishing ‘buddy’, (ii) selfsampling while fishing with 1
conventional and 1 pulse trawl simultaneously (direct left right catch comparison) and (iii) an
observer trip doing the same but onboard.

The first results indicate that on average the catches of commercial and small shrimp are + 15%
and 35% higher respectively, while the bycatch of roundfish, flatfish, benthos and rubble was
reduced with +5%, +40%, +50% and +40% respectively. The increased catch rates for shrimp seem
highest in summer and more shallow fishing grounds like the Waddensee. In 2019-2020 some
innovations such as a different bobbin rope design or shorter electrodes are being evaluated. The
final results of this project should be available by the end of 2020.
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Assessment Framework

To assess the ecological and environmental impact of electrotrawling of North Sea sole the list of
criteria and subcriteria defined by WGELECTRA in 2018 was adjusted and updated (Table 4.1).
The criteria and subcriteria are relevant to address the request for advice (ToRe) but also reflect
the concerns expressed by stakeholders on possible adverse effects of pulse fishing on the marine
environment and on the general concerns about the adverse effect of bottom trawls (Kraan et al.,
2015; Kaiser et al., 2016; Quirijns et al., 2018). In the assessment, the effects of the pulse trawl
were compared to the effects of the conventional tickler chain beam trawl which is the dominant
gear being used.

The strength of the scientific support is assessed as high confidence, medium confidence and low
confidence. High confidence is used when there is strong experimental or observational evidence
available. Medium confidence is used when there is limited experimental or observational sup-
port. Low confidence is used when there is no empirical evidence but when there is a mechanistic
understanding about a causal chain of steps that suggests a conclusion.

The effects were scaled up to the level of the fleet, population and ecosystem by estimating the
impact for each sub-criterion of the Dutch fleet of pulse license holders (PLH) fishing in the
southern and central North Sea with 80 mm codends. The sole fishing area (SFA) is restricted to
a northern boundary at 550N west of 50E and 560N west of 50E. The PLH increased their share
of the sole landings by Dutch vessels to 95% after the transition to the pulse trawl. Hence, com-
paring the impact before and after the transition provides information on the change in impact
of the transition from tickler chain beam trawling to pulse trawling.

A crucial step in the upscaling is the calculation of the exposure probability, which estimates the
proportion of a population that is exposed to a pulse stimulus above a threshold field strength
where exposure might result in an adverse effect. If an organism or certain life-history stage does
not come into contact with a pulse stimulus, the impact of pulse fishing will be absent even if an
electrical exposure may adversely impact an individual when exposed in an experiment. Along
the same line, if the whole population is exposes and experiments have shown a modest adverse
effect, the population level effect may still be important. Similar to the assessment of the direct
effects on individuals, the confidence of the upscaled effect was classified as high, medium or
low.

Table 4.1. List of criteria used to assess the ecological and environmental impact of the pulse fishery for sole.

Sustainable exploitation of the target species (sole)
Catch efficiency target species (landings)
Catch efficiency commercial bycatch (landings), such as plaice
Size selectivity of sole, plaice
Catch efficiency discards
Bycatch invertebrates
Discard survival
Risk of overfishing sole
Risk overfishing non target species
Adverse effects pulse stimulus on target and non-target teleost and Elasmobranchs that are exposed to the
gear but not retained
Mortality
Injuries
Mortality on egg and larval stages
Feeding
Reproduction
Attraction / repulsion
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Effects of pulse stimulus on benthic invertebrates
Mortality
Non-lethal effects

Effects of mechanical disturbance on benthic invertebrates
Mortality
Structure and functioning of the benthic ecosystem
Mechanical disturbance seabed
Resuspension of sediment
Benthic community composition
Benthic biomass
Biogeochemistry

Other impacts
Electrolysis
CO:2 emissions

ICES
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Pulse Fishery for sole

5.1 Fishing gears

Although the beam trawl fishery catches a broad range of fish species and some invertebrate
species, sole is the main target species because there are no alternative bottom-trawl gears that
can effectively catch sole. The only alternative gear is a static gear - trammelnet - which is used
seasonally when sole moves inshore to spawn (Appendix 3). Other fish species such as plaice
that are caught with the beam trawl can be effectively caught by other bottom trawls, in partic-
ular twin trawls and seine nets, or trammelnets.

Sole is a difficult species to catch. The species spends most of its time on the seafloor to search
for food, and may be buried in the sediment to hide for predators when inactive. Only since the
introduction of the beam trawl in the 1960, which allowed fishers to tow a number of chains over
the seabed that chase sole out of the sediment, the fishing pressure increased (Rijnsdorp et al.,
2008). The beam trawl gear is also used in the fishery for sole in other sea areas such as the Eng-
lish Channel, Bristol Channel, Irish Sea and Bay of Biscay (Horwood, 1993; Polet and Depestele,
2010).

Since 2009 beam trawl vessels have switched to pulse trawling for sole. By January 2018, a total
of 87 beam trawl vessels have been using pulse trawls to target sole (Table 5.1), most vessels
flying the Dutch flag. Pulse trawl vessels operated under a (temporary) license (Haasnoot et al.,
2016; ICES WGELECTRA Report 2018).

Table 5.1. Number of active pulse vessels targeting sole by country flag (1/1/2018). WGELECTRA Report 2018 (cor-
rected).

Country Sole fishery
Netherlands 76
Germany 8

United Kingdom 3

Figure 5.1 shows a schematic drawing of the frontal view and the bottom view of a conventional
beam trawl and a pulse wing trawl. The horizontal net opening of a conventional beam trawl is
fixed by an iron beam that rest on two shoes (de Groot and Lindeboom, 1994; Lindeboom and
de Groot, 1998). The other type (Sumwing) uses a wing to fix the horizontal net opening. The
wing improves the streamline and reduces both the hydrodynamic drag and fuel consumption
(van Marlen et al., 2009; Taal and Klok, 2014). The nose of the wing, attached to the front side,
follows the seafloor to maintain the position of the wing just above the seafloor (Polet and
Depestele, 2010). The wing replaced the conventional beam trawl in the Dutch fleet since its in-
troduction in 2008. In the Belgium fleet, vessels continued to use conventional beam trawls.
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Figure 5.1. Schematic drawing of the frontal view (top) and bottom view (bottom) of beam trawl: (a) conventional tickler
chain beam trawl with shoe-tickler chains and net-tickler chains (5); (b) a chain mat trawl with a double groundrope and
a matrix of longitudinal and latitudinal chains; (c) Sumwing trawl with longitudinal electrode arrays and tension relief
cords and rectangular groundrope; (d) Sumwing trawl with longitudinal electrode arrays and tension relief cords and U-
shaped groundrope. Note that both tickler chains and longitudinal electrode arrays can be deployed on a beam and a
Sumwing trawl (Rijnsdorp et al., under review).

The groundrope, netting and stimulation devices can be rigged in different manners. The con-
ventional beam trawl deploys tickler chains attached to the shoes (shoe-ticklers) and the
groundrope (net-ticklers) (Figure 5.1a). The ticklers chains are equally spaced over the net open-
ing (Lindeboom and de Groot, 1998). The number of tickler chains deployed relates to the engine
power of the vessel (Rijnsdorp et al., 2008) and varies across sediment types. A second type of
beam trawl, the chain-mat trawl, is adapted to be used on hard grounds (Figure 5.1b). The array
of longitudinal and latitudinal chains in the net opening prevent large stones from entering the
net. Tickler chains can be added to improve the mechanical stimulation. The chain-mat beam
trawl is used by the Dutch vessels fishing in the southern North Sea and by the Belgium beam
trawler fleet fishing in the North Sea and other management areas such as the Channel, Irish Sea
and Bay of Biscay. In pulse trawls the mechanical stimulation is replaced by electrical stimulation
emitted by a matrix of electrode arrays running from the wing or beam to the groundrope (Figure
5.1c — d). In order to operate properly, the electrodes need to be of equal length. The electrodes
are equally spaced over the full width of the trawl. To fit this rectangular array, a latitudinal
(horizontal) groundrope is required. Different types of groundrope and net were developed to
accommodate a latitudinal groundrope. Type 1 combines a rectangular shaped groundrope with
either a trouser trawl (not shown) or a single trawl (Figure 5.1c). Some vessels may also use an
additional latitudinal groundrope (‘sole rope’) and netting panel (‘sole panel’). Type 2 uses a U-
shaped groundrope with an additional ‘sole rope’” and netting panel (‘sole panel’: Figure 5.1d).
Tension relief cords are attached between the beam/wing and groundrope to support the rectan-
gular groundrope shape and release the tension on the electrodes. In contrast to the electrode
arrays, which have physical contact with the sea floor, tension relief cords are running above the
seafloor and generally do not touch the sea floor (dr H. Polet, ILVO, Belgium. unpublished
video).

5.2 Towing speed

Pulse trawl are be towed at a considerable lower speed than tickler chain beam trawls or chain
mat beam trawls (Table 5.2). The towing speed was estimated from the speed recorded in the
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vessel monitoring by satellite (VMS) programme. The transition to pulse trawling coincides with
a 23% reduction in towing speed in large vessels and 10% in small vessels.

Table 5.2. Towing speed (nautical miles.hour?): mean, standard deviation and number of observations by gear and

engine class

Small vessels (<221 kW) Large vessels (>221 kW)

mean sd n mean sd n
Gear
Chain-mat 5.14 0.49 1087 6.02 0.25 2102
Tickler chain 5.17 0.74 3930 6.39 0.45 12483
Pulse trawl 4.64 0.31 4286 4.91 0.27 11387

5.3 Fuel consumption

Wageningen Economic Research (WEcR) collects economic data, including data on fuel con-
sumption of a selection of Dutch fishing companies. Fuel consumption (liters per fishing hour)
calculated by vessel and gear, and the fuel consumption relative to the conventional beam trawl
are presented in Table 5.3. Vessels that switched from the conventional beam trawl to the Sum-
wing, a hydrodynamic foil replacing the beam but still using tickler chains, reduced their fuel
consumption by 13%. After switching to the pulse trawl, allowing a lower towing speed, fuel
consumption of the sampled vessels was reduced by 33% (pulse beam) and 46% (pulswing).

Table 5.3. Fuel consumption (liters per hour at sea) per vessel (large vessels) in the period 2009-2017 (data: WEcR).

Fuel (liters/day) by vessel Fuel consumption relative to
conventional beam trawl by the same vessel

mean sdev n mean sdev n
Beam trawl 312.5 47.2 30 B B )
Sumwing 264.7 34.0 19 -0.131 0.063 1
Pulsebeam 191.7 18.1 6 -0.333 0.148 4
Pulsewing 159.3 12,5 24 -0.465 0.095 19

Pulse licence holders (PLH) spent about 300 thousand hours each year trawling for sole in the
SFA in the transition period (Figure 5.5). Applying the data from Table 5.3, the fuel consumption
of the PLH can be estimated when exploiting the sole quota. For the conventional beam trawl,
fuel consumption is estimated at 3.9 10¢ liters.year?. The hydrodynamic more efficient Sumwing
with tickler chains reduced fuel consumption to 3.3 10¢ liters.year’, and the pulse trawl further
reduced fuel consumption to 2.1 109 liters.year! (Table 5.4).

Pulse trawling thus can reduce the estimated annual fuel consumption by 37% when compared
to the Sumwing and 47% when compared to the conventional beam trawl. The reduction is larger
when expressed relative to the share of the sole quota. Since PLH increased their share of the sole
quota from 73% to 95%, pulse trawling reduced the fuel consumption per unit of sole quotum
by 52% when compared to the Sumwing and 59% when compared to the conventional beam
trawl. If expressed relative to the total landed weight, which was estimated to be 22% reduced
in pulse trawling, fuel consumption is reduced by 20% when compared with the Sumwing and
by 32% when compared to the conventional beam trawl.
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Table 5.4. Reduction in fuel consumption (litre) of the beam trawl fishery for sole when changing from conventional
tickler chain beam trawl, or Sumwing tickler chain trawl, to pulse trawls.

Reference gear %reduction fuel %reduction / unit sole quota %reduction / total landings
Conventional beam trawl -47% -59% -32%
Sumwing -37% -52% -20%
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Figure 5.2. Schematic representation of a pulsed bipolar current (PBC) as used in the pulse fishery for sole (from de Haan
et al., 2016).

5.4 Description of the electrical components and pulse
stimulus

There are two commercial pulse systems available for the fishery for sole: the Delmeco system
used by 12 vessels and the HFK system used by 64 vessels. Both systems use a pulsed bipolar
current (Figure 5.2) emitted by longitudinal electrode arrays between the beam/wing and
groundrope (Figure 5.3). A description of the electrode arrays is given in de Haan et al. (2016)
and Soetaert et al. (2019). The number and configuration of the electrode arrays varies in relation
to gear width and type of rigging of the net. The typical 4.5 m gear width used by Euro cutters
within the 12 nm zone comprise of 10 electrode arrays. The typical 12 m gear, which is used
outside the 12 nm zone, comprises between 24 to 28 electrode arrays.

Table 5.5 summarizes the main pulse characteristics and the legal restrictions. For inspection
purposes vessels are equipped with an automatic computer management system, including a
data logger, which registers the pulse settings that have been used and the peak voltage and
effective power per minute for at least the last 100 tows and for at least the last 6 months (Ministry
of Economic Affairs, January 2017). In addition, vessels are required to maintain a Technical
Document (TD) comprising of a Technical on board Document and Manufacturers’ Technical
Dossier on the technical specifications of the gear and pulse equipment.

Data logger data of 39 vessels (6 Delmeco, 33 HFK) with one minute observations of pulse char-
acteristics during fishing operations were available for analysis. Both pulse systems use a pulsed
bipolar current (PBC). Delmeco uses a pulsewidth of 220-250 us and frequency of 43-46 Hz. HFK
uses a pulsewidth of 320-350 ps and frequency of 30 Hz. The peak voltage over the pairs of elec-
trodes was set at a value close to 60 V. The peak voltage at the seafloor ranged between 54 — 58
V. Peak voltage at the seafloor varies among vessels and shows a seasonal pattern of lowest val-
ues observed in August when temperatures reach their seasonal high and largest values in March
when temperatures reach their seasonal low (Figure 5.4). No seasonality is observed in the pulse
frequency, pulsewidth and power. The number of Delmeco vessels was too small to analyse the
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seasonal patterns. The mean voltage (Vrms) was 8.3 and the duty cycle, e.g. the percentage time
that the electric current flows between electrodes, was 2%. The power per meter gear width was
0.46 kW.m-1 and 0.56 kW.m-1. All pulse parameters were well within the boundaries set by reg-
ulatory authority.
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Figure 5.3. Schematic representation (in mm) of the ten 7.881 m long electrode arrays of a 4 m beam pulse wing used in
electrotrawls targeting common sole with a close-up of two possible electrode array types (from HFK Engineering B.V.).
The white or grey conductive parts are made of stainless steel or copper respectively and are called electrodes, whereas
the longer black parts are non-conductive and called insulators or insulated parts. The entire structure consisting of elec-
trodes and insulators through which the pulse generator releases its electrical current is called an “electrode array.”
(from Soetaert et al., 2019).

Table 5.5. Characteristics of the two pulse systems (mean, standard deviation) used in the fishery for sole. DL = data
logger; TD = Technical Documentation

Delmeco HFK Source Restrictions
Pulse type PBC PBC
Pulsewidth (microsec) 238.5(8.5) 336 (23) DL
Frequency (Hz) 44.7 (1.8) 30(2.2) DL 20-180
Voltage (peak, V) setting 58.8 (0.9) DL <=60
Voltage (peak, V) seafloor 57.1(2.6) 55.6 (1.8) DL <=60
Voltage (Vrms, V) 8.3(0.4) 8.3(0.2) DL <=15
Duty cycle (%time) 2.1 (0.09) 2.0 (0.09) DL <=3
Power per meter gear width (kW.m-1) 0.46 (0.03) 0.56 (0.04) DL <=1 kW.m-1
Distance between electrode arrays (cm) 42 41.5 TD >=40

Frequency defined as the number of positive pulses per second. Duty cycle is defined as the product of pulsewidth and frequency.
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Figure 5.4. Distribution of the monthly mean pulse parameters. Horizontal bar shows the median value, box shows the
25th and 75th percentile, whiskers show the approximate range of the parameters, open dots show the individual ex-
treme observations. Results from data loggers of 33 vessels using the HFK system.
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Figure 5.5. Evolution of fishing effort (a), sole landings (b) and plaice landings (c) of the total Dutch fleet of beam trawl
vessels (ALL) and the subset of pulse license holders (PLH) in the North Sea areas IVc, IVb and Iva (full lines) and in the
sole fishing area (SFA) between 51°N and 55°N west of 5°E and 56°N east of 5°E (dashed lines). The grey dashed lines
show the data for the PLH using the tickler chain or pulse trawl. The red dashed line shows the results for the pulse trawl,
only (Rijnsdorp et al., 2020a).

5.5 Fishing effort and landings

Between 2009 and 2017, the total fishing effort of the Dutch beam trawl fleet decreased from
about 480 to about 400 thousand hours (Figure 5.5a). In the sole fishing area south of the demar-
cation line running from west to east at 55°N west of 5°E and at 56°N east of 5°E fishing effort
decreased from about 460 to just above 300 thousand hours. The decrease in effort is due to the
reduction in the fleet size, and to the vessels switching to the twin trawl or flyshoot fishery.

The pulse license holders maintained their fishing effort in the sole fishing area and slightly in-
creased their effort in the more northern waters. After the transition, more than 90% of the fishing
effort in SFA was deployed by the PLH landing about 95% of the total Dutch landings of sole
(Figure 5.5b). PLH increased their share of the Dutch sole landings from about 73% to 95% during
the transition phase by leasing or buying sole fishing rights from other vessels. The share of PLH
of the Dutch plaice landings decreased during the transition (Figure 5.5c).
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The analysis of the spatial distribution of fishing effort — expressed as the annual mean swept-
area ratio by grid cell of 1x1 minute latitude and longitude - showed that before the transition
tickler chain beam trawl activities were spread out over SFA with local hot spots along the
boundaries of the plaice box in the German Bight and along the 12 nm zone in the southern North
Sea (Figure 5.6). In offshore waters concentrations of beam trawl activity were observed in the
area of the Nordfolk Banks and local areas in the southern North Sea (IVc). Beam trawling in
coastal waters (plaice box or 12 nm zone) was mainly restricted to the Belgium and Dutch coastal
waters. After the transition the reduced tickler chain beam trawl activities was recorded in off-
shore areas from around the 53°N towards the border with the Skagerrak. The tickler chain ac-
tivities north of the SFA increased due to the recovery of the plaice stock which improved the
profitability of the northern fishing grounds to target plaice with large meshed beam trawls or
twin trawl.

The pulse trawl distribution shifted toward the southwest. Pulse trawl effort reduced substan-
tially in the German Bight and remained the same in the southern part of the North Sea or even
increased in local areas within the Belgium 12 nm zone and just off the coastal waters of England
off the Thames.
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Figure 5.6. Annual trawling intensity by grid cell (SAR) of (a) the tickler chain beam trawl before the transition (2009-
2010), and (b) the pulse trawl and (c) tickler chain beam trawl after the transition (2016-2017). The horizontal line at 55°N
west of 5°E and 56°N eats of 5°E separate the sole fishing area (SFA) to the south (minimum codend mesh size = 80mm)
and the plaice fishing area to the north (minimum codend mesh size = 100mm) (Rijnsdorp et al., 2020a).

5.6 Habitat association of pulse and tickler chain beam
trawls

The analysis of the distribution of fishing effort (swept-area) over the EUNIS habitats showed
that both tickler chain and pulse beam trawls were positively associated with sandy habitats
(Table 5.6). More than 80% of their fishing effort was deployed on sand which only accounted
for 61% of the surface area. Coarse, mixed and other habitats are trawled less than their propor-
tional surface areas by both gears. Pulse trawling occurs slightly more in coarse habitats and less
in mud than tickler chain beam trawls.
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Table 5.6. Percentage fishing effort (swept-area) of the Dutch beam trawl fleet and percentage surface area by Eunis
habitat in the sole fishing area (SFA) south of the demarcation line at 55°N and west of 5°E and 56°N east of 5°E. The
analysis used a resolution of 1 minute longitude x 1 minute latitude grid cells (Rijnsdorp et al.2020a).

Habitat 2009-10 2016-17 Surface
Tickler Pulse Tick- Tickler + Pulse
ler

Coarse (A5.1) 10.2 15.2 3,2 12.7 20.8
Sand (A5.2) 83.0 81.9 84,5 82.4 60.8
Mud (A5.3) 6.6 2.7 12,2 4.7 6.8
Mixed (A5.4) 0.1 0.1 0.1 0.1 4.0
Other 0.1 0.0 0.0 0.0 7.7

To further investigate the habitat association Hintzen et al (submitted) analysed the habitat as-
sociation of the VMS fishing positions of both gears in further detail by including continuous
sediment characteristics (%sand, %mud, %gravel, %rock), bed shear stress and two BPI indices
as well as distance to harbour into a statistical model. The bathymetric position index (BPI) met-
ric represents the depth of the grid cell relative to the depth of the surrounding grid cells within
a radius of 5km (BPI 5) and 75km (BPI 75), thus describing whether the grid cell is located in a
valley or on a top of the hill, or on a relatively flat area. (van der Reijden et al., 2018) showed that
the BPI is an important habitat variable to explain the habitat association of fishing activities. The
analysis of Hintzen corroborated that pulse fishing is significantly more active in areas with
higher gravel content, and showed that pulse fishing is more active in more elevated areas com-
pared to its wider surroundings (BP175) and in areas with higher natural disturbance (bedstress).
Tickler chain fishers fish in areas with lower gravel content, on less elevated patches compared
to its wider surroundings (BPI 75) and in areas with lower natural disturbance (bedstress). The
above analysis was conducted using the pooled data of each gear in the period 2009-2017 at a
spatial resolution of 1x1 minute (about 2km?) for which the habitat information was available.

These results are not in line with the slight reduction of pulse trawling in muddy habitats (Table
5.6) and the results of the habitat association model do not support the anecdotal information
from the fishing industry suggesting that pulse trawls moved into previously unfished muddy
grounds in the southern North Sea (ICES, 2018c). It is possible that the spatial scale used in the
present study (1.8 km latitude * 1.1 km longitude at 52°N) is too coarse and may confound habitat
differences that occur at smaller scale, such as the pattern of trough’s and ridges which differ in
grain size and benthic community (van Dijk et al., 2012; van der Reijden et al., 2019).
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Figure 5.7. Map of the bathymetric index BPI5 of ICES rectangle 33F2 showing the depth relative the average depth in a
circle with a radius of 5km. BPI5 colours range between green (shallow) to lilac (deep). (Hintzen et al. in prep)

Hintzen et al. therefore analysed the habitat association of pulse and tickler chain beam trawls
at a fine spatial scale (150x150m). At this resolution, only bathymetric data were available and
the BPI5 index was calculated for this resolution (Figure 5.7). The habitat association analysis
was carried out for individual ICES rectangles to both avoid the influence of variation in the
BPI15 index between ICES rectangles as well as numerical constraints to obtain results within a
reasonable time-span (several hours per rectangle). The results are consistent between rectangles
and can be interpreted to reflect the habitat preference of the gear. Figure 5.8 shows the results
for two ICES rectangles in the southwestern North Sea which have been particularly attractive
for pulse fishing. Both gears have a preference to fish in grid cells with a relative high BPI5, e.g.
areas which are deeper than the mean depth of the surroundings within a radius of 5 km. No
significant difference between tickler chain and pulse trawl in the preferred areas.
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Figure 5.8. Habitat preference of pulse and conventional beam trawl vessels for relative depth (BPI5) in two ICES
rectangels in the southern North Sea (left - 33F2; right - 34F2). The increase in preference with BPI5 shows that beam
trawling for sole prefers areas that are relatively deeper than the average depth of the surounding 5km. The preference
does not differ between pulse (red) and tickler chain beam trawl (black). Grey lines at the bottom indicate a sample of
the BPI of the grid cells (Hintzen et al., in prep)

Table 5.7. Landings: log catch (per hour) ratio of the pulse trawl relative to the tickler chain trawl (estimate, SE) as esti-
mated for a number of species and species groups with a mixed effect model. Nobs gives the number of observations
and Ngroups gives the number of week*rectangle groups.

Species/group Estimate SE Nobs Ngroups
Sole 0.158 0.014 6483 1413
Plaice -0.438 0.020 6483 1413
Whiting 0.380 0.102 3205 614
Rays -0.082 0.079 4628 974

All flatfish -0.227 0.012 6483 1413

All gadidae -0.176 0.058 6483 1413

All fish -0.236 0.012 6483 1413

Mixed effect model: log(catch rate) ~ as.factor(pulse) + as.factor(year) + (1|area_time) + (1[vessel). Weeks when trip limits

were imposed were excluded from the analysis. This applied to turbot and brill since October 2016.

5.7 Selectivity and catch efficiency

5.7.1 Landings and discards

The difference in catch efficiency of the pulse and tickler chain vessels was estimated for the
landings and discards fraction of the catch separately. Catch efficiency of the landings fraction
was estimated by comparing the landings per hour at sea of vessels fishing in the same ICES
rectangle during the same week. The relative catch efficiency was estimated for the main com-
mercial fish species and species groups using a mixed effect model with gear type and year as
fixed effect and week*rectangle group and vessel as random effects. The results are presented in
Table 5.7. Pulse trawls caught on average 17% (95% confidence limits: 14%-20%) more sole than
conventional beam trawlers, whereas the catch rate of plaice and flatfish — important bycatch
species in the beam trawl fishery for sole - is reduced by 35% (33%-38%) and 20% (18%-22%),
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respectively. For all fish species catch rate is reduced by 21% (19%-23%). Only for whiting an
increase of 46% in catch rate is observed (20%-79%).

Differences in catch efficiency of pulse and conventional beam trawlers of discard size classes
per fishing hour was estimated using data form the discard monitoring programme of the Dutch
beam trawl fleet carried out by WMR. Table 5.8 gives an overview of the species composition
showing that the discards are dominated by flatfish. Although a total of 905 fishing trips were
sampled, the number of observations in the same area and the same week was much too small.
Therefore, the gear effect was estimated in a statistical analysis where the temporal evolution in
catch rate was modelled for four areas. Parameter estimates are given in Table 5.9. Pulse trawls
caught 27% (17%-36%) less discards than conventional beam trawls. The catch rate of plaice dis-
cards was reduced by 30% (19%-40%). In line with the higher catch rate of pulse trawls of mar-
ketable sized sole and whiting, pulse trawls caught 65% (16% - 137%) and 95% (56%-145%) more
discards of sole and whiting, respectively.

Table 5.8. Discards. Species composition (numbers) of discards in the Dutch beam trawl fishery for sole (80mm mesh
size) between 2009-2017 in the self-sampling and observer trip monitoring programmes

Self sampling Observer trips
Sole 2.6% 1.7%
Plaice 36.0% 35.7%
Other flatfish 50.1% 52.7%
Cod 0.1% 0.1%
Whiting 2.4% 3.6%
Other gadoids 0.3% 0.3%
Gurnards 2.3% 2.3%
Other bony fish 5.8% 3.4%
Elasmobranchs 0.4% 0.2%

The comparison of the catch rate per hour of pulse and conventional beam trawls is affected by
the differences in towing speed. The catch rates were therefore also compared after correcting
for the differences in towing speed (Figure 5.9). Estimated per unit of area swept, the analysis
provides an estimate of the relative catchability to be used in the upscaling (section 10). Pulse
trawls caught significantly more marketable sized sole and whiting per unit area swept, but sig-
nificantly less plaice and all flatfish except sole. For the other species or species groups the catch
was proportional to the area swept. Catch efficiency of discard sized fish, although more varia-
ble, similar differences were observed. Only for all gadoids, significantly more discards were
caught in pulse trawls. This result is due to the contribution of whiting which dominates the
gadoid discards (Table 5.8). Both landings and discards catch efficiency analysis indicated that
pulse trawls caught more whiting than the conventional beam trawl.

The higher catch efficiency of pulse trawls for sole is likely related to the change in body shape
of sole when exposed to a pulse stimulus. Sole bends into a U-shape when cramped and comes
loose from the seabed increasing their accessible to the gear (van Stralen, 2005; Soetaert et al.
2015). Further, the penetration depth of the electric field into the sediment exceeds that of the
tickler chains (section 6), and may increase the proportion of fish in the trawl path that will be
available to the gear.

The higher catch efficiency suggested for both landings and discards of whiting are puzzling.
The catch of whiting is rather variable in space and time and the landings may be affected by
market conditions and the quota constraints. A higher catch efficiency for whiting is not sup-
ported by the catch comparison experiments (van Marlen et al., 2014). A higher catch efficiency
of whiting, however, could be explained by the large mesh sized top panels used directly behind
the beam/wing to reduce drag. It is well known that whiting tend to swim upward and may
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escape through the large meshed net panel located above the tickler chains. In a pulse trawl,
whiting will be immobilized by the pulse stimulus and unlikely to be able to escape. The above
considerations add caution to the interpretation of the estimated increase in catch efficiency of
whiting.

Table 5.9. Discards: log catch (per hour) ratio of the pulse trawl relative to the tickler chain trawl (estimate, SE)

Species Estimate SE

Sole 0.503 0.183
Plaice -0.358 0.078
Whiting 0.670 0.116
Flatfish -0.396 0.073
All fish discards -0.315 0.068

The lower catch efficiency observed for plaice, and flatfish (except sole), is likely due to the more
rigid body shape when cramped, which may cause part of the plaice and other flatfish to pass
underneath the groundrope.

Comparison of catch efficiency between discard and marketable size classes of sole and plaice
do not support the results of the comparative fishing experiment between a conventional beam
trawler and two pulse trawlers, which indicated that both undersize sole and plaice were caught
less in the pulse trawls (van Marlen et al., 2014).
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Figure 5.9. Landings and discards. Catch efficiency per swept-area differences and 95% confidence intervals between
pulse and tickler chain beam trawl for discards and landings of sole (SOL), plaice (PLE), dab (DAB), all flatfish minus sole
(FF-SOL), whiting (WHI), all gadoids (GAD), gurnards (GUR) and all fish (ALL).

5.7.2 Bycatch of benthos

The replacement of transversal tickler chains by longitudinal electrodes and the coinciding
change in the groundrope will influence the catch of benthic invertebrates and debris from the
sea floor. The catch rate (number per fishing hour) of benthic invertebrates of 646 commercial
fishing trips with a pulse and conventional beam trawl (80mm mesh) were compared. Pulse
trawls on average caught +6% and -62% of benthic invertebrates of conventional beam trawls of
small (<=221kW) and large (>221kW) vessels (ICES, 2018). Taking account of the number of small
(n=19) and large vessels (n=57) in the pulse trawl fleet and correcting for the difference in towing
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speed, the change in the cpue of benthos per area swept by the total pulse trawl fleet is estimated
at -33%.

The reduction in benthos caught by pulse trawls is supported by the decrease of 20% in the
weight of benthos caught per area swept found in a comparative fishing experiment with one
conventional beam trawl and two pulse trawl vessels (van Marlen et al., 2014). It is noted that
the cpue of benthos of the conventional beam trawl] is underestimated due to the damage caused
by the tickler chains on fragile organisms such as sea urchins (ICES, 2018).

5.8 Discard survival

The consequence of a transition from tickler chain to pulse trawling on the survival of discards
was studied by comparing the fish condition of undersized fish during on board sampling of the
catch (Schram et al., 2020). Three trips of commercial vessels using a tickler chain were sampled
as part of the IAPF project. Results were compared with the results of nine trips with commercial
pulse beam trawlers (Schram and Molenaar, 2018). In both studies fish vitality was scored from
good (A) to poor (D) according a standardized methodology (van der Reijden et al., 2017). Dis-
cards survival probabilities were predicted from the frequency distributions over vitality index
scores in combination with species-specific survival probability by vitality score established for
pulse beam trawl fisheries by Schram and Molenaar (2018).

The frequency distributions over vitality scores differed for the two gear types for brill, plaice
and turbot, indicating that the overall condition of these species was affected by the gear type.
Brill (p = 0.001), plaice (p < 0.001) and turbot (p < 0.001) discards have a higher probability of
good condition (AB) in pulse beam trawl fisheries compared to tickler chain beam trawl fisheries.
For sole, thornback ray and spotted ray no effect of gear type on fish condition could be detected
(Figure 5.10). The estimated discard mortality rate for plaice, brill and turbot all lie below the
lower limits of the 95% confidence intervals of the survival probabilities measured in pulse beam
trawl fisheries. For sole and thornback ray discards survival appears more or less equal in both
fisheries (Figure 5.11). It is noted that damage observed in sole discards is related to the mechan-
ical injuries suffered when sole gets stuck in a mesh size.
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Figure 5.10. Frequency distributions per fish with good (AB) and poor (CD) vitality score in pulse and tickler chain beam
trawl fisheries. Asterixis mark a significantly larger proportion of fish in good condition in pulse beam trawling compared
to tickler chain beam trawling (Fisher’s exact test right-sided p-value <0.05).
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Field strength around a pulse trawl

The electrodes of a pulse gear create a heterogeneous electric field, with highest field strengths
close to the electrodes. Field strength quantifies the gradient in voltage (V.m) and determines
the current for a specified conductivity of the medium. Field strength for a point-source electrical
charge is proportional to the charge and inversely proportional to the square of the distance rel-
ative to the charge. The shape of the electrical field generated by a pair of electrodes in contact
with seawater is a complex function of the size and shape of the electrodes, the conductivity of
the medium and the spatial layout of the electrodes. The electrical field is also influenced by
objects of different conductivity within the field — for example the presence of fish or other or-
ganisms will alter the field. Typical pulse gear electrodes consist of parallel chains of electrodes,
with conducting parts of e.g. 12.5 length and 3 cm in diameter, separated by 22 cm insulators.
Within a chain, all conductors are connected and have the same voltage. Two of these longitudi-
nal chains act in pairs, one being the anode and the other the cathode. The electrical fields pulse
at a frequency of about 30 Hz, with a unipolar pulse duration of about 0.3 ms. At any moment in
time only a single pair of electrodes is activated; different pairs being activated in alternation.
This implies that neighboring electrode pairs do not interact in generating the electrical field.
However, since each chain of electrodes can participate in two pairs the actual frequency of puls-
ing can be doubled relative to the frequency setting for a single pair. In order to describe the
electrical fields generated by pulse gear it suffices to simulate one pair of electrode chains. Also,
electric fields around electrodes will be independent of movement of the gear, implying that the
temporal profile for a location directly follows from the spatial profile in the direction of move-
ment in combination with the towing speed.

The COMSOL Multiphysics package was used to simulate the electric fields generated by such
a pair of electrodes (Figure 6.1). In all simulations the field strength was determined in the steady
state, which corresponds to the maximum field strength during a brief pulse. Electrode voltages
applied in pulse gear vary between about 52 and 58V (Figure 5.4). A comparable voltage of 60V
was used to model the fields in the water column, and in the sediment, with the electrodes at the
interface between water and sediment. Electrodes were 41.5 cm apart, similar to the electrode
distance in commercial gear. Field strengths are very similar in the water column and in the
sediment and are largely independent of the conductivity of the sediment, in agreement with
electric field measurements undertaken at various field locations (de Haan & Burggraaf, 2018).
Both in the sediment and in the water column, field strengths steeply decrease with distance
from the electrode. Close to the electrode field strengths reach values of 200 V.m* and show a
strong modulation along the length of the chain, with high values close to the conductors and
lower values near insulators. Field strengths drop below a value of 10 V.m™ at a distance of about
30 cm, this decline being slightly steeper in the lateral direction than in the vertical direction. At
larger distances, modulations in the longitudinal directions vanish.

6.1 Effect of salinity and temperature on field strength

To assess the effects of temperature and salinity variations, the decline of the electric field with
distance was estimated for different conductivities of the water. Salinity values in the southern
North Sea vary between 28 and 35 psu (95%), depending on location and time-of year. Temper-
ature varies between 1 and 19 deg Celsius (95%). These variations lead to differences in conduc-
tivity, ranging from about 2.5 S.m"! (1 deg C, salinity 28) to 4.7 S.m"! (19 deg C, salinity 35) (sali-
nometry.com). Such variations in conductivity, however, did not noticeably affect the field
strengths. Results presented in Figure 6.2 are similar for the range of conductivities encountered.



22

ICES SCIENTIFIC REPORTS 2:37 | ICES

Whereas field strengths are, to a large extent, independent of the conductivity of the medium,
higher conductivities allow for higher currents and thus the effects on organisms will be affected.
Therefore, to assess the effects of electric fields generated by pulse gear the interaction of the gear
with fish needs to be simulated. Most importantly, knowledge is required on the internal electric
fields in the fish, because thresholds for the induction of muscle reactions are determined by
local electric field strengths inside the animal, not in the surrounding water. Involuntary muscle
cramps occur when internal neuronal or muscular thresholds for electrical stimulation are ex-
ceeded. To estimate susceptibility to electric fields for fish of different sizes and shapes, field
strengths inside model fish were estimated by inserting idealized shapes into the COMSOL
model.

Figure 6.1. Contour plot of the field strength around a pair of electrode arrays. Top panel: three-dimensional view with
transections in the vertical-longitudinal plane at the level of one of the chains, and in a vertical plane orthogonal to the
two electrode chains. Bottom panel: field strengths in a cross section at the level of the conductors. Contour lines indicate
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equal field strengths at 20, 15, 10 and 5 V.m. Conductivity for water was set at 5 S.m and for the sediment at 0.5 S.m"
1, Conductors were 3cm in diameter, 12.5 cm in length and separated by 22 cm insulation.
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Figure 6.2. Field strengths as a function of height relative to the seabed and distance to the center of an electrode pair.
The electrode pair is at the interface between water column and sediment (height 0, see Figure 6.1). A) Field strengths
plotted as a function of height (z-dimension in Figure 6.1), for different positions relative to the electrode pair (along the
x-dimension in Figure 6.1, as defined in the legend). B) Field strengths plotted as a function of horizontal distance to the
electrode pair (x-dimension in Figure 6.1), for different heights above the electrodes (z-dimension in Figure 6.1, see leg-
end). Horizontal distance is relative to the center of the pair of electrodes.

6.2 Exposure to electrical disturbance

Figure 6.3 shows simulation results for idealised roundfish in the water column. Electric fields
inside the fish deviate substantially from those surrounding the fish (Figure 6.3b). Field strengths
inside fish declined strongly with its height in the water column (Figure 6.3c). Larger fish also
experience stronger internal electric fields than small fish, especially when close to the electrode.
For all sizes of fish, internal field strengths dropped below 20 V.m-! within about 50 cm. Maxi-
mum internal field strengths also occurred in fish directly above one of the electrode chains (Fig-

ure 6.3d), but dropped below the values for the location in between the electrodes at heights
above about 20 cm..

The internal fields in idealized flatfish that were buried in the sediment, at different depths is
shown in Figure 6.4b., and these values for a typical roundfish in the water column are shown
in Figure 6.4a. Although external electric fields were similar in the water column and in the sed-
iment, flatfish were somewhat protected in the sediment. Only at depths less than 5 cm were
they stimulated above 50 V.m. Internal fields strengths in both types of fish steeply decline with
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height and depth, and even more steeply as a function of distance to the electrode. Peak stimu-
lations occur in both cases when the fish are immediately above or below an electrode.
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Figure 6.3. Simulations of electric fields inside fish. (a) Simulation setup, with two electrode chains, 41,5cm apart and a
fish in the water column. Fish were simulated as ellipsoids, with 2mm skin at 0.1 S.m%, and the fish body at 0.5 S.m*. (b)
Example of simulation result in a cross section through the center of the fish, orthogonal to the electrodes. (c) Maximum
field strengths inside the fish as a function of distance above the electrode, for different fish sizes and for an x-position
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of 0 (in between the electrodes) Fish width, height and length were isometrically scaled in a ratio of 1:5:2. (d) Results for

a fish of 30cm length, at locations x = 0 and x = 21.25 (above one of the electrode chains).
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Figure 6.4. Simulated field strengths in roundfish in the water column and flatfish in the sediment. Distances are indicated
relative to the midpoint between two chains of electrodes, in a horizontal plane.

6.3

Electric field modelling conclusions

For homogeneous media the field strengths do not vary noticeably with conductivity.
Field strengths in the water column and in the sediment are also similar. This corrobo-
rates field measurements undertaken by de Haan (de Haan and Burggraaf, 2019).
Electric fields for multiple pairs of electrodes in pulse gear are not additive, because they
are actuated alternately in time.

If an electrode chain participates in two electrode pairs then the effective frequency of
pulsing is doubled.

Muscle activations in organisms in response to the electrical pulsing are determined by
the strength of internal electric fields in the organism.

Internal electric fields differ from the surrounding external fields, due to conductivity
differences of the organism body relative to seawater.

Internal electric fields (in a typical idealized roundfish) drop below a value of about 20
V.m" at a distance of about 50 cm. This value is only weakly affected by the x,y location
between the pair of electrodes, or by the orientation of the fish.

At similar heights, internal field strengths in smaller fish are lower compared with larger
fish. Smaller fish are therefore likely less affected by a given external field strength.
Moreover, due to their smaller size, the chance that smaller fish are exposed to high field
strengths closer to the electrodes is smaller.

Salinity and temperature variations do not affect field strengths in a homogeneous me-
dium (e.g. in the water column). Lower temperatures and lower salinity levels, however,
do reduce conductivity, and thereby reduce the difference in conductivity between sea-
water and fish in the water column. This results in lower internal field strengths, and
therefore less susceptibility to electrical pulses at lower temperatures or salinities.
Flatfish buried in the sediment are less susceptible to electrical pulses.
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Threshold levels to electrical pulses

Exposure to pulsed electric fields may result in different responses of the fish (Soetaert et al.,
2015b). Fish may detect an electric field sensorially and respond by changing their behaviour.
An electrical stimulus may also trigger involuntary muscle twitches that could provoke a re-
sponse. When exposed to higher electric field strengths, the stimulus will result in whole-body
muscle cramps (i.e. electrical-pulse induced tetanus), or even lead to an epileptic seizure. The
muscle cramp may result in spinal injuries and rupture of blood vessels. Knowledge of the
threshold level of the different responses allows us to quantify the width over which the pulsed
electric field may impact marine organisms.

7.1 Fish behavioural thresholds

Concerns exist that the electric fields extend well beyond the netting, potentially affecting fish
outside the trawl track. To address these concerns Boute et al., (in prep) measured the amplitude
thresholds for behavioural responses and compared these response thresholds to the field
strengths around the fishing gear. For behavioural threshold measurements, both electrorecep-
tive and non-electroreceptive fish were placed in a large circular tank (2 2.5 m) with seven, indi-
vidually controlled, evenly spaced electrode pairs, spanning the tank’s diameter. The electrical
stimulus was a 3 second square-shaped Pulsed Bipolar Current at a frequency of 45 Hz and
pulsewidth of 0.3 ms. Pulse amplitude was varied during the experiment and was changed ac-
cording to a staircase procedure. Pulse waveform is described as 45 Hz PBC (PW = 0.3 ms, PB =
10.81 ms) (Soetaert et al., 2019). We used 10 small-spotted catshark (Scyliorhinus canicula), 10
thornback ray (Raja clavata), and 7 turbot (Scophthalmus maximus). Behavioural responses of the
fish were assessed from high-speed video camera recordings for different pulse amplitudes and
for different positions of the fish relative to the stimulating electrodes.

The response of the fish was scored as no visible response (0) or a change in behaviour (1), such
as movement of a body part. Computer simulations of the electric field, verified with measure-
ments in the experimental setup, were subsequently used to determine the electric field strength
at the animal’s location. The electric field strength at the location of the animal used, relates to
the field strength when no object was present other than the water in the computer simulation.
The behavioural events (no response vs. response) were scored during the 3 second electrical
stimulation period. A response is expected when the stimulus is above threshold level (true pos-
itive), however, a response during this period could also be coincidental (false positive). The
threshold field strengths for a behavioural response were calculated per species with a receiver
operating characteristic (ROC) curve by comparing the distributions of the binary classifier (Fig-
ure 7.1). Hereto, the true positive rate (sensitivity) is plotted against the false positive rate (1-
specificity) from which, at a certain probability (area under the curve), the maximal true positive
rate with minimal false positives can be found with a corresponding electric field strength in a
lookup table (not shown).
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Figure 7.1. Receiver operating characteristic curves for (a) small-spotted catshark (Scyliorhinus canicula) (notal_stimulations =
537), (b) thornback ray (Raja clavata) (niotal_stimulations = 419), and (c) turbot (Scophthalmus maximus) (Ntotal_stimulations = 348).

In small-spotted catshark, an electric field strength of at least 5.7 V m is 76% likely to induce a
change in behaviour. In thornback ray, an electric field strength of at least 3.1 V m is 57% likely
to induce a change in behaviour. In turbot, an electric field strength of at least 3.75 V m- is 75%
likely to induce a change in behaviour.

7.2 Sensitivity of electroreceptive species

Elasmobranchs use a sense organ — the ampullae of Lorenzini - to detect electric fields in the
water. These electroreceptors detect the potential difference between the opening of the pore in
the skin and at the base of the receptor cell. Elasmobranchs use the electroreceptors to detect e.g.
prey and thus, in line with emanated bio-electric fields are particularly sensitive for field
strengths as low as 1*107 V m™ (Kalmijn, 1966; Tricas and New, 1997) and a pulse frequency <
0.1 — 25 Hz (Peters and Evers, 1985; Collin, 2010; Rivera-Vicente et al., 2011).

The high sensitivity for low field strength of direct current (DC) was corroborated in studies on
the potential effect of electromagnetic field (induced by transportation of electric current in ca-
bles) in the context of the potential impact of windfarms. WGELECTRA 2018 reviewed the stud-
ies of small-spotted catsharks of (Gill and Taylor, 2001; Gill et al., 2005) showing that elasmo-
branchs are attracted by electric fields generated by DC between 0.005 and 1 uV cm?, and re-
pelled by electric fields of approximately 10 uV cm and higher (ICES, 2018).

The behavioural threshold of the two electroreceptive fish (catshark and ray) tested were not
substantially lower than in non-electroreceptive fish (turbot). This apparent discrepancy can be
explained by the sensitivity for low frequencies in electroreceptive fish and the high frequency
content of the electrical pulses emitted by pulse trawls. The frequency content, of a 3 second
square-shaped PBC stimulus, pulsed at a frequency of 30 Hz and with pulsewidth of 0.3 ms was
computed using a Fast Fourier transform (Figure 7.2a). Pulse waveform is described as 30 Hz
PBC (PW=0.3 ms, PB =16.37 ms) (Soetaert et al., 2019). This example is used in pulse fishing and
consists mainly of high frequencies which are outside the detection range of the ampullae (Figure
7.2b). In addition, the highest energy content of the stimulus is within the higher frequency range
(=30 Hz; Figure 7.2b).
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Figure 7.2. (a) A PBC waveform used in pulse trawling. (b) Fast Fourier transform spectrum of the pulse waveform in (a).

If the electroreceptive fish could detect the electric field with the ampullae of Lorenzini, then the
electric field strength over the skin is relevant since this triggers the ampullae. Otherwise, if the
fish could not detect the pulsed electric field with the ampullae, the internal electric field strength
is relevant since this will either stimulate the nerves (e.g. which could result in a tingling feeling),
or cause muscle activation to which the animal will respond.

7.3 Fish muscle activation thresholds

Apart from behavioural response thresholds, fish may also experience involuntary muscle con-
tractions in response to the electrical pulse stimulus of the fishing gear. Such involuntary muscle
contractions could hamper an escape of the fish or lead to injuries, even though it is not inside
the netting.

Boute et al (in prep) measured amplitude thresholds for involuntary muscle contraction in 4
small Atlantic salmon (Salmo salar) (mean =26.2 cm, sdev =2.7 cm), and 5 large specimens (mean
= 45.0 cm, sdev = 1.5 cm) . . For measurements of involuntary muscle contractions, fish were
anaesthetized (i.e. to immobilize) and placed in a tank with electrode pairs at different locations
along the anteroposterior axis of the fish (i.e. head, abdominal, and caudal region). In addition,
the electrode pairs were placed at 20 cm and 40 cm apart (Figure 7.3). Each fish was placed in-
between the electrode pair. Muscle activation thresholds were established by increasing the
pulse amplitude until a visible muscle twitch on the outside part of the skin was observed. Sub-
sequently, computer simulations of the electric field, in both the tank and an idealised fish, were
used to determine the internal electric field strength corresponding to the potential difference
over the electrode pair that triggered muscle activation (Figure 7.3).
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Figure 7.3. Muscle activation thresholds in anaesthetized (a) small and (b) large Atlantic salmon (Sa/mo salar) between
an electrode pair spaced at 20 and 40 cm apart. Thresholds were determined by skin movement of the fish in the head,
abdominal, and caudal region where the electrode pairs were placed respectively. Pulse amplitudes provided by the
pulse generator, as shown on the y-axis, were used to calculate the internal field strength in the fish by a computer
simulation of the experimental setup. The internal field strengths that correspond to the muscle activation threshold are
provided in parentheses next to the whisker plots.

Larger fish appear to have a lower muscle activation threshold than small specimens, which is
also concluded based on modelling shown chapter 4 where internal field strengths are higher in
larger fish. The lowest muscle activation threshold, estimated as the internal field strength, was
15.1 V. m™ as found in the large Atlantic salmon class where the electrode pair was spaced at 40
cm. This threshold field strength can be compared to the internal field strength shown in Figure
6.4.

7.4 Thresholds for spinal injuries

Finally, muscle cramps/tetanus may occur if exposed to higher field strengths. The muscle
cramps can cause spinal injuries and haemorrhages. Field strength thresholds for inducing spinal
injuries have been reported to be >37 V m in large Atlantic cod (Gadus morhua), whilst the field
strength at which the probability is 50% is 80 V.m* (95% cl: 60 - 110 V.m™: de Haan et al., 2016).
This threshold field strength can be compared to the electric field strength around an electrode
pair when no fish is present.

Apart from pulse amplitude (field strength), the pulse frequency, pulsewidth (which are com-
bined in the duty cycle), and pulse shape may affect susceptibility of fish to electrical-pulse in-
duced injuries (de Haan et al., 2016; Soetaert et al., 2019). Muscle cramp / tetanus does not seem
to occur if lower pulse frequencies area used. For example, pulse systems as used in the fishery
for brown shrimp use a lower frequency of ~5 Hz which elicits an involuntary escape response
whereby the shrimp jump into the water column whilst fish respond more variably, from no
response to fast swimming, depending on the species (Desender et al., 2016; Soetaert et al., 2019).
The low-frequency shrimp pulse did not cause spinal injuries in European plaice, common sole,
Atlantic cod, bull-rout (Myoxocephalus scorpius), and armed bullhead (Agonus cataphractus)
(Desender et al., 2016). However, higher pulse frequencies could reduce the occurrence of spinal
injuries, since de Haan et al. (2016) did not find injuries in large Atlantic cod exposed to 180 Hz.
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Effect of pulse stimulation on marine organisms

8.1 Introduction

The pulsed bipolar (PBC) and pulse alternating current (PAC) used in pulse trawls that target
common sole can affect organisms variably (Soetaert et al. 2015a, 2019). Exposure experiments
with fish did not reveal injuries or mortality in sole (Soetaert et al., 2016a), European sea bass
(Soetaert et al., 2018), small-spotted catshark (de Haan et al., 2009; Desender et al., 2017b), while
no effect on ulcers was detected in dab (de Haan et al., 2015). Spinal injuries and heamorrhages
were observed in exposure experiments with cod, but the frequency of occurrence varied sub-
stantially (de Haan et al., 2016; Soetaert et al., 2016b). Two preliminary studies, that explored the
effect of worst-case exposure of 20 different benthic invertebrate species, did variable effects due
to small number of animals tested (Smaal and Brummelhuis, 2005; van Marlen et al., 2009). A
more elaborate study with shrimp and ragworm did not reveal any mortality or injuries (Soetaert
et al., 2015a). A follow-up experiment exposed shrimp for 20 times during 4 days to electrical
and mechanical exposure did not show consistent impacts (Soetaert et al., 2016c). ICES (2018,
2019) provides a review of the previous studies. The current report presents new data.

8.2 Laboratory experiment on the effect of pulse exposure
on sandeel

Sandeels sampled from pulse trawls showed a relatively high incidence of spinal injuries (section
8.4). The observed incidence rate, however, may be biased due to a higher retention of injured
sandeel in pulse trawls compared to undamaged sandeels. It is expected that due to their slender
shape only few animals may be caught and most will pass through the net and escape through
the codend meshes. In addition, spinal injuries may also be caused during the catching process.
Hence the incidence rate estimated from sandeel retained in commercial nets is an unreliable
indicator of the potential damage inflicted by pulse stimulation.

A laboratory experiment with two species of sandeels - lesser sandeel (Ammodytus tobianus) and
greater sandeel (Hyperoplus lanceolatus) was conducted to further investigate the sensitivity of
sandeel for pulse exposure. The sandeels were collected with a small-meshed shrimp trawl in
the coastal waters off the Netherlands and kept in the laboratory for 3 days before the experi-
ments. In the experiment, sandeels were exposed to a single bipolar pulse stimulus with a pulse
frequency and pulsewidth corresponding to the pulse stimuli generated by the Delmeco and
HFK system used in the commercial fishery (Table 8.1). Pulse exposure was 2 sec which is
slightly higher than the 1.5 sec exposure in the commercial fisheries. Fish were exposed in groups
of 10 fish. After exposure, each group was euthanized and stored for later investigation of spinal
injuries by Rontgen photography and autopsy. Control treatments were included to distinguish
between spinal injuries resulting from electrical stimulation and fish handling associated to the
experimental procedures. Handling of control groups was identical with treatment groups ex-
cept for the absence of electrical stimulation. The experimental set up is shown in Figure 8.1. Fish
were put into a cage of 40*35cm placed between a pair of electrodes (conductor length = 18 cm;
diameter = 26.4mm) and filled with a layer of sand of 5cm. Cage was constructed of nylon wired
with a mesh size of 4 mm. The field strength was measured after the experiment using the meth-
odology of (de Haan and Burggraaf, 2018). Since field strength is a function of the potential dif-
ference U over the electrodes and the distance r1 and r2 to the electrodes (U ~ V/(r1*r2): Sternin
et al., 1976), the field strength was modelled for the surface of the sediment and the bottom of
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the cage. At the level of the sediment, field strength ranged between 28 V.m! close to the isolators
to 800 V.m! close to the conductor. Median field strength was between 41 and 54 V.m"'. At the
bottom of the cage at 5cm into the sediment, field strength is less variable and ranged between
27 and 90 V.m!. Median field strength in the three experiments was between 38 and 49 V.m.
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Figure 8.1. Field strength (V.m™) in the experimental tank at the level of the sediment (left) and at the bottom of the cage
at 5cm in the sediment (right). Black dots indicate the locations of the field strength measurements.

Three experiments were carried out with 253 lesser sandeel exposed to either the Delmeco pulse
(pulse 1) or the HFK pulse (pulse 2 and pulse 3) and one experiment with 49 greater sandeel
exposed to the Delmeco pulse. Spinal injuries were scored using the same methodology used to
score the samples from commercial vessels. In two of the 230 sandeel exposed to a pulse stimulus
a spinal injury was recorded against none in the 211 sandeel that were handled but not exposed
(Table 8.2). Haemorrhages, as can observed in cod with spinal injuries due to electrical stimula-
tion (de Haan et al., 2016), were not observed. Given the low injury rate of exposed sandeel in
our experiment, we conclude that the high injury rate observed sandeel sampled from commer-
cial pulse and tickler chain beam trawlers are likely due to mechanical damage inflicted during
the catch process and subsequent processing of the catch on deck. The injury rate observed in
commercial pulse and beam trawls may also be raised due to a higher retention probability of
injured sandeel. The current results suggest the same for great sandeel but number of observa-
tions is too low for final conclusions.
Table 8.1 Pulse parameters used in the sandeel experiments and the field strength measured in the cage at the sur-

face of the sediment and at 10cm into the sediment. Note that the maximum burying depth in the cage was re-
stricted to 5cm.

Treat- Pulse Pulse- Volt- Field strength (V.m-1) at Field strength (V.m-1) at
ment fre- width age sediment bottom of cage (5cm in

quency (us) (V) sediment)

(Hz)

min me- max min me- max
dian dian

Pulse 1 40 263 43.5 28.5 40.8 607 27.3 37.5 68.6
Pulse 2 30 330 52.5 37.4 53.5 796 35.8 49.1 89.9
Pulse 3 30 330 43.5 28.5 40.8 607 27.3 37.5 68.6

Table 8.2 Spinal injury rate (%) per species and treatment.

Experiment Species Treatment Total no. No. fish Total no. Injury
of tests / test of fish rate (%)
1 Lesser Pulse 1 10 10 103 1.0
sandeel Control 10 10 100 0
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2 Lesser Pulse 2 10 10 101 1.0
sandeel Control 10 10 101 0

3 Greater Pulse 1 4 5 171 0
sandeel Control 2 5 10 0

4 Lesser Pulse 3 4 102 49 0
sandeel Control 0 0 0 No data

Y In one test 3 fish were used. ? In one test 9 fish were used.

8.3 Laboratory experiment with benthic invertebrates

8.3.1 Response of benthic invertebrates to pulse exposure

Concerns exist regarding possible negative impacts of the electrical stimulus on benthic inverte-
brates (ICES, 2018¢; Quirijns et al., 2018). Invertebrates are exposed to high electric field strengths
between the electrodes arrays (de Haan et al., 2016; de Haan and Burggraaf, 2018). This may lead
to direct mortality but also indirect mortality due to injuries and increased predation risk related
to behavioural changes (e.g. (Kaiser and Spencer, 1994; Hiddink et al., 2017; Sciberras et al., 2018).
Effect of electrical stimulation on locomotor performance was studied in six benthic invertebrate
species from four different phyla: common starfish (Asterias rubens; now = 44, N = 41), serpent
star (Ophiura ophiura; Hemo = 21, Heame = 21), common whelk (Buccinum undatunt; Nema = 46, Hucmen: =
41), sea mouse (Aphrodita aculeata; Newa =45, Niwane = 43), common hermit crab (Pagurus bernhardus;
Heontt = 43, Nueamen = 43), and flying crab (Liocarcinus holsatus; N = 46, Nune = 44) (Boute et al., under
review).

Species-specific acute behaviour was described during and immediately after a worst-case elec-
trical stimulation. In addition, the effect of electrical stimulation on species-specific behaviours
was quantified that may indicate prolonged changes to predation risk, including righting re-
flexes and locomotor activity such as walking and burying. These behaviours were quantified
before and after electrical stimulation and compared to the behaviour of animals in a non-ex-
posed control group. Finally, animal survival was monitored up to 14 days after exposure. The
electrical stimulus was a 3 second square-shaped Pulsed Bipolar Current at a frequency of 30 Hz
and pulsewidth of 0.33 ms. The field strength was 200 V m- (V.. on plate electrodes = 86 V) which
is similar to the field strength directly adjacent to a commercial electrode (de Haan et al., 2016).
Pulse waveform is described as 30 Hz PBC (PW = 0.33 ms, PB = 16.34 ms) (Soetaert et al., 2019).

Responses during stimulation varied from no effect (starfish and serpent star) to moderate
squirming (sea mouse) and fast retractions (whelk, hermit crab, flying crab). Within 30 s after
stimulation, all animals resumed normal behavioural patterns, without signs of lasting immobi-
lization. About two-thirds of the whelk (63%) ejected a white substance during or immediately
after stimulation, presumably related to reproduction. No indications were found for compro-
mising changes in righting reflexes and locomotor activity, except for significantly increased
righting reflex duration after electrical stimulation in hermit crab due to increased retraction
times. Animal survival was not negatively affected. These findings suggest that electrical pulses
as used in pulse trawling are unlikely to substantially affect the behaviour and survival of the
investigated species.

8.3.2 Laboratory experiment on the effects of burrowing organisms

The effect of electrical exposure on non-target burrowing organisms was of particular interest.
Animals residing in greater sediment depths may escape the mechanical effects of bottom-trawl
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gears but can still be affected by the electrical fields which has been shown to penetrate the sea-
bed (de Haan and Burggraaf, 2018). These organisms also carry out important functions such as
bioirrigation (pumping water into the sediment) and bioturbation (sediment mixing) which
strongly influence benthic habitat characteristics (Volkenborn and Reise, 2006; Volkenborn et al.,
2007).

Experiments were conducted to investigate the effect of electrical exposure on bioirrigation be-
havior and movement of a common ecosystem engineer, Arenicola marina. Animals were left to
burrow in the sediment inside narrow aquariums. Sediment oxygen levels and organism activity
was monitored before and after exposure to electrical pulses using a planar optode oxygen sen-
sor and high resolution pressure sensors. Twenty-six individuals were exposed to a homogenous
electrical field (200 V/m) using a square shaped pulsed bipolar current (PBC) with a pulsewidth
(PW) of 0.33 us and a frequency of 30 Hz in order to simulate the electrical exposure of an animal
found directly next to an electrode (worst case scenario) used in the sole flatfish electrofishery.
After a 3 day acclimatization period, measurements were started for one day without electrical
exposure. For the following 3 days, organisms were subject to one 3 second PBC exposure per
day. Respiration measurements were taken for an additional 80 individuals which were either
exposed to 3 seconds of PBC or used as controls.

A muscle cramping response from A. marina was observed upon electrical stimulation, however,
the vast majority of these animals resumed burrowing and pumping activity within a 5-10
minutes (Figure 8.2). Electrical exposure temporarily halted bioirrigation activity which led to a
momentary decrease in oxygen levels inside the macrofauna burrows before pumping behaviour
resumed (Figure 8.3). Respiration rates per unit biomass for individuals exposed to PBC com-
pared to controls were not significantly different.
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Figure 8.2. Example of A. marina activity and response to electrical exposure as observed through high resolution pres-
sure sensors in the sediment.
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Figure 8.3. Oxygen saturation levels inside an A. marina burrow. The temporary decrease in oxygen saturation occurred
directly after electrical stimulation.

An experiment examining the response of Arctica islandica to electrical stimuli (6 exposures over
2 months; 200 V/m, PBC, PW = 0.33 us, 40 Hz, 3 s exposure time), measured the opening and
closing activity of the bivalves using valve gape sensors. Individuals with open valves (shells)
immediately shut their valves upon electric exposure. Some individuals remained closed for sev-
eral days, however, other individuals opened their valves within minutes after exposure. As this
long lived species may remain dormant for several weeks in natural conditions (Ballesta-Artero
etal., 2017), it is not clear if electrical exposure led to prolonged inactivity. There were, however,
some instances when electrical exposure appeared to cause the valve opening of previously in-
active individuals. No mortalities were recorded and at the time of writing, all experimental or-
ganisms (8) are currently alive in an animal housing facility one year after the commencement of
the study.

Conclusion

The fact that no mortalities were observed from direct electrical stimuli, indicates that electrical
impacts on non-target species are non-lethal. Claims of burrowing organisms coming out of the
sediment in response to electrical exposure are not supported by these studies though some ev-
idence of increased burrowing behaviour was observed with A. marina. The results suggest that
non-lethal effects and possible biogeochemical consequences (i.e. declines in sediment oxygen
levels) due to changing behaviour are temporary. Compared to trawl-induced mechanical im-
pacts, the effects of electrical exposure to macrofaunal functioning seem to be minor.

8.4 Field study on injury probability in fish caught in pulse
and tickler chain trawls

The electric field near to the electrode array, within the trawl track, induces muscle cramps in
the fish (Soetaert et al., 2019). These muscle cramps may consequently lead to spinal injuries and
haemorrhages (van Marlen et al., 2014; de Haan et al., 2016; Soetaert et al., 2016a, 2016b, 2016c,
2019). In addition to pulse-induced injuries, internal injuries may also be caused by an external
mechanical load acting on the body of the fish. Various parts of the catch process can cause me-
chanical loads to act on the fish body (e.g. components of the fishing gear, debris in the netting,
towing speed, and hauling on deck). Especially injuries in small specimens, which may not be
retained in the netting, may lead to indirect mortality after a trawling event due to sustained
injuries and increased predation risk (Kaiser and Spencer, 1994; Kaiser and Spencer, 1995; Kaiser
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and Spencer, 1996). Direct and indirect mortality can, in turn, change species population dynam-
ics and foodweb structure (Kaiser et al., 2002; Collie et al., 2017). To model direct and indirect
mortality in population and foodweb models, it is essential to quantify internal injuries in fish
resulting from capture methods, especially in small specimens.

The occurrence of internal injuries in target and non-target species was determined from samples
collected on board of commercial pulse trawlers (9 vessels) and compared to internal injuries in
fish collected from pulse trawls with the pulse stimulation switched off (5 hauls of 3 vessels),
and from conventional beam trawlers using tickler chains (2 vessels) (Boute et al., in prep). To
detect spinal injuries, all fish were X-rayed laterally and, in the case of roundish, dorsoventrally.
Hereafter, the fish were filleted to reveal internal haemorrhages. Spinal abnormalities were cat-
egorized on a 5-point scale as described in ICES (2018). Spinal abnormalities in category 1 and 2
were excluded from further analysis, since these have not been related to electrical-pulse induced
injuries in laboratory exposure studies (Sharber et al., 1994; Soetaert et al., 2018).

The percentage of fish with at least one spinal injury of categories 3 to 5 are provided in Table
8.3 per species and catch method (Boute et al. in prep). These spinal injuries correspond to those
previously reported in experimental studies (van Marlen ef al., 2014; de Haan et al., 2016; Soetaert
et al., 2016b, 2016a). Our results corroborate that Atlantic cod (Godus morhua) is sensitive to pulse-
induced injuries, as has previously been found in laboratory studies (de Haan et al., 2016; Soetaert
et al., 2016b, 2016a), and field studies (van Marlen et al., 2014; Soetaert et al., 2016c). Atlantic cod
do not appear highly sensitive to mechanically induced injuries.

In most other species, both roundfish and flatfish, relatively low spinal injury probabilities were
found. No clear difference was found in the injury probability between pulse-on and pulse-off
caught fish for dab, plaice, grey gurnard and whiting. For tub gurnard a spinal injury was ob-
served in 3 out of 249 tub gurnards caught with the pulse-on, but none in 67 tub gurnards caught
without the electrical pulse stimulus. The sample size is too low to draw any firm conclusion.
The probability of spinal injuries observed in conventional beam trawl catches was at the same
level as observed in pulse trawl caught fish, or slightly higher. In lesser sandeel (Ammodytes to-
bianus) and greater sandeel (Hyperoplus lanceolatus), however, injury probability in both the
pulses on and tickler chain catches are elevated. Since injury probability in the tickler chain
catches are highest, we expect that these injuries are likely caused by mechanical stimulation. As
these species are relatively slender and elongated, a potential selection bias of injured specimens
in the 80 mm meshes of the codend could result in an overestimation of the injury probability.

The injury probability of fish sampled from pulse trawls and conventional beam trawls shows
that injury probability is higher in conventional beam trawls in five species (Figure 8.4). In the
graph the two sandeel species were pooled and only species with more than 100 animals sampled
were included.

Table 8.3. Percentage of fish with at least one spinal injury by species and catch method. The spinal injuries taken

into account correspond to injuries previously reported in studies focusing on pulsed-induced injuries in marine elec-

trotrawling (van Marlen et al., 2014; de Haan et al., 2016; Soetaert et al., 2016b, 2016a). The number of fish sampled
is indicated between parentheses.

Species Pulses on Pulses off Tickler chain beam
trawl

Atlantic cod 36.4 (475) 0(1) 1.0 (100)

Bull-rout 0(17) No data 0(1)

Callionymus spp. 0(147) No data 0(27)

Common sole 0.7 (824) No data 2.9 (349)

Dab 0.3 (765) 0.6 (637) 0.7 (812)

European plaice 0.2 (1684) 0.2 (1629) 0.5 (1006)

European sea bass 1.0 (102) No data No data
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Greater sandeel 11.0(539) No data 42.4 (33)
Grey gurnard 0.3 (1009) 1.8 (56) 0.1 (765)
Lesser sandeel 8.3 (48) No data 24.2 (99)
Lesser weever 1.0 (98) No data No data
Pouting 0.6 (352) No data 0(5)
Solenette 0(14) 0(3) 0(8)
Surmullet 0(21) No data 0(9)
Tub gurnard 1.2 (249) 0(67) 0.9 (224)
Whiting 1.1 (2629) 1.0 (586) 2.6 (1148)
L] g
P °
= hod P i ’ °
’¢’ .
® K & .
. o

Figure 8.4. Comparison of the injury rate (% of fish sampled) in different fish species in tickler chain beam trawl catches
and pulse trawl catches (pulse-on). Species plotted if the sample size was >100 fish per gear. Data of lesser and greater
sandeel were combined. Data from Table 8.3

8.5 Size dependence of spinal injuries in cod

In Atlantic cod, the spinal injuries are likely caused by the pulsed electric field that elicits muscle
cramps. These injuries may occur on top of mechanically induced injuries in pulse trawls. If these
pulse-induced injuries occur in small specimens that could escape the net after exposure, this
could have implications for the population dynamics. Hence, it is relevant to check whether in-
jury probability is fish-length dependent. The effect of standard length (SL) on the spinal injury
probability (P) was analysed using a generalized additive model:

P = intercept + s(SL) + B + €

Where s(SL) is the smoother for standard length SL, B is the factor representing the different
pulse trawlers (n =7), and € is the binomial distributed error term (model choice based on lowest
AIC). The model explains 7.54% of the deviance in the data. The effect of pulse vessel was sig-
nificant as well as the effect of fish length (p <0.01). Figure 8.5 shows that the injury probability
is highest for intermediate sized cod and decrease for smaller and larger sized cod.
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Figure 8.5. Generalized additive model showing the relationship of incidence rate of spinal injuries in relation to standard
length in Atlantic cod (Gadus morhua) (n=475). These Atlantic cod were caught by pulse trawlers using the electrical
stimulus.

8.6 Field sampling 