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Abstract Between 2009 and 2021 almost the com-
plete beam trawl fleet of the Netherlands switched 
from conventional beam trawls (BT) to pulse trawls 
(PT) using electrical stimulation to catch sole, Solea 
solea. Electric fishing, being banned in the EU in 
1988, was made possible in 2006 under a derogation. 
Over the years stakeholders expressed concern about 
ecosystem effects. Here we review the research con-
ducted. PT improved the selectivity of the fishery and 

reduced the ecological side effects. PT caught more 
sole per hour fishing but less discards and benthos 
than BT. The transition to PT reduced the surface 
area swept (lower towing speed), sediment  depth of 
disturbance and associated benthic impacts, as well 
as fuel consumption. Laboratory experiments with 9 
fish and 17 benthic invertebrate species showed that 
exposure to a commercial bipolar pulse stimulus did 
not result in harmful effects except in cod. Autopsy of 
cod sampled from PT revealed that 40% had an inter-
nal injury. Injury rates in other roundfish species was 
low (< 2%) and absent in flatfish. Electrical-induced 
impacts on biogeochemistry were not observed. The 
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transition increased competition with other fishers 
which fed the resentment against PT. Governance 
arrangements under which the number of temporary 
licenses expanded, undermined legitimacy of the 
gear, resulting in a ban in 2021. Although questions 
about the ecological impact of electrical stimulation 
remain, adverse effects are considered negligible in 
comparison with the benefits.

Keywords Pulse trawl · Beam trawl · Ecological 
impact · Discards · Benthos · Sea floor · North Sea · 
Governance · Socio-economy · Fuel use

Introduction

Mobile bottom-contacting fishing gears mechanically 
stimulate fish out of, or from, the seafloor into the 
net. This mechanical stimulation physically disturbs 
the seafloor and affects benthic habitats and associ-
ated communities (Collie et al. 2000; Sciberras et al. 
2018) and biogeochemical processes (Pusceddu et al. 
2005, Oberle et  al. 2016, van de Velde et  al. 2018). 
The benthic impact of bottom trawls and dredges is 
related to the physical disturbance by the gear compo-
nents (Eigaard et al. 2016), in particular their penetra-
tion depth and associated mortality imposed (Hiddink 
et  al. 2017), and the sensitivity of the marine biota 
(Rijnsdorp et al. 2018a, Sciberras et al. 2018, Hiddink 
et  al. 2019). In addition, these gears are often unse-
lective, particularly when using small mesh sizes, 
resulting in a substantial bycatch of small fish, ben-
thic invertebrates and other marine species (Kelleher 
2005; Gray and Kennelly 2018; Uhlman et al. 2019) 
and have a high fuel consumption and  CO2 emission 
(Tyedmers et  al. 2005; Parker and Tyedmers 2015; 
Sala et al. 2022).

Replacing mechanical stimulation by electrical 
stimulation has the potential to improve the ecologi-
cal sustainability of bottom trawl fisheries by reduc-
ing adverse ecological effects (Soetaert 2015; McCo-
nnaughey et al. 2020). Electrical stimulation may be 
used to induce a startle response in bottom dwelling 
or benthic organisms to drive them out of the sea bed 
and facilitate their catch without the need to deploy 
a heavy groundrope or tickler chains. Alternatively, 
it may be used to induce a cramp response to immo-
bilize organisms that can no longer escape from the 
fishing gear. Because the sensitivity to an electric 

stimulus increases with body size, electrical stimula-
tion may in theory be used to improve the size selec-
tivity of the gear. Electrical stimulation has long 
been used in freshwater fishing where it proved to be 
an efficient method (Snyder 2003b, Rytwinski et  al. 
2019). The application in marine fisheries has been 
developed much later as it is technically challenging 
to develop safe and robust pulse generators that can 
be used in salt water on board of commercial fishing 
vessels (van Marlen and de Haan 1988). Electrotrawls 
have in the past two decades become available for 
the fishery for sole (Solea solea), shrimps (Crangon 
crangon) and razor clams (Ensis spp) (review in Soe-
taert 2015).

Although promising, the use of electricity in cap-
ture fisheries may also have adverse effects, as it is 
well-documented in freshwater electrofishing that 
fish may suffer from internal injuries such as haem-
orrhages and spinal fractures (Snyder 2003b). The 
concern about possible adverse effects of electric-
ity on marine biota and fear for overexploitation has 
motivated a ban of electrotrawls in several countries. 
In China, for example, electrical stimulation has been 
banned in the shrimp fishery following unregulated 
growth in fishing effort of electrotrawls (Yu et  al. 
2007). In the European Union (EU), fishing methods 
using electrical stimulation were prohibited in 1988 
(Linnane et al. 2000; Haasnoot et al. 2016).

Despite the ban of electrotrawling in the EU, 
research into use of electricity in marine fisheries 
continued in the early 1990s. Results showed poten-
tial application in the beam trawl fishery for brown 
shrimps and for the beam trawl fishery for sole (Soe-
taert 2015). When in the 2000s the beam trawl fish-
ery for sole was faced with high fuel costs, poor eco-
nomic performance, decreasing fish quota and the 
increased societal concern about adverse ecological 
side effects, electrotrawls were seen as a promising 
alternative that could improve the economic and eco-
logic sustainability of the fishery (van Balsfoort et al. 
2006; van Hoof et al. 2020). In line with the objective 
of the Common Fisheries Policy to support techno-
logical innovations to reduce adverse side effects of 
fishing gears, a derogation to the ban on electrotrawl-
ing in the North Sea was agreed in 2006, allowing 5% 
of the beam trawl fleet of each Member State (ICES 
areas IVc and IVb) to use the electrical pulse trawl 
with accompanying research. The derogation for the 
Dutch fleet was expanded in later years (Haasnoot 
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et  al. 2016) but the ban was reinstated in 2019 and 
took full effect in 2021 (Delaney et al. 2023).

The objective of this paper is to review the research 
carried out during the pulse trawling period (Fig. 1) 
and update the analysis of catch and effort data sets 
to assess whether a transition from the conventional 
tickler beam trawl (BT) to the pulse trawl (PT) could 
improve the sustainability of the sole fishery. The 
paper starts with (i) a description of the governance 
arrangements that allowed beam trawl vessels to 
switch to pulse trawling, followed by (ii) a description 
of the beam trawl fishery for sole including a review 
of efficiency and selectivity of both gears, and a 
review of (iii) laboratory studies on the effect of pulse 
stimulation on marine biota and the biogeochemi-
cal processes; (iv) field experiments on the impact 
of the PT and BT gear on the sea floor and benthic 
ecosystem; (v) fleet-level impact studies on the impli-
cations of the transition on the change in the surface 
area trawled, discard production, occurrence of pulse-
induced injuries, benthic impact and sediment resus-
pension; (vi) socio-economic consequences including 

effects on other fisheries. Finally the available sci-
entific evidence is synthesized to assess whether the 
transition to PT can improve the sustainability of the 
beam trawl fishery for sole.

Governance

In the 1990s, high fuel costs, decreasing fish quota 
and increased societal concern about the impact of 
trawling jeopardized the viability of the beam trawl 
fisheries (van Balsfoort et  al. 2006; van Hoof et  al. 
2020). A Societal Covenant was agreed in the Neth-
erlands between the government, the fishing indus-
try and NGOs with a pathway to a transition process 
towards sustainable North Sea fisheries.1 As part of 
this transition, research into the use of electricity to 
catch flatfish was stimulated. Results were promising 
but with the EU ban of 1988 on the use of electricity 

Fig. 1  Timeline of pulse trawl development in the Netherlands (adapted from Delaney et al. 2023)

1 https:// edepot. wur. nl/ 118051

https://edepot.wur.nl/118051
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in fishing gears, institutionally this innovation was 
blocked. The Dutch ministry was willing to open 
up discussions to change the rules but first wished 
to see whether or not electrical pulse trawling had 
potential by applying it to a fishing vessel, as until 
then all research had taken place on research vessels 
(Haasnoot et  al. 2016). The PT was first tested on a 
commercial vessel in 2004. A Pulse Steering Group 
(PSG), comprising representatives from the industry, 
NGOs, the ministry and scientists, was set up to guide 
the process. When results of the test were promis-
ing, discussions on the regulation were opened. This 
happened at a time where the EU Commission stimu-
lated research into sustainable fishing techniques (EC 
2004). In 2005 the EU commission indicated that it 
would be possible to further expand the introduction 
of PT, if scientific advice would be positive (Haas-
noot et  al. 2016). Both the International Council for 
the Exploration of the Sea (ICES) and the EU’s own 
Scientific, Technical and Economic Committee on 
Fisheries (STECF) provided cautiously positive, pre-
cautionary advice (ICES 2006; STECF 2006). Subse-
quently, the EU Commission decided in 2006 to per-
mit 5% of Member States’ fishing vessels in the North 
Sea to use the PT, under a derogation (Fig. 1).

In 2008 an investment scheme (funded by the EU) 
was made available in the Netherlands under the 
new fisheries innovation framework for 5 vessels to 
acquire the PT gear (Haasnoot et al. 2016). Within a 
few years, through active knowledge sharing, these 
vessels collectively worked out how to fish with PT 
gear.2 Their experiences were guided by research and 
shared with the wider sector. Although catchability 
of marketable sole and plaice was initially lower than 
with the BT, the fuel cost reduction made it more 
profitable (Poos et  al. 2020). In 2010 more vessels 
applied for a license under the 5%-derogation (Haas-
noot et  al. 2016). When the Netherlands hit the 5% 
derogation ceiling set under European legislation in 
2010, the fishing industry asked to allow more vessels 
to fish with PT. This call was pushed by the economic 
situation in the Dutch beam-trawl fleet, where vessels 
who switched to PT were once again making net prof-
its, as opposed to companies who still used traditional 
BT (Turenhout et al. 2016). Accommodating the wish 
from the Dutch fishing industry to maintain a level 

playing field within the Dutch fleet, and with support 
of Dutch NGOs, the Dutch government negotiated 
an increase of the number of (temporary) licenses 
with the European Commission in 2011 (Haasnoot 
et al. 2016). This was based on article 43, 850/1998; 
a regulation for the conservation of fishery resources 
through technical measures for the protection of juve-
niles of marine organisms (EC 1998). The Nether-
lands could hand out another 20 licences (to 42) and 
committed to monitor the bycatch of the pulse trawl-
ers via self-sampling.

With this expansion of the fleet, concern outside of 
the Netherlands grew. In response, the PSG organised 
meetings in Belgium, Germany and the UK to pro-
vide information on the PT to fishers. This was done 
in addition to regular updates in the North Sea Advi-
sory Commission (NSAC) (Haasnoot et al. 2016). In 
this time period the Dutch government and industry 
strongly pushed the PT as the solution to the prob-
lems associated with beam trawling. This resulted in 
a pushback response from other countries (Haasnoot 
et  al. 2016). It is important to note that the ‘pulse 
solution’ was mostly relevant for the Dutch fleet, as 
(pre-Brexit) the Netherlands were annually allocated 
74% of sole EU’s North Sea sole TAC. In addition, 
sole quota from other North Sea Member States are 
often in the hands of Dutch companies who fly the 
flag of these Member States (most notably the UK). 
Through this so-called quota hopping (Morin 2000; 
Hatcher et  al. 2002), the ‘Dutch EU share’ of sole 
increased to about 90% (pre-Brexit). Despite the 
pushback from other Member States, the Nether-
lands continued to adopt the new gear in management 
plans (i.e. agreements on fishing in N2000 areas) and 
sought a permanent admission of the gear in EU leg-
islation or else expansion of the derogation. These 
efforts exacerbated resistance from Member States 
and the EU Commission (Haasnoot et al. 2016). How-
ever as more Dutch fishers requested to be allowed to 
fish with PT, due to the better economic performance, 
the Netherlands continued seeking ways to expand. 
During a meeting between the Dutch government 
and the Commissioner of DGMARE in 2014, it was 
agreed to expand the PT fleet again, this time linked 
to the landing obligation that was established in the 
Common Fisheries Policy reform of 2013 (EC 2013). 
Now, the number of pulse licenses increased to a 
total number of 84. Both the 2011 and 2014 license 
expansions on top of the original 5% derogation, were 2 https:// edepot. wur. nl/ 149442

https://edepot.wur.nl/149442
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approved by the EU Commission under the condition 
that research into the ecological effects of pulse trawl-
ing was carried out. On top of ongoing research, the 
Netherlands prepared a comprehensive multi-annual 
impact assessment project (IAPF) that started in 2016 
and ended in 2020 (Fig. 1).

Stakeholder involvement

During the initial development phase (between 2004 
and 2011) stakeholders had been involved right from 
the start. However, this mainly took place within the 
Netherlands. Dutch NGOs were already aligned via 
the Societal Covenant. Dutch fishers were informed 
of the collective progress made by the group of 5 
pioneers (Haasnoot et al. 2016; Delaney et al. 2023). 
International stakeholders were not specifically 
addressed, only on an ad hoc basis and mostly via the 
NSAC (Haasnoot et  al. 2016). It is only after 2014 
that deliberate international stakeholder engagement 
was sought. This was mostly in response to criticism 
from other Member States that had been building up 
over a couple of years over the way the Dutch gov-
ernment had arranged extra pulse licences (bilaterally 
with the commission). The push for EU acceptance of 
the gear (looking for all kinds of possibilities in the 
legislation—see Haasnoot et  al. 2016) had alienated 
many EU stakeholders, which were upset about the 
way these licences had been ‘arranged’ and the size 
of the pulse fleet. They were also concerned about 
the control and enforcement system in use, the eco-
system impacts and the socio-economic consequences 
of the pulse for other fishes. Fishers not using PT 
were out-competed or witnessed pulse fishers arriv-
ing at ‘softer’ grounds where beam trawlers had never 
been seen before (Kraan et al. 2015; Haasnoot et al. 
2016). When the extent of these stakeholder con-
cerns became clear in 2015 (Kraan et  al. 2015), the 
Dutch government started organising so-called Inter-
national Stakeholder Dialogue Meetings (2015, 2017 
and 2018) in conjunction to the multi-annual research 
project IAPF (Steins et al. 2017; Kraan and Schade-
berg 2018). Stakeholders involved in those meetings 
indicated later in an evaluation that although they 
appreciated the engagement as effective, the engage-
ment had been sought too late in the innovation pro-
cess (Delaney et  al. 2023). In the midst of this all, 
in 2016, a French NGO Bloom started a campaign 
against PT. Opponents compared pulse trawling to 

scientific whaling  and claimed that PT would turn 
fishing grounds into a graveyard by electrocuting 
marine life in its wake and that it would outcompete 
other, most notably small-scale, fishers (Bloom 2018; 
Le Manach et al. 2019). Bloom’s campaign, in joint 
forces with small scale fishers and other NGOs was a 
mix of political lobbying; mobilizing different groups 
in society (i.e. chefs); petitioning; law suits, requests 
for infringement procedures and a simple clear mes-
sage (no to the electrocution of fish and the deserti‑
fication of the ocean).3 It resulted in extensive media 
exposure and proved to be influential.4

Decision making process EU

Following the 2013 reform of the Common fisheries 
Policy (EC 2013), it was necessary to revise the tech-
nical conservation measures for fisheries.5 As the ban 
on using electricity in marine fisheries was laid down 
in the technical measures regulations, the discussion 
on lifting the ban on PT was part of this revision. 
Where initially in 2017 the fisheries committee of the 
European Parliament proposed to allow PT under the 
revised technical measures if research showed posi-
tive results about the gear’s impact, a year later the 
Parliament voted for a ban on PT. A crucial aspect 
in this process was that the rapporteur of the fisher-
ies committee, the Spanish MEP Mato, in 2017 did 
not get the mandate to directly negotiate, on behalf of 
the Parliament, with the EU Commission and Coun-
cil in the so-called trilogue that is part of the legisla-
tive process. Instead, the matter was scheduled for a 
plenary vote in Parliament in January 2018.6 The 750 
European parliamentarians were lobbied by propo-
nents and opponents of PT7 prior to the vote, which 
ended with 402 in favor of a full ban. A year later, 
on February 2019 it was decided in trilogue that PT 

3 https:// www. bloom assoc iation. org/ en/ our- actio ns/ our- 
themes/ elect ric- pulse- fishi ng/ blooms- campa ign
4 https:// nos. nl/ artik el/ 22128 12- zo- verlo or- neder land- in- bruss 
el- de- lobby- over- pulsv issen- van- de- frans en
5 https:// oceans- and- fishe ries. ec. europa. eu/ system/ files/ 2023- 
02/ SWD- 2023- 103_ en_0. pdf
6 https:// visse rsbond. nl/ visse rsbond- beslu it- europ ese- visse 
rijco mmiss ie- pulsv isser ij/
7 https:// visse rsbond. nl/ pulsv isser ij- zeilen- bijze tten & https:// 
www. bloom assoc iation. org/ en/ our- actio ns/ our- themes/ elect ric- 
pulse- fishi ng/ blooms- campa ign

https://www.bloomassociation.org/en/our-actions/our-themes/electric-pulse-fishing/blooms-campaign
https://www.bloomassociation.org/en/our-actions/our-themes/electric-pulse-fishing/blooms-campaign
https://nos.nl/artikel/2212812-zo-verloor-nederland-in-brussel-de-lobby-over-pulsvissen-van-de-fransen
https://nos.nl/artikel/2212812-zo-verloor-nederland-in-brussel-de-lobby-over-pulsvissen-van-de-fransen
https://oceans-and-fisheries.ec.europa.eu/system/files/2023-02/SWD-2023-103_en_0.pdf
https://oceans-and-fisheries.ec.europa.eu/system/files/2023-02/SWD-2023-103_en_0.pdf
https://vissersbond.nl/vissersbond-besluit-europese-visserijcommissie-pulsvisserij/
https://vissersbond.nl/vissersbond-besluit-europese-visserijcommissie-pulsvisserij/
https://vissersbond.nl/pulsvisserij-zeilen-bijzetten
https://www.bloomassociation.org/en/our-actions/our-themes/electric-pulse-fishing/blooms-campaign
https://www.bloomassociation.org/en/our-actions/our-themes/electric-pulse-fishing/blooms-campaign
https://www.bloomassociation.org/en/our-actions/our-themes/electric-pulse-fishing/blooms-campaign
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will be banned from July 1, 2021. The trilogue deci-
sion did not await the final results of the multi-annual 
research programme (IAPF, (Rijnsdorp et al. 2020a)) 
and subsequent advice by ICES (ICES 2020b). From 
then onwards pulse fishing is only allowed in the con-
text of research (article 25, Regulation 2019/1241) 
and only after both ICES and STECF agree on a sci-
entific protocol and research plan (Penca 2022). As a 
consequence, the Dutch vessels equipped with a PT 
had to revert back to traditional BT.

Court of justice

Three months after the decision of the EU (April 
2019), the Netherlands filed a complaint at the Euro-
pean Court of Justice against the EU Council and the 
Parliament (Case C-733/19) (Penca 2022). The Neth-
erlands argued that the ban was not based on the best 
available scientific advice, and therefore should be 
overturned. In 2021 the Court rejected the complaint 
and request, stating that whilst the science available 
at the time of the decision recognized advantages of 
PT over BT, as yet not all risks associated with the 
gear had been identified. The Court also ruled that 
under the Common Fisheries Policy there is wide dis-
cretionary power for EU legislation, meaning that its 
decisions need not only be based on science. Further-
more no manifest errors had been made, a matter the 
Court could pass judgement on8(Penca 2022).

Beam trawl fishery for sole

More than 95% of sole in the North Sea is landed by 
beam trawl vessels using a minimum cod-end mesh 
size of 80  mm. About 3% is landed by gillnetters 
operating in shallow coastal waters during the spawn-
ing period in spring. The beam trawl fishery is carried 
out in the area between 51 and 55°N (west of 5°E) 
or 56°N (east of 5°E) and is dominated by the Neth-
erlands and Belgium with 75 and 7% of the annual 
landings, respectively (ICES 2023). The fishing ves-
sels deploy a beam trawl on either side of the vessel. 
The width of each beam trawl is maximized at 4.5 m 
for small vessels (engine power ≤ 221 kW), that may 

fish in the coastal protection zone (12 nm zone, Plaice 
Box), and to 12  m for large vessels (engine power 
between 221 and 1491 kW) that may fish in offshore 
waters outside the coastal protection zone (Beare 
et al. 2013).

Conventional beam trawl (BT)

In BT an array of chains is attached to the shoes (shoe 
ticklers) or ground rope (net ticklers) to chase sole out 
of the sea bed (Fig. 2a). Depending on the type of sed-
iment, tickler chains can disturb the sea bed to a depth 
of 8  cm (Paschen et  al. 2000), although the mean 
penetration depth of a conventional beam trawl is 
estimated 2.72 cm (SD = 1.24) (Hiddink et al. 2017). 
To reduce the drag of the gear, most Dutch vessels 
replaced the iron beam and shoes by a hydrodynamic 
foil (Sumwing) that hovers above the sea bed lower-
ing the fuel cost by 13% (Rijnsdorp et al. 2020a). In 
the Sumwing, the shoe ticklers are attached to the tips 
of the foil. The V-shaped ground rope is made of a 
heavy chain with rollers in the center (Rijnsdorp et al. 
2021b).

Pulse trawl (PT)

In a PT the tickler chains are replaced by a rectan-
gular matrix of electrode arrays that are attached 
between the ground rope and the beam or the wing 
(Fig. 2b). Each electrode array comprises of a series 
of electrodes and insulated parts to reduce the power 
loss over the length of the electrode array (de Haan 
et al. 2016; Soetaert et al. 2019). Tension relief cords 
are deployed between the wing or beam and the 
ground rope to release the tension on the electrode 
arrays and maintain a rectangular shape. The elec-
trode arrays run parallel in the towing direction at a 
distance of about 0.42 m of each other. PT is towed 
at a lower speed than BT (Table 1). The lower towing 
speed results in a fuel saving in large vessels of 33% 
when using a pulse-beam and 46% using a pulse-wing 
gear (Rijnsdorp et  al. 2020a). More details of the 
pulse gears are given in (Depestele et al. 2019; Soe-
taert et al. 2019; Rijnsdorp et al. 2021b).

PT use a 30–45 Hz Pulsed Bipolar Current (PBC; 
alternating positive and negative pulses) with a pulse 
amplitude of about 56 V, a pulse width of 238–336 µs 

8 https:// www. wur. nl/ en/ newsa rticle/ eu- pulse- fishi ng- ban- 
does- not- limit- future- innov ation. htm

https://www.wur.nl/en/newsarticle/eu-pulse-fishing-ban-does-not-limit-future-innovation.htm
https://www.wur.nl/en/newsarticle/eu-pulse-fishing-ban-does-not-limit-future-innovation.htm


Rev Fish Biol Fisheries 

1 3
Vol.: (0123456789)

and a duty cycle of ~ 2% (Table 2).9 The use of PBC 
increases the durability of the fishing gears because 
a Pulsed Direct Current (PDC) would corrode elec-
trodes through electrolysis reactions (Tiano et  al. 
2021). The field strength is strongest (> 200 V   m−1) 
close to the electrode and decreases exponentially 
with increasing distance from the electrode both in 
the water and in the sediment (de Haan et  al. 2016; 
Boute 2022). Figure 3 shows the field strength around 
the outermost pair of electrode arrays in the horizon-
tal and vertical plane (Boute et al. 2024). The black 

rectangle in Fig. 3b shows a part of the net opening 
on the right side of the net. The highest field strength 
in the net-opening occurs at the level of the sedi-
ment—water interface. The lowest field strength in 
the net-opening is 4  V   m−1 at both sides of the net 
and between 5 and 10 V   m−1 at the roof of the net. 
The field strength in the sediment is very similar to 
the field strength in the water column (de Haan and 
Burggraaf 2018; Boute 2022; Boute et al. 2024).

Changes in fishing effort during the pulse trawl 
period

The transition to PT took place in three waves follow-
ing the successive issuance of pulse licenses between 
2009 and 2016 (Haasnoot et  al. 2016; Poos et  al. 
2020). During the pulse trawl period, the fishing effort 

Fig. 2  Schematic drawing of a 12  m conventional tickler 
chain beam trawl BT (a) and a 12 m pulse wing trawl PT (b). 
For each gear the front (1) and bottom view (2) of the gear is 
shown with the rigging of the tickler chains from the shoes 
and ground rope (BT) or the rigging of the rectangular matrix 

of electrode arrays (vertical lines) and tension relief cords 
(dashed vertical lines) of the pulse trawl (PT). Bottom contact-
ing gear components are the shoes, tickler chains and ground 
rope of the BT and the nose, ground rope and electrode arrays 
of the PT (adapted from Rijnsdorp et al. 2021b)

Table 1  Mean towing 
speed for pulse trawls (PT) 
and conventional beam 
trawls (BT) for small and 
large vessels targeting sole 
(from Poos et al. 2020)

Small vessels Large vessels

Gear Mean SD N Mean SD N

PT 4.64 0.30 4490 4.92 0.26 10,944
BT 5.17 0.71 4973 6.38 0.39 13,692

9 At the start of the pulse trawling period the pulse settings 
were slightly different. Pulse amplitude: 60 V; power per meter 
gear width: 0.7–1 W.m−1; distance between the electrode 
arrays: 32.5 cm; HFK pulse type: PAC.
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of the pulse license holders (PLH), e.g. the subset of 
beam trawl vessels that made the transition from BT 
to PT, remained constant at around 13 thousand days 
when targeting sole in the sole fishing area (SFA), 
while the effort of non-license holders decreased 
between 2009 and 2014 from 7 to 3–4 thousand days 
(Fig.  4a). To compensate for the increased catch 

efficiency of sole (see Sect.  "Catch efficiency and 
selectivity"), PLH increased their share of the Dutch 
sole quota from 73 to 93% by buying or leasing sole 
quota from other beam trawl vessels, while the pro-
portion of the sole caught by PT increased to more 
than 90% of the Dutch sole landings (Fig.  4b). The 
proportion of plaice (Pleuronectes platessa) landed 

Table 2  Parameters of the two pulse systems (mean, standard deviation) used in the beam trawl fishery for sole and the legal bound-
aries (from Rijnsdorp et al. 2020a)

Frequency defined as the number of positive (or negative) pulses per second. Duty cycle is defined as the product of pulse width and 
two times the frequency (Soetaert et al. 2019)

Parameters Delmeco HFK Restrictions

Pulse type PBC PBC
Pulse width (microsec) 238.5 (8.5) 336 (23)
Frequency (Hz) 44.7 (1.8) 30 (2.2) 20–180 Hz
Voltage  (Vpeak) setting 58.8 (0.9)  <  = 60 V
Voltage  (Vpeak) seafloor 57.1 (2.6) 55.6 (1.8)  <  = 60 V
Voltage  (Vrms, V) 8.3 (0.4) 8.3 (0.2)  <  = 15 V
Duty cycle (%time) 2.1 (0.09) 2.0 (0.09)  <  = 3%
Power per meter gear width (kW.m−1) 0.46 (0.03) 0.56 (0.04)  <  = 1 kW.m−1

Distance between electrode arrays (cm) 42 41.5  >  = 40 cm

Fig. 3  Maximum field strength (V  m−1) around the outermost 
pair of electrodes on the right side of a pulse trawl. Left panel: 
horizontal plane at Z = 0 m with the electrode part in dark grey 
and the isolating parts in light grey. Right panel: vertical plane 
perpendicular to the electrode pair (black dots) at Y = 0. The 

black rectangle shows the position of the net opening at the 
right side of the net. The dashed line shows the sediment—
water interface. Numbers denote lines of equal field strength 
(V  m−1) (adapted from Boute 2022)
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by PLH using PT decreased in line with their lower 
catch efficiency for plaice (Sect. "Catch efficiency and 
selectivity") but was compensated by an increase in 

effort north of the SFA targeting plaice (Fig. 4c). At 
the end of the pulse trawl period, effort and landings 

Fig. 4  a fishing effort in  103 days at sea; b sole landings  (103 
ton); c plaice landings  (103 ton) of the Dutch beam trawl fleet 
during the pulse trawl period from 2009 to 2021 showing the 
contribution of the pulse license holders (PLH) and other ves-

sels (NO_PLH) using pulse trawls (PT) or conventional beam 
trawls (BT) fishing in the sole fishing area (SFA) or elsewhere 
(updated from Rijnsdorp et al. 2020b).

Fig. 5  Mean annual trawling intensity (SAR = swept area ratio 
per year of grid cells of 1 min latitude × 1 min longitude) of the 
Pulse License Holders using a conventional beam trawl before 
the transition (PLH_BT: 2009–2010) and using a pulse trawl 
after the transition (PLH_PT: 2016–2018). The horizontal line 

at 55°N and 56°N delineates the northern border of the sole 
fishing area (SFA) in the North Sea where a minimum cod-end 
mesh size of 80 mm is allowed (updated from Rijnsdorp et al. 
2020b)
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of PT declined as licenses were stepwise withdrawn 
in 2020 and 2021.

The spatial distribution of the PLH before and 
after the transition is broadly similar with most fish-
ing activities occurring in the southern North Sea 
(Fig. 5). A closer look at the distribution maps shows 
a shift towards the southwestern part of the North 
Sea with an increase in fishing effort off the Bel-
gium coast and in the Thames estuary. Beam trawl-
ers exclusively trawled in soft sediments with a clear 
preference for sand and a negative preference for 
coarse and mixed sediments with only subtle differ-
ences between BT and PT (Rijnsdorp et  al. 2020b; 
Hintzen et al. 2021). The similarity between BT and 
PT is at odds with anecdotal information from the 
fishing industry suggesting that PT moved into previ-
ously unfished muddy grounds in the southern North 
Sea (ICES 2018; Rijnsdorp et al. 2020a). This appar-
ent contradiction may be due to the spatial resolution 
of the data that is too coarse to resolve the potential 
fine-scale variability in fishing effort related to the 
fine-scale pattern in sediment grain size and benthic 
community composition that is associated with the 
pattern of ridges and troughs within the 1  min lati-
tude × 1 min longitude grid cells (van Dijk et al. 2012; 
van der Reijden et al. 2019).

Catch efficiency and selectivity

Despite the lower towing speed, PT had a higher 
catch rate (kg  h−1) of sole (Poos et al. 2020). A com-
parative study of the catch efficiency (kg   ha−1) of 
the landing and the discard fractions of PT and BT 
showed that pulse stimulation changed the species 
selectivity where the catch efficiency of the species 
other than sole and whiting was reduced (Fig. 6). Due 
to the change in selectivity, the transition from the BT 
to PT resulted in a 36% decrease in discards (kg  h−1) 
(95% prediction interval: 31–42%) (Van Overzee 
et al. 2023).

The change in species selectivity is likely related to 
the species-specific whole-body muscle contraction 
(denoted as cramp response in this paper). The cramp 
response, when the fish body is curved, will affect the 
ground-rope selectivity, e.g. the probability that a fish 
in the trawl track passes over the ground-rope and is 
retained in the cod-end (Rijnsdorp et al. 2021a; Van 
Overzee et  al. 2023). The degree of body curvature 
differs between fish species and is strongest in sole as 
compared to plaice and dab (Supplementary Material 
SM1). The high catch efficiency of PT for sole may 
also be affected by the deeper penetration of the pulse 
stimulus into the sediment, which brings a larger pro-
portion of sole buried in the sediment within reach 
of the gear (de Haan and Burggraaf 2018). No effect 
of pulse stimulation was observed on cod-end mesh 
selection (Rijnsdorp et al. 2021a).

The estimated reduction in discards concurs with 
the expected size-dependent response where large fish 
experience a stronger stimulus than small fish (Stew-
art 1975, 1977; Soetaert et  al. 2015b, 2019). This 
interpretation is further supported by two compara-
tive fishing experiments, one published (van Marlen 
et al. 2014) and one unpublished, where a PT fished 
side by side with a conventional BT. The compara-
tive trawling experiments and the analysis of the dis-
card monitoring data further showed that PT caught 
substantially less benthic invertebrates than BT (van 
Marlen et al. 2014; Van Overzee et al. 2023).

Effect of pulse exposure on marine organisms

Electric pulses affect organisms at the cellular, tis-
sue and organismal level (Emery 1984). Pulses may 
activate neurons and may activate muscle fibers 

Fig. 6  Differences in selectivity between large PT and BT 
trawlers as reflected in the catch multiplier (kg/ha) and 95% 
confidence interval of PT relative to BT for landings and dis-
cards (fraction of the catch below the minimum conservation 
reference size) of the target (sole) and main bycatch species 
(from van Overzee et al. 2023)
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directly, or indirectly, through neuron activation 
(Soetaert et al. 2015b). A weak stimulus will result 
in the activation of a few neurons and/or muscle fib-
ers (muscle twitch). Increasing the strength of the 
stimulus may lead to a muscle cramp or tetanus 
and may result in epileptic seizures and narcosis. 
Simultaneous contractions of the white muscle tis-
sue on both sides of the vertebral column, that may 
coincide with epileptic events (Penfield and Jasper 
1954), may cause a spinal injury and associated 
rupture of arteries or smaller blood vessels (Snyder 
2003). Intense electrical stimulation may further 
result in cardiac or respiratory failure and immedi-
ate or delayed mortality (de Haan et al. 2016).

Sensitivity for electrical stimuli varies among fish 
species and is related to characteristics such as body 
shape, body size, anatomy and electrical properties 
of body components as well as to characteristics of 
the electric stimulus such as field strength, frequency, 
pulse shape and duty cycle (Sternin et al. 1976; Sny-
der 2003a; Soetaert et  al. 2015b; Beaumont 2016). 
Peak-voltage-gradient threshold data for a minimum 
(muscle twitch) and maximum response (tetanus, 
stunning or narcosis) for a variety of fish species, 
exposed in the laboratory to a direct current (DC), 
alternating current (AC) or pulsed direct current 
(PDC), have been reviewed by Sternin et  al. (1976) 
and Snyder (2003a). These and more recent studies 
are compiled in Table SM2.1 of the Supplementary 

material. Although no standardized methodology was 
used across the different experiments, the results pro-
vide an indication of the approximate response thresh-
olds. Thresholds decreased with increasing water con-
ductivity and were generally lower for AC than other 
waveform types (Fig.  7). The minimum response 
threshold for PDC in brackish and sea water (> 10 
mS  cm−1) ranged between 0.07 and 0.14 V  cm−1 and 
was close to the behavioural response thresholds esti-
mated for the PBC stimulus used in the pulse fishery 
for sole (Boute et  al. 2024): sole 0.06  V   cm−1, tur-
bot (Scophthalmus maximus) 0.08 V  cm−1, European 
seabass (Dicentrarchus labrax) 0.06  V   cm−1, small-
spotted catshark (Scyliorhinus canicula) 0.10 V  cm−1, 
thornback ray (Raja clavata) 0.08 V   cm−1 (Fig. 7a). 
The cramp response threshold of cod exposed to 
a PBC stimulus (0.37 V   cm−1, de Haan et  al. 2016) 
also fell within the range of PDC threshold values 
reported in the literature (Fig. 7b).

Laboratory experiments

The experiments carried out to study possible adverse 
effects of the pulse stimuli used in the fishery for sole 
are summarized in Table  3. These laboratory stud-
ies focused on a range of organisms (from benthos to 
(non-) electroceptive fishes; from eggs to adults) as 
well as electrical parameters. Experiments were con-
ducted with either plate-shaped electrodes, creating 
a homogeneous electric field, or wire-shaped elec-
trodes creating a heterogeneous electric field. Experi-
ments with a homogeneous electric field give much 
better control over the field strength the organism is 
exposed to. A heterogeneous electric field is more 
similar to the in  situ field of a commercial PT, but 
has the disadvantage that the exposure strength is less 
well defined. In a heterogeneous field, the local field 
strength around the circumference of a fish varies 
with distance and angle to the electrode pair, whereas 
in a homogeneous electric field the local field 
strength is similar along the circumference of a fish 
assuming the electrical conductivity of the fish and 
the ambient conductivity of the water are the same. In 
reality, the electric field is influenced by the presence 
of an organism due to the differences in conductivity 
between the water or sediment and the fish (Sternin 
et al. 1976; Soetaert et al. 2019). In experiments with 
a heterogeneous electric field, the maximum local 
wwwas generally used as a metric of the field strength 

Fig. 7  Response thresholds (V  cm−1) for a minimum (muscle 
twitch) response (a) and maximum (stunning, narcosis, teta-
nus) response (b) of various fish species exposed to an alter-
nating current (AC), direct current (DC), pulsed direct current 
(PDC) and a pulsed bipolar current used in the pulse trawl fish-
ery for sole (PBC) for different conductivities (mS  cm−1). Data 
from Table SM2 of the Supplementary Material
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to which the animal is exposed. Animals were gener-
ally monitored for a few days to up to 9  months to 
record mortality and study the recovery after expo-
sure before animals were euthanized for autopsy and 
examination of pulse-induced injuries. Some experi-
ments exposed animals to a pulse stimulus that was 
stronger, or of longer duration, than animals would 
experience in situ.

Fishes

Low frequency pulses (5 Hz) induced a muscle con-
traction at every pulse and elicit a flight response 
(Desender et al. 2016; Soetaert et al. 2016b). Increas-
ing the pulse frequency to 20 Hz or more elicited a 
cramp response that immobilized the fish as long as 
the duration of the pulse (Soetaert et al. 2016b, 2019). 
After cessation of the pulse stimulus, fish often 
showed a strong swimming response (de Haan et al. 
2015; Soetaert et al. 2016b). When the field strength 
or pulse duration was raised, a stronger response 
could be elicited, such as an epileptic seizure or seda-
tion. In cod, epileptic seizures were observed imme-
diately after cessation of the pulse stimulus, during 
which the fish showed a lack of responsiveness for a 
short period of time (minutes) (de Haan et al. 2016; 
Soetaert et al. 2016a, 2016b).

Pulse-induced injuries and mortality were mainly 
observed in marketable sized (> 35  cm) cod (de 
Haan et  al. 2008, 2011, 2016). In the experiment 
where cod were exposed for 4 × 1  s in a heteroge-
neous electric field, three out of 20 cod exposed to 
82 V  m−1 died immediately after exposure, one cod 
died within one day, and two died within the two 
week observation period after exposure, whereas 
none of the 40 cod exposed to a field strength of 4 
or 37 V   m−1 died (de Haan et  al. 2011). Mortality 
within two days after exposure was also observed in 
13 out of 260 cod > 35 cm exposed for 1 s to a pulse 
stimulus between 37 and 103 V  m−1, while no mor-
tality was observed among 140 small cod (< 20 cm) 
exposed to a field strength of 76–370  V   m−1 (de 
Haan et  al. 2011). Exposure to a strong pulse 
stimulus also affected the appetite of fish. Cod 
(> 35  cm) exposed to 82  V   m−1 were passive and 
did not resume normal feeding at the first offering 
of food 36  h after exposure. The appetite of fish 
exposed at 37 V  m−1 increased during the observa-
tion period and was higher than the appetite of fish 

exposed at 4  V   m−1 and “control” fish. Small cod 
(< 20  cm) exposed to a field strength between 76 
and 370 V  m−1, some of which showed an epileptic 
seizure, resumed normal behaviour and responded 
to food within a few minutes (de Haan et al. 2016).

X-ray analysis and autopsy revealed that 39–45% 
of the 35–60 cm cod showed either a vertebral frac-
ture, a haemorrhage, or both, in contrast to small cod 
(11–17  cm) of which none were injured (de Haan 
et  al. 2008, 2011, 2016). An internal injury often 
coincided with an external discoloration mark. Injury 
probability was related to the field strength with an 
inflection point of 85  V   m−1 (de Haan et  al. 2016). 
The sensitivity for pulse-induced injuries appeared 
to be size-dependent with the highest sensitivity for 
intermediate sized cod (35–40 cm).

Lower injury rates (2.5%) were observed in the 
experiment of Soetaert et  al. (2016b) who exposed 
cod for 2 s to square shaped pulses at a field strength 
of 100, 150 or 200 V  m−1 in a homogeneous electric 
field. All cod survived during the 14 days observation 
period. With the exception of a spinal column dislo-
cation in one cod, no lesions attributable to electric 
pulses were detected by gross and histological exami-
nation. Also no signs of hypoxic damage that might 
have been caused by possible cardiac arrest during 
exposure, or respiration arrest during epileptiform 
seizures, were observed.

To further investigate the difference in pulse-
induced injury rates observed between the experi-
ments of de Haan et  al. (2016) and Soetaert et  al. 
(2016b), a third experiment was conducted. Of the 
170 cod exposed close to electrode three cod (1.1%) 
developed a haemorrhage and spinal fracture and two 
(1.7%) developed a haemorrhage. No significant dif-
ference was found in the number of injuries or haem-
orrhages between wild and farmed fish and different 
broodstocks or generations of offspring exposed. 
Necropsy of animals without spinal injuries revealed 
no macroscopic external or internal acute lesions. 
The experiment confirmed that cod showed a variable 
sensitivity suggesting that injuries are not only deter-
mined by the pulse parameter settings and body size 
but also by unknown fish-specific factors (Soetaert 
et al. (2016a)).

In contrast to cod, flatfish appeared insensitive 
for pulse-induced injuries. Soetaert et  al. (2016b) 
exposed sole to electric pulses using the same 
parameters applied to cod. All sole showed a cramp 
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response but resumed normal behaviour after expo-
sure. Over the 14  day observation period, a single 
sole succumbed on day 13, but gross and histologi-
cal examination of this fish and other exposed indi-
viduals, did not reveal lesions attributable to electric 
pulses. Dab (Limanda limanda) exposed to a pulse 
stimulus of 240 V  m−1 for 1 s responded well to the 
food offered daily during a 5-day observation period 
(de Haan et al. 2015). In this experiment, two of the 
102 exposed fishes died after the treatment without 
a clear relation to the treatment. Gross, histological 
and microbiological analysis showed no significant 
differences in external and internal anomalies in the 
exposed and control group.

European seabass, exposed for 2 s to a pulse stim-
ulus at field strengths between 37 and 155  V   m−1, 
showed a cramp response during exposure and sur-
vived during the 2-week observation period (Soetaert 
et  al. 2018). After exposure the fish showed normal 
feeding behavior and no injuries were found during 
autopsy, using gross, radiographic and histologic 
examination.

Sandeels were exposed to a pulse stimulus for 2 s 
in an experimental cage with 5  cm sediment (Sch-
ram et al. 2022b). The field strength varied between 
20 and 640 V  m–1, depending on their positions rela-
tive to the electrodes. X-radiography and dissection 
revealed that none of the sandeels showed a spinal 
injury or haemorrhage. In the absence of spinal inju-
ries, the field strength below which spinal injuries 
probability ≤ 1% was estimated by bootstrapping at 
320–540 V  m−1.

Elasmobranchs are known to be extremely sensi-
tive for low-frequency pulses (Dijkgraaf and Kalm-
ijn 1963; Boute et al. 2024). To address the concern 
about possible adverse effects of pulse trawling, three 
groups of 16 small-spotted catshark (Scyliorhinus 
canicula) were exposed to high frequency pulses 
with a field strength of 8, 48–62 or 162  V   m−1 (de 
Haan et  al. 2009). All fish resumed feeding and did 
not show any injuries. During 7 months post exposure 
the three exposed groups produced between 5 and 
39 egg capsules per group in contrast to the control 
group that did not. Two fish died 8 and 9 months after 
exposure but their death could not be linked to the 
pulse stimulus. To study whether pulse stimulation 
may disrupt prey detection using their electro-sense 
organs, small spotted catshark were trained to bite 
into an artificially created prey-simulating electrical 

field that was hidden in the sediment. No significant 
difference was observed in the detection ability of 
the catsharks exposed to a high-frequency sole pulse 
or shrimp pulse and the control fish (Desender et al. 
2017b).

In conclusion, the available experiments showed 
that pulse stimulation resulted in a cramp response 
in all species tested and inflicted internal injuries and 
mortality in cod. The sensitivity of cod varied with 
body size with highest sensitivity for intermediate 
size groups. The five other species tested, includ-
ing an electro-receptive species, appeared to be 
insensitive.

Benthic invertebrates

In an exploratory study a limited number of speci-
mens from different taxonomic groups (echinoderms, 
crustaceans, bivalves, polychaetes) were exposed to 
a commercial pulse stimulus with a pulse amplitude 
that was twice as high and a duration eight times as 
high as in the fishing practice (Smaal and Brummel-
huis 2005). None of the groups showed a difference 
in survival between the exposed and control group 
during three weeks following the exposure. In a fol-
low-up study, specimens of six benthic invertebrate 
species were exposed to a commercial sole pulse at 
three levels of field strength (van Marlen et al. 2009). 
A Kaplan–Meier re-analysis of the data did not show 
a difference in mortality between exposed and control 
durig the two week observation period after exposure.

Brown shrimp (Crangon crangon) and king rag-
worm (Alita virens) were exposed to a commercial 
sole pulse at different field strengths (Soetaert et  al. 
2015a). No significant increase in mortality or inju-
ries was observed. Examination of the hepatopan-
creas of shrimp exposed to 200  V   m−1 showed a 
significantly higher severity of an intranuclear bacu-
loform virus (IBV) infection. In a follow up study, 
shrimps were exposed to a series of 20 pulses in 4 d 
(Soetaert et  al. 2016c). Survival of shrimps exposed 
to the sole pulse (57%) was significantly lower than 
in the control group (70%). In contrast to the previous 
study, no effect on the severity of IBV infection was 
found.

Exposure of six benthos species to a commercial 
sole pulse showed a variable response between no 
visible effect (echinoderms) to squirming (sea mouse) 
and retractions (whelk and crustaceans) (Boute et al. 
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2021) Within 30  s after stimulation, all animals 
resumed normal behavioural patterns, without signs 
of lasting immobilisation. For none of the species, 
survival at 14-days after stimulation was reduced. 
About two-thirds of the whelks ejected a white sub-
stance during or immediately after stimulation, pre-
sumably related to reproduction.

The impact of a sole pulse on the functioning of 
invertebrates was studied by Tiano (in Rijnsdorp 
et al. 2020a). Lugworms (Arenicola marina), exposed 
in their burrows, exhibited muscle contractions but 
resumed burrowing and bio-irrigation activity within 
5–10 min after exposure. Due to the temporary halt in 
burrow ventilation a decrease in the sediment oxygen 
was observed which increased to prior levels as bio-
irrigation resumed. No pulse-induced mortality was 
observed. In a separate experiment involving ocean 
quahogs (Arctica islandica), individuals with initially 
open valves promptly closed them upon exposure to 
electrical stimuli. Some individuals remained closed 
for several days, however, other individuals opened 

their valves within minutes after exposure. No mor-
talities were recorded within 12 months.

In conclusion, the available studies showed that the 
exposure to a pulse stimulus at a field strength of 150 
or 200  V   m−1 did not increase the mortality rate in 
13 out of 14 benthic invertebrate species, and most 
of the species quickly resumed their normal behav-
iour after exposure. Results for brown shrimps were 
ambiguous. Brown shrimps exposed to a single stim-
ulus did not show an increased mortality, but when 
exposed to a very intense pulse stimulation mortality 
was increased.

Bio‑geochemical processes

The impact of pulse stimulation on benthic biogeo-
chemistry was investigated by exposing sediment 
core samples from the North Sea seafloor to a homo-
geneous electrical field which encompassed the entire 
sediment core and overlying water (Tiano et al. 2021). 
Following 3-s exposure treatments, no discernible 
effects on oxygen or nutrient fluxes were observed 

Fig. 8  Electrical and 
mechanical-induced 
changes for oxygen 
saturation and ammonium, 
phosphate and silicate 
concentrations between 
experimental treatments 
in the water column of 
sediment cores. *p < 0.05, 
**p < 0.01, ***p < 0.001 
significant differences com-
pared to control samples 
(from Tiano et al. 2021)
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(Fig. 8). In contrast, mechanical disturbance reduced 
bottom water oxygen levels and released nutrients 
from the sediment porewater. Electrical-induced 
impacts on biogeochemistry were only observed 
when high frequency pulsed direct currents (PDC) 
were applied to sediments for a duration of 2  min. 
These samples featured declining pH and phospho-
rus in the bottom water caused by the unidirectional 
movement of electrons. However, these electrolysis-
induced effects would not be possible in the PT which 
employed a PBC, with sediments being exposed for 
approximately 1.5  s. Even with a two-minute expo-
sure treatment, samples exposed to PBC in this exper-
iment showed no biogeochemical effects (Tiano et al. 
2021).

Field studies

Pulse‑induced injuries

The occurrence of pulse-induced injuries was studied 
by sampling fish on board commercial pulse trawl-
ers (Boute et al. 2022, 2023). Pulse-induced injuries 

were diagnosed when fish showed both a spinal injury 
and a haemorrhage at the same location, similar to the 
injuries observed in laboratory experiments (Snyder 
2003a; de Haan et  al. 2016; Soetaert et  al. 2016b). 
Pulse-induced injuries were observed in cod, whit-
ing (Merlangius merlangus), grey gurnard (Eutrigla 
gurnardus) and greater sandeel (Hyperoplus lan‑
ceolatus), but the rate of occurrence was low (< 2%) 
in all species studied except cod (30%) (Table  4). 
Injury rate in cod was size-dependent with highest 
rates in cod of 25–30 cm, corroborating the results of 
the exposure experiments (de Haan et  al. 2016). No 
pulse-induced injuries were observed in flatfish (sole, 
plaice, dab) and dragonet (Callionymus lyra), bib 
(Trisopterus luscus) and lesser weever (Echiichthys 
vipera). The diagnosis of pulse-induced injuries was 
validated by comparing injuries in ten species sam-
pled from PT and BT trawlers, as well as in four spe-
cies sampled from PT with the stimulus switched on 
or off. Because laboratory experiments (de Haan et al. 
2016; Soetaert et al. 2016a) showed that some of the 
exposed cod showed a major haemorrhage in absence 
of a spinal fracture, the diagnostic is a conservative 

Table 4  Occurrence (%) of internal injuries observed in the catch of pulse trawls (pulse stimulus on) and conventional beam trawlers 
by individual fish species and for all sampled species

Internal injury occurrence was estimated from the co-occurrence of major spinal injuries and haemorrhages and the total injury 
occurrence of major spinal injuries or major haemorrhages. The overall injury occurrence (all sampled species), that is representative 
of 89% of the discard numbers, was calculated as a weighted mean over the numerical proportion of the species in discard fraction of 
the catch in the Dutch beam trawl fishery for sole (80 mm mesh size) between 2009 and 2017 (from Boute et al. 2023)

Species Code Discard numbers 
(%)

Pulse trawl (PT) Conventional 
beam trawl (BT)

Pulse-induced 
injuries

Total injuries Total injuries

Sole SOL 2.1 0.0% 0.7% 2.3%
Plaice PLE 34.7 0.0% 0.5% 1.5%
Dab DAB 44.7 0.0% 1.4% 1.8%
Other flatfish 7.9 – – –
Cod COD 0.1 30.1% 39.9% 1.0%
Whiting WHG 3.9 0.5% 2.4% 2.7%
Other gadoids 0.3 – – –
Grey gurnard GUG 1.5 0.2% 1.0% 2.3%
Tub gurnard GUU 0.4 1.2% 5.5% 4.1%
Greater sandeel YEZ 0.4 2.1% 16.0% 42.4%
Lesser sandeel ABZ 0.1 0.0% 14.6% 26.8%
Other roundfish 2.7 – – –
Elasmobranchs 0.2 – – –
All sampled species 89 0.1% 1.0% 1.7%
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estimate of the pulse-induced injury rate. The total 
injury rate including fish with either a spinal injury 
or a major haemorrhage, which include both pulse-
induced and mechanically-induced injuries, ranged 
between < 1% and 40% in PT and between < 1% and 
42% in BT (Table 4, Fig. 9).

Discard survival

The effect of pulse exposure can also be inferred by 
comparing the discard survival rate of fish sampled 
on board of commercial PT and BT vessels (Table 5). 
Survival rates of PT flatfish discards ranged between 
13–30% and were substantially higher than the sur-
vival rates of 3–6% reported for BT discards. Survival 
rates for rays were higher (45–53%) but did not differ 
between both gears.

Although the very low discard survival of plaice 
and sole in the Dutch BT fishery in the 1970s and 
1980s are not necessarily representative for the pre-
sent day survival due to differences in methodology 
and fishing practice (van der Reijden et  al. 2017), 
discard survival was equally low in two recent trips 
of large Belgian beam trawl vessels (Uhlmann et  al. 
2021). A lower survival of BT discards is also sug-
gested by the lower vitality scores that are predictive 
for the survival probability (Uhlmann et  al. 2016; 
Schram et al. 2020). In four flatfish and two species 
of rays, the percentage of fish that were in poor con-
dition (vitality score C or D) ranged between 53 and 
92% in the BT discards and between 25 and 65% in 
PT discards (Schram et al. 2020).

The occurrence of external injuries is substantially 
higher than the occurrence of internal pulse-induced 
injuries suggesting that injuries are predominantly 
due to mechanical damage inflicted during the catch 
process (high towing speed, hard and sharp objects 
in catch (shells, stones, sand, etc.), and will be 
reduced if the tickler chains are replaced by electrical 
stimulation.

Trawl‑track mortality

To investigate the claim of small-scale fishers and 
environmental NGOs that pulse trawling would create 
a ‘graveyard’ in the wake of the PT (Bloom 2018), a 
field experiment was designed in collaboration with 
representatives of the small-scale fishing industry 
(Schram et al. 2022a). Using a small-meshed shrimp 

trawl, samples were taken in the trawl track of a PT 
and just outside the trawl track to estimate the direct 
mortality among three dominant fish species and 
four dominant invertebrate species. Direct mortality 
among fish and invertebrates was low (0–10%) and 
did not differ between the PT track and the untrawled 
controls. Equally, no impact of pulse trawling was 
found on external damages and vitality scores. The 
experiment refuted the claim that PT causes mass 
mortality among marine organisms in the trawl track.

Impact on benthos, sea floor habitats 
and bio‑geochemistry

In an attempt to study possible long term effects of 
pulse trawling, (Ford et al. 2019) compared the abun-
dance and composition of the fish and benthic com-
munity between an offshore and inshore area on 
either side of the border of the 12 nm coastal protec-
tion zone. The offshore area was intensively trawled 
by PT vessels and the inshore area was an impor-
tant fishing ground for smaller vessels using static 
and towed gears. Although the species richness and 
abundance was generally lower in the offshore area, 
the difference could not be ascribed to pulse trawling 
because the observed difference could also be due to 
the long-term differences in trawling intensity, as no 
un-trawled reference sites for inshore and offshore 
area were available.

Field experiments which quantified the direct 
impact of the passage of a commercial BT and PT 
gear on sea floor habitats and benthos in areas that 
are representative for the fishing grounds of the beam 
trawl fleet are reviewed below. The impact reflects the 
effect of mechanical disturbance and, in the case of 
PT, mechanical and electrical disturbance. 

The physical impact of a commercial 4 m BT and 
a PT in a sandy sediment area of the shallow coastal-
zone of the southern North Sea was assessed by Dep-
estele et al. (2016). The study showed that the seabed 
bathymetry changed between 1 and 2 cm and that the 
alteration following the passage of a BT was greater 
than that following the passage of a PT. There was no 
difference in the quantity of sediment mobilized in 
the wake of the two gears. In a follow-up study the 
impact of a commercial 12 m BT and PT was studied 
offshore in fine muddy sand (Depestele et al. 2019). 
The BT consistently and uniformly deepened the 
tracks to 1.5 cm depth in contrast to 0.7 cm following 
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PT trawling. BT trawls flattened seabed roughness 
significantly more than PT. Sediment Profile Imagery 
(SPI) showed that BT homogenized the sediment 
deeper and removed more of the oxidized layer than 
PT. Total penetration depth of BT (mean = 4.1  cm, 
SD = 0.9  cm) was larger than PT (mean = 1.8  cm, 
SD = 0.8 cm).

The impact of a conventional BT with two alter-
native beam trawl gears (PT with longitudinal elec-
trodes, BT with longitudinal chains) on the mortality 
in benthic megafauna was studied by Bergman and 
Meesters (2020). The PT used in the field experiment 
was the prototype 7-m pulse trawl of the late nineties 
(Van Marlen et  al. 2001). The study showed higher 
mortalities in a majority of species after longitudinal 
than after conventional BT and lower mortalities after 
PT. Although PT can reduce the impact, the average 
mortality remains substantial (25%) and the statistical 
power was generally low.

A study of the acute impact of a BT and PT in the 
Frisian Front area of the North Sea showed that bot-
tom trawl disturbance can lead to immediate declines 
in benthic community metabolism, with BT exhibit-
ing more prominent alterations than PT on benthic 
biogeochemical processes (Tiano et  al. 2019). A 
reduction of sedimentary chlorophyll a was observed, 

which was larger following BT (83%) compared to 
PT (43%). This displacement of surface material 
caused significant decreases in the sediment oxygen 
consumption in BT (41%) and PT samples (33%) 
along with a deeper penetration of oxygen in the 
sediment (BT: 3.78 mm, PT: 3.17 mm) compared to 
untrawled areas (2.27 mm). Both BT and PT flattened 
and homogenized the surface sediments. Both trawl 
gears induced significant changes to infaunal com-
munities, with no differential effect between the two 
gears (Tiano et al. 2020).

The physical, biological and biogeochemical 
effects of BT and PT was studied in a coastal eco-
system dominated by the tube building polychaete, 
Lanice conchilega (Tiano et al. 2022). With a before-
after-control-impact (BACI) in  situ study, a ~ 1  cm 
bathymetric deepening after trawling was detected 
associated with significant losses in benthic chloro‑
phyll a caused from both fishing gears. BT signifi-
cantly reduced sediment oxygen consumption (57%), 
total organic matter mineralization (56%), denitrifi-
cation (61%), nitrification (60%), and total benthos 
densities (52%) compared to PT which displayed no 
statistically significant impact on these parameters. 
Before trawling, significant relationships were found 
between L. conchilega and very fine sand fractions, 

Fig. 9  Probability and 
95% confidence interval 
of major spinal injury or 
major haemorrhage (s2|h2) 
in fish species caught by 
pulse trawls (PT) with the 
pulse stimulus switched on 
(green) and off (orange) 
and by conventional tickler 
chain beam trawls (BT). 
Species codes: SOL—sole; 
DAB—dab; PLE—plaice; 
COD—cod; BIB—bib; 
WHG—whiting; GUG—
grey gurnard; GUU—tub 
gurnard; YEZ—greater 
sandeel; ABZ—lesser 
sandeel; LYY—common 
dragonet; BSS—sea bass; 
TOZ—lesser weever (from 
Boute et al. 2023)
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oxygen and nitrate fluxes, taxon densities and species 
richness, however, the trawl disturbances from both 
gears disrupted these connections. The results sug-
gest a reduced mean effect for PT compared to BT for 
several ecological and biogeochemical characteristics 
though their impact was still significant for L. conchi‑
lega and associated species.

In conclusion, the field experiments showed that 
sea floor disturbance (flattening of the sea floor, sedi-
ment mixing, penetration of gear components in the 
seafloor) and impact on the benthic ecosystem (ben-
thos mortality) and biogeochemical process, was gen-
erally smaller for PT than for BT.

Assessing the impact on the population level

The population level impact of electrical stimulation 
depends on the sensitivity of the species, e.g. field 
strength threshold above which adverse effects occur, 
and the proportion of the population exposed above 
the threshold. In the following sections we integrate 
information on the field strength thresholds above 
which pulse stimulation may inflict damage with the 
pattern of field strengths in the mouth of a PT (Fig. 3) 

and observations on the annual trawling frequency 
(Fig.  5). Here we present the results of an updated 
analysis of which the details are presented in Supple-
mentary Material SM3. Results of an earlier analy-
sis are included in the final report of the IAPF pro-
ject and the ICES expert group report (ICES 2020a, 
Rijnsdorp et al. 2020a).

Impact on a theoretical population

At the height of the PT period, 6% of a theoretical 
population inhabiting the fishing grounds of the PT 
fleet would have been exposed 1   year−1 to a pulse 
stimulus above 200  V   m−1, the threshold where 
exposure experiments did not find any adverse 
effects (Sect.  "Effect of pulse exposure on marine 
organisms"), and < 1% would have been exposed 
2   year−1 (Figure SM3.2). This estimate applies 
to animals that pass through the strongest electric 
field less than 5  cm above or below the array of 
electrodes.

An analysis of repetitive exposures in the three 
most intensively trawled ICES rectangles of 0.5° 
latitude and 1° longitude showed that less than 0.3% 
of the pixels at the size of the trawl were exposed to 

Table 5  Overview of 
survival experiments of 
fish discards on board of 
commercial beam trawlers 
(large segment) targeting 
sole in the North Sea using 
either a pulse trawl (PT) or 
conventional beam trawl 
(BT)

*on board survival

Species N trips N fish Survival (%) 95% CL References

Pulse trawls (PT)
Sole 6 226 29 24–35% van der Reijden et al. (2017)
Plaice 7 349 15 11–19%
Dab 1 187 16 10–26%
Sole 9 274 19 13–28% Schram & Molenaar (2018)
Turbot 9 111 30 20–43%
Brill 9 90 13 7–23%
Thornback ray 9 99 53 40–65%
Spotted ray 2 23 44 21–67%
Plaice 15 814 12 8–18% Schram et al. (2023a)
Conventional beam trawl (BT)
Thornback ray 5 184 49.6 43–57% Schram et al. (2023b)
Spotted ray 140 45.5 38–54%
Plaice 5 579 8.1 6–11% Schram et al. (2023c)
Turbot 128 15.6 10–23%
Sole 294 20.4 16–26%
Plaice 2 181 (2561)* 3 2–4% Uhlmann et al. (2021)
Plaice 9 1254 5% 1–20 van Beek et al. (1990)
Sole 3 230 6% 3–13
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a pulse stimulus > 4 V  m−1 for a second time within 
a week and less than 0.16% when the time interval 
was reduced to 1 day (ICES 2018). The low prob-
ability of repetitive exposures is consistent with the 
tactics of pulse trawl fishers who were shown to 
trawl a local fishing ground by putting trawl tracks 
parallel to a previous track at a median distance of 
200 m and avoid trawling the same area again dur-
ing a fishing trip (Rijnsdorp et al. 2022).

We conclude that the PT fleet does not impose a 
chronic exposure of marine organisms as the expo-
sure probability to a field strength above which 
adverse effects could occur is low and the risk of 
multiple exposures over a period of days can be 
considered to be negligible.

Impact on cod

Among the species studied, cod is shown to be the 
most sensitive species for pulse exposure. To assess 
the potential population level impact we focus on 
the fate of small cod that are exposed to a pulse 
stimulus but escape through the meshes. Assuming 
that all of the small cod that enter the net but escape 
through the cod-end meshes will die when exposed 
to a field strength above the threshold for pulse-
induced injuries (85  Vm−1, de Haan et  al. 2016), 
PT would reduce the equilibrium spawning stock 
biomass by 1.6% (Supplementary Material SM3.3). 
Because exposure experiments indicated that the 
sensitivity for pulse-induced injuries was lower in 
small cod (de Haan et al. 2016) and only part of the 
southern cod stock occurs in the fishing area of the 
PT, we consider the impact of pulse trawling on the 
cod population to be negligible.

Impact on sole

Concerns were raised by stakeholders about possible 
non-lethal effects on reproduction of marine species 
(Kraan et al. 2015). Since sole is the target of the PT, 
this species is expected to have the highest exposure 
frequency to pulse stimuli. Non-lethal effects could 
occur if sole are exposed to a pulse stimulus but 
escape through the cod-end mesh. Supplementary 
Material SM3.4 shows that 65% of the population of 
adult soles, that survived to a size at which they can 
no longer escape through the cod-end meshes (30 cm 

and 4.5 years), have never encountered a pulse stimu-
lus of > 5 V   m−1, 27% encountered a pulse stimulus 
once, 7% encountered a pulse stimulus twice and 1% 
encountered a pulse stimulus 3 or 4 times. It was fur-
ther shown that 83% of the maturing soles were not 
exposed during the year before first spawning, 16% 
were exposed once and 2% were exposed 2 or more 
times during their maturation.

Although no studies have been conducted on the 
possible adverse effects of non-lethal exposure on the 
maturation process, the quality of gametes, or spawn-
ing behaviour of any fish species, the short dura-
tion of the pulse stimulus (1.5  s) and the low expo-
sure probability to a field strength of > 5 V  m−1, well 
below the maximum field strength tested where expo-
sure experiments did not show harmful effects, makes 
it highly unlikely that pulse trawling will impair the 
reproductive capacity of the sole stock. This infer-
ence is supported by the year class strength of 0- and 
1-group sole observed in the annual beam trawl sur-
veys that does not show a reduced year class strength 
during the pulse trawl period. The 2018  year class, 
born at the peak of pulse trawl effort, was one of the 
largest since the start of the fisheries-independent sur-
veys for this stock in 1985 (ICES 2023).

Impact on eggs and larvae

No studies are available on the impact of the sole 
pulse on early life stages, but two studies exposed 
early life stages of cod and sole for 5  s to a square-
wave PDC of 150  V   m−1 and a lower frequency 
(5 Hz) with ambiguous results (Desender et al. 2017a, 
2018). In cod, an increased mortality was reported in 
two out of eight egg and larval stages tested, whereas 
no effect was found in sole. No deviations in yolk sac 
resorption and morphometric length measurements of 
the notochord, muscle, eye, and head were observed 
in both species.

Although these results do not exclude a possible 
pulse-induced effect, the probability that pelagic eggs 
will be exposed to a pulse stimulus of >  = 150 V  m−1 
will be very low because of their pelagic distribu-
tion in the water column and the short stage dura-
tion (weeks). A study of the overlap in distribution 
between the egg and larval stages of sole and the 
pulse fleet indeed showed that only 0.02% of the 
eggs were exposed to a pulse stimulus (Rijnsdorp 
et al. 2020a). Even if all of these eggs would die, the 
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pulse-induced mortality rate would be insignificant 
given the daily mortality rate in sole eggs of 30% 
or more (review in Horwood 1993). Although spe-
cies with demersal eggs, such as sandeel, may be 
exposed more frequently, the estimated cumulative 
mortality imposed by pulse exposure (0.4%) was low 
(Rijnsdorp et  al. 2020a) compared to the estimated 
daily mortality of 7–50% (Bunn et  al. 2000). The 
low exposure rates during the egg stage and the fact 
that many fish populations are regulated by density-
dependent processes after the egg stage (Leggett and 
Deblois 1994; Lowerre-Barbieri et al. 2017) we con-
sider it highly unlikely that pulse exposure will have 
a negative effect on the reproductive success of a 
population.

Impact on benthos and sea floor habitats

Because there is no evidence for adverse effects of 
electrical stimulation the impact of PT on the sea 
floor will be due to mechanical disturbance. Given 
the lower towing speed and higher catch efficiency 
for sole, the transition from BT to PT reduced the 
surface area of the sea floor swept annually by PLH 
between 2009 and 2015 by 26% (Fig.  10a). The 
impact on the benthic ecosystem will be reduced 
further because of the lower penetration depth of PT 
into the sediment (Depestele et al. 2016, 2019) and 
the concomitant lower mortality imposed among 
benthos (Hiddink et al. 2017; Sciberras et al. 2018). 
The impact of PLH on the relative benthic status 
(RBS sensu Pitcher et  al. 2017) was estimated to 
be reduced by 60% from 0.026 in 2009 to 0.011 in 
2015 at the height of pulse trawling (Fig. 10b). Tak-
ing account of the increase in the proportion of sole 
landed by PLH (0.95/0.7), the reduction in impact 

per unit of sole quota (80%) was even higher. At the 
end of the pulse trawl period, the impact increased 
to 0.021 in 2021 when most PLH had switched 
back to BT. Applying two other methods, a smaller 
reduction in impact was estimated (20 and 39%; 
Rijnsdorp et al. 2020b). These latter methods, how-
ever, are less suitable as they are only sensitive over 
a narrow range of rather low trawling intensities 
(Rijnsdorp et al. 2020c).

The transition from BT to PT also reduced the 
amount of sediment mobilized, in particular for large 
vessels, due to the lower hydrodynamic drag (Rijns-
dorp et al. 2021b). The consequences of the reduced 
sediment disturbance on the bio-geochemistry was 
studied by simulating the effects of BT and PT in 
five different habitats with a biogeochemical model 
(OMEXDIA; Soetaert et  al. 1996). Due to the dis-
turbance of the biogeochemically active surface sedi-
ment layer, the long-term impact of both types of 
gears led to significantly less ammonium and organic 
carbon while reducing carbon degradation and sedi-
mentary CO2 release. PT had a slightly lesser effect 
on denitrification compared to BT, however, no sig-
nificant differences between the two gear types were 
observed for all other biogeochemical parameters (De 
Borger et al. 2021).

The food web consequences of the transition to 
PT was explored using a modelling approach that 
allowed for a simultaneous change in direct, lethal 
effect and indirect, non-lethal effects of trawling (van 
de Wolfshaar et  al. 2020a). The model showed that 
although benthic invertebrates may respond to a pulse 
exposure by slowing down their normal activities, the 
duration of this effect is short and is unlikely to affect 
the macro-invertebrate food web (van de Wolfshaar 
et al. 2020b).

Fig. 10  a Change in the 
area swept annualy and b 
Change in benthic impact 
expressed as the reduction 
in relative benthic status 
(1-RBS) in the sole fishing 
area. Red line: PLH using 
PT; blue line: PLH using 
PT or BT; black line: total 
Dutch beam trawl fleet 
(update of Rijnsdorp et al. 
2020b).
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The above results provide strong support that a 
transition to PT reduces the adverse impact on ben-
thos and sea floor habitats.

Socio‑economic consequences

The transition to PT greatly improved the economic 
profits of the beam trawl fleet (Turenhout et al. 2016). 
The transition remained limited to fishing companies 
owned by Dutch fishers, including foreign flagged 
companies in the United Kingdom, Germany and 
Belgium (Hamon et  al. 2016). The main driver that 
influenced the technological change was the good 
economic performance of the pulse gear (Fig.  11). 
The investment in PT was often quickly earned back 
by fishers with a significant sole quota. This also 
explains why it was mainly Dutch fishers that prof-
ited from the innovation, as (pre-Brexit) the Nether-
lands held 74% of the EU North Sea sole quota. But 
also non-financial factors played a role. In particular, 
the information sharing amongst fishers through the 
group of 5 pioneers and demonstration days accel-
erated the process. Fishers also valued the cleaner 
catches (less debris and bycatch) which resulted in 
less time spent to sort the catch and better quality 
fish. The support of the Dutch government was also 
influential. In contrast, barriers such as limited days at 
sea in the North Sea for Belgian fishers and the con-
troversial image of the PT in Belgium have hindered 
its adoption (Hamon et al. 2016).

The transition to PT had profound implications 
for the interactions with other fishers. The improved 
selectivity for sole, and the possibility to deploy the 
lighter PT on fishing grounds that were previously 
inaccessible to the conventional BT, increased com-
petition with other vessels fishing on the same fishing 
grounds. When Dutch beam trawl vessels switched 
to PT, parts of the Belgian beam-trawl fleet reduced 
their fishing effort in the southern North Sea (Van-
steenbrugge et al. 2020). This response is likely due 
to the increased competition with PT since those large 
Belgium beam trawlers, that continued fishing in 
the southwestern North Sea, experienced a decrease 
in catch rate during weekdays when the PT vessels 
were present, but not during the weekends when 
the PT vessels were in port (Sys et  al. 2016). Also 
small scale fishers from several North Sea countries, 
including the Netherlands, united in the organisation 
LIFE, voiced their concern about competition with 
PT which they claimed caused the falling catch rates 
(Anon 2017; Steins 2018; Ford et  al. 2019). A desk 
study concluded that the decline in the gillnet catch 
of sole, but not of cod and seabass, was likely due to 
the competition with pulse trawlers (Rijnsdorp et  al. 
2018b).

There are two mechanisms that can explain the 
increased competition between PT vessels and other 
vessels on local grounds. The first is the higher catch 
efficiency of PT that will increase the local deple-
tion rate making the local ground less attractive for 
other vessels. The second mechanism is related to 
the response of fish to the fishing activities which 
make fish more difficult to catch (Gillis 2003). In a 
comparative study of the catch rate on local fishing 
grounds of BT and PT vessels, it was shown that the 
catch rate per tow of PT declined at a slower rate than 
of BT despite the higher catch efficiency of PT, sug-
gesting that PT activities result in a weaker avoidance 
response than BT (Rijnsdorp et  al. 2022). This may 
also explain the complaint of coastal gill netters that 
their catch rate dropped when PT vessels trawled in 
close proximity but not when BT vessels trawled in 
close proximity when they were fishing for sole dur-
ing their onshore spawning migration. This tenta-
tively suggests that BT trawling, although reducing 
the local abundance of sole, may positively affect 
the catch rate of gill netters by chasing sole into the 
gillnets.

Fig. 11  Net result  (106 Euro) of the Dutch beam trawl fleet 
using the conventional beam trawl (BT) or pulse trawl (PT). 
Data from https:// www. wur. nl/ nl/ onder zoek- resul taten/ onder 
zoeks insti tuten/ econo mic- resea rch/ show- wecr/ visse rij- in- cijfe 
rs- 2023. htm

https://www.wur.nl/nl/onderzoek-resultaten/onderzoeksinstituten/economic-research/show-wecr/visserij-in-cijfers-2023.htm
https://www.wur.nl/nl/onderzoek-resultaten/onderzoeksinstituten/economic-research/show-wecr/visserij-in-cijfers-2023.htm
https://www.wur.nl/nl/onderzoek-resultaten/onderzoeksinstituten/economic-research/show-wecr/visserij-in-cijfers-2023.htm
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The ban on pulse fishing in 2021 had profound 
consequences for the pulse fishers, as they had to 
revert back to beam trawling. Revenue was esti-
mated to become negative with an annual loss of 
100.000–120.000 Euro per vessel (Zaalmink et  al. 
2018). The economic data for 2022 confirmed that 
the beam trawl fishery was making losses (Fig.  11). 
The poor economic results were aggravated by the 
increasing cost of fuel and the loss of fishing opportu-
nities due to Brexit.10

Discussion

The research conducted during the ‘gear transition 
period’ provided compelling evidence that the appli-
cation of electrical stimulation in the beam trawl fish-
ery for sole can improve the ecologic and economic 
sustainability of the fishery. The expansion of licenses 
beyond the 5%-derogation in 2011 and 2014 was 
agreed by the EU Commission with differing condi-
tions for research. Although the large number of pulse 
licenses was not required to study research questions 
that were formulated by ICES and the STECF at the 
start of the study period, it created a unique opportu-
nity to study the consequences of a gear transition at 
the level of the fleet by comparing the impact of the 
PLH when using a BT and PT before and after the 
transition, respectively.

The transition to PT improved the economic profit-
ability of the beam trawl fishery for sole because of 
an increase in the catch efficiency for the main target 
species (sole) and lower fuel cost (Turenhout et  al. 
2016). The reduced fuel consumption also contributes 
to the goal of the Paris agreement on climate change 
to reduce the emission of greenhouse gasses.

The ecological sustainability benefits from the 
improved selectivity (more sole, less plaice and other 
flatfish), which resulted in a decrease in bycatch of 
fish and benthos, and the reduction in the area swept 
and disturbance of the sea floor and benthic ecosys-
tem. The results refute the claims by environmental 
NGOs and mainly small-scale fishing interest groups 
that pulse trawling leads to the electrocution of 

marine life and turn fishing grounds into a graveyard 
(Le Manach et al. 2019; Schram et al. 2022a).

The adverse effects of electrical stimulation stud-
ied in 13 fish species, representing almost 90% of 
the discard numbers, revealed pulse-induced injuries 
in four species. The injury probability was generally 
low (< 2%) (Boute et al. 2023) and much lower than 
the proportion of fish that are injured by mechanical 
forces during the catch process (% discards in poor 
condition: PT 25–65%; BT 53–92%; Fig.  4 in Sch-
ram et  al. (2020)). Of the species studied, only cod 
was found to be sensitive for pulse-induced injuries. 
Because of the relative small proportion of the cod 
population that is exposed to a pulse stimulus and the 
lower injury probability of cod size classes that can 
escape through the cod-end meshes, the population 
level effects are considered to be negligible. As we 
lack a mechanistic understanding why cod is so much 
more sensitive for pulse-induced injuries than other 
fish species, additional research is required to study 
the sensitivity of fish species occurring in  other man-
agement areas to assess the impact on the sustainabil-
ity of PT in other management areas.

Although there are still many unknowns about the 
physiological effects of pulse stimuli on non-commer-
cial marine species, it is unlikely that there will be 
serious ecological consequences. The reason is that 
the probability that organisms will be exposed to a 
pulse stimulus exceeding the maximum field strength 
used in the exposure experiments where no dam-
age was inflicted (200 V  m−1) is small and the pulse 
stimulus has only a very short duration (~ 1.5 s) and 
a low duty cycle (2%). Also the risk of chronic expo-
sure will be negligible as the chance that an organism 
will be exposed multiple times is very low. Adverse 
effects on eggs, larvae and planktonic organisms are 
equally unlikely because of the low exposure prob-
ability and the high rate of natural mortality of these 
early life stages.

The transition to PT will have implications for 
animal welfare. Exposure to a pulse stimulus and 
the associated cramp response and possible internal 
injuries will certainly cause discomfort. On the other 
hand, there are factors that likely reduce discomfort, 
such as the lower towing speed and absence of tick-
ler chains. BT catches a larger volume of hard sea 
floor objects (stones, shells, sand) that may damage 
fish during the tow (Veldhuizen et al. 2018). Because 
fish caught in BT show a higher incidence rate of 

10 https:// www. wur. nl/ nl/ onder zoek- resul taten/ onder zoeks insti 
tuten/ econo mic- resea rch/ show- wecr/ visse rij- in- cijfe rs- 2023. 
htm

https://www.wur.nl/nl/onderzoek-resultaten/onderzoeksinstituten/economic-research/show-wecr/visserij-in-cijfers-2023.htm
https://www.wur.nl/nl/onderzoek-resultaten/onderzoeksinstituten/economic-research/show-wecr/visserij-in-cijfers-2023.htm
https://www.wur.nl/nl/onderzoek-resultaten/onderzoeksinstituten/economic-research/show-wecr/visserij-in-cijfers-2023.htm
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internal and external injuries, we speculate that PT 
will reduce the overall discomfort during the catch 
process. The lower catch volume in PT will further 
reduce the discomfort during the shorter duration of 
the processing of the fish on deck.

The increased catch efficiency of the pulse trawl 
could in theory jeopardize the sustainable exploitation 
of the sole stock. North Sea sole is managed under the 
EU Common Fisheries Policy (CFP) by a total allow-
able catch (TAC) set to maintain the stock and fish-
ing mortality within biological safe boundaries. The 
introduction of a more efficient gear does not threaten 
the sustainable exploitation as long as fishers comply 
with the management measures and don’t overshoot 
their quota. During the transition to pulse trawling the 
PLH increased their share in the Dutch quota by buy-
ing and leasing sole quota from other vessels to com-
pensate for the increased efficiency of the pulse trawl 
(Turenhout et al. 2016, Hamon et al. 2016).

In the socio-economic domain, the transition to 
pulse trawling affected the competitive relation-
ship between fishers. Fishers continuously strive to 
improve their operations in order to increase catches, 
reduce fishing costs or improve safety and work-
ing conditions (Eigaard et al. 2014). Technical inno-
vations, or other causes, may give rise to conflicts 
between fishers. The differences in economic perfor-
mance between PT and BT were so big, that once the 
technique was available for commercial fishing and 
had demonstrated good results, more beam trawlers 
wanted to switch. Under pressure to maintain a level 
playing field within the Dutch fleet, and convinced 
of the reduction of negative impacts of PT compared 
to BT based on earlier research findings, the Dutch 
government sought ways to expand the number of 
licenses beyond the 5% derogation. This resulted in a 
large PT fleet in 2014 that changed competitive rela-
tionships with other fisheries (Sys et  al. 2016; Tur-
enhout et al. 2016; Rijnsdorp et al. 2018b; Vansteen-
brugge et al. 2020).

Conflicts between fishers or fisheries are of all 
times and are an intrinsic component of each fish-
eries system (de Groot 1984; Spijkers et  al. 2019). 
With the establishment of the EU Common Fisheries 
Policy in 1982, Member States agreed to share their 
fishing grounds and agreed on fixed allocation rules 
of the landings by species and management area. In 
this management system, fishers are free to compete 
as long as they don’t exceed their (national) share 

of the total allowable catch (TAC) and comply with 
the technical regulations. Despite the relative stabil-
ity in EU TACs, defined by the fixed allocation rule 
over the Member States, the autonomous economic 
and technological development has triggered conflicts 
between fishers, gear groups and Member States. 
Conflicts mainly were about economic competition 
and competition for space, with the PT fleet being 
able to fish in fishing grounds they could not fish pre-
viously (soft grounds). Whilst a local conflict between 
small scale English fishers and Dutch PT fishers about 
pulse trawling off the Thames estuary was resolved by 
an agreement made between the fisheries organisa-
tions that the Dutch pulse trawlers would voluntarily 
stay out of the area, this hardly contributed to conflict 
resolution; neither did the International Stakeholder 
Dialogue Meetings set up by the Dutch government.

The way extra licenses were arranged by the Dutch 
government and the lack of transparency about the 
pulse settings in the beginning, together with the 
concerns about the impact of the gear and the expe-
rienced competitive disadvantage for many non-pulse 
fishers undermined trust of stakeholders in the transi-
tion. This was the perfect feeding ground for a contra-
pulse campaign by Bloom, which turned out to have a 
lot of effect. The multi-annual research program IAPF 
and the international stakeholder engagement process 
set up in response to the stakeholder concerns came 
too late. Ultimately, and despite published and emerg-
ing evidence that the environmental performance and 
catch efficiency of the PT was superior to the conven-
tional BT, this resulted in a legislative process that 
resulted in maintaining the ban on electrotrawling 
(see Sect. "Governance") (Delaney et al. 2023). Nev-
ertheless a small opening is left in the legislation to 
continue research on electric fishing (Penca 2022).

Given the current scientific evidence presented 
in this paper, the ban on the use of electricity when 
catching fish is at odds with the EU objective to 
improve the ecological and economic sustainabil-
ity of the fisheries. The replacement of the BT with 
the PT will contribute to a substantial mitigation of 
the adverse ecological side effects in the beam trawl 
fishery for sole, and does not impose any increased 
risk to the sustainable exploitation of North Sea sole 
provided that the sole stock is well-managed (ICES 
2020b). The pulse trawl technology was developed 
during a long trajectory where the focus was on a 
safe and robust gear to catch sole under often harsh 
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commercial conditions. There is still potential to fur-
ther improve the selectivity of the technology and 
reduce the remaining side effects. For instance, if 
the matrix of electrode arrays can be combined with 
sensors that can detect where a flatfish is buried in 
the sediment (Nowak and Lankheet 2023), the pulse 
stimulus could be given to the electrode pair to cramp 
and catch the detected fish. By adjusting the design of 
the electrode array so that they only expose the bur-
ied flatfish could mitigate pulse-induced injuries if 
the gear is operated in areas and seasons where these 
injuries become substantial.

Electrical stimulation has also potential for other 
fisheries (Soetaert et  al. 2015b) as well as other 
regions where there are rising concerns about trawl-
ing impacts on seabed habitats and biota (including 
those resulting from essential research surveys) and 
general animal welfare. The application of a low-
frequency pulse in the beam trawl fishery for brown 
shrimps (Crangon crangon) was shown to reduce 
the often substantial bycatch of fish and other ben-
thic organisms (Polet et  al. 2005; Verschueren et  al. 
2019). Also in the fishery for razor clams (Ensis spp) 
the use of electricity has been shown an effective 
alternative for the use of hydraulic dredges that are 
known to penetrate deep into the sediment and have a 
large impact on the benthic ecosystem (Murray et al. 
2016; Hiddink et  al. 2017). Further studies on how 
fish respond to electrical stimuli may further guide 
the development of innovative gear in other fisheries.

Given the potential for improving the sustainabil-
ity of fisheries and the controversial nature of its use, 
the case study on pulse trawling demonstrates that it 
is of paramount importance to involve stakeholders 
very early on in the process to ensure co-development 
of innovation and a shared vision of the environmen-
tal or governance questions that need to be addressed 
(Delaney et  al. 2023). However, it is important to 
remain aware that shared understanding and co-pro-
duction of knowledge throughout the process does 
not automatically guarantee successful science-based 
introduction of innovations, as the political decision-
making process is also influenced by lobby, political 
interests and (potentially) court cases.
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