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In the North Sea flatfish fishery, electric pulse trawls have been introduced to replace the conventional mechanical method. Pulse trawls reduce the
fuel consumption, reduce adverse impact on the ecosystem but cause injuries in gadoids. We describe the design and electrical properties of pulse
trawls currently in use and study the behavioural response and injuries in cod exposed to electrical pulses under controlled conditions. Pulse trawls
operate at an average power of 0.7 kW m21 beam length and a duty cycle of �2%. The electric field is heterogeneous with highest field strength
occurring close to the conductors. Cod were exposed to three different pulse types for a range of field strengths, frequencies, and duty cycles. Two
size classes were tested representing cod that escape through the meshes (11–17 cm) and market-sized cod that are retained in the net
(34–56 cm). Cod exposed to a field strength of ≥37 V m21 responded by moderate-to-strong muscular contractions. Some of the large cod
(n ¼ 260) developed haemorrhages and fractures in the spine, and haemal and neural arches in the tail part of the body. The probability of injuries
increased with field strength and decreased when frequency was increased from 100 to 180 Hz. None of the small cod (n ¼ 132) were injured and all
survived. The field strength at the lateral boundaries of the trawl was too low to inflict injuries in cod.

Keywords: beam trawl, behaviour, electrofishing, field strength, flatfish, injury, North sea, roundfish.

Introduction
In the 1960s, heavy beam trawls were introduced that quickly out-
competed the otter trawl as the most efficient gear in the fishery
for sole (Solea solea) and plaice (Pleuronectes platessa) in the
North Sea. The beam trawl allowed fishers to fix the horizontal
net opening and deploy a larger number of tickler chains to chase
sole out of the sediment into the net. The increase in the number
of tickler chains in combination with an increase in towing speed
resulted in an increase in catch efficiency (Daan, 1997; Rijnsdorp
et al., 2008). The downside of this development was an increase in
fuel use, a high bycatch of undersized fish and adverse impacts on
the seabed habitat and the benthic ecosystem (de Groot, 1984;
Jennings and Kaiser, 1998; Poos et al., 2013). For each kilogramme

of fish landed, beam trawl fisheries use 3.5 l of fuel (Taal et al., 2010)
and may discard 0.9 kg of fish and 1.6 kg of benthic invertebrates
and debris (van Beek, 1998).

In pulse trawls, the mechanical stimulation is replaced by elec-
trical stimulation which invokes a cramp response during which
the fish is immobilized until entering the net. In addition, sole
bends in a U-shape making them easier to catch in a bottom trawl
(van Stralen, 2005). Experiments on the use of electric stimulation
in bottom trawls started in the 1960s to reduce the fuel consump-
tion and adverse ecosystem impacts (Stewart, 1977; de Groot and
Boonstra, 1970). Since then this technique evolved and is currently
used in fisheries for flatfish, brown shrimp, and razor clams (van
Stralen, 2005; Polet at al., 2005a,b; Murray et al., 2016). The flatfish
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trawlers are fishing with a temporary exemption from the EU pro-
hibition to use electric stimulation in fishing gear (EU, 1998). As
the flatfish pulse trawl has a lower weight and is towed at a lower
speed, fuel consumption is reduced by �50%, and the bycatch of
benthos and undersized fish is reduced by 38 and 56%, respectively
(van Marlen et al. 2014). Depestele et al. (2016) showed that the elec-
trodes of the pulse trawl penetrate less deep into the sediment. The
introduction of pulse trawls raised concern about possible adverse
effects (Soetaert et al., 2015a). Spine fractures were reported in
roundfish in both field and laboratory studies (van Marlen, et al.,
2007; de Haan et al., 2008; ICES 2010, 2011). In a comparative
fishing experiment, 4 of 45 cod and 1 of 47 whiting caught in
pulse trawls had a spine fracture (van Marlen et al., 2014). No irre-
versible lesions could be detected in ragworms and shrimps as a
direct consequence of exposure to electric pulses administered in
the laboratory (Soetaert et al., 2015b).

To assess the consequences of a possible transition from a trawl
fishery using mechanical stimulation to a trawl fishery using elec-
trical stimulation, knowledge is required on the electrical charac-
teristics of the pulse trawls, as well as on the effects of electrical
stimulation on marine organisms and the ecosystem. The objective
of this paper is to fill part of this knowledge gap. The paper falls into
two parts. First, we describe the pulse gear and the electrical charac-
teristics as measured in the lab and in situ. Second, we expose cod to
a range of pulse parameters to study their response and injuries
inflicted.

Pulse trawl characteristics
Two Dutch companies, Delmeco Group BV and HFK-Engineering
BV, provide commercial pulse gears. By 1 January 2015, 11 vessels
are equipped with Delmeco pulse gear and 71 vessels use the HFK
system. A pulse gear comprises of a power supply, a pulse generator,
an electric cable and winch, discharge modules in the beam (or
wing), and an array of electrodes rigged between the beam (or
wing) and the groundrope (Figure 1). Electrodes consist of cylin-
drical conductors and isolators. The design and dimensions vary
by system and by ship. The conducting part of an electrode ranges
between 26 and 40% of the total length, excluding the isolated
section to the wing or beam (Table 1). The sequence of pulse dis-
charges differs per manufacturer. Delmeco electrodes are activated
pair wise, while HFK electrodes are activated in odd and even
groups.

Both pulse systems generate a bipolar pulse with a conductor
voltage between 45 and 60 V, a pulse frequency of 45–80 Hz, and
a pulsewidth of 100–270 ms (Figure 2). In Delmeco-1, the bipolar
pulses are evenly distributed in time (Figure 2a). In Delmeco-2
and HFK, the interval between the bipolar pulses is minor
(Figure 2c and d). The active part of a single pulse period (duty
cycle) is �2% for all systems. The Delmeco pulse has exponential
edges reflecting inductive couplings in the discharge circuit, in con-
trast to the HFK systems which have steeper pulse edges. In this
paper, we refer to the maximum amplitude (peak) of the conductor
voltage, conductor current, and field strength.

Figure 1. Rigging of a 4 m HFK pulse trawl. The top panel shows the side view with a vertical trawl opening of 0.43 m. The bottom panel shows the
top view of 10 electrodes rigged between the wing and the groundrope. Each electrode consists of 12 conductor elements, evenly placed over a
length of 3.92 m that are in contact with the seabed. An isolated joint is used to exchange electrodes.
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The alternating conductor and isolator elements generate a het-
erogeneous electric field. Field strength (V m21) was measured in a
coordinate system with the x-axis perpendicular and the y-axis
parallel with the electrode, and a vertical z-axis. The centre of
the conductor is defined as the origin of the coordinate system
(X ¼ 0, Y ¼ 0, Z ¼ 0). Field strength was sampled in steps of
30 mm along seven longitudinal y-axes at 7 distances (x-axis) in
and outside a pair of electrodes, and a number of vertical grid
points between Z ¼ 0 and Z ¼ 165 mm.

The highest field strength was measured besides the centre of the
conductor and decreased along the x- and the y-axis (Figure 3).
Within the array of electrodes, field strength decreased along the
x-axis with the square root of the distance to the conductor
(Table 2). Outside the array of electrodes, field strength decreased
at a faster rate than in the area between the electrodes. As the array
of electrodes is fixed within 400 mm of the wings of the trawl, the
field strength outside the trawl was estimated to be ,17 V m21

(95% CL limits: 13–21 V m21). In the vertical plane, field strength
showed an exponential decrease with the distance from the con-
ductor both along the horizontal x-axis and the vertical z-axis
(Table 3). The slope along the vertical z-axis was steepest above
the conductor but became more shallow when moving along the
x-axis (Figure 3b).

To compare the field strength generated in situ to those applied
in the tank experiment (see below), field strength was measured
on-board of TH10 (Delmeco-1, 2 November 2011) and OD17 (HFK,
11 November 2011, maximum conductor voltage 45 V) with the
fishing gear stabilized on the seabed at a drifting speed of 0.1–0.3
knots. A low-light underwater video camera was used to validate
the measured positions and rigging performance. At the reference
position for large cod (X ¼ 68 mm, Z ¼ 45 mm), field strength
was 59 V m21 and 69 V m21 for Delmeco-1 and HFK, respectively.
The field strength measured at the reference position for small cod
(X ¼ 45, Z ¼ 45 mm) was 208 V m21 for HFK. The voltage drop
over the electrodes was minor (2–3 V).

Pulse exposure experiments
Both small and large-sized cod were exposed to electrical pulses. The
small cod represent fish that may escape through the codend meshes
of commercial trawls. The large cod represent the market-sized fish
that are retained in the net. A total 39 experiments were conducted at
Austevoll Research Station, three experiments between 29 October
and 15 November 2008 and 36 experiments between 28 November
and 14 December 2010 (Table 4). In each experiments, 10–20 cod
were exposed. In addition, three control experiments were conducted
in which 10–20 were handled but not exposed to the pulse stimulus.
Each individual was tested once and sacrificed for autopsy. All experi-
ments were carried out with approval of the Norwegian Animal
Welfare Commission (2008—ID1230; 2010—ID2898).

At the start of the experiment, a fish was transferred from the
holding tanks to a meshed cage of synthetic material. Large cod
were positioned parallel with the conductor with the beak at the
edge (Figure 4). Small cod were exposed both parallel and perpen-
dicular to the conductor. All experiments applied a single exposure,
except in 2008 and the first trial with small cod in 2010, when fish
were exposed four times within 12–38 s and within 5 min for
small and large cod, respectively. The exposure duration was 1 s
which is close to the in situ exposure time of 1.36 s of a 3.5 m elec-
trode towed at 2.57 m s21 (5 knots).

In the experiments in 2008, Delmeco-1 was used with the pulse
setting of the UK 153 (Table 1). In 2010, a range of pulse settingsTa
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was tested for three commercial pulse concepts (Table 4). The elec-
trodes consisted of a double pair of conductors separated by 0.6 m
isolators (Delmeco-1 and -2) or a single pair of conductors (HFK).

Origin of the experimental cod and holding conditions
Cod were derived from the Austevoll research hatchery. The small
fish (n ¼ 132, 11–17 cm, 12–61 g) were from the hatch of 2010.
The large fish were from the hatch of 2006 (2008 experiment:
n ¼ 60, 41–55 cm, 945–1953 g) and 2008 (2010 experiment:
n ¼ 260, 34–56 cm, 663–2295 g).

The research was conducted in an outdoor laboratory with three
holding tanks and one experimental tank, each 3 m in diameter, and
with awater height of 0.6 m. The small cod were transferred from the
breeding tank 2 months before the start of the experiment. Large cod
were transferred to a holding tank a week before the first experiment.
Fish were fed daily. The seawater in the tanks was pumped from the
adjacent fjord. The conditions during husbandry and experiments
were stable (salinity: 34.8+ 0.1 ppt; temperature: 7.5+ 0.018C).
None of fish died after the transfer to the experimental tanks.

Observations
The behaviour was recorded as either a response or no-response
to the electric stimulus. Directly after exposure the fish were released
in the fourth tank for observation. Large cod tested in 2008 were

observed for 15 d and feeding was recorded. After the observation
period, fish were euthanized, their length and weight recorded
and stored at 2208C for later post-mortem analysis. The number
of cod in each experiment that developed a skin discolouration
within 1 h after exposure was recorded. Four cod with skin discol-
ouration that did not survive the exposures of 2008 were dissected
directly after exposure (and not processed further) to relate the dis-
colouration with the occurrence of injuries.

Haemorrhages (“haemor”) were recorded by careful dissection
of the fish after being de-frosted at room temperature (Figure 5c).
The vertebral column with 1 cm surrounding musculature remain-
ing on the lateral sides was radiographed to detect vertebral frac-
tures. The fish exposed in 2008 were scored for fractures of the
spine (denoted “vertebral”). In 2010, a more detailed analysis was
conducted by also distinguishing fractures of the neural and
haemal arches (“neural” and “haemal”) (Figure 5b). All fractures
of the arches had a clear rupture at the basis. Spine fractures involved
fractured vertebrae and clearly ruptured intervertebral ligaments.
Smaller dislocations between adjacent vertebrae were not recorded
as an injury since the fish had been frozen and de-frosted, which
may lead to slight dislocations of vertebrae. The location (i.e. verte-
bra number) of the fractures was recorded to study the fracture
probability in the cervical (V1–2), abdominal (V3–19), caudal
(V20–40), and ural (V41 and onwards) regions.

Figure 2. Conductor voltage (V) and conductor current (A) of the three commercial pulse types studied: Delmeco-1 (a and b), HFK (c), and
Delmeco-2 (d). In (b) and (c), the conductor current was shifted by one division.
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Statistical analysis
The response (R) of individual fish, scored as either having an injury
or having no injury, was analysed as a function of body length and
pulse parameters according the following generalized linear model:

R � a+ biXi + bjXj + biiXiXj+ [,

where a is the intercept and Xi and Xj are explanatory variables
(body length, field strength, frequency, duty cycle, and pulse type)
and 1 denotes the binomial distributed error term. The interaction
term XiXj tested for the possible differences in the effect of a pulse
parameter for different fish sizes. Model selection was based on

the AIC criterion starting with the full model. Analysis was done
using R version 3.0.2 (R core team, 2013). None of the pulse para-
meters were strongly correlated (r , 0.53), except for pulse fre-
quency and pulsewidth (r ¼ 20.77).

Results
Behavioural response
Except for the cod exposed to a field strength of 4 V m21, all cod
showed a muscular contraction which immobilized them for the
duration of the exposure. Small cod exposed for 1 s to a field strength
between 212 and 370 V m21 produced a muscular contraction with
incidentally an epileptic seizure like response directly after the pulse
extinguished. Within a minute, these fish recovered and returned to
normal behaviour and responded to feeding. A stronger response,
similar to electro-narcosis, occurred in 6 of the 20 small cod
exposed to 4 stimuli of 1 s during a period of 12–38 s. These fish
recovered within a minute and were kept alive over the weekend
and resumed their normal feeding behaviour.

Large cod exposed to a field strength between 37 and 155 V m21

showed a moderate-to-strong muscular contraction for the dur-
ation of the exposure (cramp response). After the pulse extinguished
cod showed strong tail flapping and some showed epileptic seizure.
Incidentally, a cod jumped out the experimental cage into the main
basin. In the 2008 experiments, the behaviour was observed for a
period of 15 days after exposure. All fish started feeding at the first
offering of food �36 h after exposure, although the feeding response
was lower than before exposure. The appetite of fish exposed at
37 V m21 increased during the observation period and was higher
than the appetite of fish exposed at 4 V m21 and “control” fish.
Most of the fish exposed at 82 V m21, of which many developed
vertebral fractures (see below), were passive and did not resume
normal feeding.

Figure 3. Contours of peak field strength (V m21) around a pair of
Delmeco electrodes positioned at X ¼ 0 mm and X ¼ 325 mm. (a) The
contours in the horizontal plane. The white parts show the conductors,
grey parts show the isolators. The pattern on the left side of the
electrode shows the decline in field strength outside the pair of
electrodes. (b) The contours in the vertical plane with the headrope
located at Z ¼ 430 mm. The dashed lines in (a) show the location of the
vertical plane depicted in (b). Locations of the measurements are
indicated by black dots.

Table 2. Parameters of the GLM model of the loge transformed field
strength (V m21) as a function of the loge transformed distance (X,
mm) to the nearest conductor between a pair of electrodes and
outside a pair of electrodes.

Estimate SE p

Between electrode pair
Intercept 7.219 0.114 ,0.001
Slope logeX 20.516 0.027 ,0.001

Outside electrode pair
Intercept 8.253 0.242 ,0.001
Slope logeX 20.908 0.059 ,0.001

Relationship refer to the measurements taken at the centre of the conductor
(Y ¼ 0, Z ¼ 0) where peak field strengths occur.

Table 3. Parameters of the GLM model of the loge transformed field
strength (V m21) as a function of the loge transformed distance
(mm) to the nearest conductor along the horizontal (X) and the
vertical (Z) axis between a pair of electrodes.

Estimate SE p

Intercept 9.334 0.779 ,0.001
Slope logeX 20.735 0.186 ,0.001
Slope logeZ 21.058 0.158 ,0.001
Slope logeX×logeZ 0.152 0.037 ,0.001

Relationship refer to the measurements taken at the centre of the conductor
(Y ¼ 0).
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Injuries
Part of the exposed cod showed a discolouration mark, and an occa-
sional anal bleeding or haemorrhage of anal and caudal fins. Marks
faded after euthanasia and were no longer visible when the fish was
de-frozen for dissection. Marks varied between single bars, chev-
rons, or a fully discoloured tail (Figure 5a). Not all marks developed
within 1 h after stimulation. In one experiment, one cod with a dis-
tinct discolouration mark directly after exposure was euthanized
and the other nine were kept alive overnight. The next morning,
two other cod showed a discolouration mark.

Marks co-occurred with internal injuries. Dissection of cod with
marks showed a haemorrhage and a fracture of the spine in all four
fish. Comparison of the number of cod with marks and haemor-
rhages in each experiment showed that the number of cod with a
mark never exceeded the number of cod with haemorrhage or frac-
ture. A mark developed in 62 cod immediately after exposure,
whereas a haemorrhage was observed in 101 cod. The discrepancy
is likely because not all marks develop within the 1 h observation
period used in this study. One experiment showed that the number
of cod with marks (3) matched the number of cod showing haemor-
rhages but did not match with the number of cod with a fracture (1).
This suggests that a discolouration mark is directly related to the de-
velopment of a haemorrhage.

None of the cod in the control experiments and none of the small
cod became injured, while of 39% of the large cod exposed in 2010
and 45% of the large cod in 2008 showed either a vertebral fracture, a
haemorrhage, or both (Table 5). All haemorrhages occurred at the
location of the fracture, often in the cranial part of the tail region
between vertebra V20 and V25 (Figure 6). The neural arch fractures
occurred in a wider section of the vertebral column between vertebra
V14 and V25. In four cod, haemorrhages were observed in the
absence of a vertebral fracture.

The injury probability of large cod was analysed in relation to
body size and the pulse parameters: frequency, field strength, duty
cycle, and pulse type. The selected models for three injury classes
explained between 12 and 4% of the variance. The parameter esti-
mates of the selected models are given in Table 6. The probability
of haemorrhages is significantly affected by field strength and to a
lesser degree by frequency and duty cycle. No effect of pulse type
was found. Length showed a significant interaction with frequency

and duty cycle. The probability of vertebral fractures showed a
similar relationship with field strength, frequency, and body size.
The probability of a spine fracture was significantly related to field
strength and body size. The probability of fractures was lower for
the Delmeco-2 as compared with Delmeco-1 and HFK. For spine
fractures, HFK showed a lower probability when compared with
Delmeco-1, but this could be due to the effect of frequency, which
was tested in a wider range for HFK.

Figure 7 shows the effects of pulse parameters and body size on
the injury probabilities. The results are representative for the param-
eter setting of HFK and a body size of 50 cm. In general, the injury
probability increased with the field strength and, to some degree,
with an increase in duty cycle, and decreased with the pulse fre-
quency. The injury probability tended to decrease with body size
within the market-sized cod.

Discussion
Behavioural response
All large cod exposed to a field strength of at least 37 V m21

responded to electrical stimulation and showed a cramp response.
Small cod exposed to a stimulus of 1 s incidentally developed an epi-
leptic seizure type of response. Despite the high field strength
(.200 V m21) all fish quickly recovered and no aberrant behaviour
was observed in fish that were kept alive for a few days.

Electro-narcosis (“stunning”) occurred when small cod was
exposed to four stimuli within a period of 12–38 s. This is a
common observation in stunning experiments where the exposure
duration is increased from 3–12 s in Atlantic herring, Atlantic
salmon (Salmo salar), and pollock (Pollachius virens) exposed to a
50 Hz sinusoidal alternating current (AC) stimulus (Roth et al.,
2004; Nordgreen et al., 2008).

Injuries
Our results suggest that a discolouration mark is directly related to
the development of a haemorrhage after exposure to an electrical
stimulus. Similar skin discolouration has been reported in rainbow
trout (Horak and Klein, 1967; Holmes et al., 1990; Lamarque, 1990;
Fredenberg, 1992), although injured fish could also lack marks
(Fredenberg, 1992). Sharber and Carothers (1988) showed that
these external marks reflect severe internal lesions. Sharber and

Table 4. Overview of the exposure experiments, the number of cod used, and the range of pulse settings tested.

Trials
(n)

Fish
(n)

Pulse
type

Frequency
(Hz)

Pulsewidth
(ms)

Duty
cycle (%)

Electrode
voltage (V)

Electrode current
(A cm21)

Field strength
(V m21)

Test position (X,
Z, mm)

Large cod 2008 and 2010
1 20 1a 40 270 2.16 57 1.92b 4 2413, 230
1 20 1a 40 270 2.16 57 1.92b 37 162.5, 165
1 20 1a 40 270 2.16 57 1.92b 82 75, 65

11 110 1 30.6–57.5 191–270 1.2–3.1 20– 57 0.64–1.89b 37– 103 68, 45
4 40 2 80 130 2.12 22– 50 0.67–1.6b n.a. n.a.

11 110 3 30 –180 80–270 1.26–2.88 40– 60 0.64–0.96 57– 87 68, 45
Small cod

2 40 1 40 270 2.16 57 1.92 255 48, 0
1 20c 1 40 270 2.16 57 1.92 124–347 25–161, 0
1 20 2 80 130 2.08 50 1.61 n.a. n.a.
3 30 3 30 –180 80–270 1.26–2.88 60 0.64–0.96 212 48, 0
3 30c 3 30 –180 80–270 1.26–2.88 60 0.64–0.96 76– 370 25–161, 0

Pulse type refers to Delmeco-1 (type 1), Delmeco-2 (type 2), and HFK (type 3).
aExperiment 2008, exposed to a series of four stimuli.
bCurrent values of Delmeco 1 and Delmeco 2 were adjusted to the current of a single pair of conductors per centimetre length to enable comparing HFK results.
cFish positioned perpendicular to the conductor.
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Black (1999) suggested that discolourations are due to the dilation of
skin melanophores, possibly as a result of sympathetic nerve damage
or stimulation.

The injuries observed in cod exposed to an electrical stimulus are
similar to the injuries observed in the pulse fisheries (van Marlen
et al., 2007, 2014; own observations). Haemal and spine injuries
were located in the caudal region, while the neural injuries occurred
in the abdominal and caudal regions. It is noteworthy that in the ab-
dominal region, that is, exposed to the highest field strength, the

number of fractures is lower than in the caudal region which is
exposed to a much lower field strength. This indicates that the mech-
anical load imposed by the muscle contraction is largest in the

Figure 4. Position of a large cod relative to the Delmeco conductor
when exposed to an electrical stimulus. The field strength reference was
measured at the centre of the conductor X ¼ 68 mm, Y ¼ 0 mm, and
Z ¼ 45 mm.

Figure 5. Injury types recorded in the experiments: (a) discolouration
of the tail region; (b) fracture of the spine (vertebral body), neural and
haemal arch; (c) haemorrhages observed in four cod showing
discolouration.

Table 5. Frequency distribution of market-sized cod showing
different combinations of haemorrhages and fractures.

Number of fish Percentage (%)

Combination of haemorrhages and fractures
Haemorrhages only 4 2
Fracture + haemorrhage 97 37
No injuries 159 61
Total 260

Combination of different type of fractures
Spine 5 5
Haemal arch 17 18
Neural arch 18 19
Spine + neural arch 32 33
Spine + haemal arch 8 8
Neural + haemal arches 1 1
Spine + neural + haemal arches 16 16
Total 97

Data of 2010 experiments.
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caudal region. This inference is in agreement with the observation
that farmed cod develop lordosis in this region (Fjelldal et al.,
2009; Opstad et al., 2013).

Vertebral fractures are not uncommon in fish exposed to electric-
al stimuli. Salmonids are reported to be highly sensitive to electric
stimuli with 50% of the dissected fish showing vertebral injuries

Figure 6. Location of the fractures in the spine, haemal, and neural arches of large cod exposed to (a) Delmeco-1, (b) Delmeco-2, (c) HFK. The
cross-section of a cod shows the abdominal and caudal section of the vertebral column (based on Fjelldal et al., 2013).
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and haemorrhages (Sharber and Carothers, 1988; Sharber et al.,
1995). These studies, however, were conducted in freshwater and
involved duty cycles .50%. Saltwater studies on Atlantic herring
showed vertebral injuries and haemorrhages in 60% of the herring
at all combinations of field strength (33–142 V m21) and exposure
(1–12 s) to a 50 Hz sinusoidal AC stimulus (Nordgreen et al., 2008).
Injuries occurred mainly in the cranial and caudal regions. A similar
observation was reported by Roth et al. (2004) for Atlantic salmon
and pollock.

The haemorrhages observed in cod are most likely due to an in-
ternal bleeding caused by a vertebral fracture as they co-occurred

and were located at the same spot, often in the cranial part of the
caudal region. In four fish, the haemorrhage was not related to a
spine fracture. This could indicate that in rare cases the muscular
contraction can be strong enough to rupture small blood vessels
in the musculature, as it is unlikely that fractures have gone un-
noticed in the thorough inspection of the X-ray pictures.

Effect of body size
The difference in the frequency of fractures observed between small
and large cod is in agreement with the notion that large fish will show
a stronger response to an electric field because they experience a

Table 6. Parameter estimates of the injury probability (haemorrhages, fractures (all), and spine fracture) of market-sized cod from the
preferred GLM model as a function of body size (cm) and pulse parameters (frequency (Hz), field strength (V m21), duty cycle (%), and pulse
type (P1 ¼ Delmeco-1, P2 ¼ Delmeco-2, and P3 ¼ HFK).

Haemorrhages Fractures (all) Spine fracture

Estimate SE z value Pr(>|z|) Estimate SE z value Pr(>|z|) Estimate SE z value Pr(>|z|)
(Intercept) 15.34 8.99 1.71 0.088 . 2.12 1.92 1.10 0.270 1.63 2.14 0.76 0.447
Length 20.366 0.193 21.90 0.058 . 20.08 0.04 22.15 0.031 * 20.10 0.04 22.23 0.026 *
Frequency 0.145 0.061 2.36 0.018 * 20.01 0.01 22.58 0.010 **
Field strength 0.026 0.007 3.56 0.000 *** 0.03 0.01 4.32 0.000 *** 0.03 0.01 3.98 0.000 ***
Duty cycle 210.44 4.99 22.09 0.036 *
Length × Frequency 20.004 0.001 22.69 0.007 **
Length × DutyCycle 0.234 0.107 2.19 0.028 *
as.factor(PulseType)P2 21.23 0.55 22.22 0.026 * 22.02 0.65 23.09 0.002 **
as.factor(PulseType)P3 0.05 0.32 0.15 0.877 20.75 0.34 22.23 0.026 *

Data from 2008 experiments (“far and medium” exposure) and 2010 experiments.
Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Figure 7. The predicted probability of haemorraghes (top panels) and spine fracture (bottom panels) of market-sized cod in relation to body size
(cm), pulse frequency (Hz), field strength (V m21), and duty cycle (%). The grey areas show the 95% confidence range. Probabilities were estimated
with the selected GLM models (Table 6) with pulse type 3 (HFK), frequency ¼ 40 Hz, field strength ¼ 100 V m21, and body size ¼ 50 cm. Open
circles show the observed probabilities standardized to the settings of the covariables.
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larger potential difference over their body (Adams et al. 1972;
Stewart, 1975; Emery 1984; Dalbey and Mcmahon 1996; Dolan
and Miranda 2003). This basic property of electrical stimulation
explains the species-specific selection characteristics that are
related to body shape and specific excitable structures (Mck Bary,
1956; Halsband, 1967). The response of fish to electrical stimuli is
believed to be caused by the excitation of the nervous system and
muscles (Mck Bary, 1956; Vibert, 1963; Lamarque, 1967). It is sug-
gested that the effect of body size is a function of total surface area
(Emery, 1984) or body volume (Dolan and Miranda, 2003), rather
than the length of the fish. Lamarque (1990) concluded that any
size-related response is probably due to other factors than the
direct effect of the electric field to the neural system.

The difference in response with body size may also be due to the
ontogenetic change in the morphology of the spine, or due to differ-
ences in the mineral content of the vertebrae. Small cod (8–16 cm)
have the largest vertebrae in the cranial part of the caudal region,
while larger cod (35–76 cm) have the largest vertebrae in the ab-
dominal region of the spine (Fjelldal et al., 2013). In Atlantic
salmon, the largest vertebrae have the highest mineral content and
are located where the mechanical load imposed during swimming
is largest (Fjelldal et al., 2005, 2006). The mineral content of the ver-
tebrae of large cod in our experiments, and hence the mechanical
strength, may have been reduced due to decalcification related to
the development of the ovaries as suggested by Fjelldal et al.
(2013) and Soetaert 2015.

The decrease in the probability of fractures with body size as sug-
gested by our experiments with large cod contrasts with the basic
property discussed above. This result may be specific for the hetero-
geneous electric fields generated by pulse trawls. Small cod were
exposed to a high field strength over their whole body. Large cod
received a high field strength only in the head and trunk regions
(V1–V19), while the injuries mainly occurred in the tail region
(V15–V25) that was exposed to a lower field strength. Further re-
search is needed to the effect of heterogeneous fields on the effect
of body size on the probability and type of injuries.

Experimental pulse settings affecting injuries
Field strength: The observed increase in the probability of injuries
with field strength is in line with the increase in the muscular
contraction with field strength (McMichael, 1993; Spencer, 1967).
A field strength of 37 V m21 seems to be a threshold level below
which injuries are rare. Nordgreen et al. (2008) found that injuries
in Atlantic herring were reduced ,33 V m21 at 1 s duration, but
increased when the exposure duration increased. For the same
voltage over the electrodes, the field strength generated in our
experiments will be higher than in situ because of the deflection of
the electrical field by the isolated bottom of the tank. In addition,
the distance between the electrodes in the experiments was 10 cm
(23%) shorter than in the current fisheries.

Duty cycle: Our study shows that injuries already occurred with
duty cycles of 1.2—3.1%, much lower than the duty cycles of 50–
100% used in the studies with Atlantic herring, salmon, and pollock
(Roth et al., 2004; Nordgreen et al., 2008). This suggests that the
energy content of the pulse may be less decisive for causing injuries.

Pulse frequency: Injuries in large cod decreased with increasing
frequency and were zero at 180 Hz. A similar effect was found by
Roth et al. (2004) in Atlantic salmon, rainbow trout, and pollock
exposed to a sinusoidal AC using frequencies between 500 and
1000 Hz. The effect was less consistent for pollock when exposed
to a square wave AC.

Pulse shape and other attributes: The Delmeco-1 pulse has an ex-
ponential leading slope that resulted in a slightly higher injury prob-
ability than the steeper square wave shape of HFK. Roth et al. (2004)
compared injuries in pollock and Atlantic salmon that were exposed
to sinusoidal AC and square wave AC and did not find a significant
difference between species. Injuries in pollock, however, were less
dependent on the pulse frequency and duration when exposed to
square wave AC (Roth et al., 2004). This supports the suggestion
that pulse shape affects the injury probability (Sharber et al. 1995;
Sharber and Carothers, 1988; Roth et al. 2004). Our results, that elec-
trical pulses with a low-energy content (2% duty cycle) can trigger
muscular contractions and cause spinal fractures, suggest the im-
portance of the pulse shape. In our experiments, we did not distin-
guish between the pulse edge and the bipolar interval.

Impacts on the survival
Vertebral fractures will likely reduce the survival of the fish. A frac-
ture at the basis of the neural arch may damage the nervous system
and may result in paralysis. A fracture at the basis of the haemal canal
may rupture the aorta and the vena caudalis and may cause an in-
ternal bleeding and a reduction of the capacity of the circulatory
system. The vertebral column of teleost fish is specialized to an
aquatic mode of life and a fracture of vertebrae, or a rupture of the
intervertebral ligaments, will hamper swimming. In addition, indir-
ect effects may occur related to repair processes and the immune
system. Wild rainbow trout observed over a period of 355 days
showed that fish with moderate-to-severe injury (vertebral mis-
alignment and fracture) had lower growth and a lower physical con-
dition than fish with no or little vertebral injury (Dalbey and
McMahon, 1996). Reduced swimming performance may also in-
crease the susceptibility to predation.

The field strength that a cod will experience when entering a pulse
trawl, and hence the probability to develop an injury, depends on its
position relative to the electrodes (Figure 8). The effect of the elec-
trical stimuli on a fish, that is located just outside the pulse trawl, will
be negligible. The inference that the probability of developing a
spine fracture is low in a substantial part of the mouth of the trawl

Figure 8. Probability of a spine fracture in a 50 cm market-sized cod in
the vertical plane between a pair of conductors. The conductors are
positioned at X ¼ 0 and X ¼ 325 mm with the headrope level at Z ¼
430 mm. The probabilities were estimated with the peak field strength
values shown in Figure 3b.
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is consistent with the reported injury probabilities in commercial
catches. In a sample of 25 cod caught in 2007, 8% individuals had
vertebral injuries (van Marlen, et al., 2007). A study in 2010 reported
fractures of the spine in 9% of the 45 cod investigated (van Marlen
et al., 2014).

The injuries inflicted by electrical stimulation in pulse trawl are
not expected to adversely impact the population dynamics of cod.
Although market-sized cod may suffer from pulse-related injuries,
these fish will be landed anyhow. The cod, that are small enough
to escape through the 80 mm meshes of commercial pulse trawls
(50% retention length is around 18 cm, Reeves et al., 1992), did
not develop injuries and resumed normal behaviour after exposure.
It is unknown whether electrical stimulation will affect their suscep-
tibility to predation during the recovery phase after electrical stimu-
lation. Cod in the discard size range (17–35 cm), although not
tested in our experiments, may develop vertebral injuries as spine
fractures were observed in cod of 20, 23, 27, and 55 cm (van
Marlen et al., 2014). Because the survival rate of cod discards in
bottom trawl fisheries is low (Lindeboom and de Groot, 1998;
Depestele et al., 2014), we do not expect that pulse trawling lead
to additional mortality in discarded cod.

Measures to mitigate injuries
Although the injuries inflicted by the pulse trawl is restricted to
market-sized cod and will not increase the mortality of the popula-
tion, there is an economic and an ethical reason to reduce the injur-
ies: (i) injured cod may fetch a lower price; (ii) reduction in the
discomfort (animal welfare).

Our experiments showed that the probability of injuries may be
reduced by increasing the pulse frequency. Because the field strength
is inversely proportional to the diameter of the conductor, an in-
crease in diameter can be used to reduce the field strength to a
level where injuries are reduced http://hyperphysics.phy-astr.gsu.
edu/hbase/electric/elecyl.html, while still invoking a cramp re-
sponse in the target species.

Thedecline intheprobabilityof injuries in theverticalplanesuggests
thatwhencodcanbedeterredupwardstoa levelof≥100 mmabovethe
seabed injuries would reduce. A reduction of the bycatch of cod in the
flatfish fishery is also desirable from a fisheries management perspec-
tive, as the cod population in the North Sea is in a poor state and
needs special protection (Batsleer et al, 2013; Kraak et al., 2013).

In this study, we only looked at the injuries in cod. Whether pulse
trawling may incur injuries in other species remains to be investi-
gated. Van Marlen et al. (2014) reported a spine injury in 1 of 47
whiting caught in a pulse trawl. Soetaert (2015) was unable to
inflict injuries in sole and sea bass exposed to electrical pulses in-
cluding pulse settings used in commercial fisheries. Further research
to the biomechanical aspects of muscle contractions in relation to
the morphology and strength of the bones in different parts of the
body, as well as in different fish species, is required to elucidate
the mechanistic basis for understanding the observed pattern in in-
juries (Soetaert, 2015).

Ethical considerations
The exposure experiments reported in this paper will undoubtedly
have caused discomfort. Whether the discomfort is acceptable will
depend on the knowledge obtained. The effects were studied over
a range of pulse parameters, including the settings of the gear cur-
rently in use, and provided information about possibilities for miti-
gation. The discomfort of the experimental fish should be compared
with the possible advantages of the novel pulse trawl method which

may result in a reduction in the bycatch of undersized fish of target
and non-target species, and a reduction of the adverse effects on the
benthic ecosystem (van Marlen et al., 2014; Batsleer et al., 2016;
Depestele et al., 2016). Although there is no agreed approach to
deal with animal welfare aspects of commercial fisheries (Diggles
et al., 2011), traditional beam trawling may have a poor perform-
ance. It is known to inflict damage to the fish and benthic inver-
tebrates in the path of the trawl due to the combined effects of
tickler chains, large amount of hard debris retained (benthic inver-
tebrates, stones, sand, and waste) and high towing speed (6–7 knots)
(Lindeboom and de Groot, 1998). As a consequence, only few fish
survive the catching process when released (van Beek et al., 1990;
Depestele et al., 2014). Pulse trawling is characterized by a lower
catch volume and a reduced amount of debris and will likely
reduce the damage inflicted on the animals caught. Survival experi-
ments of sole and plaice discards suggest that the survival chance in
the pulse fishery is higher than in the traditional beam trawl fishery
(van Marlen, pers. comm.). Further research is needed to compare
the effects of both fishing methods on the welfare of the fish and
benthic invertebrates.
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