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Electrical pulse trawling is an alternative to conventional beam trawling for common
sole (Solea solea), with the potential for higher revenues and less impact on the marine
ecosystem. Concerns exist, however, that benthic invertebrates might be seriously
affected by pulse fishing. Even if direct injuries and mortality were limited, changes
in behaviour might compromise their survival, with potentially large impacts on food
webs. Here, we investigate effects of electrical pulses on locomotion behaviour and
14-days survival of six invertebrate species from four phyla that may encounter pulse
fishing gears. Electrical stimulation consisted of a Pulsed Bipolar Current at 200 V m−1,
30 Hz, 0.33 ms pulse width, and 3 s duration. We quantified species-specific behaviours
before, during, and after electrical stimulation and compared these to a non-exposed
control group. Responses during stimulation varied from no visible effect (echinoderms)
to squirming (sea mouse) and retractions (whelk and crustaceans). Within 30 s after
stimulation, all animals resumed normal behavioural patterns, without signs of lasting
immobilisation. Starfish, serpent star, whelk and sea mouse showed no change in
movement patterns after stimulation, whereas flying crab and hermit crab showed
significant changes in activity that were indicative of increased shelter behaviour. For
none of the species, survival at 14-days after stimulation was negatively affected. These
findings suggest that changes in locomotion behaviour due to electrical stimulation
as used in pulse trawling are unlikely to substantially compromise survival of the
investigated species.

Keywords: animal behaviour, benthic impact, bycatch species, electrical pulse fishing, locomotion activity,
mortality, North Sea, righting reflex

INTRODUCTION

Bottom trawling for benthic species makes up a large proportion of global marine capture fisheries
(Amoroso et al., 2018; Cashion et al., 2018; Watson and Tidd, 2018). Different types of bottom
trawls have been developed depending on seabed habitats and target species (Watson et al.,
2006; Eigaard et al., 2017). In northwestern European waters, beam trawls with tickler chains
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have conventionally been used to catch flatfish (Rijnsdorp et al.,
2008; Lescrauwaet et al., 2013; Eigaard et al., 2016; van der
Reijden et al., 2018). The mouth of the net is held open by a metal
beam which is attached to two lateral ‘shoes’ that are pulled across
the seabed, although fishermen nowadays may replace the beam
and shoes by a hydrodynamic wing (Rijnsdorp et al., 2020a). To
chase flatfish out of the sediment and into the following net,
chains are transversally pulled through the seabed in front of
the ground rope. This type of trawling is frequently criticised for
poor selectivity (Kaiser and Spencer, 1995; Depestele et al., 2014;
Bayse et al., 2016), for large disturbance of the benthic ecosystem
(de Groot, 1984; Lindeboom and de Groot, 1998; Paschen et al.,
2000; Kaiser et al., 2006; Depestele et al., 2016), and for high fuel
consumption (Poos et al., 2013).

As an alternative to tickler chains for chasing fish from the
seabed, fishermen targeting common sole (Solea solea) in the
southern North Sea have introduced electrical pulse gears that
can be installed on the same fishing vessels (Soetaert et al., 2015).
These so-called pulse trawlers use pulsed electric fields to induce
involuntary muscle contractions in the fish which chase them
out of the sediment and immobilise them in front of the nets
(Soetaert et al., 2019). The electrode arrays are dragged over the
sediment in parallel with the towing direction and are typically
towed at a lower speed than tickler chain gears (Rijnsdorp et al.,
2020a). Pulse trawling is permitted under temporary derogations
of the European Union’s prohibition to catch marine organisms
using electric current (Haasnoot et al., 2016; Soetaert et al., 2019).
Compared to beam trawlers with tickler chains or chain mats
(Rijnsdorp et al., 2008; Eigaard et al., 2016), pulse trawlers have
several advantages, including increased selectivity (van Marlen
et al., 2014; Poos et al., 2020) and discard survival (van der
Reijden et al., 2017), and reduced seabed damage (Depestele
et al., 2016, 2019; Tiano et al., 2019; Rijnsdorp et al., 2020a)
and bycatch rates (van Marlen et al., 2014). Additionally, higher
net revenues (Batsleer et al., 2016), resulting from higher catch
efficiencies for sole (Poos et al., 2020) and 30–50% lower fuel
consumption (van Marlen et al., 2014; Poos et al., 2020), make
pulse trawling a promising alternative with potentially less impact
on the ecosystem.

Despite these advantages of pulse gear over tickler chains,
concerns exist regarding possible negative impact of electrical
stimulation on invertebrates (ICES, 2018; Quirijns et al., 2018).
Electrotrawling for sole exposes benthic marine invertebrates
to high electric field strengths near the electrode arrays (de
Haan et al., 2016; de Haan and Burggraaf, 2018), which might
compromise survival. Previous studies have shown that exposure
to electrical pulses as used in electrotrawling for sole causes no,
or very limited, internal injuries or direct mortality in marine
benthic invertebrates (Smaal and Brummelhuis, 2005; van Marlen
et al., 2009; Soetaert et al., 2014, 2016). However, as invertebrate
species are generally not retained, indirect mortality may occur
after a trawling event due to increased predation risk related to
injuries or behavioural changes (e.g., Kaiser and Spencer, 1994;
Evans et al., 1996; Collie et al., 2000; Chícharo et al., 2002).
Increased mortality due to fishing efforts may disturb food web
structures and hence indirectly affect the population dynamics
of a wider range of species (e.g., Kaiser et al., 2002; Hiddink

et al., 2011; van Denderen et al., 2013; Collie et al., 2017). It is
unknown to what extent electrical stimulation affects invertebrate
behaviour. Here, we especially investigate effects on locomotion
behaviour, which could increase predation susceptibility after a
trawling event (Murray et al., 2016), leading to indirect mortality.

Due to the large variety in neuromuscular and musculoskeletal
systems of marine benthic invertebrates (e.g., Cattaert
and Edwards, 2017; Hartenstein, 2017; Kristan, 2017), an
electrical stimulus may have different effects on locomotion
behaviour. To assess the potential impact on locomotion
performance in benthic invertebrates, we studied the effects
in six species: common starfish (Asterias rubens), serpent star
(Ophiura ophiura), common whelk (Buccinum undatum), sea
mouse (Aphrodita aculeata), common hermit crab (Pagurus
bernhardus), and flying crab (Liocarcinus holsatus). These species
represent four different phyla, inhabit areas trawled by pulse
trawlers (e.g., Witbaard et al., 2013; ICES, 2018), and have been
previously used as model species.

To measure the impact of electrical pulses on behaviour,
we measured species-specific locomotion behaviour before
and after electrical stimulation and we compare the results
to those for a non-exposed control group. In addition, we
studied the acute behaviour during electrical stimulation and
the recovery from any acute responses thereafter. Species-
specific locomotion behaviours were chosen that may indicate
prolonged changes related to predation risk. These behaviours
include righting reflexes and locomotion activity such as walking
and burying. Righting reflexes have been used as overall
health and stress indicators in echinoderms (Lawrence and
Cowell, 1996; Canty et al., 2009), and as stress indicator
in gastropods, where delayed righting duration may increase
predation risk (Ramsay and Kaiser, 1998). Burying activity
has been used as bioassay for predation risk in annelids
(Schaum et al., 2013). In crustaceans, general activity scores
have been used as indicators for predation-risk-related behaviour
(Ejdung, 1998). By recording differences in righting duration and
locomotion activity between control and exposure groups, we
effectively detect responses to electrical stimulation. Particularly,
increased righting duration and prolonged immobility after
stimulation would be indicative of compromised survivability.
Finally, we assessed animal survival at 14 days after the
behavioural assessment to expand on previous experiments
(Smaal and Brummelhuis, 2005; van Marlen et al., 2009;
Soetaert et al., 2014, 2016).

MATERIALS AND METHODS

Experimental Procedure
Animals were acclimated to the laboratory housing at least
two weeks prior to experimentation and were fed two-to-three
times per week (Supplementary Material 1). The experimental
procedure consisted of a pre-treatment measurement of species-
specific behaviour, a stimulation period of 3 s, with electrical
pulses turned on (exposure group) or turned off (control
group), a 30 s recovery period, followed by measuring
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post-treatment species-specific behaviour similar to the pre-
treatment measurement. Animals were transferred from the
housing tank to the experimental setup while submerged in a
transportation cup. The pre-treatment behavioural assessment
started directly after placing the animal in the setup. To start
the post-treatment measurements in a similar way, animals
were also placed in the transportation cup after the 30 s
recovery period.

Pre- and post-treatment measurements were adapted to the
relevant behavioural repertoire of each species. An overview
of the species-specific experimental procedure, including the
number of animals, is provided in Table 1. Experiments were
performed under well-controlled laboratory conditions in one
of two identical setups, for one individual at the time. Waiting
times between pre-treatment behavioural measurements, the
treatment, and post-treatment measurements were minimised
and similar in the control and exposure group. Animals were
randomly assigned to the exposure or control group. After
completing the behavioural measurements, wet mass and body
length were measured (Supplementary Material 2) and the
animals were transferred to the housing tanks to monitor
survival for 14 days.

Experimental Animals and Housing
Facilities
All animals were caught using short (∼20 min) fishing hauls with
a 4-metre beam trawl and collected by scientists of the Flanders
Research Institute for Agriculture, Fisheries and Food (ILVO).
Common starfish, serpent star, common hermit crab, and flying
crab were collected off the Belgium coast. Common whelk
and sea mouse were collected off the English coast. Animals
without visible injuries were selected and transported to the ILVO
laboratory facilities in Ostend (Belgium) within 3 h after docking.

Each species was housed separately in tanks containing
aerated natural seawater in a closed circulation system. Water
quality parameters were monitored daily, including ammonium,
nitrite, and nitrate (MQuant) and dissolved oxygen concentration

and saturation, temperature, salinity, and conductivity (YSI
Pro2030). Ammonium levels were always below 0.5 mg L−1 and
salinity varied between 33.0–34.3. Water was partially changed
when nitrite or nitrate levels exceeded 0.05 and 25 mg L−1

respectively. Starfish and whelk were kept in a room with
artificial lighting consisting of a 20 W white LED floodlight
(Bailey) at a 12:12 L:D regime. The other species were kept in
a room with natural lighting conditions (October-December).
Within this period, water temperatures partially followed outside
temperatures and varied between 12.6–16.4 ◦C, as the areas
were not climate controlled. However, measurements for each
species were conducted in short periods, and measurements for
the control and exposure groups were balanced, thus limiting a
possible effect of temperature.

All animals were housed in tanks with calibrated sediment
(0.2–0.5 mm grain size) to allow for natural burying behaviour
(e.g., van Dam, 1940; Dyer et al., 1982). To minimise stress and
damage resulting from agonistic behaviour (Lee and Seed, 1992;
Ramsay et al., 1997), housing for hermit and flying crab was
enriched with shelters, and crabs were transferred to individual
containers one week prior to the experiment (same as used during
survival monitoring; see below).

Experimental Setup
Each experimental setup (Figure 1A), consisted of a glass tank
with a 5 cm layer of levelled, calibrated sediment and two,
plate-shaped stainless-steel electrodes placed in the width of
the tank at 43 cm apart, and 1 cm from the tank’s bottom.
The gaps between the electrodes and glass side walls were
closed off with PVC sheets to prevent animals from leaving
the measurement area. The plate-shaped electrodes created
a homogeneous electric field, minimising exposure variability
(Soetaert et al., 2014). Each day, the tanks were filled with water
from the housing tanks of the animals that would be used that
day. No filter was connected to the experimental tanks, but water
was aerated after each individual measurement session. Water
quality parameters, including temperature were monitored at the

TABLE 1 | Overview of species, number of animals per treatment group, and behavioural response measurement types per species. In addition to pre- and
post-treatment response measurements, acute behavioural responses were scored during stimulation and in the following 30 s (not shown). In common starfish and
serpent star, walking duration was measured directly after the fifth pre-treatment righting event (i.e., during treatment and extending in the post-treatment period),
because these species lacked an acute behavioural response. The number of consecutive behavioural response measurements (nx; i.e., number of events) is provided in
parentheses. After the behavioural response measurements, survival was monitored for 14 days (not shown).

Species Number of animals Behavioural responses

Control Exposure Pre-treatment During treatment Post-treatment

Common starfish 44 41 Righting duration (5x) ← Walking duration (1x) → Righting duration (5x)

Serpent star 21 21 Righting duration (5x) ← Walking duration (1x) → Righting duration (5x)

Common whelk 46 41 Righting duration (1x) Duration until start of
burying or crawling
duration (1x)

Righting duration (1x) Duration until start of
burying or crawling
duration (1x)

Sea mouse 44 42 Righting duration (1x) Duration until start of
burying or walking
duration (1x)

Righting duration (1x) Duration until start of
burying or walking
duration (1x)

Common hermit crab 43 43 Righting duration (1x) Locomotion activity (1x) Righting duration (1x) Locomotion activity (1x)

Flying crab 46 44 Locomotion activity (1x) Locomotion activity (1x)
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FIGURE 1 | (A) Schematic illustration of the experimental setup: (i) glass tank, (ii) sediment, (iii) cameras, (iv) floodlights, (v) aluminium frame, (vi) plate-shaped
stainless-steel electrodes, (vii) digital clocks, (viii) pulse stimulus indicator light, (ix) cables connecting electrodes with output connectors of (x) the pulse generator,
(xi) computer to control the generator, and (xii) oscilloscope (Tektronix TDS 1001B). (B) Oscilloscope data showing two pulse cycles at 30 Hz (out of 90 cycles in
total) of which the single electrical pulse in the grey shading is enlarged in (C). Pulse waveform is 30 Hz PBC (PW = 0.33 ms, PB = 16.34 ms) (Soetaert et al., 2019).

end of a measurement day and were found to remain stable and
similar to the housing tanks.

We used two Casio Exilim Pro EX-F1 cameras (1280× 720 px,
30 fps) per tank to record the behaviour, one with a top view and
one with a front view of the measurement area. Two floodlights
above the front camera illuminated the setup. A transparent
Plexiglas tray on top of the water prevented image distortions
due to the water surface. Digital clocks (Technoline WS 8005
and Fisher Scientific) and a pulse stimulus indicator light were
placed in view of the cameras for precise timing information.
To minimise external disturbances, black curtains were placed
around and above each experimental setup.

The electrical stimulus, generated by a high-power laboratory
pulse generator (LPG, EPLG bvba, Belgium), consisted of
rectangular-shaped Pulsed Bipolar Current (Soetaert et al.,
2019) at a frequency of 30 Hz and pulse width of 0.33 ms
(Figures 1B,C). These pulse parameters are similar to those
used in a HFK PulseWing system targeting sole (Soetaert et al.,
2014, 2019; pers. comm. Harmen Klein Woolthuis of HFK
Engineering B.V.). We used a pulse exposure duration of 3 s,
which is about twice the duration animals would experience for
commercial fishing gears with 4 m long electrode arrays (de
Haan et al., 2016; Soetaert et al., 2019) towed at about 5 knots
(van Marlen et al., 2014; Depestele et al., 2019; Poos et al., 2020;
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Rijnsdorp et al., 2020a). The electric field strength was set to
200 V m−1 (Vpk on electrodes = 86 V), which equals the field
strength at about 3 cm distance to commercial electrodes that
are 40 cm apart (de Haan et al., 2016). A feedback system
controlled the voltage, which was additionally monitored with an
oscilloscope. At the start of a treatment, the animals were located
upright in the middle of the experimental area, on top of the
sediment. For species that needed repositioning, all animals were
handled equally.

Behavioural Responses
For all species, except flying crab, species-specific behaviours
included righting duration as relevant locomotion behaviour,
where increased righting times may reveal negative effects
of pulse stimulation. Single pre- and post-treatment rightings
were measured to maximise the number of specimens per
species, except for echinoderms, where we repeated rightings
5 times in accordance with variations in righting duration
reported by Lawrence and Cowell (1996). Pilot measurements
indicated low variability in righting duration for the other
species. Because rightings sometimes take very long, or may
be postponed indefinitely, one has to set a time limit to
righting measurements. Time limits were species-specific and
based on pilot measurements and, if available, literature data
(Lawrence and Cowell, 1996; Davies et al., 1998; Ramsay and
Kaiser, 1998; Canty et al., 2009). In all cases, the limits were at
least 3 standard deviations above the mean righting duration.
If an animal passed the time limit during the pre-treatment
measurement (which was identical for exposure and control
groups), we removed the animal from the experiment (numbers
given in the results). These animals could not have shown
increased post-treatment righting durations, and the same rule
was applied for control and exposure groups. These exclusions
were therefore unlikely to reduce a potential effect, and allowed
us to increase the sample size and gain statistical power.
Post-treatment time-outs were scored as missing data, and
we performed an extended analysis to test the robustness
of the statistical tests for different ‘potential’ durations (see
results). Species-specific behaviours, such as walking/crawling
and burying started after the pre- and post-treatment righting
measurements. However, for starfish and serpent star that both
lacked a response to stimulation, walking duration was measured
starting immediately after the fifth righting event when the
treatment was provided (i.e., only once), to increase sensitivity
for detecting a potential effect.

To measure righting duration for starfish and serpent star,
animals were picked up by hand from an upright orientation,
with equal arm orientations, and were placed upside down on
the sediment. Righting duration was defined as the time between
the aboral surface touching the sediment and the ambulacra of
all five arms in contact with the sediment (Canty et al., 2009).
Starfish were given 17 min to right during each of the first five
righting events. For starfish and serpent star walking duration
was quantified by the time to move from the centre of the tank,
directly after the fifth righting event, to the tank wall or electrode.
We also scored when animals started burying in the sediment, in
which case walking duration was a missing value.

For whelk and sea mouse, righting duration was measured
once before and after treatment, in a procedure similar to that for
the echinoderms. The animal was hand-released with the shell
or dorsal side facing down and righting duration was measured
from touching the sediment, until the complete foot or ventral
side was in contact with the sediment (Fong et al., 2017). The
time limits for rightings of whelk and sea mouse were set to
15 min and 10 min respectively. If animals passed the time limit
in the post-treatment assessment they were manually righted for
the subsequent behavioural assessment. To quantify locomotion
behaviour for whelk and sea mouse we scored how many started
burying and we measured (1) the time until the start of burying
or (2) the time to reach a wall if they did not start to bury
(crawling/walking duration). Complete burying duration could
not be quantified as whelk and sea mouse often remained partly
buried (van Dam, 1940; Himmelman and Hamel, 1993). We
also scored when animals remained stationary on the sediment
after righting, in which case the duration until the start of
burying and crawling/walking duration was a missing value. In
whelk, this occurred in one control and two exposure group
specimens before treatment and two control and three exposure
group animals after treatment. The post-treatment specimens
that remained stationary include the three animals that were also
stationary in the pre-treatment measurement.

For hermit crab we measured righting duration once before
and once after treatment, in a procedure similar to that for whelk
and sea mouse. Righting duration ended when all legs were in
contact with the sediment and the shell was rotated to the normal
position. We also quantified locomotion activity in a 500 s period
after the righting reflex. Locomotion activity was quantified
from the top camera footage, using an automated tracking
procedure programmed in Python (Python Software Foundation,
n.d.) in combination with OpenCV. The tracking algorithm
provided a measure of the area changed from frame to frame,
and of the number of objects corresponding to these changes
(Supplementary Material 3). The former is more sensitive to
whole-body movements, whereas the latter is also highly sensitive
to movements of body extremities in the absence of whole-
body movements. For flying crab, righting duration could not
be measured and we only quantified locomotion activity, as
described for the hermit crab.

Apart from crustacean locomotion activity, behavioural
responses were scored in real-time. In case of doubt or missing
values, the behaviours were scored from recorded videos.

Survival
After behavioural response measurements, animals were
individually placed in custom-built containers and returned
to their housing tanks (Supplementary Material 4). Survival
monitoring was based on Kaiser and Spencer (1995) and
performed daily on weekdays for 14 days. During survival
monitoring, animals were not fed to emphasise possible
vitality differences.

Statistical Analyses
The effect of treatment on righting duration, on walking/crawling
duration, on the duration until the start of burying, and on
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locomotion activity (crabs) was analysed by fitting a linear
mixed effect model by Restricted Maximum Likelihood. Each
model included treatment (i.e., control and exposure), event
(i.e., pre- and post-treatment measurements), as well as their
interaction as fixed effects. Body mass and length were included
as additional fixed effects to exclude a potential effect of
body size differences between control and exposure groups
on the measured behaviours. We include both body mass
and length to account for changes in shape when animal
size differs. Individual identity was included as a random
effect to correct for pseudo-replication and for between-
individual variation irrespective of fixed effects. Comparisons
between the control and exposure group within each event
were subsequently performed using a multiple comparison
procedure. Because we used a species-specific design, models
were applied to each species separately. Although body mass
and length are collinear, this is irrelevant since we do not
aim to disentangle these predictors, but merely wish to
discount them in estimating the effect of electrical pulse
treatment. Because we correct for body mass and length
in the multiple comparison procedure, estimated treatment
effects are independent of body size. Since walking duration
for echinoderms was measured once, the potential effects
were estimated in linear models (no random effects) using
Maximum Likelihood. Similar to the linear mixed effect
models, treatment, body mass and length were included as
fixed effects. To meet the assumptions of normality and
homoscedasticity, we performed a visual assessment for optimal
data transformation. All species-specific behaviour data were
ln-transformed, except for flying crab, where we applied a
power transformation because in four instances a zero value
was present in the dataset (animals remained stationary).
The power parameter, lambda, was optimised for the area
changed and for the number of objects separately (0.265
and 0.357, respectively). See Supplementary Material 5 for
additional information on the statistical methods of the
behavioural measurements.

The effect of electrical exposure on survival at 14 days
after the behaviour measurements was assessed by fitting a
generalized linear model by Maximum Likelihood and a logit link
for the quasi-binomially distributed response, with treatment,
species (i.e., common starfish, serpent star, common whelk,
sea mouse, common hermit crab, and flying crab), and their
interaction as fixed effects. Similarly to behavioural models,
effects of body mass and length were taken into account. Species-
specific comparisons of survival between the treatments were
subsequently performed using a multiple comparison procedure.
We used the quasi-binomial distribution because data were found
to be underdispersed (ϕ = 0.39) when we used a binomial
distribution. We compare results for the two distributions and
further motivate the choice for the quasi-binomial distribution in
Supplementary Material 6.

All statistical analyses were performed in R v3.6.1 (R
Core Team, 2019). Visual assessment of the optimal data
transformation for the behavioural models was performed
using the symbox function from the car package (Fox and
Weisberg, 2019), mixed models were fitted using the lme4

package (Bates et al., 2015), significance tests for the fixed
effects were performed with lmerTest (Kuznetsova et al.,
2017), and multiple comparison procedures were performed with
multcomp (Hothorn et al., 2008). P-values were adjusted for
multiple testing using the single-step method.

RESULTS

Behavioural Responses
Starfish and serpent star continued their normal behaviour
during electrical stimulation, without signs of immobilisation
or agitation. Starfish and serpent star either continued walking
or burying, where starfish generally walked and serpent star
more often buried. Pre-treatment righting durations for all
starfish were 2.47 ± 1.85 min (mean ± SD), with no clear
trend, except for a slightly larger variability in the first righting
(Figure 2A). Ten starfish (out of 95 animals in total) passed
the 17 min time limit for righting in the pre-treatment period.
Post-treatment righting times were similar to the pre-treatment
times (2.25 ± 1.57 min and 2.31 ± 1.17 min for control
and exposure group respectively). Serpent star righted within
several seconds with limited variation (Figure 2B). No significant
differences were found between treatments in righting duration
in any of the righting events, for starfish nor for serpent
star (see Supplementary Material 5 for additional information
on statistical output of the behavioural measurements). More
exposed serpent star started walking instead of burying (76.2%
versus 38.1% for the control). Walking durations were neither
significantly different between the control and exposed specimens
for starfish (t78 = 0.233, p = 0.816; Figure 2C) nor for serpent star
(t20 = 1.389, p = 0.180; Figure 2D).

All whelk retracted, at least partly, in their shell during
electrical stimulation. Responses immediately after electrical
exposure were variable: one specimen remained retracted for
the full 30 s, 14.6% exhibited escape type of movements by
contorting the foot, but most animals showed limited locomotion
activity. During or immediately after stimulation 63.4% of
the animals ejected a white substance, presumably related
to reproduction. The percentages of whelk, in control and
exposure group respectively, that remained stationary (60.9%
and 63.4%), crawled (37% and 22%), or buried (2.2% and 4.9%)
were similar. Pre-treatment righting durations for all whelk
were 4.67 ± 3.16 min. Sixteen whelk (out of 103 animals
in total) passed the 15 min time limit for righting in the
pre-treatment period. Post-treatment righting durations were
shorter, in both control (2.81 ± 1.63 min) and exposed group
(2.74 ± 2.40 min) (Figure 3A), but differences between the
control and exposed group were not significant (z = –0.973,
p = 0.527). After electrical stimulation, the duration until the
start of burying seemed lower for the exposed (29.5 ± 37.2 s)
than for the control specimens (47.7 ± 38.6 s), but the difference
was not significant (z = –1.701, p = 0.162; Figure 3B). Slightly
more exposed whelk started crawling instead of burying (51.2%
versus 39.1% for the control). Crawlers reached the wall in
3.64 ± 1.74 min (control) and 2.74 ± 1.60 min (exposed group).
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FIGURE 2 | Pre- and post-treatment response measurements of locomotion behaviours in starfish and serpent star for the control group (green) and exposure group
(orange). (A) Righting duration of starfish (ncontrol = 44 in righting event 1 to 8, ncontrol = 43 in righting event 9 and 10, nexposure = 41). (B) Righting duration of serpent
star (ncontrol = 21, nexposure = 21 in righting event 1 to 9, nexposure = 20 in righting event 10). (C) and (D) Walking duration of starfish (ncontrol = 42, nexposure = 40) and
serpent star (ncontrol = 8, nexposure = 16) respectively. Photographs by © Hans Hillewaert, ILVO.

This difference was also not significant (z = −1.685, p = 0.170;
Figure 3C).

About half of the sea mouse (47.6%) showed a squirming
type of movement during stimulation. The remainder either
kept walking (2.4%) or burying (11.9%), or showed no obvious
response. In the 30 s after stimulation, no major differences

between treatment groups were observed. Exposed sea mouse
showed a slightly higher tendency to start walking (38.1%
versus 15.9% for the control group), and started burying less
frequently (35.7% versus 50%). The other animals remained
stationary (26.2% for exposed and 34.1% for control animals).
Pre-treatment righting times for all animals were 1.19± 1.27 min
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A B C

FIGURE 3 | Pre- and post-treatment response measurements of locomotion behaviours in whelk for the control group (green) and exposure group (orange).
(A) Righting duration of whelk (npre&post,control = 46, npre&post,exposure = 41), whereafter each righting event, whelk could either start burying or crawl to the side of the
setup, or remain stationary. (B) Duration until the start of burying of whelk (npre,control = 25, npre,exposure = 21, npost,control = 26, npost,exposure = 17). (C) Crawling
duration of whelk (npre,control = 20, npre,exposure = 18, npost,control = 18, npost,exposure = 21). Photographs by © Hans Hillewaert, ILVO.

(Figure 4A). Two sea mouse (out of 88 animals in total)
passed the 10 min time limit for righting in the pre-treatment
period. In addition, for 5 control and 8 exposed animals post-
treatment values were missing due to passing the time limit
in the post-treatment period. Because here extended righting
times indicate a potential effect, these missing data potentially
bias our results. To check this, we included them by assigning
a value of 11 min (time limit plus 1) to the missing control
animals and increasingly larger values for the exposed group.
For values 10 times greater than the time limit, the effect of
treatment was still non-significant (z = 2.132, p = 0.062). This
factor of 10 (i.e., 100 min) corresponds to a highly unlikely value
of 45 standard deviations (2.17 min) above the mean (1.94 min)
of the measured righting durations. Relatively more sea mouse
started to bury in the post-treatment period compared to the
pre-treatment period, but this effect was similar for the control
(79.5% and 68.2%) and exposure group (59.5% and 54.8%). Also,
the duration until the start of burying (Figure 4B) was similar
for the control (20.5 ± 17.2 s) and for the exposed specimens
(32.2 ± 33.9 s) and did not differ significantly (z = 1.268,
p = 0.355). Animals that ensued walking after righting, took
57.7 ± 29.7 s (control) and 73.0 ± 46.8 s (exposed) to reach

the wall (Figure 4C), which was not significantly different
(z = 1.040, p = 0.480).

Hermit crabs immediately retracted, mostly completely,
into the shell upon stimulation. Immediately after stimulation
behaviours of exposed and control animals were similar: The
majority emerged within 30s and started walking or burying.
Most hermit crabs righted within one minute in both treatment
groups (Figure 5A). Post-treatment righting durations were
significantly longer for the exposed group compared to the
control group (z = 3.807, p < 0.001). This was due to prolonged
retraction durations, because hermit crabs showed variable
emerging times. When we scored post-treatment righting
duration starting at the moment of emerging from the shell
(Figure 5B), the difference between the control (6.8 ± 13.0 s)
and exposed animals (9.1 ± 11.4 s) was not significantly
different (t81 = 1.663, p = 0.100; estimated in a linear model
using Maximum Likelihood, with treatment, body mass, and
length as fixed effects; Supplementary Material 5). Hermit crabs
displayed different behaviours during the locomotion activity
period, including filtering sediment, walking, and burying.
With locomotion activity quantified as the area changed, the
exposed group showed significantly reduced activity compared
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FIGURE 4 | Pre- and post-treatment response measurements of locomotion behaviours in sea mouse for the control group (green) and exposure group (orange).
(A) Righting duration of sea mouse (npre,control = 44, npre,exposure = 42, npost,control = 39, npost,exposure = 34), whereafter each righting event, sea mouse could either
start burying or walk to the side of the setup. (B) Duration until the start of burying of sea mouse (npre,control = 30, npre,exposure = 23, npost,control = 35,
npost,exposure = 25). (C) Walking duration of sea mouse (npre,control = 14, npre,exposure = 19, npost,control = 9, npost,exposure = 17). Photographs by © Hans Hillewaert,
ILVO.

to the control group in the post-treatment period (z = –2.220,
p = 0.047; Figure 5C). Yet, no significant differences were found
when the locomotion activity was expressed as the number
of moving objects (z = –1.483, p = 0.223; Figure 5D). These
measurements indicate that hermit crabs tend to continue
normal activity of their extremities, but show reduced whole-
body movements.

All flying crab withdrew their extremities during stimulation,
and thereafter either swam, walked, or ran away immediately,
whilst control animals remained stationary or walked slowly.
None showed prolonged immobilisation. The exposed group,
however, showed significant reductions of locomotion activity in
the post-treatment period, both for activity quantified as the area
changed (z = –2.353, p = 0.036; Figure 6A) and as the number of
moving objects (z = –2.419, p = 0.030; Figure 6B). Area changed
was reduced by a factor of 1.1 for control animals compared
to a factor of 2 for exposed animals. Similarly, the number of
moving parts was reduced by a factor of 1 for control animals
compared to 1.7 for exposed animals. During the locomotion
activity measurements animals in both the control and exposed
group showed the full range of normal behaviours.

Survival
All starfish, whelk, and sea mouse survived the 14-days
survival period. Serpent star survival of the control and
exposure group was 86% and 81% respectively, which did
not differ significantly (z = −0.435, p = 0.999). Hermit
crab survival of the control and exposure group was 93%
and 91% respectively, which neither differed significantly
(z = −0.800, p = 0.963). A significant difference in survival
was found for flying crab, but survival was higher in
the exposed group (86%) than the control group (65%)
(z = 3.273, p = 0.006). See Supplementary Material 6
for additional information on statistical output of the
survival measurements.

DISCUSSION

Marine benthic invertebrates form a crucial link between
primary producers and higher level consumers, hence disrupting
invertebrate populations might affect benthic food webs (Covich
et al., 2004; Heath, 2005; Sokołowski et al., 2012). To assess
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DCBA

FIGURE 5 | Pre- and post-treatment measurements of locomotion behaviours in hermit crab for the control group (green) and exposed group (orange). (A) Righting
duration of hermit crab as measured from moment of placement on the sediment (npre&post,control = 43, npre,exposure = 43, npost,exposure = 42). The exposed group had
a significantly larger righting duration in the post-treatment assessment. (B) Post-treatment righting duration as measured from the moment of emerging from the
shell (ncontrol = 43, nexposure = 42). After each righting event, locomotion activity was quantified with tracking software using (C) the area changed as proxy for
whole-body movements and (D) the number of objects as proxy for body extremity movements (npre&post = 43 in both treatments). Animals in the exposure group
had a significantly reduced whole-body movement but not in movements of the body extremities. Significance codes: ***p ≤ 0.001, 0.01 < *p ≤ 0.05. Photographs
by © Hans Hillewaert, ILVO.

potential effects of electrical pulses on locomotion behaviour
and survival of invertebrates, we studied six species with diverse
neuromuscular and musculoskeletal systems. The selected
species, from four phyla, occupy different niches and have
different functions in benthic food webs in areas that are likely
subjected to pulse trawling.

Behavioural Responses
We observed a wide range of acute responses during and
immediately after electrical stimulation, ranging from no visible
response in echinoderms, to immediate retractions in hermit
crabs. Our observations correspond well to previous findings.
Smaal and Brummelhuis (2005) and van Marlen et al. (2009) also
reported absence of an acute response in echinoderms, including
the same species, and Psammechinus miliaris and Ophiothrix
fragilis. Other species showed different degrees of escape or
defensive behaviours during and immediately after stimulation.
In our study about half of the sea mouse squirmed during
stimulation, which was not reported by Smaal and Brummelhuis
(2005). In Alitta virens, another polychaete, a similar response
pattern was observed, varying from no response (Smaal and
Brummelhuis, 2005) to various intensities of squirming and
jerky movements (van Marlen et al., 2009; Soetaert et al., 2014).
Exposed sea mouse showed an increase in walking frequency
directly after stimulation, indicating an increased escape response

frequency, as sea mouse normally reside (partially) buried in the
sediment (van Dam, 1940; Mettam, 1971). Hermit crab retracted
and flying crab withdrew their extremities during electrical
stimulation, but recovered after stimulation, as also found by
Smaal and Brummelhuis (2005), followed by shelter and escape
behaviour. These responses are similar to the tail flip responses in
Crangon crangon and Palaemon spp., and stiffening in Carcinus
maenas (Smaal and Brummelhuis, 2005; van Marlen et al., 2009;
Soetaert et al., 2014, 2016). Our finding that invertebrates respond
differently during stimulation, but that all resume their normal
behavioural repertoire mostly within 30 s thus extends similar
observations in previous studies.

In common whelk, we observed immediate retraction in
their shell, similar to results of Smaal and Brummelhuis (2005)
in the same species, and in another marine gastropod, Tritia
reticulata. However, the observed foot contortions and ejection
of a white substance have not previously been reported. Foot
contortions are part of the marine gastropod escape response and
similar to the behaviour when a potential predator is detected
(Harvey et al., 1987; Thomas and Himmelman, 1988; Legault and
Himmelman, 1993). Ejection of a white substance, presumably
sperm, was observed in 63.4% of the specimens. Experiments
were performed in autumn, in the reproductive season of the
gonochoric whelk (Heude-Berthelin et al., 2011), and female
animals were also observed depositing egg cases in the housing
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A B

FIGURE 6 | Pre- and post-treatment measurements of locomotion activity in flying crab (npre&post,control = 46, npre&post,exposure = 44). (A) The area changed as proxy
for whole-body movements and (B) the number of objects as proxy for body extremity movements. Post-treatment locomotion activity of animals in the exposure
group was reduced significantly. Significance code: 0.01 < *p ≤ 0.05. Photographs by © Hans Hillewaert, ILVO.

tank. It is unclear to what extent the presumed ejaculation
of sperm would compromise whelk reproduction. Moreover, it
raises the question whether the female reproductive system could
be affected, which might affect egg-capsule depositions.

In all cases, animals resumed normal behavioural patterns
within 30 s after stimulation. This, however, does not exclude
longer lasting changes in locomotion performance that might
compromise survival after a trawling event. To assess such
additional effects, we performed quantitative comparisons
of behaviours before and after electrical stimulation. These
behaviours were chosen to be relevant for each specific species,
such as righting reflexes, burying and walking/crawling activity.
In particular, we were interested in changes that would increase
the risk for predation after a trawling event, such as increased
righting times or suppression of escape and shelter behaviours.
In general, we found no indications for such effects. Righting
duration and locomotion activity were not significantly affected
by electrical stimulation in starfish, serpent star, whelk, and sea
mouse. However, in serpent star and whelk we found shifts
in the frequency of burying and walking/crawling, indicating
that stimulation may induce escape behaviours (Himmelman
and Hamel, 1993; Sköld, 1998). However, locomotion capacity
appeared unaffected as the walking/crawling duration and
duration until start of burying were not significantly different
between exposed and control groups. Sea mouse, irrespective
of treatment, displayed increased burying activity, indicating
that their natural behaviour is not disrupted by stimulation. In
hermit crab, post-treatment righting durations in the exposure

group were significantly longer (Figure 5A). This, however, was
due to increased retraction times, as the animals remained in
their shell, resulting in almost complete protection (Kaiser and
Spencer, 1995). Increased righting times thus indicate an increase
of defensive behaviours that limits rather than increases risk
for predation. For hermit crabs, we also found subtle changes
in locomotion behaviour that indicate a reduction of whole-
body displacements, while maintaining activity patterns related
to e.g., feeding.

In flying crab, locomotion activity was significantly reduced,
although the animals were obviously capable of immediate
escape behaviour after stimulation. Predation risk can induce
predation avoidance behaviour (Legault and Himmelman, 1993),
by moving to safer habitats (Lima and Dill, 1990). Locomotion
activity may reduce in response to predation risk (Lima and
Dill, 1990), which decreases the probability of detection by the
predator (Ejdung, 1998). Reduced activity of flying crab, due to
increased burying activity and remaining stationary along the
borders of the experimental area, could indicate that exposed
specimens perceived the electrical stimulus as a threat, resulting
in shelter behaviour. The shift in behaviour of flying crabs
therefore does not necessarily compromise long-term survival.

Survival
We found no negative effect of electrical pulse stimulation on
the 14-days survival. The lack of an effect was not due to
high variability in survival; in half of the species we found
no mortality at all. These findings corroborate with previous
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findings in starfish, serpent star, whelk, sea mouse, hermit crab,
and flying crab (Smaal and Brummelhuis, 2005; van Marlen
et al., 2009). For other species (i.e., Acanthocardia echinata,
Cerastoderma edule, Ensis spp., Laevicardium crassum, Mytilus
edulis, Spisula subtruncata, Tritia reticulata, Ophiothrix fragilis,
Psammechinus miliaris, Carcinus maenas, Corystes cassivelaunus,
Crangon crangon, Homarus americanus, Palaemon spp., and
Alitta virens), variable survival rates after electrical exposure have
been reported (Smaal and Brummelhuis, 2005; van Marlen et al.,
2009; Soetaert et al., 2014, 2016). A significant negative effect
on survival was found in some species, but only when different
stimulus settings were combined in statistical modelling (van
Marlen et al., 2009). Soetaert et al. (2016) found an effect on 14-
days survival, when stimulating repetitively over the course of
multiple days, but only compared to one of the two controls. Our
results suggest that for many species electrical exposure similar to
that in commercial pulse fishing does not compromise survival.

Limitations
Even though our choice of species is limited, our results
provide insight into the potential effects of electrical pulses
on direct responses, post-treatment behaviour, as well as long-
term survival. Obviously, extrapolation of our findings to
other species and species groups should be done with caution.
Moreover, because we focused on locomotion behaviour, effects
on feed intake, growth, and reproduction remained outside
the scope of the current study. Future studies could include a
wider range of behaviours, and species with other body plans
and infauna, as the electric field also penetrates the sediment
(de Haan and Burggraaf, 2018).

We used undamaged specimens to minimise variation and
therefore focused on effects of electrical stimulation in a
healthy population. Injuries are also known to impact behaviour,
predator-evasion-responses, and survival (Kaiser and Spencer,
1994, 1995; Ramsay and Kaiser, 1998; Bergman and van
Santbrink, 2000; Depestele et al., 2014). Our measurements
therefore do not include a potential combined effect of electrical
stimulation and injuries. If these effects are of concern, one would
need to conduct a much larger experiment to test the interaction
of electrical stimulation and physical condition (e.g., injuries)
of animals. Technically this is far more complicated and one
should also consider that mechanical disturbance of pulse gears
and beam trawl gears may be different (Depestele et al., 2016,
2019; Tiano et al., 2019). Bergman and Meesters (2020) found,
for example, that direct mortality of benthic megafauna caused
by pulse trawl gear was 43% less than a conventional beam trawl
but the difference was not significant. Tiano et al. (2020) found
no significant differences between the impact on smaller as well
as deeper dwelling infauna by PulseWing rigged pulse trawlers
and tickler-chain rigged beam trawlers.

To be able to finish a sufficiently large sample, we set a
time limit to measurements that might last indefinitely. Time
limits were well above the mean righting duration, hence only
affect outliers. Animals that passed the limit in the pre-treatment
measurements were removed from the experiment. By doing so
we intended to increase the sensitivity for finding significant
stimulation effects. Not only did it allow for a larger sample

size, but animals that already passed the time limit in the pre-
treatment period could not have shown an increased duration
after treatment. Setting time limits focuses the experiment on
the average behaviour and may have occluded an effect for
very slow animals, but it increased the statistical power and
predictability for the bulk of the population, which is arguably
more relevant. In our study, missing data were limited, and
sensitivity analysis showed that they were highly unlikely to affect
our conclusions.

In most cases, we did not find significant differences
between the post-treatment control and exposure groups in the
quantitative behavioural comparisons. These findings were not
limited by sample size, which was sufficient to detect relevant
treatment effects (see Supplementary Materials 5, 6). Small,
potential differences below the statistical detection threshold,
are considered irrelevant, given the time course of mechanical
disturbance and sediment resuspension during in situ trawling
events (Depestele et al., 2016, 2019; Tiano et al., 2019). These
additional effects limit visibility, and thus vulnerability, beyond
the potentially delayed behavioural response of exposed animals.

We subjected the animals to 200 V m−1 in a homogeneous
electric field, which equals the electric field strength at about 3 cm
next to a fishing gear electrode (de Haan et al., 2016; de Haan
and Burggraaf, 2018). Inter-electrode distances for commercial
gears are about 40 cm, indicating that the majority of organisms is
subjected to substantially weaker stimuli in commercial trawling.
In addition, exposures were about a factor of two longer than
an animal would experience in commercial trawling. In our
experiments, animals were exposed only once to the electrical
stimulus. We, therefore, cannot exclude that multiple, repetitive
exposures would lead to other effects. Apart from a study by
Soetaert et al. (2016), that found a limited impact of repetitive
exposure on survival, but not on moulting, egg loss, and virus
infection in Crangon crangon, effects of multiple exposures are
unknown. However, the probability of repetitive exposure by
commercial trawling is low (ICES, 2018). It therefore seems likely
that our stimulus was substantially stronger than what the average
population might experience.

Finally, many aspects play a role in assessing the impact of
bottom trawling on the ecosystem, including catch efficiency,
fishing effort and distribution, physical impact of the gear,
seafloor and habitat characteristics, benthic community
composition and sensitivity, and food web interactions (e.g.,
Queirós et al., 2006; Shephard et al., 2010; Pusceddu et al., 2014;
van Denderen et al., 2014, 2015; Clark et al., 2016; Depestele
et al., 2016; Eigaard et al., 2016; Sciberras et al., 2016; Rijnsdorp
et al., 2018; Hiddink et al., 2019). Integrating these aspects into
impact assessments of bottom trawling techniques is gaining
international momentum (e.g., Eigaard et al., 2017; Hiddink
et al., 2017, 2020; Sciberras et al., 2018; Mazor et al., 2020;
Rijnsdorp et al., 2020b). Bottom fishing impact assessments, in
turn, can support and facilitate fisheries management to reduce
fishing effects on ecosystems (e.g., Pikitch et al., 2004; Crowder
and Norse, 2008; Suuronen et al., 2012; Kaiser et al., 2016;
McConnaughey et al., 2020). Our findings add to a scientific
basis for weighing the advantages and disadvantages of electrical
pulse fishing compared to other types of bottom fishing.
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Conclusion
Survival results nor behavioural results indicate a large
detrimental effect of electrical pulses on invertebrates. We
found species-specific differences in behavioural susceptibility
of benthic marine invertebrates to electrical pulse stimulation.
Direct effects were either absent (starfish and serpent star)
or squirms (sea mouse), and retractions (whelk, hermit crab,
and flying crab), potentially followed by increased escape
or shelter behaviour. However, we never observed prolonged
immobilisation or abnormal locomotion behaviour in any of
the species and locomotion performance was not impaired.
Indirect mortality, caused by increased predation susceptibility,
is therefore expected to be minimal. Survival was not negatively
affected in any species. Our findings provide a strong indication
that concerns regarding survivability of invertebrates after
electrical pulsing are not supported by scientific evidence.
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Supplementary Material 1. Feeding of experimental animals. 
 
Common starfish (Asterias rubens) were fed with whole, defrosted blue mussel (Mytilus edulis) 
of which the empty shells were removed within two days after feeding. Serpent star (Ophiura 
ophiura), common whelk (Buccinum undatum), common hermit crab (Pagurus bernhardus), 
and flying crab (Liocarcinus holsatus) were fed with a mix of cut, defrosted blue mussel meat, 
common cockle meat (Cerastoderma edule), European smelt (Osmerus eperlanus), European 
squid (Loligo vulgaris), greater sandeel (Hyperoplus lanceolatus), and sprat (Sprattus 
sprattus). Sea mouse (Aphrodita aculeata) were fed with live and dead king ragworm (Alitta 
virens), but were never observed feeding. Any uneaten food was removed within two days after 
feeding. 
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Supplementary Material 2. Body mass and length measurements. 

Body mass and length measurements were performed after the behavioural measurements and 
prior to placing the animals in the survival containers (Supplementary Material 4). Body 
length was measured to the nearest millimetre, using a calliper (Figure S2). Wet body mass 
was measured to the nearest gram (Scout Pro Portable Electronic Balance, Ohaus). The 
measured mean body mass and length with standard deviations are reported in Table S2 per 
species and treatment group. 

Figure S2. The white solid lines indicate over which distance body length was measured. (A) 
In common starfish (Asterias rubens) length was quantified by the mean length for all arms. 
(B) In serpent star (Ophiura ophiura) disk diameter was used as length parameter. (C) In
common whelk (Buccinum undatum) shell length was used. (D) In sea mouse (Aphrodita
aculeata) length was measured over the midline of the body. (E) In common hermit crab
(Pagurus bernhardus) shell length was used. (F) In flying crab (Liocarcinus holsatus) carapace
width was used as length parameter. Photographs by © Hans Hillewaert, ILVO.

Table S2. Mean body mass and length with standard deviations measured per species for each 
treatment group (i.e. control and exposure). 
Species Number of animals 

per treatment group 
Body mass 
(mean ± SD) [g] 

Body length 
(mean ± SD) [cm] 

Control Exposure Control Exposure Control Exposure 
Starfish 44 41 35.9 ± 13.8 34.7 ± 15.3 6.4 ± 0.9 6.5 ± 1.2 
Serpent star 21 21 2.0 ± 0.8 2.3 ± 0.5 1.7 ± 0.2 1.8 ± 0.1 
Whelk 46 41 37.9 ± 25.5 40.1 ± 26.6 6.2 ± 1.3 6.3 ± 1.4 
Sea mouse 44 42 11.7 ± 4.6 13.3 ± 5.1 6.6 ± 1.2 6.9 ± 1.0 
Hermit crab 43 43 10.0 ± 9.0 11.3 ± 11.9 3.8 ± 1.3 3.8 ± 1.5 
Flying crab 46 44 12.5 ± 4.5 12.9 ± 4.3 3.6 ± 0.4 3.6 ± 0.4 

(A) (B) (C)

(D) (E) (F)
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Figure S3. Example of the raw data extracted by the tracking software from the images made 
by the top camera on the experimental setup of a flying crab (Liocarcinus holsatus) over time. 
To automatically track activity we performed a background subtraction, with a dynamically 
updated background. Next, the difference image was thresholded and we scored the resulting 
number of detected objects as well as the total area changed from frame to frame. Both 
measurements are given in arbitrary units, as the absolute value depends on tracking 
parameters. Parameters were identical for control and exposed animals and for pre- and post-
treatment measurements and their relative values were highly consistent for different tracking 
parameters. Pre- and post-treatment periods are indicated in light and dark grey, respectively. 
Electrical stimulation occurred at around 11 min, indicated by the yellow vertical line. The sum 
of the data in green, demarcated by the red tick marks (equivalent to 500 s), is used as 
locomotion activity proxy for (A) whole body moments (area changed) and (B) body extremity 
movements (number of moving objects). In this example, a decrease of locomotion activity 
after the electrical stimulus is observable by reduced amount of ‘green data’ in the post-
treatment period. Activities indicated in blue were mainly due to handling the animals at the 
start, around the time of stimulation and at the end of the measurement, and were not taken into 
account. Handling procedures included adding and removing the animal to and from the setup, 
moving the animal to the middle of the experimental area after the first 10 min to start 
stimulation, and temporary removal of the animal after the acute response measurement to level 
the sediment as was done prior to the pre-treatment measurement period. 
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Supplementary Material 4. The survival experiment. 

After the behavioural measurements when body mass and length were recorded, animals were 
transferred to survival containers. Common starfish (Asterias rubens), serpent star (Ophiura 
ophiura), sea mouse (Aphrodita aculeata), and common whelk (Buccinum undatum) were 
individually placed in custom-build containers made of black plastic mesh (11 x 11 mm) of 25 
x 15 cm (height x diameter) (Figure S4A). Common hermit crab (Pagurus bernhardus) and 
flying crab (Liocarcinus holsatus) were individually placed in white plastic containers 
(Bartscher) of 14.5 x 11 cm (height x diameter) that were closed on top using a sheet of black 
plastic mesh (11 x 11 mm) of 11 x 11 cm (length x width) (Figure S4B). Containers were 
strapped together and provided with an identification tag to keep track of individuals. The 
animals were returned to their housing tank for a 14-days survival period without feeding to 
emphasise possible vitality differences. Survival assessment was species-specific, based on 
Kaiser and Spencer (1995), and performed daily on weekdays: common starfish and serpent 
star were examined for movement of either the body or tube feet; common hermit crab and 
flying crab were examined for general movements or beating of the maxillipeds; sea mouse 
was examined for contraction of the longitudinal muscles and curled bodies after light 
stimulation of their ventral side using a long tie wrap (if necessary, animals were excavated 
from the sediment first); common whelk was examined for general movement when lightly 
stimulated on the foot. 

Figure S4. Containers used for individual housing during the survival experiment. (A) Survival 
container type used for common starfish, serpent star, sea mouse, and common whelk. (B) 
Survival container type used for common hermit crab and flying crab. 

Reference 
Kaiser, M. J., and Spencer, B. E. (1995). Survival of by-catch from a beam trawl. Mar. Ecol.

(A) (B)

Prog. Ser. 126, 31–38. doi: 10.3354/meps126031. 

https://doi.org/10.3354/meps126031
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Supplementary Material 5. Statistical methods and output of behavioural measurements. 
 
Statistical data for common starfish (Asterias rubens) are given in Tables S5A,B & Figures 
S5A,B, for serpent star (Ophiura ophiura) in Tables S5C,D & Figures S5C,D, for common 
whelk (Buccinum undatum) in Tables S5E,F,G & Figures S5E,F,G, for sea mouse (Aphrodita 
aculeata) in Tables S5H,I,J & Figures S5H,I,J, for common hermit crab (Pagurus 
bernhardus) in Tables S5K,L,M,N & Figures S5K,L,M,N, and for flying crab (Liocarcinus 
holsatus) in Tables S5O,P & Figures S5O,P. 
 
The effect of treatment on righting duration, walking/crawling duration (not applicable to 
echinoderms), the duration until the start of burying, and locomotion activity (crabs) was 
analysed by fitting a linear mixed effect model by Restricted Maximum Likelihood: 
 

B𝑖𝑖,𝑗𝑗~𝑁𝑁�𝛼𝛼 + 𝛼𝛼𝑖𝑖 + 𝛽𝛽1T𝑖𝑖 + 𝛽𝛽2E𝑖𝑖,𝑗𝑗 + 𝛽𝛽3T𝑖𝑖×E𝑖𝑖,𝑗𝑗 + 𝛽𝛽4M𝑖𝑖 + 𝛽𝛽5L𝑖𝑖,𝜎𝜎2�, 
 
where Bi,j is the specific behaviour of the ith individual (i.e. random effect) at the jth event E 
(i.e. pre- and post-treatment measurement events). α is the overall intercept, αi the individual-
specific intercept, Ti the treatment (i.e. control or exposure), Mi the body mass, and Li the body 
length of the ith individual and σ represents the residual standard deviation. Because we used 
a species-specific design, models were applied to each species separately. 
 
Since walking duration for echinoderms and post-treatment righting duration from the moment 
of emerging with the cephalothorax from the shell for hermit crab were measured once, the 
potential effects were estimated in linear models (no random effects) using Maximum 
Likelihood: 
 

B𝑖𝑖~𝑁𝑁(𝛼𝛼 + 𝛽𝛽1T𝑖𝑖 + 𝛽𝛽2M𝑖𝑖 + 𝛽𝛽3L𝑖𝑖,𝜎𝜎2), 
 
where Bi is the walking duration of common starfish or serpent star, or the righting duration 
from the moment of emerging in hermit crab. α is the overall intercept, Ti the treatment (i.e. 
control or exposure), Mi the body mass, and Li the body length of the ith individual and σ 
represents the residual standard deviation. 
 
To meet the assumptions of normality and homoscedasticity, all species-specific behaviour 
data were ln-transformed, except for flying crab, where we applied a power transformation 
because in four instances a zero value was present in the dataset (animals remained stationary). 
The power parameter, lambda, was optimised for the area changed and for the number of 
objects separately (0.265 and 0.357, respectively). Lambda was estimated using the 
powerTransform function within the Yeo-Johnson power family (Yeo and Johnson, 2000) 
implemented in the car package (Fox and Weisberg, 2019). For the fixed effects, we only 
report the intercept, as well as the fixed effects that were kept constant at the overall mean 
during the multiple comparison procedure (i.e. body mass and length). Confidence intervals 
for random effects were calculated using the confint.merMod function implemented in the 
lme4 package (Bates et al., 2015). The fixed effects of main interest (i.e. treatment, event, and 
treatment × event) are given as the output of the multiple comparison procedure between the 
control and exposure group within each event. Significance codes: p ≤ 0.001 ***, ≤ 0.01 **, ≤ 
0.05 *, > 0.05 n.s. 
 
To test whether sample sizes were sufficient to detect relevant effects, given the standard 
deviations (SD) and for a power of 85%, we performed a power analysis based on a t-test with 
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the pwr.t2n.test function in the pwr package (Champely, 2020). Subsequently, we 
calculated Cohen’s d (Cohen, 1988) and the corresponding mean of the exposure group, as an 
estimate of the effect size we could have detected. Power analyses were performed for all 
models where we did not find a significant effect of treatment or where we did not perform a 
sensitivity analysis. Outcomes are provided in the caption of the table with the respective model 
output. This simplified power analysis does not take multiple fixed effects, interactions, and 
random effects into account, and may thus underestimate the power of the models depending 
on the effect sizes of these parameters. Results show that current sample sizes provide ample 
power to detect significant differences that would be interesting (i.e. indicate a negative effect 
of the treatment).  
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Table S5A. Fixed effects, random effects, and multiple comparisons for ln-transformed 
righting duration in starfish, estimated in a linear mixed effect model by Restricted Maximum 
Likelihood. No significant effect of treatment was found. Measured righting durations are 
shown in Figure 2A of the manuscript. If the mean of the exposure group would have been 
0.90 SD larger in the sixth righting event (i.e. 2.99 min instead of 2.14 min), we would have a 
power of 85% with current sample size. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 0.9980 0.2699 89.2895 3.698 0.0004 *** 
body mass 0.0086 0.0040 81.1214 2.123 0.0368 * 
body length –0.0578 0.0558 80.9966 –1.037 0.3030 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 0.0946 0.0632 0.1293 
residual 0.1699 0.1503 0.1837 

 
Multiple comparisons 

Timing Righting 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 
 

1 44 41 –0.0436 0.1122 –0.388 1.000 n.s. 
2 44 41 –0.0476 0.1122 –0.424 1.000 n.s. 
3 44 41 0.1824 0.1122 1.625 0.572 n.s. 
4 44 41 0.1783 0.1122 1.589 0.600 n.s. 
5 44 41 0.2245 0.1122 2.001 0.308 n.s. 

Post-
treatment 

6 44 41 0.1019 0.1122 0.908 0.976 n.s. 
7 44 41 0.1485 0.1122 1.323 0.799 n.s. 
8 44 41 0.1562 0.1122 1.392 0.751 n.s. 
9 43a 41 –0.0413 0.1127 –0.366 1.000 n.s. 
10 43a 41 0.1212 0.1127 1.076 0.930 n.s. 

a righting duration from one starfish specimen in the 9th and 10th righting event was missing 
(out of 850 measurements) due to failure of camera equipment. 
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Figure S5A. Regression diagnostics of the starfish righting duration model as provided in 
Table S5A. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot.
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Table S5B. Ln-transformed walking duration of starfish as function of the exposure and control 
treatment (i.e. exposed to the electrical pulse stimulus or not) estimated in a linear model by 
Maximum Likelihood with body mass and length as additional fixed effects. No significant 
effect of treatment was found. Measured walking durations are shown in Figure 2C of the 
manuscript. If the mean of the exposure group would have been 0.47 SD larger (i.e. 1.45 min 
instead of 1.06 min), we would have a power of 85% with current sample size. 

Estimate Standard 
error 

df t-value p-value Sig.

intercept 1.0340 0.5424 78 1.906 0.0603 n.s.
exposure 0.0338 0.1450 78 0.233 0.8161 n.s.
body mass –0.0004 0.0078 78 –0.045 0.9644 n.s.
body length –0.1908 0.1124 78 –1.697 0.0936 n.s.
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Figure S5B. Regression diagnostics of the starfish walking duration model as provided in 
Table S5B. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5C. Fixed effects, random effects, and multiple comparisons for ln-transformed 
righting duration in serpent star, estimated in a linear mixed effect model by Restricted 
Maximum Likelihood. No significant effect of treatment was found. Measured righting 
durations are shown in Figure 2B of the manuscript. If the mean of the exposure group would 
have been 1.07 SD larger in the sixth righting event (i.e. 2.7 s instead of 2.0 s), we would have 
a power of 85% with current sample size. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 1.5502 0.4563 39.0967 3.397 0.0016 ** 
body mass 0.2236 0.1286 37.9905 1.738 0.0903 n.s. 
body length –0.8275 0.4189 37.9815 –1.976 0.0555 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 0.0148 0.0064 0.0246 
residual 0.0705 0.0584 0.0777 

 
Multiple comparisons 

Timing Righting 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 
 

1 21 21 0.1148 0.0942 1.219 0.894 n.s. 
2 21 21 –0.0584 0.0942 –0.620 0.999 n.s. 
3 21 21 –0.0689 0.0942 –0.732 0.997 n.s. 
4 21 21 0.2141 0.0942 2.273 0.191 n.s. 
5 21 21 0.1121 0.0942 1.190 0.907 n.s. 

Post-
treatment 
 

6 21 21 0.0482 0.0942 0.512 1.000 n.s. 
7 21 21 0.1427 0.0942 1.515 0.706 n.s. 
8 21 21 0.0042 0.0942 0.044 1.000 n.s. 
9 21 21 –0.0600 0.0942 –0.637 0.999 n.s. 
10 21 20a –0.0015 0.0950 –0.015 1.000 n.s. 

a righting duration from one serpent star specimen in the 10th righting event was missing (out 
of 420 measurements) due to failure of camera equipment.  
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Figure S5C. Regression diagnostics of the serpent star righting duration model as provided in 
Table S5C. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5D. Ln-transformed walking duration of serpent star as function of the exposure and 
control treatment (i.e. exposed to the electrical pulse stimulus or not) estimated in a linear 
model by Maximum Likelihood with body mass and length as additional fixed effects. No 
significant effect of treatment was found. Measured walking durations are shown in Figure 2D 
of the manuscript. If the mean of the exposure group would have been 1.25 SD larger (i.e. 10.3 
s  instead of 8.0 s), we would have a power of 85% with current sample size. 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 4.9516 2.0513 20 2.414 0.0255 * 
exposure 0.1988 0.1431 20 1.389 0.1801 n.s. 
body mass 0.4165 0.3947 20 1.055 0.3039 n.s. 
body length –2.2534 1.6481 20 –1.367 0.1867 n.s. 
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Figure S5D. Regression diagnostics of the serpent star walking duration model as provided in 
Table S5D. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5E. Fixed effects, random effects, and multiple comparisons for ln-transformed 
righting duration in whelk, estimated in a linear mixed effect model by Restricted Maximum 
Likelihood. No significant effect of treatment was found. Measured righting durations are 
shown in Figure 3A of the manuscript. If the mean of the exposure group would have been 
0.59 SD larger in the second righting event (i.e. 4.15 min instead of 2.74 min), we would have 
a power of 85% with current sample size. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 0.4564 0.4869 84.39 0.937 0.3513 n.s. 
body mass 0.0003 0.0058 83.00 0.054 0.9569 n.s. 
body length 0.1563 0.1104 83.00 1.416 0.1606 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 0.1471 0.0738 0.2246 
residual 0.1816 0.1337 0.2426 

 
Multiple comparisons 

Timing Righting 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 46 41 –0.2069 0.1233 –1.678 0.167 n.s. 

Post-
treatment 

2 46 41 –0.1199 0.1233 –0.973 0.527 n.s. 
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Figure S5E. Regression diagnostics of the whelk righting duration model as provided in Table 
S5E. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5F. Fixed effects, random effects, and multiple comparisons for ln-transformed 
duration until the start of burying in whelk, estimated in a linear mixed effect model by 
Restricted Maximum Likelihood. No significant effect of treatment was found. Measured 
durations until the start of burying are shown in Figure 3B of the manuscript. If the mean of 
the exposure group would have been 1.46 SD larger in the second burying event (i.e. 1.39 min 
instead of 0.49 min), we would have a power of 85% with current sample size. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept –3.1927 1.408 48.9188 –2.267 0.0279 * 
body mass –0.0338 0.0233 50.6385 –1.452 0.1528 n.s. 
body length 0.5728 0.3560 48.7948 1.609 0.1141 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 0.5277 0.1480 0.9219 
residual 0.6186 0.3863 0.9545 

 
Multiple comparisons 

Timing Burying 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 25 21 0.2511 0.3145 0.798 0.651 n.s. 

Post-
treatment 

2 26 17 –0.5583 0.3283 –1.701 0.162 n.s. 
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Figure S5F. Regression diagnostics of the whelk duration until the start of burying model as 
provided in Table S5F. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram 
of Pearson residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5G. Fixed effects, random effects, and multiple comparisons for ln-transformed 
crawling duration in whelk, estimated in a linear mixed effect model by Restricted Maximum 
Likelihood. No significant effect of treatment was found. Measured crawling durations are 
shown in Figure 3C of the manuscript. If the mean of the exposure group would have been 
1.60 SD larger in the second crawling event (i.e. 5.29 min instead of 2.74 min), we would have 
a power of 85% with current sample size. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 1.5200 0.7032 40.0584 2.161 0.0367 * 
body mass 0.0102 0.0066 35.2476 1.555 0.1290 n.s. 
body length –0.1235 0.1444 37.9440 –0.855 0.3977 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 0.1073 0.0000 0.2127 
residual 0.1636 0.0956 0.2752 

 
Multiple comparisons 

Timing Crawling 
event 

Number of animals Estimate Standard 
error 

z- 
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 20 18 –0.2052 0.1679 –1.222 0.382 n.s. 

Post-
treatment 

2 18 21 –0.2792 0.1657 –1.685 0.170 n.s. 

  



Page 16 of 34 

Figure S5G. Regression diagnostics of the whelk crawling duration model as provided in 
Table S5G. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5H. Fixed effects, random effects, and multiple comparisons for ln-transformed 
righting duration in sea mouse, estimated in a linear mixed effect model by Restricted 
Maximum Likelihood. For 5 control and 8 exposed sea mouse, post-treatment righting duration 
was longer than 10 min, leading to missing values. To check whether these missing data may 
have biased our results, we performed a sensitivity analysis in which we included the specimens 
by assigning a value of 11 min to the 5 control animals and a value of 100 min (10 times the 
time limit) for the 8 exposed animals. No significant effect of treatment was found. Measured 
righting durations are shown in Figure 4A of the manuscript. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 3.2029 1.1194 83.2302 2.861 0.0053 ** 
body mass 0.1528 0.0596 82.0000 2.548 0.0127 * 
body length –0.7841 0.2605 82.0000 –3.011 0.0035 ** 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 0.6024 0.2850 0.9366 
residual 0.8210 0.6032 1.0984 

 
Multiple comparisons 

Timing Righting 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 44 42 0.0790 0.2600 0.304 0.9371 n.s. 

Post-
treatment 

2 44a 42b 0.5542 0.2600 2.132 0.0619 n.s. 

a 5 missing values in the control group were given a value of 11 min; b 8 missing values in the 
control group were given a value of 100 minutes  
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Figure S5H. Regression diagnostics of the sea mouse righting duration model as provided in 
Table S5H. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot. Please note that for 5 control and 8 
exposed sea mouse, post-treatment righting durations were longer than 10 min, leading to 
missing values. To check whether these missing data may have biased our results, we 
performed a sensitivity analysis in which we included the specimens by assigning a value of 
11 min to the 5 control animals and a value of 100 min (10 times the time limit) for the 8 
exposed animals. The extreme values in this figure correspond to these 8 exposure group 
animals. 
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Table S5I. Fixed effects, random effects, and multiple comparisons for ln-transformed 
duration until the start of burying in sea mouse, estimated in a linear mixed effect model by 
Restricted Maximum Likelihood. No significant effect of treatment was found. Measured 
durations until the start of burying are shown in Figure 4B of the manuscript. If mean of the 
exposure group would have been 0.29 SD larger in the second burying event (i.e. 41.9 s instead 
of 32.2 s), we would have a power of 85% with current sample size. 

Fixed effects 
Estimate Standard 

error 
df t-value p-value Sig.

intercept –1.0212 0.8199 46.4428 –1.246 0.2192 n.s.
body mass 0.0282 0.0430 46.0770 0.657 0.5143 n.s.
body length –0.1355 0.1918 46.0645 –0.706 0.4837 n.s.

Random effects 
Variance 2.5 % confidence level 97.5 % confidence level 

individual identity 0.1911 0.0083 0.3635 
residual 0.3324 0.2171 0.5120 

Multiple comparisons 
Timing Burying 

event 
Number of animals Estimate Standard 

error 
z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 30 23 0.2528 0.1993 1.268 0.355 n.s. 

Post-
treatment 

2 35 25 0.2253 0.1907 1.182 0.405 n.s. 



Page 20 of 34 

Figure S5I. Regression diagnostics of the sea mouse duration until the start of burying model 
as provided in Table S5I. (A) Scatter plot of Pearson residuals versus fitted values, (B) 
histogram of Pearson residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5J. Fixed effects, random effects, and multiple comparisons for ln-transformed 
walking duration in sea mouse, estimated in a linear mixed effect model by Restricted 
Maximum Likelihood. No significant effect of treatment was found. Measured crawling 
durations are shown in Figure 4C of the manuscript. If the mean of the exposure group would 
have been 0.75 SD larger in the second walking event (i.e. 108.0 s instead of 73.0 s), we would 
have a power of 85% with current sample size. 

Fixed effects 
Estimate Standard 

error 
df t-value p-value Sig.

intercept 1.0317 0.8080 28.3577 1.277 0.212 n.s.
body mass –0.0134 0.0441 27.7311 –0.305 0.763 n.s.
body length –0.1735 0.1852 28.0326 –0.937 0.357 n.s.

Random effects 
Variance 2.5 % confidence level 97.5 % confidence level 

individual identity 0.1135 0.0141 0.2132 
residual 0.1213 0.0672 0.2098 

Multiple comparisons 
Timing Walking 

event 
Number of animals Estimate Standard 

error 
z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 14 19 0.1812 0.1821 0.995 0.509 n.s. 

Post-
treatment 

2 9 17 0.2097 0.2016 1.040 0.480 n.s. 
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Figure S5J. Regression diagnostics of the sea mouse walking duration model as provided in 
Table S5J. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5K. Fixed effects, random effects, and multiple comparisons for ln-transformed 
righting duration in hermit crab, estimated in a linear mixed effect model by Restricted 
Maximum Likelihood. Post-treatment righting duration of the exposure group was significantly 
longer than in the control group. Measured righting durations are shown in Figure 5A of the 
manuscript. 

Fixed effects 
Estimate Standard 

error 
df t-value p-value Sig.

intercept –3.0620 0.6819 83.8298 –4.491 <0.0001 ***
body mass –0.0094 0.0350 82.4803 –0.269 0.7887 n.s.
body length 0.2492 0.2590 82.4471 0.962 0.3388 n.s.

Random effects 
Variance 2.5 % confidence level 97.5 % confidence level 

individual identity 1.1986 0.8039 1.6307 
residual 0.3729 0.2733 0.5000 

Multiple comparisons 
Timing Righting 

event 
Number of animals Estimate Standard 

error 
z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 43 43 0.0755 0.2725 0.277 0.9286 n.s. 

Post-
treatment 

2 43 42a 1.0394 0.2730 3.807 0.0003 *** 

a righting duration from one hermit crab specimen in the 2nd righting event was missing (out of 
172 measurements) due to failure of camera equipment. 
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Figure S5K. Regression diagnostics of the hermit crab righting duration model as provided in 
Table S5K. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram of Pearson 
residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5L. Ln-transformed post-treatment righting duration measured from the moment of 
emerging with the cephalothorax from the shell in hermit crab as function of the exposure and 
control treatment (i.e. exposed to the electrical pulse stimulus or not) estimated in a linear 
model by Maximum Likelihood with body mass and length as additional fixed effects. No 
significant effect of treatment was found. Measured righting durations from the moment of 
emerging are shown in Figure 5B of the manuscript. If the mean of the exposure group would 
have been 0.50 SD larger (i.e. 14.9 s instead of 9.1 s), we would have a power of 85% with 
current sample size. 

Estimate Standard 
error 

df t-value p-value Sig.

intercept 0.6234 0.6188 81 1.007 0.317 n.s.
exposure 0.3817 0.2295 81 1.663 0.100 n.s.
body mass –0.0225 0.0321 81 –0.702 0.485 n.s.
body length 0.2214 0.2372 81 0.933 0.353 n.s.
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Figure S5L. Regression diagnostics of the hermit crab post-treatment righting duration 
measured from the moment of emerging with the cephalothorax from the shell model as 
provided in Table S5L. (A) Scatter plot of Pearson residuals versus fitted values, (B) histogram 
of Pearson residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5M. Fixed effects, random effects, and multiple comparisons for ln-transformed area 
changed as proxy for whole-body movements in hermit crab, estimated in a linear mixed effect 
model by Restricted Maximum Likelihood. Post-treatment whole-body movement of the 
exposure group was significantly lower than in the control group. Measured whole-body 
movements are shown in Figure 5C of the manuscript. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 14.3975 0.5932 84.5212 24.271 <0.0001 *** 
body mass 0.0470 0.0304 82.0000 1.546 0.1259 n.s. 
body length 0.2104 0.2246 82.0000 0.937 0.3515 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 0.8186 0.5155 1.1491 
residual 0.4582 0.3367 0.6130 

 
Multiple comparisons 

Timing Locomotion 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 43 43 –0.1764 0.2455 –0.719 0.6693 n.s. 

Post-
treatment 

2 43 43 –0.5451 0.2455 –2.220 0.0465 * 
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Figure S5M. Regression diagnostics of the hermit crab area changed as proxy for whole-body 
movements model as provided in Table S5M. (A) Scatter plot of Pearson residuals versus fitted 
values, (B) histogram of Pearson residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5N. Fixed effects, random effects, and multiple comparisons for ln-transformed 
number of moving objects as proxy for body extremity movements in hermit crab, estimated 
in a linear mixed effect model by Restricted Maximum Likelihood. No significant effect of 
treatment was found. Measured body extremity movements are shown in Figure 5D of the 
manuscript. If the mean of the exposure group would have been 0.90 SD larger in the second 
locomotion event, we would have a power of 85% with current sample size. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 9.0585 0.4792 84.4943 18.903 <0.0001 *** 
body mass 0.0273 0.0245 82.0000 1.112 0.2696 n.s. 
body length 0.1434 0.1814 82.0000 0.790 0.4316 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 0.5359 0.3382 0.7515 
residual 0.2959 0.2174 0.3958 

 
Multiple comparisons 

Timing Locomotion 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 43 43 –0.1146 0.1982 –0.579 0.766 n.s. 

Post-
treatment 

2 43 43 –0.2938 0.1982 –1.483 0.223 n.s. 
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Figure S5N. Regression diagnostics of the hermit crab number of moving objects as proxy for 
body extremity movements model as provided in Table S5N. (A) Scatter plot of Pearson 
residuals versus fitted values, (B) histogram of Pearson residuals, and (C) normal quantile-
quantile scatter plot. 
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Table S5O. Fixed effects, random effects, and multiple comparisons for power-transformed 
area changed as proxy for whole-body movements in flying crab, estimated in a linear mixed 
effect model by Restricted Maximum Likelihood. Post-treatment whole-body movement of the 
exposure group was significantly lower than in the control group. Measured whole-body 
movements are shown in Figure 6A of the manuscript. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 58.573 44.111 86.291 1.328 0.1877 n.s. 
body mass 2.961 1.744 86.000 1.697 0.0933 n.s. 
body length –9.611 18.132 86.000 –0.530 0.5974 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 140.9 45.4334 238.2256 
residual 302.2 223.6513 401.7453 

 
Multiple comparisons 

Timing Locomotion 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 46 44 4.722 4.451 1.061 0.4818 n.s. 

Post-
treatment 

2 46 44 –10.473 4.451 –2.353 0.0362 * 
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Figure S5O. Regression diagnostics of the flying crab area changed as proxy for whole-body 
movements model as provided in Table S5O. (A) Scatter plot of Pearson residuals versus fitted 
values, (B) histogram of Pearson residuals, and (C) normal quantile-quantile scatter plot. 
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Table S5P. Fixed effects, random effects, and multiple comparisons for power-transformed 
number of objects as proxy for body extremity movements in flying crab, estimated in a linear 
mixed effect model by Restricted Maximum Likelihood. Post-treatment body extremity 
movement of the exposure group was significantly lower than in the control group. Measured 
body extremity movements are shown in Figure 6B of the manuscript. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 24.8938 23.7632 86.2830 1.048 0.2978 n.s. 
body mass 1.4964 0.9398 86.0000 1.592 0.1150 n.s. 
body length –3.5108 9.7680 86.0000 –0.359 0.7202 n.s. 

 
Random effects 

 Variance 2.5 % confidence level 97.5 % confidence level 
individual identity 42.07 14.6025 70.2012 
residual 85.35 63.1576 113.4504 

 
Multiple comparisons 

Timing Locomotion 
event 

Number of animals Estimate Standard 
error 

z-
score 

p-
value 

Sig. 
Control Exposure 

Pre-
treatment 

1 46 44 1.624 2.387 0.680 0.7352 n.s. 

Post-
treatment 

2 46 44 –5.774 2.387 –2.419 0.0302 * 
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Figure S5P. Regression diagnostics of the flying crab number of moving objects as proxy for 
body extremity movements model as provided in Table S5P. (A) Scatter plot of Pearson 
residuals versus fitted values, (B) histogram of residuals, and (C) normal quantile-quantile 
scatter plot. 

References 
Bates, D., Mächler, M., Bolker, B. M., and Walker, S. C. (2015). Fitting linear mixed-effects 

models using lme4. J. Stat. Softw. 67, 1–48. doi: 10.18637/jss.v067.i01 

Champely, S. (2020). pwr: Basic functions for power analysis. R package version 1.3–0. 

Cohen, J. (1988). Statistical power analysis for the behavioral sciences, 2nd Edn. New York, 
NY: Taylor & Francis Inc. 

Fox, J., and Weisberg, S. (2019). An {R} companion to applied regression, 3rd Edn. London: 
SAGE Publications Ltd. 

Yeo, I.-K., and Johnson, R. A. (2000). A new family of power transformations to improve

−2 −1 0 1 2

−10

−20

0

10

20

−20 −10 0 10 20

0

10

20

30

40

50

−10

−20

0

10

10 20 30 40 50
Fitted values

Pe
ar

so
n 

re
si

du
al

s
(A)

Pearson residuals

Fr
eq

ue
nc

y

(B)

Theoretical quantiles

Sa
m

pl
e 

qu
an

til
es

(C)

normality or symmetry. Biometrika 87, 954–959. doi: 10.1093/biomet/87.4.954 

https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1093/biomet/87.4.954


Page 1 of 3 
 

Supplementary Material 6. Statistical methods and output of survival measurements. 
 
Supporting information on the statistical analyses of the survival measurements for common 
starfish (Asterias rubens), serpent star (Ophiura ophiura), common whelk (Buccinum 
undatum), sea mouse (Aphrodita aculeata), common hermit crab (Pagurus bernhardus), and 
flying crab (Liocarcinus holsatus) (Tables S6A,B). The effect of electrical exposure on 
survival at 14 days after the behaviour measurements was assessed by fitting a generalized 
linear model by Maximum Likelihood and a logit link for the binomially distributed response 
or quasi-binomially distributed response, with treatment (i.e. control or exposure), species, and 
their interaction as fixed effects. We included body mass and length as additional fixed effects 
to account for potential differences in size between the control and exposure groups. The effect 
of treatment on survival probability was analysed in a generalized linear model with a logit 
link for (i) a binomially distributed response, and (ii) quasi-binomially distributed response: 
 

(i) P𝑖𝑖~𝐵𝐵𝐵𝐵𝐵𝐵(1,𝑝𝑝𝑖𝑖), 𝑙𝑙𝑙𝑙𝑙𝑙𝐵𝐵𝑙𝑙(𝑝𝑝𝑖𝑖) = 𝛼𝛼 + 𝛽𝛽1T𝑖𝑖 + 𝛽𝛽2S𝑖𝑖 + 𝛽𝛽3T𝑖𝑖 × S𝑖𝑖 + 𝛽𝛽4M𝑖𝑖 + 𝛽𝛽5L𝑖𝑖, 
 

(ii) P𝑖𝑖~𝐵𝐵𝐵𝐵𝐵𝐵(1,𝑝𝑝𝑖𝑖), 𝑙𝑙𝑙𝑙𝑙𝑙𝐵𝐵𝑙𝑙(𝑝𝑝𝑖𝑖)~𝑁𝑁(𝛼𝛼 + 𝛽𝛽1T𝑖𝑖 + 𝛽𝛽2S𝑖𝑖 + 𝛽𝛽3T𝑖𝑖 × S𝑖𝑖 + 𝛽𝛽4M𝑖𝑖 + 𝛽𝛽5L𝑖𝑖,𝜎𝜎2), 
 

where Pi corresponds to the binary survival (0: died, 1: survived) of the ith individual. α is the 
overall intercept, Ti the factor representing the treatment (i.e. control or exposure), Si the 
species (i.e. starfish, serpent star, whelk, sea mouse, hermit crab, or flying crab), Mi the body 
mass, and Li the body length of the ith individual and σ represents the dispersion parameter. 
 
Model output of the generalized linear model with a binomially distributed response (i) is 
shown in Table S6A and in Table S6B for the generalized linear model with a quasi-binomially 
distributed response (ii). For the fixed effects, we only report the intercept, as well as the fixed 
effects that were kept constant at the overall mean during the multiple comparison procedure 
(i.e. body mass and length) in the first sub table. Species-specific comparisons of survival 
between the treatments were subsequently performed using a multiple comparison procedure. 
The fixed effects of main interest (i.e. treatment, species, and treatment × species) are given in 
the second sub table, as the output of the multiple comparison procedure. Significance codes: 
p ≤ 0.001 ***, ≤ 0.01 **, ≤ 0.05 *, > 0.05 n.s. 
 
Because the data were found to be underdispersed (φ = 0.39) for the binomial model, we 
switched to a generalized linear model with a quasi-binomially distributed response which 
accounts for observed dispersion. Underdispersion indicates lower variability in the data than 
expected, which can occur for instance when measurements are not fully independent 
(Kokonendji, 2014; Xekalaki, 2015). For survival experiments this could be due to, for 
example, neighbour or downstream effects when housing animals in the same water system. 
Accounting for dispersion did not cause overfitting, nor did it change the regression parameter 
estimates and thus the fitted values (Tables S6A,B), but increased the sensitivity of the test.  
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Table S6A. Fixed effects and multiple comparisons explaining variation in animal survival, 
estimated in a generalized linear model with a binomial distribution. No significant effect of 
treatment was found. No mortality occurred in both treatment groups of starfish, whelk, and 
sea mouse. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 2.5310 1.5160 475 1.670 0.0950 n.s. 
body mass 0.0987 0.0884 475 1.117 0.2640 n.s. 
body length –0.8756 0.6885 475 –1.272 0.2035 n.s. 

 
Multiple comparisons 

Species Number of animals Estimate Standard 
error 

z-score p-value Sig. 
Control Exposure 

Starfish 44 41 0.2562 3705.6730 0.000 1.000 n.s. 
Serpent star 21 21 –0.2481 0.8390 –0.296 1.000 n.s. 
Whelk 46 41 –0.0395 3605.9539 0.000 1.000 n.s. 
Sea mouse 44 42 0.0486 3773.5626 0.000 1.000 n.s. 
Hermit crab 43 43 –0.4444 0.8160 –0.545 0.995 n.s. 
Flying crab 46 44 1.1987 0.5382 2.227 0.146 n.s. 

 
 
Table S6B. Fixed effects and multiple comparisons explaining variation in animal survival, 
estimated in a generalized linear model with a quasi-binomial distribution. Only in flying crab 
a significant effect of treatment was found, where survival probability of animals in the 
exposure group was significantly higher than the control group. No mortality occurred in both 
treatment groups of starfish, whelk, and sea mouse. 

Fixed effects 
 Estimate Standard 

error 
df t-value p-value Sig. 

intercept 2.5310 1.0314 475 2.454 0.0145 * 
body mass 0.0987 0.0601 475 1.642 0.1013 n.s. 
body length –0.8756 0.4684 475 –1.869 0.0622 n.s. 

 
Multiple comparisons 

Species Number of animals Estimate Standard 
error 

z-score p-value Sig. 
Control Exposure 

Starfish 44 41 0.2562 2521.2162 0.0000 1.0000 n.s. 
Serpent star 21 21 –0.2481 0.5708 –0.435 0.9986 n.s. 
Whelk 46 41 –0.0395 2453.3706 0.0000 1.0000 n.s. 
Sea mouse 44 42 0.0486 2567.4060 0.0000 1.0000 n.s. 
Hermit crab 43 43 –0.4444 0.5552 –0.800 0.9633 n.s. 
Flying crab 46 44 1.1987 0.3662 3.273 0.0064 ** 
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To retrospectively test whether the sample size was sufficiently large to find an effect of certain 
size, we performed a power analysis with the pwr.f2.test function in the pwr package
(Champely, 2020) with u = 13, v = 462, sig.level = 0.05 and we changed the values of argument 
“f2”. In this function, “u” is the numerator degrees of freedom (i.e. the number of coefficients
in the model minus the intercept), “v” the denominator degrees of freedom (i.e. n – u – 1),
“sig.level” the significance level, and “f2” is the effect size measure. As suggested by
Cohen (1988), an f2 of 0.35, 0.15, and 0.02 represents a large, medium, and small effect size
respectively. In case of the survival model, when f2 was set to 0.05, 0.04, 0.03, and 0.02, we
had a power of 91%, 82%, 67%, and 45% respectively. Hence with current sample size and a 
rather small effect size, we find high probability of rejecting the null hypothesis if a true effect 
is present (i.e. an alternative hypothesis is true). 
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