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Electrical pulse trawling is an alternative to conventional beam trawling for common sole (Solea solea), with substantially less discards, lower fuel consumption, and reduced impact on the benthic ecosystem. Pulsed electric fields are used to drive the fish from the seafloor and immobilise them in front of the nets. Concerns exist, however, that the electric fields may affect fishes outside the trawl track. Here, we address these concerns by measuring amplitude thresholds for behavioural responses and by comparing these response thresholds to simulated field strengths around fishing gear. Electroreceptive small-spotted catshark (Scyliorhinus canicula) and thornback ray (Raja clavata) as well as non-electroreceptive European seabass (Dicentrarchus labrax), turbot (Scophthalmus maximus), and common sole were, one at the time, placed in a ø2.5 m circular tank with seven, individually controlled, evenly spaced electrode pairs, spanning the diameter of the tank. Behavioural responses were assessed from camera recordings for different pulse amplitudes and for different fish positions relative to the stimulating electrodes. Electrical stimulation consisted of a Pulsed Bipolar Current at 45 Hz and 0.3 ms pulse width, similar to that used in commercial gears. Computer simulations of the electric field, verified with in situ measurements, were used to determine the field strength at the location of the animal. Thresholds for different species varied between 6.0 and 9.8 V m–1, with no significant difference between electroreceptive and non-electroreceptive species. The thresholds correspond to a distance of maximally 80 cm from the electrode arrays in simulated electric fields around commercial fishing gears. These findings suggest that electrical pulses as used in pulse trawling are unlikely to elicit a behavioural response outside the nets that surround the electrode arrays.
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Introduction

Bottom trawling is widely used to capture demersal fishes and invertebrates but comes with negative effects on the marine ecosystem and environment (de Groot, 1984; Jones, 1992; Kaiser et al., 2006; Callaway et al., 2007; Thurstan et al., 2010; Hiddink et al., 2017; Amoroso et al., 2018; Mazor et al., 2021; Pitcher et al., 2022; Sala et al., 2022). Fishing-gear innovation may help to limit negative environmental effects of bottom trawling (Brewer et al., 2006; He, 2007; Suuronen and Sardà, 2007; Haasnoot et al., 2016; ICES, 2020b; van Hoof et al., 2020; Hilborn et al., 2023; Sala et al., 2023). For bottom trawls targeting common sole (Solea solea) in the North Sea, a promising modification is the replacement of tickler chains with electrode arrays (Soetaert et al., 2015b). Whereas tickler chains use mechanical stimulation to chase the fish out of the sediment, pulse gears use pulsed electric fields to drive the fish from the seafloor and immobilise them in front of the nets (Soetaert et al., 2015b; Soetaert et al., 2019). Fitting trawlers with electrode arrays can lessen the environmental impact by reducing fuel consumption (van Marlen et al., 2014; Poos et al., 2020), discard rates (van Marlen et al., 2014; van Overzee et al., 2023), physical disturbance of the benthic ecosystem (Depestele et al., 2016; Depestele et al., 2019; Rijnsdorp et al., 2021), impact on benthic organisms (Soetaert et al., 2015a; Soetaert et al., 2016d; Bergman and Meesters, 2020; Tiano et al., 2020; Boute et al., 2021), and the benthic ecosystem (Rijnsdorp et al., 2020b; Tiano et al., 2021; Tiano et al., 2022). Furthermore, compared to tickler-chain trawling, pulse trawling has increased selectivity (van Marlen et al., 2014; Poos et al., 2020; van Overzee et al., 2023), discard survival rates (van der Reijden et al., 2017), and revenues (Batsleer et al., 2016; Turenhout et al., 2016). When catch volumes are limited by regulations, the lower ecological footprint as a result of reduced towing speed and increased catch efficiency is, arguably, a major advantage (Rijnsdorp et al., 2020b).

Concerns exist, however, that the electric field extends well beyond the netting, potentially affecting fish outside the trawl track (Desender et al., 2017; ICES, 2018; Quirijns et al., 2018). Exposure to pulsed electric fields may cause different responses, depending on the field strength (Snyder, 2003; Soetaert et al., 2015a; Soetaert et al., 2019). High field strengths may cause epileptic seizures and whole-body muscle contractions. Lower field strengths may induce involuntary muscle twitches and uncontrolled swimming. Moreover, if a fish would be able to sense low field strengths, this could lead to complex changes in behaviour. Thresholds for the different types of responses are likely species-specific and may also vary with waveform parameters such as pulse duration and frequency (de Haan et al., 2016; Desender et al., 2016; Soetaert et al., 2019). Pulse trawlers targeting common sole, however, use invariable electrical settings (ICES, 2020a), leaving electric field strength as the dominant variable.

It is unknown if fish can respond to low electric field strengths generated by pulse trawlers. Common sole – the target species for pulse trawlers – responds to high field strengths by curling their body upwards in a U-shape during which they are immobilised, without obvious damage (Soetaert et al., 2015b; Soetaert et al., 2016b). Whole-body muscle contractions in non-target species, especially bilaterally-symmetrical round fish, may however lead to spinal injuries and internal haemorrhages, as studied in the laboratory (de Haan et al., 2016; Soetaert et al., 2016a; Soetaert et al., 2016b; Soetaert et al., 2018; Schram et al., 2022) and under field conditions (van Marlen et al., 2014; Soetaert et al., 2016c; Boute, 2022; Boute et al., 2022; Boute et al., 2023). Whole-body muscle contractions occur at field strengths above 37 V m–1 in Atlantic cod (Gadus morhua) resulting in a 50% spinal injury probability in larger specimens at 80 V m–1 (95% CI: 60–110 V m–1) (de Haan et al., 2016). Such high field strengths occur only in close proximity of the stimulating electrodes (de Haan et al., 2016; de Haan and Burggraaf, 2018), and are unlikely to affect fish beyond the boundaries of the nets which are at about 40–90 cm from the electrode arrays depending on the pulse gear type and number of arrays (above and sideways from the most outer electrode arrays). Lower field strengths, however, may extend well beyond the nets and could potentially cause major behavioural changes.

Especially elasmobranchs might sense the electric fields at a large distance from the source. Elasmobranchs have electroreceptors, the ampullae of Lorenzini, with extremely high sensitivity to electric fields (Dijkgraaf and Kalmijn, 1962; Murray, 1962; Dijkgraaf and Kalmijn, 1963; England and Robert, 2021). They use, a.o., electroreception to detect prey that is hidden in the sediment (Montgomery and Bodznick, 1999; Newton et al., 2019). Desender et al. (2017) found that exposure of electroreceptive small-spotted catshark (Scyliorhinus canicula) to a high electric field strength did not result in impaired electroreception. de Haan et al. (2009) reported variable responses of small-spotted catshark depending on distance to the electrodes, but no attempt was made to quantify this relationship, nor to quantify threshold strengths for minimal behavioural responses. In a freshwater electrofishing context, non-electroreceptive fish have been found to respond to electrical stimuli of low field strengths via a startle response or galvanotaxis (Taylor et al., 1957; Snyder, 2003; Pottier et al., 2020). Galvanotaxis is expected to be minimal in marine electrotrawling because bipolar pulses are used, the scale of operation is larger than in freshwater (Bary, 1956; Polet, 2010; Soetaert et al., 2019), and – if it occurs – galvanotaxis is presumably outweighed by the gear towing speed of about 4–5 knots (2.1–2.6 m s–1) (Poos et al., 2020; Rijnsdorp et al., 2020b). Startle responses or even attraction or repulsion could occur, however, if fish sense the electric field besides or above the electrode arrays.

Here, we investigate behavioural response thresholds of marine fish to the pulsed electric field used by commercial pulse trawlers. For the behavioural measurements, fish were placed in a large circular tank with seven, individually controlled, evenly spaced electrode pairs, spanning the diameter of the tank. Absence or presence of a behavioural response was assessed from camera recordings for different electrical stimulation amplitudes and for different positions of the fish relative to the stimulating electrodes. Any visible change in behaviour, e.g. changing speed or direction of swimming, during the stimulation period was scored as a response. To assess field strength thresholds, pulse amplitude and choice of stimulation electrodes was varied according to a modified staircase procedure (Treutwein, 1995; Leek, 2001). Computer simulation of the electric field, verified with measurements in the experimental setup, was subsequently used to determine the electric field strength at the animal’s location.

We quantified response thresholds in two electroreceptive species, small-spotted catshark and thornback ray (Raja clavata) (Kalmijn, 1971), as well as three non-electroreceptive species, European seabass (Dicentrarchus labrax), turbot (Scophthalmus maximus), and common sole. These species represent round fish and flatfish as well as bycatch and target species of the pulse-trawl fishery, and inhabit areas trawled by pulse vessels (Heessen et al., 2015). In addition, small-spotted catshark, European seabass, and common sole have previously been studied in electrotrawling research, albeit with a focus on injuries (Soetaert et al., 2016b; Desender et al., 2017; Soetaert et al., 2018). Although many fish species with different body shapes and sizes may encounter pulse trawls, our aim is to quantify individual and species-specific behavioural thresholds and compare electroreceptive with non-electroreceptive species to make a first assessment of behavioural sensitivity differences. To translate the measured response thresholds to a behavioural ‘safety zone’ around commercial fishing gear, we compare threshold field strengths to simulation of the electric field around the fishing gear. This way, we can estimate the distance relative to commercial gears at which fishes may be impacted by the electric fields.





Materials and methods




Experimental animals and housing facilities

Small-spotted catshark were caught using short (∼20 min) fishing hauls with a beam trawl by the RV Belgica. Thornback ray were caught by commercial beam trawlers. They were collected on the North Sea by scientists of the Flanders Research Institute for Agriculture, Fisheries and Food (ILVO) and transported to the ILVO laboratory facilities in Ostend (Belgium). After at least five weeks, animals were transported to the Carus Aquatic Research facility of Wageningen University in Wageningen (the Netherlands). Turbot were caught by commercial pulse trawlers on the North Sea and first housed at Wageningen Marine Research location Yerseke (the Netherlands) and after at least five weeks transported to Wageningen. European seabass were acquired from the aquacultured stock at Écloserie Marine de Gravelines Ichtus (Gravelines, France) and common sole were acquired from the aquacultured stock of Stichting Zeeschelp (Kamperland, the Netherlands).

All fish were housed in a climate-controlled room in tanks containing aerated, artificial seawater (demi water with Aquarium Systems Reef Crystals sea salt) in closed circulation systems, at a 12:12 h light:dark regime. Water quality parameters were monitored daily, including ammonium, nitrite, and nitrate (MQuant) as well as pH, temperature, salinity, and conductivity (multi-parameter portable meter, MultiLine Multi 3630 IDS). Water was partially changed when ammonium, nitrite, or nitrate levels exceeded 0.5, 0.15, or 100 mg L−1 respectively. Water temperature, salinity, conductivity, and pH were 15.6 ± 1.3°C, 34.1 ± 1.6 ppt, 5.3 ± 0.2 S m–1, and 7.6 ± 0.3 respectively (mean ± SD). Small-spotted catshark, thornback ray, common sole, and turbot were housed in tanks with sediment (0.5–1 mm grain size for the first three species and 4–8 mm grain size for the latter species) to allow for natural behaviour (Filer et al., 2008; Gibson et al., 2015; Greenway et al., 2016). European seabass was housed in a cylindrical tank without sediment to prevent damage. Animals were acclimated to laboratory housing conditions at least one month prior to experimentation and were fed by hand, two-to-three times per week, also during the experimental period (Supplementary 1).

Collection of fishes and subsequent experimental procedures were approved by the Animal Welfare Body of Wageningen University, the Animal Ethics Committee of Wageningen University & Research, and the Dutch Central Authority for Scientific Procedures on Animals (application number AVD1040020184945; experiment number 2017.W-0080.001 and 2017.W-0080.002) as well as the ethical committee of ILVO (reference number EC 2018/322) and the Animal Welfare Service of the Flemish government (DWZ/WVdS/18/115/44). All experiments were done in the Netherlands.





Experimental setup

The experimental setup consisted of a circular tank, 2.5 m in diameter, filled with 25 cm artificial seawater, connected to an external filtration system (EHEIM type 2260 bucket filter). The bottom was covered with white ceramic tiles to enhance contrast between the animal and background. The tank was aerated in-between measurement sessions. Water quality parameters were monitored at the start and at the end of the experimental procedure and remained stable and similar to the housing tanks. Ammonium, nitrite, and nitrate levels were 0.03 ± 0.1, 0.02 ± 0.02, and 13.8 ± 11.7 mg L−1 respectively. Water temperature, salinity, conductivity, and pH were 15.4 ± 1.3°C, 34.6 ± 0.8 ppt, 5.3 ± 0.1 S m–1, and 8.1 ± 0.1 respectively.

To record fish behaviour, we used a Basler ace acA2040-90um NIR camera (2048 × 2048 px; images binned 2 x 2 at 25 fps) with a Kowa C-mount LM8HC F1.4 8 mm lens, and a ø55 mm UV filter (Hama) for protection against spray water and salt. The camera was placed centrally at 230 cm above the bottom of the tank. Four halogen floodlights (400 W each) at a height of ~2.5 m and at ~1.5 m from the side of the tank illuminated the experimental arena. To create a soft-box effect and minimise external disturbances, white cotton sheets were placed around and above the experimental setup.

Fourteen electrodes were evenly spaced around the circumference of the tank, at a distance of 115 cm from the centre. Each electrode consisted of a brass rod, 6 mm in diameter, insulated with 1 mm thick heat-shrink tubing, apart from 10 cm at the tip, with the exposed part placed in the middle of the water column. Electrical stimulation was generated between a single pair of opposite electrodes, depending on the location of the fish. Electric field strengths were varied by the choice of electrode pair and the amplitude of the generated pulses. The electrical stimulus was generated by a custom-made, computer-controlled pulse generator connected to a DC power supply (60 V, 5 A; TENMA 72-2940) and a 22000 μF capacitor (63 V; EPCOS B41560-A8229-M). Pulse timings and selection of the output electrodes were controlled by means of a National Instruments PCI-6221 data acquisition card (VHDCI front connection type), connected with a SHC68-68-EPM 2 m cable to a SCB-68A interface. Pulse amplitudes were determined by the voltage of the power supply, under computer control. Pulse generation and image acquisition were programmed in Python (Python Software Foundation, n.d.) in combination with OpenCV. For each stimulation, the program saved settings and timing of the stimulus as well as camera images at the start and end of the stimulus for precise measurements of the animals’ location.





Electrical waveform properties and electric field in the experimental setup

The electrical stimulus consisted of a rectangular-shaped Pulsed Bipolar Current (Soetaert et al., 2019) at a pulse frequency of 45 Hz and pulse width of 0.3 ms (2.7% duty cycle), similar to those used in pulse systems for targeting common sole (Soetaert et al., 2015a; Soetaert et al., 2015b; Soetaert et al., 2019; ICES, 2020a). We used a stimulus duration of 3 s to provide ample response time, which is about a factor of 2 longer than exposures to commercial fishing gears with 4 m long electrode arrays (Soetaert et al., 2016a; Soetaert et al., 2019) towed at about 5 knots (van Marlen et al., 2014; Depestele et al., 2019; Poos et al., 2020; Rijnsdorp et al., 2020b).

To determine the local strength of the pulsed electric field in the experimental tank, we used the AC/DC package in COMSOL Multiphysics (COMSOL Multiphysics® v5.4.0.246, n.d.) to numerically simulate the field for a single electrode pair (Figure 1). Water conductivity was set at 5 S m–1, and steady-state field strengths were calculated for a 10 V pulse. Computer simulation was verified with measurements of local field strengths in the experimental setup (Supplementary 2), and was used to determine the local electric field strengths at the start time of stimulation.




Figure 1 | Schematic representation of the experimental setup in combination with the numerical simulation data of the electric field between one electrode pair showing the equipotential lines (–5 V to 5 V) and electric field strengths in V m–1. All distances are shown in metres. (A) Three-dimensional view and (B) horizontal cross-section taken at 5 cm from the bottom (i.e. z = 0.05 m). Field strength values are clipped at 3 V m–1.







Experimental procedure

All experiments were performed in the same setup, for one individual at a time. A series of measurements consisted of 20–277 stimulations, lasting about 2–5 hours. Before each measurement series, electrodes were lightly sanded to remove any corrosion (Stewart, 1973). Animals were transferred from the housing tank to the experimental setup in a net, which was submerged in a water-filled transportation tub. The animals were acclimated to the experimental setup until displaying normal behaviour, with a minimum of 30 min.

To determine a threshold, we used a modified staircase procedure (Cornsweet, 1962; Treutwein, 1995; Leek, 2001). The procedure started with a 5 V stimulus on an electrode pair expected to give no response, based on pilot measurements for each species. After absence of a response, pulse amplitude was increased by 5 V. When the fish showed a response but did not change position, we further increased the field strength until the fish moved to a new location, where we could start a new threshold assessment staircase. In case the maximum value of 60 V elicited no response, an electrode pair closer to the fish was chosen. In cases of doubt, e.g. for minimal changes of swimming speed or direction, we lowered stimulation strength to re-assess the threshold. The time between stimuli was at least 20 s in case no response was observed. After a response, we waited until the animal resumed normal behaviour, with a minimum of 30 s. Measurements stopped after at least ten response staircases were gathered or if prolonged swimming behaviour prevented reliable measurements. A measurement session was performed by one of two persons conducting the experiments. One person checked all responses from camera images afterwards. Body length was either measured with a measurement board (Rabone Chesterman No 47R mounted on a measuring board) for European seabass and common sole, or from camera images for small-spotted catshark, thornback ray, and turbot. We measured standard length for European seabass, turbot, and common sole and total length for small-spotted catshark and thornback ray (Supplementary 3).

The number of specimens available per species differed because of supply-and-housing-space limitations, and the use of some individuals in pilot measurements to design and optimise our experimental setup and measurement protocol. For the finalised protocol, we started measurements with seven small-spotted catshark, six thornback ray, nine European seabass, seven turbot, and seven common sole. Each specimen was used in only one measurement series conducted in a single day. For one small-spotted catshark and two turbot, we aborted the measurement series due to prolonged, high swimming activity making it too difficult to perform the measurements. These animals were excluded from subsequent analyses due to a lack of measurement points. Reliable threshold measurements were obtained for five up to nine specimens per species.





Linking fish location to electric field strength in the experimental setup

Photographs taken at the start of the stimulus were used to determine the location of the fish with respect to the active electrode pair in ImageJ (Schneider et al., 2012). For the location of the fish, we used the point on the body closest to one of the active electrodes, corresponding to the highest field strength. Measured coordinates in pixels were transformed into actual world coordinates taking lens projection and refraction at the air-water interface into account. Hereto, a ruler spanning the diameter of the tank, was placed in the tank and digitised. For thornback ray, turbot, and common sole, we placed the ruler at a depth of 1 cm from the bottom of the tank while for small-spotted catshark and European seabass we used a depth of 5 cm. The electric field strength at the fish’s location was determined based on numerical simulation of the electric field in the setup (Figure 1) at a resolution of 0.5 cm, scaled by the actual stimulus amplitude. Model simulation and linear scaling of field strengths with stimulation amplitude were verified by recordings of field strengths at different locations and for different stimulation amplitudes (Supplementary 2).





Response-threshold estimation

Examples of the staircase sequence for an electroreceptive and non-electroreceptive species is shown in Figure 2A. Based on these raw data, we first estimated the probability of an individual to respond to an electrical stimulus by fitting the response (0 or 1) as a function of the electric field strength in a Bayesian Bernoulli generalised linear mixed model (Equation 1) (Figure 2B). The model estimates individual-specific intercepts and slopes on the electric field strength to quantify individual-specific response curves. Additional variables included stimulus number and observer identity as random intercepts to account for potential habituation to the stimulus, as well as between-observer variation, respectively:




Figure 2 | Individual responses to the electrical stimulus and corresponding receiver-operating characteristic (ROC) analysis for an electroreceptive (thornback ray; orange) and non-electroreceptive (turbot; blue) specimen. (A) Staircase sequence of stimulus strengths with the corresponding responses (open and filled squares for absence or presence of a response respectively). (B) Response probability (± 95% CI) as a function of electric field strength (individual response curve). Dots at the bottom and top indicate the raw data for absence or presence of a response respectively as shown in (A). Horizontal dashed lines indicate the optimal cut-off probability determined using the ROC-analysis shown in (D). The vertical dashed lines indicate the corresponding mean electric field strength threshold. (C) ROC curve or true positive rate (sensitivity) as a function of false negative rate (1−specificity). General model performance was calculated as the area under the ROC curve (AUC; shaded area). (D) True positive rate (sensitivity) and true negative rate (specificity) as function of cut-off response probability. The optimal cut-off response probability was defined as the cut-off with the highest Youden Index, specifying the highest sum of sensitivity and specificity (arrows).



 

where   corresponds to the binary response (0: no response, 1: response) of the ith individual during the nth stimulus number,   to the stimulus-number-specific intercept,   to the observer-specific intercept, and   to the individual-specific intercept.   corresponds to the electric field strength experienced by the ith individual during the nth stimulus number. We used   priors for the individual-specific intercepts and slopes on the electric field strength. For stimulus number and observer identity, we used a   prior, each with the common standard deviation σ ~ Student - . Three Markov Chain Monte Carlo (MCMC) simulation chains were run for 1,500,000 iterations, with a burn-in of 500,000 and a thinning of 1,000. Convergence was assessed by visual examination of the traces and by checking that  .

Second, we performed a receiver-operating characteristic (ROC) analysis on the individual response curves to determine the optimal cut-off probability (optimal decision threshold) (Krzanowski and Hand, 2009). For this, we calculated the true positive rate (sensitivity), true negative rate (specificity), as well as the area under the ROC curve (AUC) for cut-off values ranging from 0 to 1 (Figures 2C, D). The AUC is a measure of the general model performance across all cut-off values (Krzanowski and Hand, 2009). The optimal cut-off response probability was then defined as the cut-off with the highest Youden Index, specifying the highest sum of sensitivity and specificity, as indicated by the arrows in Figure 2D and horizontal lines in Figure 2B (Krzanowski and Hand, 2009). For values above the optimal cut-off probability the model predicts a response, otherwise an absence of a response. The electric field strength threshold corresponds to the field strength at this optimal cut-off probability (dashed lines in Figure 2B). The above procedure was repeated for all MCMC samples of the estimated posterior distribution, to provide an individual-specific confidence interval of the cut-off probability, as well as of the corresponding field strength threshold. Response curves, ROC curves, and sensitivity and specificity as function of cut-off response probabilities for all specimens are listed per species in Supplementary 4.

Finally, to compare response thresholds among species, individual-specific thresholds were fitted as a function of species and body length in a Bayesian Gaussian model (Equation 2):

 

where   corresponds to the posterior mean response threshold of the ith individual,   to the overall intercept,   to the species, and   to the body length of the ith individual.   is the residual standard deviation. The inclusion of body length enables us to estimate species-specific response thresholds that are independent of within-species variation in body length. We used   priors for all fixed effects (i.e. species and body length) and the same MCMC specifications and convergence assessment as for Equation 1.

The difference in response thresholds between electroreceptive and non-electroreceptive species was quantified by pooling the posterior estimates of the species-specific response thresholds for electroreceptive and non-electroreceptive species together. We subsequently calculated the difference between a random posterior sample (n = 1000) of each category.

All response-threshold analyses were carried out in a Bayesian framework using the JAGS package (Plummer, 2003) in R v4.1.2 (R Core Team, 2021). The models were fitted using the rjags and R2jags packages (Plummer, 2019; Su and Masanao, 2020).





Linking response thresholds to commercial fishing gear

To compare measured thresholds to the electric field strength around a pulse trawl gear and determine a maximum distance from electrode arrays at which fish species may be affected, we simulated the electric field around a pair of electrode arrays as used in pulse trawling for common sole (Figure 3) (COMSOL Multiphysics® v5.4.0.246, n.d.). Pulse gear electrode arrays run in parallel from the pulse modules attached to the beam or PulseWing (Delmeco Group B.V. or HFK Engineering B.V. pulse gear manufacturer respectively) to the ground rope of the net (Soetaert et al., 2019; Rijnsdorp et al., 2021). Electrode arrays consist of connected conductive parts of 12.5 cm long and ø3 cm, separated by 22 cm long, insulated parts (Soetaert et al., 2019). Large trawlers have 24–28 electrode arrays over a beam width of 12 m, small trawlers typically have 10 electrode arrays over a beam width of 4.5 m (Depestele et al., 2016; Rijnsdorp et al., 2020a; Rijnsdorp et al., 2021). Neighbouring electrode arrays act as an anode-cathode pair. All pairs are activated at the same frequency, but pulses are alternated in time and, therefore, different pairs do not interact. To describe the electric fields around a pulse gear, simulating one electrode array pair suffices. We simulated a pair of electrode arrays 41.5 cm apart, similar to the distance in commercial gears (Soetaert et al., 2019). The electrode arrays were placed at the interface between water (5 S m–1) and sediment (0.5 S m–1). Steady-state electric field strengths were determined for a stimulation peak of 60 V, similar to the maximum voltage setting for commercial gears (Rijnsdorp et al., 2020a).




Figure 3 | Contour plots with the numerical simulation data of the electric field strengths around a pair of commercial electrode arrays separated at 41.5 cm and computed at a steady-state of 60 V. All distances are shown in metres. (A) Three orthogonal planes through the electrode array pair. These views are shown in panels (B–D) where the thick black lines indicate the locations of the planes shown in the other panels. (B) Horizontal cross-section at z = 0. (C) Vertical cross-section through one of the electrode arrays. (D) Vertical cross-section orthogonal to the electrode arrays. Field strength values close to the electrodes are clipped at 200 V m–1. Contour lines indicate equal field strengths at 5, 10, 15, and 20 V m–1 (thin lines from black to white). Positive and negative z-values are the water column and sediment respectively.








Results

Responses varied, ranging from small fin movements or minimal movements of body parts that were closest to the electrode, to muscle twitches, a full escape by a swimming bout, and whole-body muscle contractions. At relatively low stimulus strengths, animals remained stationary but showed minor body part movements such as with their fins. Thornback ray and small-spotted catsharks were observed to sometimes close an eye during an electrical stimulus. At increasing stimulus strengths, animals would reposition slightly on their spot. At the higher spectrum of stimulus strengths, animals would displace and swim around in the tank. If animals were already swimming during a stimulus, one could observe minor deviations in their swimming path and speed. Flatfishes and thornback ray seemed more likely to remain stationary after responding to the electric field in contrast to small-spotted catshark and European seabass, which had the tendency to start swimming. In a few instances of relatively high field-strength exposure, we observed whole-body muscle contractions in all species. Common sole bended into a U-shape, turbot would bend only slightly, and thornback ray would fold/curl up its wings. In European seabass and turbot, we observed distended opercula and protrusion of the mouth when exposed to high stimulus strengths. In general, however, animals showed similar behavioural patterns throughout a recording session. After measurements, animals resumed normal behaviours including feeding. Small-spotted catsharks deposited (fertilised) eggs before and after the experimental procedure. No mortality was observed.




Behavioural response thresholds

General model performance across all cut-off values estimated as the area under ROC-curve (AUC) was high for all individuals at 0.95 ± 0.03 (mean ± SD; Supplementary 5). The effect of habituation on the response of an individual to the electrical stimulus was negligible (αpost.mean = 0.000; 95% CI: −0.204–0.243). Likewise, there was no significant difference in the estimated response probability between the observers (αpost.mean = 1.931, PMCMC = 0.336). The estimated individual-specific electric field strength thresholds varied between 3.4–14.9 V m–1 with a mean of 7.3 V m–1 (95% CI: 4.1–12.4) (Figure 4). The mean within-individual variation of the estimated field strength thresholds was relatively small (SD of 0.13 V m–1) compared to the mean between-individual variation (SD of 2.36 V m–1). Body length did not significantly influence the individual-specific field strength thresholds (βpost.mean = 0.067, PMCMC = 0.285).




Figure 4 | Mean individual-specific (open circles) and species-specific (horizontal line segments) electric field strength thresholds with 95% CI (vertical line segments) for a behavioural response. Species-specific thresholds were predicted for the species-specific mean body length (small-spotted catshark = 58 cm; thornback ray = 51 cm; European seabass = 30 cm; turbot = 27 cm; common sole = 30 cm), and thus, accounts for within-species variation in body length. Small-spotted catshark had a significantly higher electric field strength threshold compared to European seabass and common sole. Turbot had a significantly higher response threshold compared to European seabass and common sole. We found no significant difference in response threshold between electroreceptive and non-electroreceptive fish species. Significance codes: PMCMC ≤ 0.001 ***; 0.01< PMCMC ≤ 0.05 *.



Thresholds (mean; 95% CI) were lowest for the non-electroreceptive European seabass (5.9 V m–1; 4.7–7.1) and common sole (6.0 V m–1; 4.5–7.4), and highest for the electroreceptive small-spotted catshark (9.8 V m–1; 8.2–11.4) (Figure 4). The electroreceptive thornback ray (7.6 V m–1; 6.0–9.1) and non-electroreceptive turbot (8.4 V m–1; 6.6–10.1) showed intermediate sensitivities. Although thresholds were in the same range, pair-wise comparisons of the field strength thresholds between species showed some significant results. Notably, small-spotted catshark was significantly less sensitive than European seabass (βpost.mean = −3.929, PMCMC = 0.001) and common sole (βpost.mean = −3.867, PMCMC = 0.001) (Figure 4). Furthermore, turbot was significantly less sensitive than European seabass (βpost.mean = −2.458, PMCMC = 0.027) and common sole (βpost.mean = −2.397, PMCMC = 0.037). However, we found no significant difference in sensitivity between electroreceptive and non-electroreceptives species (βpost.mean = 1.921, PMCMC = 0.332).





Fish response thresholds related to the pulse trawl gear

The electric field around a commercial electrode array pair of a pulse trawl gear is heterogeneous, with highest field strengths close to the electrodes (Figures 3, 5). Electric field strength quantifies the gradient in voltage (V m–1) and determines the current for a specified conductivity of the medium. The electric field strength, as created by the source voltage, is proportional to the voltage and is inversely related to the square of the distance from the source. The electric field shape created by an electrode array pair is a complex function of the size and shape of the electrodes, conductivity of the medium, and the spatial layout of the electrodes (Figures 3, 5). Electric field strengths are similar in the water column and in the sediment and are largely independent of the conductivity of the sediment (Figures 3, 5). Close to the electrode, electric field strengths reach values of 200 V m–1 and show a strong modulation along the length of the array, with high values close to the electrodes and lower values near the insulators. At larger distances, modulations in the longitudinal directions disappear. Field strengths drop below a value of 10 V m–1 at a distance of about 50–60 cm from the electrode and below 5 V m–1 at about 70–90 cm (Figure 5). This decline is slightly steeper in the horizontal direction than in the vertical direction.




Figure 5 | Electric field strengths as a function of (A) height relative to the seabed (z-axis in Figure 3) for different horizontal positions relative to the centre of an electrode pair (along the x-axis in Figure 3). Electric field strengths as a function of (B) horizontal distance to the centre of an electrode pair (x-axis in Figure 3) for different heights above the electrodes in the water column (z-axis in Figure 3). The electrode pair is situated at the interface between water column and sediment (i.e. height of 0 m) and at 41.5 cm apart (i.e. the electrode cores at –19.25 and 19.25 cm on the horizontal distance to the centre). Sections through the electrodes were left out because zero field strength values in the electrodes and high values around the electrode distorted the view on low values in which we are interested. The horizontal-distance-to-centre value 0.2 m and height value 0 m are therefore not shown in panel (A, B) respectively. The arrows indicate the mean fish response threshold of 8 V m–1.



To estimate the threshold distance of the fish relative to the electrode pair, we quantified the electric field strengths along the horizontal and vertical axis and compared these with our behavioural thresholds. Based on the mean behavioural response thresholds of about 6–10 V m–1, the maximum distance at which studied species are expected to show a response is about 60 cm to an electrode in the horizontal direction and 80 cm in the vertical direction, with little interspecies variation.






Discussion

Understanding fish behaviour in response to fishing gear deployment can provide valuable insights into e.g. capture mechanisms and selectivity (Wardle, 1986; Fernö, 1993; Winger et al., 2010; Gibson et al., 2015; Robert et al., 2020). Here, we studied behavioural responses to pulsed electric fields used for stimulation in pulse trawling, which potentially extend well beyond the boundaries of the fishing gear. We quantified response thresholds for electric field strengths of two electroreceptive and three non-electroreceptive marine species, under controlled laboratory conditions. These thresholds were subsequently compared to the numerically-simulated electric field around a commercial electrode array pair to determine a safety zone where fish are expected not to respond to the field.




Behavioural responses

We observed various responses during electrical stimulation, corroborating previous results for small-spotted catshark, European seabass, and common sole (Stewart, 1977; de Haan et al., 2009; Soetaert et al., 2016b; Desender et al., 2017; Soetaert et al., 2018). For common sole, the observed body bending during exposure to high field strengths resembles the Omega jump, described by Kruuk (1963) as an escape move from the sediment. Body bending during high-frequency, high-field-strength electrical stimulation was also observed in dab (Limanda limanda) (de Haan et al., 2015) and in European plaice (Pleuronectes platessa), European flounder (Platichthys flesus), brill (Scophthalmus rhombus), and lemon sole (Microstomus kitt) (Stewart, 1977). This body bending during muscle contractions is presumably the consequence of asymmetrical muscle distribution in flatfish between the eyed and blind side. Distended opercula and protrusion of the mouth in European seabass and turbot indicate that the axial swimming muscles, which are used by fish for suction feeding (Camp et al., 2015; Jimenez and Brainerd, 2020), contract during electrical pulsing. Overall, however, we saw few signs of discomfort. Small-spotted catshark continued depositing eggs after the measurements, as also observed by de Haan et al. (2009). Experimental animals resumed normal feeding after the measurements and no mortality was observed, as has been reported for small-spotted catshark, European seabass, common sole, and Atlantic cod exposed to similar electrical waveforms, but at higher electric field strengths (de Haan et al., 2009; de Haan et al., 2016; Soetaert et al., 2016a; Soetaert et al., 2016b; Desender et al., 2017; Soetaert et al., 2018). Our findings show that fish can respond to the electric fields before encountering high, immobilising field strengths. They also suggest that behavioural responses can be absent until field strengths reach levels where involuntary responses kick in.





Electric field thresholds for behavioural responses

Behavioural response thresholds for the studied species varied between 6.0 and 9.8 V m–1. To our knowledge, these are the first quantitative behavioural threshold values reported in the context of marine electrotrawling for common sole. Although de Haan et al. (2016) reported that Atlantic cod did not respond when exposed to a field strength of 4 V m–1 but showed muscle contractions at values of ≥37 V m–1, step sizes were not sufficient to quantify a behavioural response threshold. Furthermore, Abrantes et al. (2021) tested the effect of electric fields on largetooth sawfish (Pristis pristis) behaviour and reported reaction distances of <1.2 m to the electrodes but did not quantify the electric field strengths and worked with different electrical waveform characteristics. Few studies have examined the behavioural response of marine fishes to low electric field strengths as the focus has generally been on galvanotaxis/electrotaxis (Bary, 1956; Diner and le Men, 1971; Klima, 1972; Diner and le Men, 1974; Polet, 2010; D’Agaro, 2011), immobilising whole-body muscle contractions referred to as electronarcosis, tetanus, or cramp (Bary, 1956; Diner and le Men, 1971; Diner and le Men, 1974; Stewart, 1977; Polet, 2010; de Haan et al., 2016), and (internal) injuries (van Marlen et al., 2014; de Haan et al., 2016; Desender et al., 2016; Soetaert et al., 2016a; Soetaert et al., 2016b; Soetaert et al., 2016c; Soetaert et al., 2018; Boute, 2022; Boute et al., 2022; Schram et al., 2022; Boute et al., 2023). Bary (1956) studied ‘minimum response values’ based on body jerks (also referred to as muscle twitches) during stimulation in golden grey mullet (Chelon auratus), European flounder, and European seabass of different body lengths, but in a homogeneous electric field with waveforms different from those used in pulse trawling for common sole. Stewart (1975), however, recognised the relevance of these thresholds and evaluated the selectivity of an electrode array system that is towed perpendicularly with respect to the seafloor. Hereto, he converted the golden grey mullet data, expressed in voltage gradient along the fish body, from Bary (1956) to electric field strengths. For a ‘minimal response threshold’, he reported values of about 5 V m–1, which is close to maximum sensitivity in our experiments, with a limited fish-length effect. He subsequently related this threshold to the heterogeneous electric field and reported high reaction probabilities for fish close to the arrays. Although, no response distances with respect to the gear are presented, Stewart (1975) demonstrates the use of response thresholds in gear-selectivity assessment.

We quantified behavioural response thresholds for five marine fish species and found some significant interspecies differences that could not be explained by body length. Intraspecies length variation was, however, limited, which hampers detecting potential effects. Furthermore, these species do not only differ in size, but also in a multitude of other anatomical and morphological properties such as body shape, which may explain some of the interspecies differences in behavioural response thresholds (Emery, 1984). Our main objective was to estimate threshold sensitivities of different species, flatfish and round fish, target and non-target, electroreceptive and non-electroreceptive, of representative sizes. These measured sensitivities provide a first estimate of the distance over which similar fish could be affected around a pulse gear. Investigating a size effect would require larger sample sizes and extended variations in body length. Our data provide no indications that electrical pulsing used for catching turbot caused higher or lower thresholds as compared to the other species.





Elasmobranch frequency-response characteristics for electroreception

We found no significant sensitivity difference between the electroreceptive (small-spotted shark and thornback ray) and non-electroreceptive species (European seabass, turbot, and common sole). Electroreceptive fish with ampullary receptors are highly sensitive for electric-field-strength amplitudes as low as 1 x 10–7 V m–1 (Dijkgraaf, 1963; Kalmijn, 1966; Kalmijn, 1982; Tricas and New, 1998; Peters et al., 2007) but only for a specific frequency range of about 0.1–25 Hz with a maximum sensitivity at around 1–8 Hz (Kalmijn, 1974; Montgomery, 1984; Peters and Evers, 1985; Collin, 2010; Crampton, 2019). Optimal frequency sensitivity of thornback ray ampullae of Lorenzini neurons is at 4 Hz with a relative steep drop in gain at higher frequencies and a gradual fall at lower frequencies to 0.05 Hz (Montgomery, 1984). In small-spotted catshark, Peters and Evers (1985) quantified the frequency sensitivity of the primary afferent neurons (i.e. before the stimuli are processed by the brain) and the respiratory reflex (i.e. after brain processing). They find a higher frequency-sensitivity optimum for the neurons (5–8 Hz with a fall-off of 2.3 and 3.4 dB octave–1 at the low and high frequency side respectively) than for the respiratory reflex (0.1–1 Hz with a fall-off of 2.8 and 11.4 dB octave–1 at the low and high frequency side respectively).

To understand why electroreceptive fishes are apparently insensitive for the pulsed electric fields in our study, one needs to take the frequency content of the stimulus into account. For pulses generated at 45 Hz, with a width of only 0.3 ms, most of the energy is in the high-frequency range. To analyse the mismatch in frequency content of the stimulus and the response characteristics of ampullae, we computed the frequency content of the electrical stimulus using the Fast Fourier transform function in MATLAB (MATLAB, 2018) (Figure 6). The pulse train stimulus in the time domain (Figures 6A, B) contains the fundamental frequency (45 Hz) and its odd integer harmonics series (Figure 6C). The amplitude spectrum shows that the frequency content largely mismatches the frequency sensitivity of the fish, with the larger part of the spectrum in the higher frequency range (>100 Hz), where electroreceptors have poor sensitivity. Although common-sole-targeting pulse trawlers may use lower frequencies down to 30 Hz (ICES, 2020a), the frequency content would still be well above the sensitivity range of the ampullae. In addition, the energy content is shifted to even higher frequencies, as each electrode array may participate in two pairs (except for the two most outer arrays). In this case, the effective frequency is doubled close to the electrodes, where electric field strengths are larger. When operating multiple electrode arrays using pulsed waveforms in close proximity, pulses may have different phases – depending on whether there is a centralised control – and thus create more complex waveforms with high frequencies in the area where the electric fields overlap (Beaumont, 2017; Soetaert et al., 2019).




Figure 6 | Characteristics of the square-shaped Pulsed Bipolar Current waveform offered at a pulse duration of 3 s. (A) The full 3 s pulse stimulus containing 135 cycles at 45 Hz with a pulse width of 0.3 ms at an arbitrary amplitude of 1 V of which two cycles in the grey shading are enlarged in (B). Pulse waveform is 45 Hz PBC (PW = 0.3 ms, PB = 10.81 ms) sensu Soetaert et al. (2019). (C) Fast Fourier transform spectrum of the waveform in (A) shown until 10000 Hz.



The high-frequency limits for receptor and behavioural responses may thus explain the low sensitivity of the electroreceptive species to the pulsed electric fields. Moreover, the discrepancy between receptor and behavioural responses illustrates that a receptor response at high frequencies does not necessarily evoke a behavioural response. Even if the ampullae of Lorenzini would respond to the lower frequencies, the evoked neural response pattern may not match any pattern of interest to higher processing stages. The shape and size of the electric field could also affect the behavioural response as the ampullae of Lorenzini are tuned to detect bioelectric fields of e.g. small (buried) prey (Bedore and Kajiura, 2013), which have specific size characteristics (Kalmijn, 1982). Both the electric field in our experimental setup and the electric field around the pulse-trawl-gear electrode arrays are larger than that of a potential prey, thus likely unable to elicit a behavioural response of elasmobranchs. Based on the electrical waveform properties of the stimulus used by pulse trawls to catch common sole, in combination with the similarity of measured threshold sensitivities, it seems unlikely that electroreceptive species are more sensitive to the pulsed electric field than non-electroreceptive species.





Fish response thresholds related to the pulse trawl gear

Numerical simulations show that the electric field around commercial electrode arrays decreases steeply with increasing distance, following an inverse-square law. This matches in situ measurements around various marine electro-array designs (Stewart, 1975; Stewart, 1977; Polet et al., 2005; Murray et al., 2016) including those used to target common sole (de Haan et al., 2016; de Haan and Burggraaf, 2018). The field shape in the vertical cross-section orthogonal to the electrode arrays (Figure 3D) is highly similar to an electrode-pair simulation of a brown-shrimp (Crangon crangon) electrotrawl (Verschueren and Polet, 2009). The simulations also clearly illustrate that field strengths in the water column and in the sediment are highly similar, and are largely independent of the conductivity of the sediment. This agrees with measurements at various field locations (de Haan and Burggraaf, 2018) and in the laboratory (Murray et al., 2016). Positioning of the electrode arrays in the sediment in the simulations was based on Depestele et al. (2019), who modelled penetration depth of an in situ electrode array to be between 1–1.5 cm. In our simulation, we computed the steady-state electric field at a peak amplitude of 60 V which is used as maximum setting for commercial gears. In field conditions, however, this value drops to 52–58 V at the seafloor, depending on the season (Rijnsdorp et al., 2020a). Hence, we may slightly overestimate the electric field strengths of commercial gears by 3–13%. Different commercial electrode array design variations are expected to minimally affect electric field strength distributions around an electrode pair (see Soetaert et al. (2019) for an example of two electrode array designs). Different patterns of spacing the electrodes along the length of an electrode array may yield different temporal modulations of field strength exposure (de Haan et al., 2011; Soetaert et al., 2019), but is not expected to have a major effect on the decline of maximal field strength with distance to the electrodes.

Threshold measurements in combination with simulations show that behavioural responses, for the species we studied, will be limited to 80 cm from the electrode arrays in a vertical direction and 60 cm in a horizontal direction for the most outer electrode arrays. These relatively short distances make it unlikely that a fish responds behaviourally outside the nets. The electrodes on the array start about 4 m after the trawl opening (Soetaert et al., 2019), whereas side and top nets start at the beam or PulseWing (at the trawl opening). The nets are located about 40–80 cm horizontally from the most outer electrode arrays and placed at about 50–90 cm above the arrays (Rijnsdorp et al., 2021). Combined with a simulated threshold field strength at about 60 cm (horizontal) and 80 cm (vertical) relative to an electrode, this leaves about 20–30 cm distance beyond the nets, where fish might show a response. This is a negligible effect, and it seems excluded that such a response would affect the risk of capture or injury. Electrical pulsing therefore adds little to long-distance responses to an oncoming trawl via e.g. visual cues or vibrations from the gear and vessel engine (Arimoto et al., 2010; Yan et al., 2010; Jordan et al., 2013).

In conclusion, our results indicate that marine fishes show relatively high thresholds for a behavioural response to pulsed electric fields of common-sole-targeting pulse trawlers. Mean behavioural response thresholds across species varied between 6 and 10 V m–1. Electroreceptive species were not more sensitive, which is presumably due to a mismatch in frequency content of stimulation and receptor sensitivity to low frequencies. These thresholds correspond to a distance of about 60–80 cm from electrodes in commercial pulse trawl gears. Our findings indicate that behavioural responses of fishes to electrical pulses are largely restricted to the trawl path and hardly extent beyond the netting of the pulse gear, with some variation per pulse gear type and rigging.
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