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 32 

Abstract 33 

Light Emitting Diodes (LED) have been tested in trawl fisheries to reduce the bycatch of 34 

unwanted species through behavioural stimulation. Previous studies used LED lights to 35 

either highlight escaping routes or increase the contact rate with square mesh panels. 36 

However, phototactic responses (moving towards or away from light sources) to LED lights 37 

could also be exploited to separate species during the catching process. We investigated 38 

if either positive or negative phototaxis can be triggered in fish to modify their vertical 39 

distribution in the aft section of a horizontally separated trawl codend. The aim was to 40 

separate fish into the upper compartment and Nephrops (Nephrops norvegicus) into the 41 

lower compartment. We conducted two different experiments in front of the separation 42 

into compartments, inserting green LED lights in the upper and lower netting panel, 43 

respectively. Species vertical separation was analysed and compared in two identical 44 

trawls towed in parallel, one equipped with lights and one without. Significant differences 45 

in species vertical distribution were observed; however, most effects resulted in increased 46 

number of individuals entering the lower compartment. No clear species-specific 47 

phototactic response was identified and the results highlighted the challenges of inferring 48 

behavioural responses in trawls. Future steps required to improve the understanding of 49 

fish reactions to artificial lights are discussed. 50 

 51 
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1. Introduction 59 

Artificial light affects the behaviour of many species, both terrestrial and marine. Most 60 

species are known to respond to light by either positive or negative phototaxis, i.e. moving 61 

respectively towards or away from the light source (Pascoe, 1990; Marchesan et al., 2005). 62 

In the marine environment phototaxis has been observed in both invertebrates and 63 

teleost fish (Verheijen, 1960) and described as the consequence of several behavioural 64 

responses. Positive phototaxis can result from e.g. searching for species-specific preferred 65 

light levels, disorientation or prey availability in proximity of the light source (Verheijen, 66 

1960; Marchesan et al., 2005; Arimoto et al., 2010). Negative phototaxis has also been 67 

related to light level preferences, as well as to anti-predator avoidance behaviours 68 

(Marchesan et al., 2005; Ryer et al., 2009). An approaching light can be visually interpreted 69 

as the increasing proximity of an unknown danger, which frequently triggers anti-predator 70 

responses (Domenici, 2002). In general, when a phototactic response occurs, whether it 71 

is positive or negative phototaxis, it is species-specific and depends on environmental 72 

factors and the physical characteristics of the light source (Marchesan et al., 2005).  73 

Species response to artificial lights found an early application in fisheries. Positive 74 

phototaxis has been used for centuries in night fishing to catch cephalopods and schooling 75 

fish (Ben-Yami, 1976; Inada and Arimoto, 2007; Arimoto et al., 2010). Over time, the use 76 

of lights as lures has been adopted by a variety of fisheries, both artisanal and industrial, 77 

such as purse seines, gillnets, longlines, and pots (Ben-Yami, 1976; Bryhn et al., 2014; 78 

http://www.sciencedirect.com/science/article/pii/S0165783606002438#bib39
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Nguyen et al., 2015; Nguyen et al., 2017). The lights used in fisheries have also developed 79 

accordingly, growing in intensity and endurance, and becoming cheaper and more 80 

available for individuals and whole industries. Recently, artificial lights have aroused 81 

interest from researchers in gear technologies as a potential stimulus to improve gear 82 

selectivity and reduce the bycatch of unwanted species. For example, lights attached to a 83 

partially raised footrope in a shrimp trawl allowed fish to escape below it, resulting in a 84 

reduction of fish bycatch (Hannah et al., 2015). Inside a midwater trawl targeting Pacific 85 

hake (Merluccius productus) escape windows with lights were preferred by Chinook 86 

salmon (Oncorhynchus tshawytscha; Lomeli and Wakefield, 2014). Artificial lights used as 87 

visual deterrents in gillnets have significantly reduced the bycatch of sea turtles, without 88 

affecting the catch of the target fish species (Wang et al., 2010). 89 

Despite these successes, species-specific behavioural responses to light stimuli are still 90 

not fully understood and the application of light in trawls often produces unexpected 91 

results. Hannah et al. (2015) attached lights to a grid in a shrimp trawl to visually stimulate 92 

fish to follow the grid to an escape opening. As a result, most fish, which previously tried 93 

to avoid the grid, swam through it and were caught. Similar results were obtained by 94 

Larsen et al. (2017), who used lights to highlight the escape opening in a Nordmøre grid. 95 

Grimaldo et al. (2017) tested lights on free moving ropes in a square mesh section to 96 

increase the contact probability of cod (Gadus morhua) and haddock (Melanogrammus 97 

aeglefinus) with the netting; thus, enhancing their escape rate. Video observations 98 

throughout the experiment highlighted different behaviours in the two gadoids, with 99 

neither of them being useful to improve their escape rate. Haddock showed a panic 100 

reaction to the moving lights, which prevented individuals from approaching the meshes 101 
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at the correct angle to escape. In contrast, cod remained stationary in front of the lights 102 

and seemed to be unaffected by them. These examples suggest that the complexity of 103 

stimuli received by fish inside a trawl, such as visual and mechanical obstacles (e.g. a grid) 104 

and the background illuminated (e.g. netting), might overcome potential phototactic 105 

responses. All of these studies have applied lights directly in the area providing an escape 106 

route (i.e. open window, square mesh panel, etc.) where an immediate response is 107 

necessary for fish to escape. It is not known if lights can be used to gradually influence 108 

species position before the point of interest.  109 

In this study we investigated if: i) phototaxis can be exploited to modify fish vertical 110 

distribution before a separation into two stacked compartments; and ii) either positive or 111 

negative phototaxis is efficient in leading fish into the upper compartment. We used the 112 

Nephrops (Nephrops norvegicus) directed trawl fishery as a case study, as the horizontally 113 

divided design has proved to have a great potential for reducing bycatch in this fishery 114 

(Main and Sangster, 1985a; Krag et al., 2009; Karlsen et al., 2015). Separating fish from 115 

Nephrops has two major advantages: i) fish in the upper compartment can be selected 116 

out with a larger mesh size or released, in accordance with quota availability (Krag et al., 117 

2008; Frandsen et al., 2010), and ii) the quality of the fish bycatch can benefit from less 118 

interaction with shellfish; hence, reducing internal and external damage (Karlsen et al., 119 

2015). Due to the small mesh sizes used to retain the target species, the fish bycatch in 120 

this fishery includes commercial and undersized individuals of several species (Kelleher, 121 

2005). Because Nephrops is relatively passive inside the trawl, with most individuals rolling 122 

along the bottom panel towards the codend (Main and Sangster, 1985b), actively 123 

swimming fish species can be vertically separated from it. Nevertheless, this separation 124 
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depends on the vertical distribution of fish in the funnel and on their swimming capacity; 125 

thus, it varies among species and length classes (Main and Sangster, 1985a; Ferro et al., 126 

2007; Krag et al., 2009; Rosen et al., 2012). Species that have a tendency to stay close to 127 

the bottom panel, e.g. cod and flatfish, need to be stimulated to rise or they will most 128 

likely enter the lower compartment together with the crustaceans. Thus, visual and 129 

mechanical stimulations have been tested to modify species vertical separation. For 130 

example, the heights of the entrance to each compartment have been optimized to make 131 

the upper compartment appear like the clearest path (Glass et al., 1993; Krag et al., 2009). 132 

Visual stimuli, such as a black tunnel (He et al., 2008) at the entrance of the lower 133 

compartment have successfully changed the vertical preference of cod. Similarly, 134 

mechanical stimuli such as frames and grids, which obstruct the entrance to the lower 135 

compartment, have succeeded in separating most fish from Nephrops (Karlsen et al., 136 

2015). However, to the best of our knowledge, nobody has previously attempted to use 137 

artificial light phototaxis to influence species vertical separation.  138 

2. Materials and methods  139 

2.1 Baseline trawl 140 

The horizontally separated trawl used in this study was an adaptation of a trawl tested by 141 

Karlsen et al. (2015). We used two identical Combi trawls (40 m long footrope, 420 meshes 142 

fish circle, 80 mm mesh size) made of two net panels before the separation and four net 143 

panels after the separation into an upper and lower compartment by a horizontal net 144 

panel. Both the compartments had nominal 40 mm meshes (41.65 ± 1.33 dry; 1.8 mm 145 

twine) diamond that were turned 45 degrees to obtain square meshes. The vertical 146 

separation was positioned in the transition between the tapered and non-tapered 147 
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sections of the gear, where the inclination of the lower netting of the trawl ends (Fig. 1). 148 

Respect to the design tested by Karlsen et al. (2015), part of the tapered section was cut 149 

out to increase the circumference before the separation from 100 to 140 meshes, which 150 

extended the vertical space available to fish in this part of the gear. The entrance of the 151 

upper compartment was approximately 60 cm high (based on underwater video 152 

observations) and sustained by 12 floats (720 g lift) inserted outside the upper netting 153 

(Fig. 1). The entrance of the lower compartment was fixed by two frames, 30 cm high and 154 

90 cm wide (Ø 20 mm stainless steel pipes) which prevented the lower compartment from 155 

collapsing (Fig. 1). The frame at the entrance of the lower compartment included two 156 

vertical bars (30 cm apart) to visually and mechanically stimulate fish to swim into the 157 

upper compartment, following Krag et al. (2009).  158 

FIGURE 1 159 

2.2 Experimental design 160 

Phototactic responses were stimulated in the trawl funnel, before the point of vertical 161 

separation, using green Electralume® LED lights (Lindgren-Pitman, Pompano Beach, FL, 162 

USA; 0.5–2.0 lx). These lights have been used in other studies (Hannah et al., 2015; 163 

Grimaldo et al., 2017; Nguyen et al., 2017) because they are compact, inexpensive, 164 

pressure resistant, and with a battery life of approximately 350 hours. The green colour 165 

of these lights (centred at 540 nm) is considered ideal for sea water in coastal temperate 166 

areas, because it is less easily absorbed, and thus penetrates deeper. Moreover, some of 167 

the target species of the study, like cod, have been proven to have a primary sensitivity 168 

peak that occurs at 490 nm (blue/green light; Anthony and Hawkins, 1983). 169 
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To investigate potential phototactic responses, we conducted two experiments. In 170 

Experiment 1 we attached 10 Electralume® LED lights to the lower netting panel in the aft 171 

part of the tapered section and in Experiment 2 we placed them in the corresponding 172 

upper netting panel (Fig. 1). In both experiments the 10 lights were attached to two 5 m 173 

long polypropylene ropes (8 mm diameter, 3 strands), which were fixed respectively to 174 

the lower or upper netting panel with cable ties. The lights were blocked in continuous 175 

mode and directed towards the forward part of the trawl. Electralume® LED lights emit 176 

light in all directions except for the rear, with the intensity being higher laterally at about 177 

45 degrees respect to the central axis (V. Melli, personal observations). The distance 178 

between the last three lights of each rope was reduced to increase the strength of the 179 

stimulus while approaching the vertical separation (Fig. 1).  180 

2.3 Sea trial 181 

The sea trial was conducted on 5-20 September 2016 with the research vessel “Havfisken” 182 

(17 m, 373 kW). We used three-wire, twin trawls towed in parallel, with one trawl working 183 

as the baseline for species separation and the other as the test equipped with the lights. 184 

Using this setup, it would normally be assumed that the two trawls encountered the same 185 

fish population. However, due to a second experiment located in the forward part of the 186 

trawl (Melli et al., 2017), the population entering the baseline and test trawls differed and 187 

the two gears were thus analysed separately. To avoid any trawl-dependent effect on the 188 

vertical separation of the species, the position of the light treatment was shifted from one 189 

trawl to the other approximately every sixth haul. Two Type 2 Thyborøn doors (1.78 m2, 190 

197 kg), with an additional weight of 25 kg, and a 400-kg triangular central clump were 191 

used to spread the twin trawl-rig. Doors and clump were equipped with distance sensors 192 
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(Simrad PI) to monitor each trawl spread in the twin-rig. The trawls were rigged with 75 193 

m long single wire sweeps with 4.3 cm (diameter) rubber discs. The distance between the 194 

two trawls’ mouths was estimated to be approximately 50 m. Fishing was conducted in 195 

commercial Nephrops and fish grounds in the Skagerrak Sea, at depths between 45 and 196 

86 m. According to the optical classification of this area (coastal waters type 1; Aarup et 197 

al., 1996), the range of depths was out of the Eutrophic zone (i.e. where less than 1% of 198 

the surface light reaches). To be representative of commercial fishing conditions, 199 

experimental hauls were performed at both day time, between 1h after sunrise and 1h 200 

before sunset and night time, between 1h after sunset and 1h before sunrise. The catch 201 

in each compartment was weighted and sorted by species. The total length of all 202 

commercial fish species and the carapace length of Nephrops were measured and 203 

rounded down to the nearest cm and mm, respectively. 204 

2.4 Estimation of the vertical separation efficiency 205 

The aim of the study was to separate fish from Nephrops; therefore, we defined the 206 

vertical separation efficiency VS(l) as the probability of finding a fish of length l in the 207 

upper compartment, given that it was observed in the upper or lower compartment. For 208 

each experiment (1 and 2) and each species, VS(l) was estimated for the baseline and test 209 

trawls separately based on the catch data summed over all hauls following the method 210 

described below. 211 

Let nUli and nLli denote the number of individuals of length class l caught and measured in 212 

each of the two compartments in each haul i, respectively. Then, VSli is the proportion of 213 

fish of length l caught in the upper compartment compared to the total in a haul i: 214 
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 𝑉𝑆𝑙𝑖 =

𝑛𝑈𝑙𝑖
𝑞𝑈𝑖

𝑛𝑈𝑙𝑖
𝑞𝑈𝑖

+
𝑛𝐿𝑙𝑖
𝑞𝐿𝑖

  (1) 215 

where qUi and qLi are the sampling factors (i.e. the proportion between the weight of the 216 

sample length-measured and the weight of the total catch of that species) in the upper 217 

and lower compartments, respectively, in haul i. 218 

Assuming that the vertical separation summed over the hauls is representative of how the 219 

vertical separation would perform on average, an estimation of the average vertical 220 

separation can be obtained by pooling the data from the different hauls. A parametric 221 

model for VS(l) is defined by VS(l,v), where v is a vector consisting of the parameters of 222 

the model. The analysis is therefore reduced to a maximization problem, to estimate the 223 

values of the parameters v which make the observed experimental data averaged over 224 

hauls most likely, assuming that the model is able to describe the data sufficiently well. 225 

Thus, the maximum likelihood function for binomial data (2) is minimized with respect to 226 

v, which is equivalent to maximizing the probability for the observed data. 227 

g(v)= − ∑ ∑ {
𝑛𝑈𝑖𝑙

𝑞𝑈𝑖
× 𝑙𝑛(𝑉𝑆(𝑙, 𝒗)) +

𝑛𝐿𝑖𝑙

𝑞𝐿𝑖
× 𝑙𝑛(1.0 − 𝑉𝑆(𝑙, 𝒗))}ℎ

𝑖=1𝑙   (2) 228 

where the summations are made over length classes l and the h hauls belonging to the 229 

case analyzed. To find a model for VS(l, v) that is sufficiently flexible to account for the 230 

trends in the experimental data we adapted a model often applied in catch comparison 231 

studies to determine the efficiency and selectivity of fishing gears (Krag et al. 2014, 2015): 232 

𝑉𝑆(𝑙, 𝒗) =  
exp (𝑓(𝑙,𝒗))

1.0+exp (𝑓(𝑙,𝒗))
     (3) 233 

where f is a polynomial of order k with coefficients v0,…,vk so v = (v0,…,vk). f(l,v) is 234 

determined as follows: 235 
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𝑓(𝑙, 𝒗) = ∑ 𝑣𝑖 × (
𝑙

100
)

𝑖
4
𝑖=0 = 𝑣0 + 𝑣1 ×  

𝑙

100
+ 𝑣2 ×

𝑙2

1002 + ⋯ + 𝑣4 ×  
𝑙4

1004 (4) 236 

Leaving out one or more of the parameters v0…v4 in (4) provided 31 additional models 237 

that were considered as potential models to describe VS(l,v). Based on these models, 238 

model averaging was applied to describe VS(l,v) according to how likely the individual 239 

models were when compared to each other (Burnham and Anderson, 2002). We called 240 

the resulting model the combined model. In the combined model the individual models 241 

were ranked and weighted according to their Akaike information criterion (AIC) values 242 

(Akaike, 1974; Burnham and Anderson, 2002). Models with AIC values within +10 of the 243 

value of the model with the lowest AIC were considered to contribute to VS(l,v) based on 244 

the procedure described by Katsanevakis (2006) and Herrmann et al. (2017). The ability 245 

of the combined model to describe the experimental data was assessed based on the p-246 

value and the model deviance respect to the degrees of freedom (DoF). The p-value in this 247 

analysis expresses the likelihood of obtaining at least as big a discrepancy as that observed 248 

between the fitted model and the experimental data by coincidence. Therefore, for the 249 

combined model to be a candidate model, the p-value should not be below 0.05 and the 250 

deviance should be in the same order of the DoF (Wileman et al., 1996). In case of poor 251 

fit statistics (p-value <0.05; deviance >>DoF), the model curve plots and the residuals were 252 

examined to determine whether there were structural problems in describing the 253 

experimental data with the combined model or if it was a case of data overdispersion 254 

(Wileman et al., 1996). The value of VS(l,v) for the combined model represents the 255 

probability of finding a fish of length l in the upper compartment. A value above 0.5 256 

indicated a higher probability of finding the individual in the upper compartment. 257 

However, to indicate that the proportion of a species entering a given compartment is 258 
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higher than the height of the opening of that compartment relative to the total section at 259 

the point of separation, we adopted the term “preference”. Considering that the upper 260 

compartment accounted for 67% of the total section, only values of VS(l,ν) above 0.67 261 

were consider to represent a significant difference in vertical distribution between the 262 

two compartments. Similarly, a value significantly below 0.67 would imply a preference 263 

for the lower compartment. 264 

Confidence intervals (CIs) for the length-dependent vertical separation efficiency were 265 

estimated using a double bootstrap method (Millar, 1993). The procedure accounted for 266 

the uncertainty due to between-haul variation in the vertical separation efficiency by 267 

selecting h hauls with replacement from the h hauls available for the specific case 268 

investigated during each bootstrap repetition. Within-haul uncertainty in the size 269 

structure of the catch data was accounted for by randomly selecting individuals with 270 

replacement from each haul and each compartment separately. The number of fish 271 

selected from each haul was the number of fish length-measured in that haul in each 272 

compartment. For each species, only hauls containing at least 10 individuals in the upper 273 

and lower compartments summed were included, following Krag et al. (2014). A total of 274 

1,000 bootstrap repetitions were performed and Efron 95% CIs (Efron, 1982) were 275 

calculated for the vertical separation curve. By incorporating the combined model 276 

approach in each of the bootstrap repetitions we accounted for the additional uncertainty 277 

on the vertical separation efficiency due to uncertainty in model selection (Herrmann et 278 

al., 2017). All the analyses were performed using the software SELNET (Herrmann et al., 279 

2012). 280 

2.5 Quantifying the effect of the treatment  281 
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The length-based, average vertical separation efficiency of the baseline trawl, VSB(l), and 282 

test trawl, VST(l), for each experiment (1 and 2) was estimated with 95% CIs according to 283 

the procedure described in the previous section. In principle, we could have inferred 284 

whether the treatment had any significant effect on the vertical separation by overlapping 285 

the CIs obtained for VSB(l) and VST(l). However, this approach does not take full 286 

advantage of our experimental design, in which the baseline and test trawl are fished 287 

simultaneously in parallel and are therefore subjected to the same varying fishing 288 

conditions between hauls. Therefore, instead of applying the analysis separately for the 289 

baseline and test trawl, as described in the previous section, we synchronized the hauls 290 

selected for the outer bootstrap loop for the baseline and test trawls and for each 291 

bootstrap we calculated the treatment effect ΔVS(l,ν) on the vertical separation by: 292 

Δ𝑉𝑆(𝑙, 𝝂) = 𝑉𝑆𝐵(𝑙, 𝝂)  −  𝑉𝑆𝑇(𝑙, 𝝂)  (5) 293 

Through this synchronization in the haul selection and the direct calculation of ΔVS(l,ν) in 294 

each bootstrap we removed part of the between-haul variation in vertical separation 295 

efficiency and increased the power of the analysis to infer the treatment effect. ΔVS(l,ν) 296 

can span between -1 and 1, where positive values mean that more individuals of length l 297 

are entering the upper compartment in response to the lights. In contrast, negative values 298 

mean more individuals are entering the lower compartment. For those length-classes in 299 

which the 95% CIs for ΔVS(l,ν) did not contain 0.0, we determined a significant effect of 300 

the light treatment.  301 

3. Results 302 

A total of 18 hauls were conducted, ten hauls for Experiment 1 and eight hauls for 303 

Experiment 2 (Table 1). The towing time varied between 30 and 120 min according to the 304 
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catch observed with the vessel’s eco-sounder, as it was imperative for a correct 305 

interpretation of the vertical separation efficiency that no fish were found ahead of the 306 

separation into two compartments when hauling the catch.  307 

TABLE 1 308 

Sufficient data for analysis were collected for six commercial species (Table 2): the target 309 

species, Nephrops; three roundfish species, cod (Gadus morhua), haddock 310 

(Melanogrammus aeglefinus), and whiting (Merlangius merlangus); and two flatfish 311 

species, plaice (Pleuronectes platessa) and lemon sole (Microstomus kitt). Due to the 312 

period of the study, very few fish were encountered while fishing in Nephrops grounds. 313 

Therefore, because the strongest reactions to the lights were expected from fish, only a 314 

few hauls during Experiment 1 were used to verify the effect on Nephrops (Table 2). 315 

TABLE 2 316 

Fit statistics for each of the models are reported in Table 3. In most cases, p-values were 317 

above 0.05, indicating that the model could be trusted to describe the experimental data. 318 

Four models in each experiment had poor fit statistics (p < 0.05, deviance >> DoF): in 319 

Experiment 1 the models for the baseline trawl of haddock and whiting and for the test 320 

trawl for cod and Nephrops; and in Experiment 2 the models for haddock and whiting in 321 

both the baseline and test trawls (Table 3). For these cases the residual deviations 322 

between the data and the modelled curves were investigated. No systematic structure 323 

was detected. We considered the low p-values to be a consequence of overdispersion in 324 

the data caused by the sub-sampling (e.g. whiting and Nephrops) and the high dispersion 325 

in those length classes with relative low frequency. Such cases are frequent and have been 326 
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reported before (e.g. Larsen et al., 2017). Therefore, we were confident that all the 327 

models could be used to describe the vertical separation efficiency. The results for both 328 

experiments are hereafter presented by species to facilitate the interpretation of changes 329 

in vertical separation efficiency.  330 

TABLE 3 331 

Nephrops 332 

The separation efficiency curves of both the baseline and test trawls described overall the 333 

experimental data well (Fig. 2). Where fewer individuals were caught, an increasing 334 

binominal noise is observed through the increasing size of the CIs. In both trawls, 335 

Nephrops showed a strong, significant preference for the lower compartment, with CIs 336 

well below 0.67 for all length classes represented (18-62 mm; Fig. 2). The difference in 337 

separation efficiency (ΔVS) indicated a significant effect of the light treatment (Fig. 2, 338 

Delta). When lights were inserted in the lower panel, Nephrops between 40 and 55 mm 339 

were found in greater numbers in the lower compartment. 340 

FIGURE 2 341 

Cod 342 

The separation efficiency curves for cod described the main trends in the data relatively 343 

well in both experiments (Fig. 3). Few individuals above 40 cm were caught; thus, the CIs 344 

were broad for the biggest length classes. For cod, there was a length dependency in 345 

vertical preference, with smaller individuals more frequently entering the lower 346 

compartment. In the baseline trawl, cod of 25-59 cm and 30-43 cm in Experiment 1 and 347 

2, respectively, showed a preference for the upper compartment. However, this 348 
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preference disappeared in the test trawl with the light treatment in either position. LED 349 

lights in the lower panel (Experiment 1) significantly and negatively affected cod of length 350 

11-18 cm and 28-43 cm (Fig. 3, Delta), corresponding to the two main bulks of length 351 

classes caught during the trial. Lights in the upper panel (Experiment 2) did not cause a 352 

significant change in vertical distribution, with the exception of, the 30-cm length class 353 

which entered more frequently the lower compartment.  354 

FIGURE 3 355 

Haddock 356 

The separation efficiency curves for haddock represent the experimental data reasonably 357 

well, without systematic deviations between the experimental points and the modelled 358 

curves (Fig. 4). Few individuals above 40 cm were caught; thus, the CIs were broad for the 359 

biggest length classes. A large proportion of haddock entered the upper compartment, 360 

but a significant preference for this compartment was detected only for few length 361 

classes, 18-26 cm and 25-32 cm in the baseline trawl of Experiment 1 and 2, respectively. 362 

Lights in the lower panel (Experiment 1) did not cause any change in haddock’s vertical 363 

distribution lights inserted in the upper panel (Experiment 2) significantly and positively 364 

affected individuals of 33-42 cm (Fig. 4, Delta).  365 

FIGURE 4 366 

Whiting 367 

The separation efficiency curves for whiting described the main trends in the data very 368 

well, with relatively small CIs for length classes with strong data (20-27 cm) (Fig. 5). 369 

Whiting generally had a strong length-dependency in its vertical separation. In the 370 
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baseline trawl, small individuals (5-15 cm) entered the lower compartment in greater 371 

numbers, although the result was only significant in Experiment 1. In contrast, whiting 372 

belonging to the main bulk of data (20-30 cm) had a strong preference for the upper 373 

compartment in the baseline trawl of both experiments. The light treatment did not 374 

improve the vertical separation of whiting in either experiment. With the lights in the 375 

lower panel (Experiment 1), whiting had a more uniform distribution, with no preference 376 

for the upper compartment, and the difference was significant for individuals of 20-23 cm 377 

(Fig. 5, Delta). In Experiment 2, the lights in the upper panel negatively affected individuals 378 

between 16 and 22 cm, which were caught significantly more in the lower compartment.  379 

FIGURE 5 380 

Plaice 381 

The separation efficiency curves of both the baseline and test trawls described the 382 

experimental data for plaice belonging to the main interval of the length classes relatively 383 

well (20-40 cm; Fig. 6). A relatively large proportion of plaice were caught in the upper 384 

compartment, but overall there was a uniform vertical distribution, with the CIs for all 385 

length-classes overlapping the horizontal line representing an equal preference for either 386 

compartment (Fig. 6). LED lights in the lower compartment (Experiment 1) significantly 387 

and negatively affected plaice of 23-32 cm (Fig. 6, Delta). Lights in the upper compartment 388 

did not cause significant changes in the vertical separation efficiency.  389 

FIGURE 6 390 

Lemon sole 391 
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Few lemon sole were caught during the experiments; however, the separation efficiency 392 

curves represented the experimental data well (Fig. 7) and the fit statistics indicated that 393 

the models could be trusted. In the baseline trawl, lemon sole had a uniform distribution, 394 

and thus, according to the size of the entrances of the compartments, entered the upper 395 

compartment in greater numbers. No change in the vertical separation efficiency was 396 

observed when lights were attached to the lower netting panel (Experiment 1), whereas 397 

small lemon sole of 17-21 cm were significantly affected by lights in the upper netting 398 

panel (Experiment 2), resulting in a preference for the lower compartment (Fig. 7, Delta). 399 

FIGURE 7 400 

4. Discussion 401 

Several stimuli contribute in determining species vertical distribution in the trawl 402 

extension. Sound, vibrations, intra- and inter-species interactions, visible background and 403 

state of fatigue due to the first part of the catching process, as well as individual physical 404 

constrains, have been described to influence species separation (Winger et al., 2010; Fryer 405 

et al., 2017). When testing lights, these confounding factors often complicate the 406 

interpretation of results and limit the inference of species-specific behavioural responses. 407 

The methodology applied in this study accounted for the variability introduced by other 408 

factors than the device tested by towing the baseline and test trawls in parallel. 409 

Unfortunately, we could not account for interactions between the light treatment and 410 

other factors or determine which of the parameters of the light (e.g. intensity, colour, 411 

orientation) was the main driver of the response. In this study, we aimed at investigating 412 

if phototaxis could be exploited to modify fish vertical distribution and if either positive 413 

or negative phototaxis could be efficient in leading fish into the upper compartment.We 414 
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found that LED lights in the trawl extension had significant effects on the vertical 415 

distribution of the species investigated. However, we could not conclude these changes 416 

were caused by phototactic responses, i.e. movements directed towards or away from 417 

the lights. .  418 

LED lights in the lower panel increased small cod (11-18 cm) preference for the lower 419 

compartment, while medium-sized cod (28-43 cm) lost the preference for the upper 420 

compartment observed in the baseline trawl. Similarly, whiting (20-23 cm) shifted from a 421 

clear preference for the upper compartment in the baseline trawl to a uniform 422 

distribution with LED lights in the lower panel. Small plaice (23-32 cm) were uniformly 423 

distributed in the baseline trawl, whereas showed a preference for the lower 424 

compartment in the test trawl. Surprisingly, Nephrops between 40 and 55 mm showed a 425 

significant increased preference for the lower compartment in the test trawl. This species 426 

usually has a weakly length-dependent vertical separation, with a higher percentage of 427 

individuals above 50 mm (carapace length) entering the upper compartment (Karlsen et 428 

al., 2015; Graham and Fryer, 2006). Because these individuals would be lost in a 429 

compartment with large meshes, i.e. the upper compartment, the potential positive 430 

phototaxis observed in this study might be of interest to reduce the loss of the target 431 

species. 432 

These responses, despite being apparently directed towards the lights, should not be 433 

interpreted as  positive phototaxis.  When testing the lights in the opposite position (upper 434 

netting panel) we did not obtain inverted effects respect to those observed in Experiment 435 

1.  On the contrary, some species still entered in higher numbers the lower compartment. 436 

For example, small whiting (16-22 cm) and small lemon sole (15-21 cm) were both found 437 
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in higher numbers in the lower compartment in the test trawl. However, small whiting 438 

were only slightly affected by the lights, partly losing their preference for the upper 439 

compartment, whereas small lemon sole had a strong preference for the lower 440 

compartment when exposed to lights in the upper panel. In contrast, haddock between 441 

33 and 42 cm developed a strong preference for the upper compartment in response to 442 

the lights.. Unfortunately, no data were collected for Nephrops in Experiment 2, and thus 443 

any influence of lights in the upper panel on large individuals remains unknown. 444 

According to the results, species-specific phototactic responses were not clearly 445 

identified. Each species seemed to react mainly to one treatment position, showing only 446 

a tendency or no response to the other. Most of the significant changes in vertical 447 

distribution could be attributed to an increased awareness of the surroundings, panic or 448 

species-specific escape behaviours. For example, many demersal species have a tendency 449 

to move towards the seafloor when threatened (Winger et al., 2010; Gibson, 2014). 450 

Unfortunately, the lack of understanding of which parameters of the lights are the main 451 

drivers of species responses limit the inferential power of this type of study.  For example, 452 

we cannot exclude that the lack of response to one of the light treatment position was 453 

determined by a difference in intensity of the stimulus between the two experiments, 454 

considering that when attached to the lower panel the lights were partly obscured by the 455 

sediment resuspension. The actual light intensity during towing might have strong 456 

consequences on the type of reaction obtained as species adapted to low light levels are 457 

likely to be blinded or disoriented by artificial lights. Moreover, with lights such as the 458 

Electralume, which don’t emit light in all directions, the orientation of the lights may affect 459 

species perception of the stimulus. Fish’s swimming direction in the trawl funnel, either 460 
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towards the codend or in the towing direction, varies because of fatigue, interaction with 461 

other individuals, and panic (Winger et al., 2010). Accordingly, smaller individuals might 462 

be more frequently oriented towards the codend, because their limited swimming 463 

capacity would lead to physical exhaustion (He, 1993; Winger et al., 2010). Furthermore, 464 

species-specific preferred orientations have been described, in particular among  flatfish 465 

(Winger et al., 2010) 466 

The results obtained in this study indicate that the reaction of selected species to artificial 467 

lights and the factors involved in determining the type and strength of the reaction require 468 

further study. In particular, the physical parameters of the light such as intensity, colour, 469 

orientation, and position should be tested systematically under controlled laboratory 470 

conditions before attempting further applications inside a trawl. Without understanding 471 

the drivers of the behaviour, even positive results might be inconsistent over time and 472 

space since commercial fisheries operate in highly variable conditions. Despite the success 473 

obtained with lights in static fisheries (Nguyen et al., 2017; Wang et al., 2010) and in the 474 

forward part of the trawl (Hannah et al., 2015), their attempted application inside trawls 475 

have mostly failed to achieve the expected results. In our study, as well as in previous 476 

studies (Grimaldo et al., 2017; Larsen at al., 2017; Hannah et al., 2015), green LED lights 477 

were not only useless as a bycatch reduction measure, but had a negative effect on the 478 

vertical distribution of fish, increasing the amount of fish entering the lower compartment 479 

together with Nephrops. Therefore, these lights do not currently represent a solution to 480 

improve fish separation from Nephrops in the Nephrops-directed mixed trawl fishery. 481 

Mechanical stimulations might be more efficient in rising flatfish and small roundfish, 482 

which according to the results of this study are the two groups whose separation still 483 
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needs to be improved. Nonetheless, artificial lights as a behavioural stimulation during 484 

the fishing process shows great potential for future application, once a more mechanistic 485 

understanding of light and behaviour is acquired. In this study, all species investigated 486 

responded to the lights, even the juveniles, which are known to have a limited swimming 487 

capacity. These behavioural responses might be applicable to reduce bycatch in fisheries 488 

elsewhere.  489 
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 623 

Figure 1. Schematic illustration of the baseline trawl and the position of the lights in experiment 1 and 2. 624 

The dot-dash double lines represent the selvages. LED lights are represented with the white triangle 625 

indicating the direction of the light emitted. To facilitate the identification of all the components the 626 

proportions shown are not accurate. 627 
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 628 

Figure 2. The VS(l, v) for Nephrops in the baseline and test trawls, and ΔVS(l, v). In the first two columns, 629 

the curve (solid line) represents the modelled VS fitted to the experimental points (dots). The grey bands 630 

are the 95% CIs and the dotted line is the length distribution of the data. The dashed horizontal line, located 631 

at 0.67, describes an equal preference for entering either compartment. In the third column, the solid line 632 

represents the difference in VS between the baseline and test trawls, accounting for synchronized hauls. 633 

The grey bands are the 95% CIs and the dashed line represents no difference in VS. 634 

 635 

Figure 3. The VS(l, v) for cod in the baseline and test trawls, and ΔVS(l, v). In the first two columns, the curve 636 

(solid line) represents the modelled VS fitted to the experimental points (dots). The grey bands are the 95% 637 

CIs and the dotted line is the length distribution of the data. The dashed horizontal line, located at 0.67, 638 

describes an equal preference for entering either compartment. In the third column, the solid line 639 

represents the difference in VS between the baseline and test trawls, accounting for synchronized hauls. 640 

The grey bands are the 95% CIs and the dashed line represents no difference in VS. 641 
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 642 

Figure 4. The VS(l, v) for haddock in the baseline and test trawls, and ΔVS(l, v). In the first two columns, the 643 

curve (solid line) represents the modelled VS fitted to the experimental points (dots). The grey bands are 644 

the 95% CIs and the dotted line is the length distribution of the data. The dashed horizontal line, located at 645 

0.67, describes an equal preference for entering either compartment. In the third column, the solid line 646 

represents the difference in VS between the baseline and test trawls, accounting for synchronized hauls. 647 

The grey bands are the 95% CIs and the dashed line represents no difference in VS. 648 

 649 

Figure 5. The VS(l, v) for whiting in the baseline and test trawls, and ΔVS(l, v). In the first two columns, the 650 

curve (solid line) represents the modelled VS fitted to the experimental points (dots). The grey bands are 651 

the 95% CIs and the dotted line is the length distribution of the data. The dashed horizontal line, located at 652 
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0.67, describes an equal preference for entering either compartment. In the third column, the solid line 653 

represents the difference in VS between the baseline and test trawls, accounting for synchronized hauls. 654 

The grey bands are the 95% CIs and the dashed line represents no difference in VS. 655 

 656 

Figure 6. The VS(l, v) of plaice in the baseline and test trawls, and ΔVS(l, v). In the first two columns, the 657 

curve (solid line) represents the modelled VS fitted to the experimental points (dots). The grey bands are 658 

the 95% CIs and the dotted line is the length distribution of the data. The dashed horizontal line, located at 659 

0.67, describes an equal preference for entering either compartment. In the third column, the solid line 660 

represents the difference in VS between the baseline and test trawls, accounting for synchronized hauls. 661 

The grey bands are the 95% CIs and the dashed line represents no difference in VS. 662 

 663 
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Figure 7. The VS(l, v) of lemon sole in the baseline and test trawls, and ΔVS(l, v). In the first two columns, 664 

the curve (solid line) represents the modelled VS fitted to the experimental points (dots). The grey bands 665 

are the 95% CIs and the dotted line is the length distribution of the data. The dashed horizontal line, located 666 

at 0.67, describes an equal preference for entering either compartment. In the third column, the solid line 667 

represents the difference in VS between the baseline and test trawls, accounting for synchronized hauls. 668 

The grey bands are the 95% CIs and the dashed line represents no difference in VS. 669 
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Tables 685 

Table 1. Overview of the experimental hauls, showing the technical and environmental parameters and 686 

total catch (kg) for each of the four compartments. BU = baseline upper compartment; BL = baseline lower 687 

compartment; TU = test upper compartment; TL = test lower compartment. Hauls were separated in 688 

experiments (Exp.) 1 and 2. The position of the treatment was shifted from the Starboard trawl (S) to the 689 

Port trawl (P).  690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

Haul 

No.
Exp.

Test 

trawl

Start time 

(hh:mm)

Towing time 

(hh:mm)

Depth 

(m)

Wind 

(m/s)

Speed 

(kn)

BU 

(kg)

BL 

(kg)

TU 

(kg)

TL 

(kg)

1 1 P 05:35 00:30 86 3 2.8 99 145 181 285

2 1 P 07:50 00:50 84 3 2.8 735 410 825 474

3 1 P 01:45 00:30 77 3 2.9 170 126 230 178

4 1 S 05:05 00:30 82 3 2.9 244 113 70 140

5 1 S 08:25 00:45 80 2 2.9 219 175 120 155

6 1 S 11:20 00:45 84 2 2.9 480 200 226 176

7 1 S 14:35 01:30 54 2 2.9 24 106 61 110

8 1 S 08:10 01:30 46 1 2.6 73 155 76 148

9 1 S 12:40 01:00 45 0 2.6 22 33 30 61

10 1 S 14:25 01:00 48 0 2.6 17 52 42 63

11 2 P 08:20 00:45 77 5 2.9 415 175 180 170

12 2 P 12:40 00:45 86 6 2.9 385 230 205 230

13 2 P 16:05 00:45 85 7 2.9 127 140 240 240

14 2 P 20:40 00:45 85 7 2.9 130 181 275 174

15 2 P 23:30 00:45 86 6 2.9 60 147 80 52

16 2 P 17:24 00:30 86 6 2.9 117 130 241 147

17 2 S 21:08 00:45 83 4 2.9 115 163 120 172

18 2 S 00:00 00:45 84 8 2.9 177 117 158 145
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Table 2. Number of hauls and number of individuals per species per compartment included in the analyses 701 

of each experiment, 1 and 2. U = upper compartment; L = lower compartment. Species that were 702 

subsampled are indicated with the raised total number and the actual number of individuals measured (in 703 

brackets). 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

Hauls nU nL nU nL

Nephrops 4 782 4688 (2545) 371 4675 (2466)

Cod 8 707 256 508 463

Haddock 6 1040 453 1017 203

Whiting 10 3398 (2803) 627 3858 1293

Plaice 6 2244 760 1758 1186

Lemon sole 6 238 123 219 70

Hauls nU nL nU nL

Nephrops  -  -  -  -  -

Cod 8 724 718 425 759

Haddock 8 1402 582 1812 334

Whiting 8 4261 (2920) 766 4053 (3584) 859

Plaice 8 568 377 313 366

Lemon sole 7 275 125 136 79

Experiment 1

Test trawlBaseline trawl

Baseline trawl Test trawl

Experiment 2
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Table 3. Fit statistics for the modelled vertical separation efficiencies. DoF denotes the degree of freedom 716 

and was calculated by subtracting the number of model parameters from the number of length classes in 717 

the dataset.  718 

 719 

p -value Deviance DoF p -value Deviance DoF

Nephrops 0.80 29.56 37 0.01 59.03 37

Cod 0.43 57.19 56 0.02 81.63 58

Haddock 0.02 50.27 32 0.18 28.96 23

Whiting 0.02 38.77 23 0.08 34.17 24

Plaice 0.24 30.81 26 0.33 26.51 24

Lemon sole 0.07 19.87 12 0.32 17.99 16

p -value Deviance DoF p -value Deviance DoF

Nephrops  -  -  -  -  -  -

Cod 0.16 74.03 63 0.26 57.57 51

Haddock <0.01 58.23 26 0.03 45.84 30

Whiting <0.01 40.69 22 0.02 39.03 23

Plaice 0.08 33.28 23 0.07 33.85 23

Lemon sole 0.17 18.77 14 0.31 16.11 14

Experiment 1

Experiment 2

Baseline trawl Test trawl

Baseline trawl Test trawl


