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A recent rebound of juvenile redfish (Sebastes spp.) in areas where the northern shrimp (Pandalus borealis) bottom trawl fishery in eastern Canada occurs has been challenging the fishing industry to maintain bycatch of this species within acceptable levels. Using self-contained underwater cameras and red lights, this study investigated the behavior of juvenile redfish in response to bycatch reduction devices (BRDs), called Nordmøre grids. Fish behavior was analyzed in grid systems with different bar spacings, including 22- and 19-mm bar spacings. A total of 10.3 h of useable underwater video was collected during commercial fishing conditions, which yielded individual observations of 931 redfish. Generalized linear models (GLMs) and behavioral trees were used to analyze the data. We observed that 52.5% of all redfish passed through the bar spacings and were retained. The duration of the selection process was relatively short (~1.9 s mean), and 57.8% of redfish reacted to the grids by swimming upwards, forward, or towards with respect to the grids. Behaviors exhibited by redfish and redfish retention were similar for both grids. GLM results suggested that as time in front of the grid increased and redfish had upwards or steady grid reactions, retention was drastically reduced. These were important variables that significantly explained the capture fate of redfish. The behavioral sequence that led to higher escape probability was redfish that approached upwards, had no contact with the grid, and reacted to the grid by continuing to move upwards to finally exit through the escape opening. GLM and behavioral trees gave a comprehensive view of redfish behavior, which is extremely useful for perfecting or developing any BRD to address juvenile redfish bycatch.
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Introduction

Nordmøre grids are employed in shrimp bottom trawls to mechanically separate and retain the targeted shrimp from larger animals, such as roundfish, flatfish, and skates (Isaksen et al., 1992). However, relatively small juvenile fish of a similar size as the targeted shrimp can pass through the Nordmøre grid bar spacings, transit to the small mesh codend, and are caught. This can result in considerable amounts of bycatch of commercially important species (Bayse and He, 2017; Pérez Roda et al., 2019). Despite extensive efforts made around the world to reduce bycatch in shrimp fisheries (Broadhurst, 2000; Eayrs, 2007), the incidental catch of juvenile fish persists.

In the 1990s, the Nordmøre grid was introduced in Canada’s east coast northern shrimp (Pandalus borealis) fishery; mandatory maximum bar spacings of 22 and 28 mm are permitted (DFO, 2018), although the majority of the fishing effort uses a 22-mm bar spacing grid. The introduction of Nordmøre grids greatly reduced finfish bycatch from 15% to 2% (>85% reduction by weight) of the total landings of shrimp (ICES, 1998). However, the beaked redfish (Sebastes mentella), Acadian redfish (Sebastes fasciatus), and golden redfish (Sebastes marinus) recruitment index (i.e., the abundance of redfish, with total length (TL)<150 mm) has increased considerably in recent years (DFO, 2020), and their exclusion is problematic at the regulated bar spacings due to their small size (i.e., juveniles). Once juvenile redfish pass through the Nordmøre grid, there is a small chance of escape, as bottom trawls in this fishery are constructed with diamond mesh sizes as small as 40 mm (minimum mesh size authorized) in order to retain small shrimp (DFO, 2018). This can lead to considerable amounts of juvenile redfish being caught depending on their abundance in the fishing area.

The beaked redfish and Acadian redfish are commercially important species off the northeast coast of Canada, while golden redfish are much less abundant (Government of Canada, 2021). They are found along the Northeast Newfoundland and Labrador Shelves (DFO, 2020), and high bycatch rates were reported in 2020 in portions of Davis Strait West and shrimp fishing area (SFA) 4 (DFO, 2021). The directed redfish fishery is currently closed, and it has been under a moratorium since 1997 (DFO, 2021). Both beaked and Acadian redfish were considered threatened under the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) in 2010 and are currently being considered for Schedule 1 classification (Government of Canada, 2021); once in Schedule 1, measures to protect and recover redfish will be implemented. Their slow growth rates, long-lived nature (Campana et al., 1990), and late maturity (Sévigny et al., 2007) make mortality of juvenile redfish of concern, and their incidental catch could have a negative impact on the stock’s recruitment, biomass, recovery, and the future of an emerging redfish fishery. Furthermore, the mortality of juvenile redfish can have an impact on the trophic structures of communities, affecting other important commercial fisheries (Dayton et al., 1995; Devine and Haedrich, 2011).

According to recent conditions of the license, a move-away protocol is triggered, and the vessel must change the fishing area by a minimum of 10 nautical miles from the previous tow if the incidental catch of groundfish exceeds 2.5% by weight of the total catch of shrimp or 100 kg in total weight (DFO, 2018). The movement protocol has unintended negative effects, such as increasing operational costs (e.g., fuel consumption) and environmental impacts (e.g., seabed impact and carbon dioxide emissions). Increased amounts of juvenile redfish bycatch in the catch represent a sorting problem in onboard factories and can physically damage shrimp, reducing the quality and value of the final product.

The performance in terms of catch amount, species, and size selectivity of bycatch reduction devices (BRDs) is assessed based on catch data following robust experimental methodologies and statistical analyses (Wileman et al., 1996). Previous experiments on grid bar spacings (Hickey et al., 1993; CAFID, 1997; He and Balzano, 2012; Silva et al., 2012; Orr, 2018), new grid designs (Grimaldo and Larsen, 2005; Grimaldo, 2006; He and Balzano, 2007; He and Balzano, 2011; He and Balzano, 2013; Veiga-Malta et al., 2020), and sorting grid configurations (Riedel and DeAlteris, 1995; Larsen et al., 2018a; Larsen et al., 2018b) have used these procedures and often provide conclusive results on the catch performance. However, the specifics of how the species in question react to the device are usually unknown.

The increased availability of low-cost and high-quality image underwater cameras in recent years (Madsen et al., 2021) has enabled fishing gear technologists to qualitatively assess fish behavior with the aim of understanding the mechanics behind selection processes (Queirolo et al., 2010; Grimaldo et al., 2018; Larsen et al., 2018c). Even further, many studies have quantitatively analyzed the data gathered from underwater video to assess the selective device or fishing gear performance and species behavior (Bayse et al., 2014; Underwood et al., 2015; Bayse et al., 2016; Queirolo et al., 2019; Santos et al., 2020; Ahumada el al., 2021; Araya-Schmidt et al., 2021; Chladek et al., 2021a; Chladek et al., 2021b). The observed fish behaviors are usually tracked from the first detection to the final outcome of the selection process and categorized in stages. Generalized linear models (Underwood et al., 2015; Bayse et al., 2016) and behavioral trees (Santos et al., 2020; Chladek et al., 2021a; Chladek et al., 2021b) have been used to analyze the observed behaviors and relate them to capture fate. Regression models relate capture fate to all the explanatory variables at once, whereas behavioral trees relate capture fate to the sequences of behaviors throughout the selection process.

Despite juvenile redfish bycatch being an issue in many shrimp trawl fisheries (Broadhurst, 2000; Larsen et al., 2019; Cerbule et al., 2021), there is limited redfish behavioral information in bottom trawls. Larsen et al. (2019) observed that most juvenile redfish come in physical contact with 30° and 45° angle grids, sliding up the grid face until the fish orientate themselves correctly towards the grid and pass through the bar spacings. However, there is evidence that redfish can actively seek outlets by swimming upwards, escaping panel meshes after a sorting grid section (Sistiaga et al., 2017), and that they can also exit sieve panels through the upper escape opening (Larsen et al., 2018c).

The purpose of this study was to investigate the behavior of juvenile redfish in 22- and 19-mm bar spacing Nordmøre grid systems to better understand which behavioral sequences lead to redfish escape and the effects of redfish behavior for different Nordmøre grid bar spacings. The behavioral data were quantitatively assessed using both a generalized linear model (GLM) and a behavioral tree approach. The advantages and disadvantages of both methods are discussed and contrasted.



Materials and methods


Fishing gear

Two Cosmos 3000 commercial shrimp bottom trawls were used in this study. Each had a 65.4-m headline, 70.1-m fishing line, and 70.1-m roller footgear. The trawls had a four-panel design and were each equipped with a trouser codend with a 40-mm nominal diamond mesh size. These codends were selective for the size range of juvenile redfish (<150-mm TL). The baseline and experimental trawls were identical, except for the Nordmøre grid bar spacing. The baseline bottom trawl was equipped with a 22-mm (mean 21.74 mm, standard error 0.07 mm) bar spacing Nordmøre grid, while the experimental bottom trawl was equipped with a 19-mm (mean 18.83 mm, standard error 0.08 mm) bar spacing Nordmøre grid. The grids were 2.0 m long and 1.0 m wide. Grids were designed to have angles of attack between 53° and 55° at the beginning of the tows. The guiding panel netting had a length of 5 m and was installed at an angle of −15° with respect to the upper panel netting. The guiding panel used a bungee cord weaved through the meshes and attached to each side of the grid 0.72 m from the grid bottom. The netting extended approximately 30 cm beyond the bungee cord and was laid flat against the grid surface during flume tank testing (Figure 1). The vessel uses this guiding panel configuration in order to maximize shrimp contact with the grid.




Figure 1 | Close-up view of the 19-mm Nordmøre grid system used in the experiment.





Hydrodynamic testing

Hydrodynamic testing of the full-scale grid systems was conducted prior to sea trials using the flume tank (Figure 2) located in St. John’s, NL, Canada (Winger et al., 2006). For the flume tank testing, a 40-mm mesh size codend section of 4.0 m length was attached to the grid systems (Figure 2). This codend section was significantly smaller and lighter than the extension and trouser codend used by the vessel during commercial fishing, which not only had the added weight of the catch but also the extra netting, including chafer gear. During flume tank testing, flow velocity was set to 0.85 m/s and grid angles were measured for quality control, recorded as 62° and 63° for the 22- and 19-mm grids, respectively. Flow velocity (m/s) was measured along two vertical axes: 1) in front of the grid, at four equidistant points between the front-end of the escape opening (i.e., opening apex) and the guiding panel (F1, F2, F3, and F4), and 2) 0.6 m behind the top of the Nordmøre grids, at five equidistant points between the upper and lower panels (B1, B2, B3, B4, and B5) (Figure 2). Clearance from the netting for points F1 and F4 was 0.27 m, and clearance from the netting was 0.38 m for B1 and B5 points to avoid the upper or lower netting effect on water velocity. Measurements were performed using a two-axis electromagnetic current meter (Valeport Model 802, Valeport, St Peter’s Quay, Totnes, UK). At each point, water velocity measurements were collected for 1 min (96 Hz) and averaged. See Cheng et al. (2022) for a further methodical description.




Figure 2 | Baseline 22-mm bar spacing Nordmøre grid section during flume tank testing. Points for flow measurements in front (F1, F2, F3, and F4) and behind (B1, B2, B3, B4, and B5) the grid during hydrodynamic testing are shown.





Underwater video

Video recordings were collected on board the commercial factory freezer trawler Newfoundland Lynx (length 67.7 m, width 13.0 m, gross tonnage 2409) during 19 January and 13 February 2021 (winter season), in the offshore SFAs 4, 5, and 6, located off the coast of eastern Canada. However, valid tows used in the analysis were all from SFA 4 (Table 1). Towing speed was 1.49 m/s, which is the standard speed used by the fishing vessel.


Table 1 | Information on the video recorded tows used in the video analysis.



The camera system was attached to the top of the Nordmøre grid and consisted of a GoPro Hero4 black action camera, with a GoPro “Bacpac” battery and an external battery (4,000 mAh, 3.7 V) (Figure 3). Two DIV08W diving lights from Brinyte Technology Ltd. were used to illuminate the camera’s field of view. They were located on either side (0.15 m) of the camera. These red lights had a maximum irradiance of 202 mW at 634 nm, and the wavelength range at full width at half maximum (FWHM) was 620–643 nm. The peak wavelength is in the lower spectrum range of red light, and the total wavelength range of the light extends into the orange part of the visible light spectrum. Red lights were used, as studies have shown that they are less visible to deep-water fish and crustaceans due to their longer wavelengths (Widder et al., 2005; Rooper et al., 2015; Nguyen et al., 2017). Underwater housings from CamDo Solutions Inc. and Group B Distribution Inc. were used (certified to a depth of 1,500 m) for the camera and lights, respectively (Figure 3). The camera was attached in a way that the field of view started 0.1 m below the top of the grid, extending to each side of the grid at an angle up to a height of 1.3 m from the bottom of the grid. This resulted in blind spots on each side of the camera on the upper section of the grid that accounted for ~15% of the grid surface area. The camera field of view reached the bottom of the grid, and ~0.5 m of the netting of the lower panel in front of the grid can be seen in the video recordings.




Figure 3 | Juvenile redfish behavioral stages in a Nordmøre grid system. The guiding panel was removed from the image for figure readability. An image of the GoPro camera with two Brinyte DIV08W diving torches emitting red light on each side mounted on the 19-mm Nordmøre grid during sea trials is shown.



Information on the video-recorded tows was collected during the fishing trip, including fishing area (SFA), tow duration, time of the day, depth, bottom temperature, starting grid angle, and bar spacings used on the Nordmøre grids. Total shrimp catch was estimated from the total shrimp produced at the factory during each tow, and the total redfish bycatch was collected and weighed for tows 1 and 2 and provided by the at-sea observer for tows 3 and 4 (Table 1).



Behavioral data

Behaviors of individual redfish were evaluated at the Nordmøre grid section of the experimental and baseline bottom trawls (i.e., 19- and 22-mm Nordmøre grid bar spacings). Behaviors were recorded within four behavioral stages—1) body orientation, 2) approach, 3) grid contact, and 4) grid reaction—which led to redfish fate (Figure 3). These included the moment the redfish entered the camera field of view, below the guiding panel, up to when the individuals were either retained (i.e., transited to the codend through the Nordmøre grid bars) or escaped through the opening on the upper panel of the grid section (Figure 3). Upon entry of the redfish to the field of view, body orientation was recorded as “towards”, “sideways”, or “away” with respect to the fish’s head orientation in relation to the grid. After entry, the path followed by the fish approaching the grid was recorded; fish were considered to move “upwards”, remain “steady”, or move “sideways” (i.e., port or starboard). Following the approach stage, fish had either “contact” or “no contact” with the Nordmøre grid. Fish that did not contact the grid all moved up towards the escape opening and were considered to have a grid reaction “upwards”; fish that contacted the grid reacted by moving “upwards”, remaining “passive”, moving “towards” the grid (i.e., through the bars), or swimming “forward” in the opposite direction from the grid. Finally, redfish that were positioned on the front side of the grid (towards the vessel) and moved up past the camera field of view were considered “escaped” and exited the grid section through the escape opening; fish that transited to the codend through the grid bars were considered “retained”. The total time elapsed (t) from the redfish’s first detection (i.e., stage 1) to fate was recorded for each individual. Behavioural data were recorded from underwater video using the BORIS software (Friard and Gamba, 2016). The observed probability of redfish escape (%) was calculated for each behavior independently and bootstrapped 1,000 times to obtain 95% percentile confidence intervals (CIs) using the mosaic package in R (Pruim et al., 2017).



Generalized linear model

A GLM with a binomial error was performed using the lme4 package (Bates et al., 2015). All statistical analyses were performed in R (R Development Core Team, 2017). Redfish fate was the dependent variable (i.e., escaped or retained). Explanatory variables, when appropriate, included “grid type”, “body orientation”, “approach”, “grid contact”, “grid reaction”, “time”, and “haul number”. Model selection was based on the model with the lowest correction to Akaike’s information criterion (AICc) (Akaike, 1974), using the function AICctab in the bbmle package (Bolker and R Development Core Team, 2020). Model fit was assessed with a combination of a quantile–quantile plot, residual investigation, and dispersion test in the DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression models package (Hartig, 2021).



Behavioural trees

Following Santos et al. (2020) procedures, the behaviors observed at each stage describe a specific behavioral sequence that could explain the fate of the observed redfish (i.e., escaped or retained). The behaviors collected for each fish at the different behavioral stages were pooled within and between hauls separately for each grid type (i.e., 22- and 19-mm bar spacing Nordmøre grids). The data for each grid were arranged in behavioral trees using data.tree (Glur, 2018) and DiagrammeR (Iannone, 2019) packages. The root represents the total number of redfish observed, which is connected to the nodes counting the number of times a specific behavior occurred. The nodes were organized into four levels following the four behavioral stages, which were connected by the tree branches following the observed behavioral sequences. Finally, the tree leaves at the bottom contain the number of redfish that after following a specific behavioral sequence were retained or escaped (i.e., fate).

Marginal and conditional probabilities were calculated for each of the behavioral trees generated (Santos et al., 2020). Marginal probability (MP) was calculated as follows:

 

where MPz,j is the marginal probability for a given behavioral event j from behavioral stage z to happen. Nz,j is the node representing the total number of redfish that had a behaviour j in behavioral stage z, while Root is the total number of redfish observed for each Nordmøre grid.

Conditional probability (CP) was calculated as follows:

 

where CPB,j is the conditional probability that event j from behavioral stage B∈{2,3,4,5} could happen, given that the parent attribute k from behavioral stage B−1 happened.

The rate of observed redfish that escaped at the 22- and 19-mm Nordmøre grid systems was calculated as follows:

 

where n escaped is the number of redfish that escaped and n retained is the number of redfish retained.

Finally, 95% Efron confidence intervals (95% CIs) (Efron, 1982) were estimated for MP, CP, rate of redfish escaped, and t = time using a double-bootstrap technique (Santos et al., 2020), which produced a total of 1,000 artificial trees.




Results

Mean water velocity recorded during flume tank testing ranged between 0.40 and 0.70 m/s in front of the 19-mm grid and between 0.38 and 0.68 m/s for the 22-mm grid. On average, water velocity was increased by 6.28% in front of the grid, as bar spacings were reduced to 19 mm. For water velocity measurements behind the grid, mean values ranged between 0.48 and 0.60 m/s, and between 0.48 and 0.71 m/s for the 19- and 22-mm grids, respectively. On average, water velocity was reduced by 6.36% behind the grid when bar spacing was reduced to 19 mm (Table 2).


Table 2 | Mean water velocity (m/s) and standard error of the mean (SEM) for the different points of measurement, and total mean water velocity difference between grids in front and behind the grids.



During sea trials, grid angles at the beginning of the tows ranged between 53° and 55° and were lower than measured in the flume tank due to the added weight of the full-size codend. The grid systems experienced an increase in the guiding panel exit opening at the beginning of each tow as shrimp, flatfish, and redfish meshed and accumulated in the guiding panel meshes (Figure 4). As the guiding panel opened, the area where fish and shrimps meshed in the netting was no longer seen in the video (i.e., outside the camera’s field of view) (Figure 4, panel #3). The guiding panel extension beyond the bungee cord was in the field of view, but no longer in contact with the grid due to the guiding panel exit opening and because it was being pushed upwards by the water flows directed towards the escape opening (Figure 4, panel #3).




Figure 4 | Underwater video screenshots of the 19-mm bar spacing Nordmøre grid during fishing. (1) The guiding panel exit opening on its starting position at the beginning of the tow. (2) Two minutes has elapsed since shrimp and fish reached the grid section, where shrimp and fish are seen meshed in the guiding panel netting. (3) The guiding panel exit has fully opened and remained in this position until the end of the tow.



Redfish behavior was obtained after the guiding panel exit opened for each tow as it remained in this position for the rest of the fishing time (Figure 4, panel #3). Within each tow, some events prevented us from assessing redfish behavior, such as fish in front of the camera blocking the field of view, turbidity, and large amounts of shrimp. In all of these cases, the video was discarded for those periods. The relatively short periods (<10 s) from the redfish’s first detection (i.e., body orientation) to fate prevented any concern of not being able to follow individual redfish throughout all the behavioral stages and fate. Six tows were recorded during the fishing trip with a total fishing time of 16.2 h. The first two tows were discarded due to high turbidity conditions that did not allow us to observe redfish behavior properly. The remainder of the tows were used to assess redfish behavior; two tows used the 22-mm bar spacing Nordmøre grid, and two tows used the 19-mm bar spacing Nordmøre grid, with a total useable fishing time of 6.5 and 3.8 h, respectively (Table 1). Overall, there were 442 redfish recorded for the 22-mm Nordmøre grid and 489 redfish for the 19-mm Nordmøre grid.

Of the 931 fish observed during the experiment, 442 (47.48%) escaped through the opening, and 489 (52.52%) passed through the bar spacings and were retained. The mean observed time from first redfish detection (i.e., behavioral stage 1) to fate was 2.01 s (min 0.52 s, max 9.39 s, and standard error of the mean (SEM) ± 0.06) and 1.70 s (min 0.28 s, max 8.14 s and SEM ± 0.05) for escaped and retained redfish, respectively. Behavioural events that had the highest escape probabilities on each behavioral stage independently were redfish that did not contact the grid, redfish that reacted to the grid upwards, redfish that approached upwards to the grid, and redfish that had a body orientation away from the grid (Table 3). However, the lowest escape probabilities were obtained for fish that reacted to the grid by swimming forward or towards it, redfish that approached steady, redfish that contacted the grid, and redfish that had a body orientation towards the grid (Table 3). Both grids produced similar escape probabilities for the different behaviors observed as shown by the overlap on the 95% CI of the percentage of escape between grids (Table 3). Furthermore, escape differences ranged between −5.20% and +8.73%, with an average of 0.73% (Table 3).


Table 3 | Fate of juvenile redfish in 19- and 22-mm bar spacing Nordmøre grids for the different behaviors.



Initially, the data were analyzed using a generalized linear mixed model (GLMM), to incorporate random variation from different tows within the model. However, model fit indicated singularity when the variables’ grid reaction and grid contact were included, together or individually. Thus, a GLMM was not deemed reasonable, as these explanatory variables were important, and the analysis shifted to fitting a GLM. Since tow could not be included as a random effect, we attempted to use it as an explanatory variable; however, large AICc values showed it was not an important variable during the initial data investigation, and it was excluded from the model selection process for simplicity. Additionally, the grid was an independent variable of interest (capture fate between different grids), and generally, its inclusion produced low AICc values during initial data investigation; hence, it was decided to maintain the grid variable in every fitted model. Further, the model fit was improved by reducing the number of categories in the grid reaction variable (i.e., originally it had four categories); forward and towards behaviors were combined, as all redfish were retained when exhibiting these behaviors. The model with the lowest AICc included grid, grid contact, grid reaction, and time as explanatory variables (Table 4).


Table 4 | Generalized linear model outcome including all variables in the lowest AICc model, estimates, standard error (SE), z-value, and p(>z).



GLM model output suggested that there was a 99.68% probability of retention (or 0.32% of escaping) for redfish that had contact with the 22-mm grid and reacted by swimming forward or towards when the variable time was set to 0 s in the model. If we move to the 19-mm bar spacing grid, the probability of escaping increases by 56.52% (p-value = 0.243), maintaining the other reference groups constant (i.e., grid reaction forward or towards and time = 0 s) (Table 4). Redfish that had no contact with the grids had a 100% probability of escaping (p-value = 0.980). Regarding grid reaction, the model results indicated that the probability of escaping was increased by 97.13% and by 99.90% for redfish that remained steady and reacted by swimming upwards, respectively, when compared to redfish that had towards or forward grid reactions (p-values< 0.001) (Table 4). Finally, for a one-unit increase in the time that redfish spent in front of the grid (i.e., 1 s), the probability of escaping was increased by 58.85% (p-value< 0.001).

Behavioural tree bootstrapping indicated that the rate of redfish that escaped for the 22-mm grid was 46.64% (95% CI: [40.36%–58.51%]), while in the 19-mm grid, 48.47% of the individuals escaped (95% CI: [38.07%–56.16%]). Furthermore, the average duration of the selection process (t) was 1.95 s (95% CI: [1.72–2.44 s]) and 1.75 s (95% CI: [1.39–2.34 s]) for the 22- and 19-mm Nordmøre grids, respectively. The size of the behavioral trees was reduced by excluding stage 1 (i.e., body orientation) in order to improve their readability and raw trees, which include all behavioral stages are found in Supplementary Figures 1 and 2. For both grids, most of the redfish had away or towards body orientations; only 12.7% and 21.3% of redfish were oriented sideways for the 19- and 22-mm grids, respectively. Fish that were oriented away from the grids, approached upwards, had no contact with the grids, and reacted to the grids by continuing to move upwards had the highest number of redfish that escaped the bottom trawl (Figure 5). Conversely, there were multiple behavioral sequences on both grids that led to high retention of redfish (Supplementary Material).




Figure 5 | A behavioral sequence leading to escapement. Underwater video screenshot of a redfish that exhibited away body orientation (1), upwards approach (2), upwards grid reaction (3), and escaped the grid system (4).



For the reduced behavioral trees, redfish individuals were pooled from the three different body orientations. Simplified behavioral trees showed that in stage 2, redfish that approached upwards did not contact the grid in stage 3 and reacted by moving upwards in stage 4, escaped from the gear; there were 90 (MP = 20.4%, 95% CI: [16.0%–24.2%], CP = 100%) and 132 (MP = 27.0%, 95% CI: [12.7%–37.8%], CP = 100%) redfish that followed this behavioral sequence for the 22- and 19-mm Nordmøre grids, respectively, and all the remaining fish had contact with the grids (Figure 6). Conversely, redfish that reacted to the grid by swimming forward or towards in stage 4 (i.e., grid reaction) were always retained (CP = 100%) (Figure 7); 75 and 84 redfish exhibited these behaviors in the 22- and 19-mm Nordmøre grids, respectively (Figure 6). Fish that reacted upwards were more likely to escape than the ones that remained passive, after contact with the grids. Behavioural sequences that were more likely to occur (i.e., with the higher marginal probabilities at the leaves) were upwards-no contact-upwards-escaped, steady-contact-passive-retained, and upwards-contact-passive-retained, for both the 22- and 19-mm Nordmøre grids (Figure 6). Redfish that remained passive upon grid contact and were retained slid up the grid until they oriented themselves parallel to the grid and passed through the bar spacings (Figure 8).




Figure 6 | Behavioural trees for the 19-mm (top) and 22-mm (bottom) bar spacing Nordmøre grids. White boxes represent the tree root with the number of redfish observed, grey boxes represent the behaviors at the different behavioral stages (approach, grid contact, and grid behavior), red boxes represent redfish that were retained, and green boxes represent redfish that escaped. On each box, the number of redfish, conditional probability, and marginal probability, with their respective 95% confidence intervals, are shown.






Figure 7 | A behavioral sequence leading to retention. Underwater video screenshot of a redfish that exhibited towards body orientation (1), upwards approach (2), contacted the grid (3), continued swimming towards the grid, passed through the grid bar spacings, and was retained (4).






Figure 8 | A behavioral sequence leading to retention. Underwater video screenshot of a redfish that exhibited sideways body orientation (1), upwards approach (2), contacted the grid (3), slid up the grid face until the fish orientated itself parallel to the grid, and passed through the bar spacings (4).





Discussion

This study investigated the behavior of juvenile redfish in 22- and 19-mm Nordmøre grid systems. The underwater video resulted in 931 redfish being observed throughout the behavioral stages to their final fate (i.e., escape or retained). Over half (52.52%) of the redfish observed on the underwater video passed through the Nordmøre grid bar spacings and were retained, which is in line with the considerable amounts of juvenile redfish that fishers are encountering in their catch. Opening of the guiding panel exit was observed for all tows, as animals meshed and accumulated in the guiding panel meshes. Once the guiding panel exit opened, there were no redfish seen contacting the guiding panel netting, which suggests that the redfish could be avoiding the netting. If the guiding panel exit were to remain in its initial position directing catch to the lower section of the grid, redfish retention would likely be even higher than observed in this study, which may explain why Larsen et al. (2017) found a high and constant probability of retention for juvenile redfish when using both long and short guiding funnels with a 19-mm bar spacing grid. Presumably, these funnels, independent of their length, were efficient at directing shrimp and fish to the bottom of the grid. Redfish directed to the lower part of the grid would be less capable of approaching upwards to the escape opening and avoiding contact with the grid and would give passive individuals more time to slide up along the grid and orientate themselves in a way that enables passage through the grid as observed in Larsen et al. (2017). Shrimp behaviors were not quantitatively assessed during our experiment, but the opening of the guiding panel seemed to direct more shrimp to the top of the grid, and at high catch rates, considerable amounts of shrimp were seen exiting the grid.

Redfish were observed to be unable to swim effectively against water flows in the tested Nordmøre grid systems and were rapidly directed towards the grid, which is evidenced by the short time that elapsed from the first detection to fate; less than half (42.19%) of the fish did not exhibit any reaction upon grid contact or in close proximity to the grid, while a fair proportion of redfish (57.81%) reacted to the grid with burst-swimming behaviors (i.e., upwards, forward, and towards the grid), which is typical behavior for fish in crowded spaces (Winger et al., 2010). This shows that despite their small size and limited presumed swimming capabilities, a proportion was still able to swim or react at that point in the bottom trawl. This is especially promising since using other devices to deter or attract redfish out of the bottom trawl could be feasible at such a late stage of the capture process. In line with this principle, Larsen et al. (2018d) attached green LED lights to the lower part of a Nordmøre grid to encourage the upwards behavior of fish species and reduce bycatch. However, the addition of lights did not produce significant improvements. Further investigation of different light colors, intensities, and positions could provide an alternative to reduce fish bycatch.

Most of the fish that remained passive upon grid contact slid up the grid until they oriented themselves parallel to the grid and passed through the bar spacings (78.81% of the passive fish). This finding is consistent with observations by Larsen et al. (2019) using a similar length grid (2.1 m) but with a lower angle (30°). However, there was a proportion (21.19%) of passive fish that continued sliding up the grid face past the camera field of view and escaped through the opening. Perhaps the guiding panel exit opening (i.e., directing the water flows higher in the grid) decreased the sliding area and the chances of correct orientation for these fish, allowing them to escape.

We observed that a significant proportion of juvenile redfish (approx. 24%) did not make contact with the grids. They simply approached the grid, rose, and escaped through the opening at the top of the BRD. We speculate that these redfish may have exited the trawl by following the water that is rejected through the grid opening. The phenomenon of rejected water was first described by Riedel and DeAlteris (1995). The concept was developed further by Grimaldo and Larsen (2005) and has been cited as the possible reason for the escape of shrimp. The probability of no contact was similar for both the 19- and 22-mm grids (only 6.6% higher for the 19-mm grid). This finding coincides with our flume tank observations of the grids, where there was only a minor increase (6.3%) in front and a minor reduction behind (6.4%) in water velocity for the 19-mm grid when compared to the 22-mm grid. Therefore, water flows directed towards the escape opening and through the bar spacings were generally similar, which could explain the similar contact and escape probability of redfish between the grids tested. Alternatively, this could be attributed to the fact that juvenile redfish captured in this study were all smaller than 150-mm TL and able to fit through both grid bar spacings as their body widths were also below 19 mm, according to morphometric measurements performed on redfish individuals from the same fishing area (personal observation).

Understanding how species behave in response to BRD devices is key to enhancing their escape/retention performance (Winger et al., 2010). The GLM analysis showed that the duration of the selection process (t) and grid reaction were important variables; the more time redfish spend in front of the grid, the higher the probability of escaping (1 s increased by 58.85% the probability of escape). This result was expected, as redfish that escaped needed to traverse a larger distance in order to reach the escape opening. Regarding the grid reaction variable, fish that reacted to the grid upwards or passive drastically increased the probability of escaping (99.90% and 93.13%, respectively), when compared to fish that swam forward or towards the grid. GLM analysis was effective at answering these specific research questions relating all explanatory variables at once and allowed the inclusion of continuous variables, such as time. However, it is not possible to understand the different behavioral sequences that redfish followed and their associated escape or retention probabilities using these methods. Thus, behavioral trees were used to show which behavioral sequences led to the highest probability of escaping for both grids, which were away body orientation, upwards approach, no contact with the grid, and upwards grid reaction. A large proportion of redfish (~50%) were initially oriented away from the grid, and approximately 50% of these fish approached the grid upwards, leading to no grid contact for almost half of these fish by continuing moving upwards and consequently escaping through the grid outlet. Even though many fish did not follow this behavioral sequence, it can be seen that escape probability is increased for redfish that exhibited an upwards approach and upwards grid reaction, despite their initial body orientation or grid contact stages. Therefore, designing or modifying a selection device to trigger these behaviors could greatly reduce redfish bycatch. Isaksen et al. (1992) found that in a 19-mm bar spacing grid, angled 48°, all redfish (Sebastes sp.) escaped through the grid outlet, although these fish were admittedly larger than the redfish in this study. Likely, with the grid systems used in this experiment, lower grid angles could reduce the probability of contact with the grid and increase the amount of redfish escaping through the grid outlet. However, this would also depend upon the proportion of fish that have passive rather than active behavior. However, lower grid angles with an inefficient guiding panel, such as the one observed in this experiment, could lead to shrimp escape.

A limitation of this study was the use of light to illuminate the camera’s field of view, as this could affect redfish behavior. Fish that inhabit depths below 50 m have decreased visual sensitivity in the red part of the spectrum, which has been previously shown by Brill et al. (2008) for black rockfish (Sebastes melanops, >620 nm). Furthermore, deep-water fish, such as sablefish (Anoplopoma fimbria) and rockfishes (Sebastes spp.), can detect red LED light, although red is far less disruptive than other light colors (Widder et al., 2005; Rooper et al., 2015). Even though infrared light could be used and is invisible to fish, the visual range is often limited (1 m) (Rooper et al., 2015), and invisible infrared radiation may damage the eyes of the animals, making red light the only feasible option to effectively observe redfish behavior for the distances required in this study. The light used had a peak wavelength in the lower spectrum range of red light, and the total wavelength range of the light extends into the orange part of the visible light spectrum. It has been described that rockfish exhibit weak avoidance behavior to red lights (Rooper et al., 2015). Therefore, the influence of red light on juvenile redfish behavior cannot be discarded and may have biased the results.

In conclusion, this study showed that over half of the redfish observed on the underwater video passed through the Nordmøre grid bar spacings and were retained. The time that redfish spent in front of the grid and grid reaction better explained redfish probability of escaping; one unit increase in time and upwards or steady grid reactions drastically decreased the probability of retention. The most favorable behavioral sequence for redfish to escape was an upwards approach, no contact with the grid, and an upwards grid reaction. The GLM was useful for estimating retention probabilities relating all explanatory variables at once, and behavioral trees showed probabilities accounting for the stepwise nature of the behaviors. Both approaches together gave a comprehensive view of the redfish behavior on Nordmøre grid systems. This important information could guide the future development of BRDs so they can be designed to enhance the most favorable redfish behaviors that led to the escapement. It could also aid in the improvement of the current Nordmøre grid system by increasing the time of redfish in front of the grid and by facilitating upwards behavior, which could ultimately lead to significant reductions in juvenile redfish bycatch.
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