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Abstract

:

Entanglement in commercial fishing gear is one of the main factors inhibiting the recovery of critically endangered North Atlantic right whales. Installing low-breaking-strength (LBS) components in the buoy lines and main lines of stationary fishing gear may be a viable solution for some fisheries. But is it an effective solution for deep-water trap fisheries? This study quantified in-line rope tensions observed during fishing operations for snow crab (Chionoecetes opilio) in Newfoundland and Labrador, Canada. We conducted a controlled fishing experiment in which we documented the loads experienced while hauling fleets of traps. The results showed that several factors contributed to the loads observed, including the components of the traps, the presence of crabs, and environmental conditions such as wind direction and wave height. According to the statistical models, the maximum tension from the estimated marginal means was 477.53 kgf in the buoy line and 987.99 kgf in the main line for the baited hauls, which exceeds the safe working load (154 kgf) of the proposed low-breaking-strength components. Our results suggest that LBS components are not a viable solution for this deep-water fishery.
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Key Contribution: This study involved a controlled fishing experiment in which we documented the loads experienced while hauling fleets of snow crab traps in eastern Canada. Significant loads in both buoy lines and main lines were observed, suggesting that low-breaking-strength (LBS) components intended to mitigate whale entanglement are not a viable solution for this fishery.










1. Introduction


North Atlantic right whales (NARWs) are one of the most endangered whale species on Earth, with an estimated population of around 356 (+7/−10) individuals and fewer than 70 calving mothers [1]. Entanglement in commercial fishing gear is one of the main causes of mortality for NARWs and a major factor inhibiting the recovery of this species [2,3]. Evidence indicates that any vertical line rising into the water column poses a significant entanglement risk for large whales [4], with trap/pot gear used in the lobster and crab fisheries posing the greatest risk [2,5]. The rate of entanglement for NARWs increased between 1980 and 2009, in part due to innovation and the adoption of ropes with higher tensile strength in many fisheries [6,7]. Despite years of focused regulation and management efforts in the United States, there has been no decrease in the frequency or severity of entanglements [1,6,8,9].



Alternative equipment (termed “whalesafe” gear) to reduce the amount and strength of vertical ropes in the water column have been developed for the fishing industry [4,10]. Whalesafe fishing gear aims to either prevent entanglement by reducing the amount of rope in the water column or alleviate entanglement by incorporating “weak” components in fishing gear to reduce the severity and duration of these events, improving the odds of survival for entangled whales. These “weak” components, also referred to as low-breaking-strength (LBS) components, are designed to break when they experience a set amount of tension. Examples include plastic links, plastic swivels, weak ropes, weak sleeves, and break-away links [10]. In most cases, these components are designed to fail at 1700 lbf (771 kgf) of tension based on Knowlton et al. [7]. Although not scientifically proven to prevent entanglements, these components should fail when an entangled whale exerts sufficient force to break the LBS component, thereby separating itself from a portion of the fishing gear, reducing the risk of serious injury and mortality due to entanglement [11]. Ideally, these components can be used in fisheries where loads remain within safe working limits, typically one-fifth the breaking strength, according to marine tackle regulations [12].



The Government of Canada recently announced plans to implement whalesafe fishing gear in non-tended, commercial fixed-gear fisheries in Atlantic Canada and Quebec to mitigate entanglements, starting with the voluntary use of such gear in 2024. While shallow inshore fisheries are likely to operate within the preferred 1700 lbf (771 kgf) breaking strength, e.g., [13], additional research is necessary to ensure the suitability of LBS components for offshore fisheries that experience heavy loads and use large-diameter rope. One of Canada’s deepest and heaviest fisheries is the snow crab (Chionoecetes opilio) fishery off the coast of Newfoundland and Labrador (NL), Canada’s easternmost province. With a landed value of nearly CAD 624 million in 2021 [14], snow crab is a significant economic contributor to the province. A barrier to the implementation and adoption of LBS components in this fishery is the unintended breakage and loss of gear during hauling procedures. The fishery is known for its significant depth (>300 m) and high number of traps per haul [15]. Trap limits increase with vessel size [16], with smaller coastal vessels typically setting 25 traps in a fleet, and larger offshore vessels typically setting 100 and up to 200 traps in a fleet. The in-line tension in the buoy lines (rope connecting the surface buoy to the first trap) and main lines (or ground rope; rope in between traps) is expected to be high during hauling procedures owing to the thick ropes (up to 16 mm in diameter) commonly used by harvesters to haul these fishing systems.



This study quantifies the in-line rope tensions observed during fishing operations for snow crab in Newfoundland and Labrador. We conducted a controlled fishing experiment in which we documented, with high precision, the loads experienced while hauling fleets of traps. We investigated several factors that contribute to hauling loads with the aim of determining whether LBS components are suitable for this fishery. This research aims to address significant knowledge gaps regarding LBS technology and the NL snow crab fishery in order to help make evidence-based decisions regarding the best path forward to reduce human-caused mortality of NARWs while ensuring that the fishery remains sustainable. This research gathers crucial data to protect the fishery, the harvesters, and the economy in NL as well as to provide lessons that can be useful in similar fisheries that require solutions for entanglement mitigation.




2. Materials and Methods


2.1. Study Site


A comparative fishing experiment was conducted in Conception Bay, Newfoundland and Labrador (Figure 1), aboard the fishing vessel FV Island Voyager (18 m length) between 26 October and 6 November 2022. The water depth at the study site ranged from 269 to 289 m and the substrate type was mud. Traps were set and hauled on 15 separate days. Environmental conditions during hauling were recorded, with wind speeds varying between 9 and 56 km/h and wave height varying between 1.0 and 4.5 m.




2.2. Fishing Gear


The traps used were the standard conical design with 140 mm stretched mesh, a bottom ring diameter of 133 cm, a volume of 2.1     m   3    , and a top plastic entrance cone. The trap frame, which accounts for most of the weight, is ~12.5 kg [18]. Three experimental treatments were evaluated (Figure 2):




	
W—frames only (no netting, cone, or bait);



	
TU—traditional traps unbaited;



	
TB—traditional traps baited with squid.








For each treatment, the traps were arranged in a fleet of fifty traps, 33 m apart and attached to a 1617 m long, 16 mm diameter main line. No anchors were used. Two buoy lines of 16 mm diameter and 402 m long each were attached to buoys and high flyers on either side (Figure 3). All ropes were made of polypropylene. Each fleet consisted of a single treatment (trap type). Fleets containing treatments 1 and 2 were deployed and hauled multiple times every day (weather permitting), while treatment 3 (baited traps) was deployed and hauled once per day to allow them to soak for at least 24 h, allowing enough time for crabs to enter the pots. The vessel was placed in neutral while hauling the gear, allowing it to stay over top of the gear during hauling. Catches were released immediately after sampling.



A wireless load cell (Euroload ELT24) was installed above the hauler (Figure 4) to measure the tension while hauling. Data were transmitted to a laptop computer on the bridge of the vessel in real time at a rate of 90 measurements per minute. Two images of the hauler and rope angle were taken per haul before the traps came aboard: one near the beginning of the haul, after the buoy, and another just before the first trap. These images were used to measure the angle of the buoy line in relation to the load cell (Figure 4). The average of all angles was 4.4° (0.08 rad), representing an increase of 0.3%, which was not deemed significant, indicating that the load cell was in-line, requiring no correction of the observed loads.




2.3. Statistical Analysis


All analyses were performed using R statistical software (version 4.2.1) [19]. The response variable was maximum tension (kgf). To estimate the rope breaking strength required in the buoy lines and in the main line, two maximum tension values were extracted for each haul: the maximum tension before the first trap came aboard (buoy line; Phase A), and the maximum tension after the first trap came aboard (main line; Phase B).



The explanatory variables in the data exploration included “Treatment” (i.e., W, TU, or TB), “Depth”, “Wind Speed”, “Wind Direction”, and “Wave Height” and the random variable was “Haul” (i.e., haul 1 to haul 63). However, “Wind Speed” and “Wave Height” were found to be highly correlated; therefore, “Wind Speed” was discarded from the model selection procedure (i.e., “Wave Height” was deemed to have a larger effect on the maximum tension). Two Gaussian generalized linear mixed-effect models (GLMMs) were fitted using the glmmTMB package [20], one for Phase A and one for Phase B. A model selection procedure was followed, where the model with the lowest correction to Akaike’s information criterion (AICc) [21] was identified and selected using the AICctab function in the bbmle package [22]. Model fit was assessed with a residual investigation, quantile–quantile plot, and dispersion test in the DHARMa package (residual diagnostics for hierarchical (multi-level/mixed) regression models) [23]. The model’s estimated marginal means for Phase A and Phase B were calculated with their respective 95% confidence intervals (CI) using the function emmeans from the emmeans package in R [24].





3. Results


A total of 63 hauls were conducted during the experiment: 24 hauls for the fleet containing the frames only (W), 22 hauls for the fleet containing traditional unbaited traps (TU), and 17 hauls for the fleet containing traditional baited traps (TBs). The average weight of catch for the baited traps was 20.48 kg and 1024.00 kg per fleet. The total time to haul the fleets was 43.7 min and 44.4 min, on average, for the W and TU fleets, respectively. By comparison, the treatment with baited traps (TBs) typically took longer (56.4 min on average) to allow time for the crew to empty all 50 traps. In Phase A, the maximum tension observed for the W fleet ranged between 21.04 and 448.2 kgf, between 16.24 and 814.60 kgf for the TU fleet, and between 16.61 and 917.46 kgf for the TB fleet. For Phase B, the observed maximum tension values were higher, ranging between 355.51 and 566.56 kgf for the W fleet, between 546.67 and 773.49 kgf for the TU fleet, and between 837.73 and 1203.72 kgf for the TB fleet.



Figure 5 provides an example of the typical loads observed during the hauling of a fleet of baited snow crab traps. Phase A begins when the high flyer is taken aboard and the harvester inserts the rope into the hauler (time = 0). As the buoy line is drawn aboard the vessel, the tension increases, initially slowly as the slack rope is collected, and then more rapidly as traps begin to lift off the seabed towards the surface. This phase lasts, on average, 5.2 min. Phase B begins when the first trap is hauled aboard the vessel. At this point, the buoy line is completely onboard. The subsequent 45–55 min demonstrate the common hauling procedure until all traps are hauled. The variance in the tension over time (rising and falling) is largely determined by harvester behaviour. The speed of the hauler is dynamically manipulated by the crew using a hydraulic system. Typically, the operator increases the hauling speed (and resulting tension) between traps until the next trap breaks the water surface, at which point the operator slows the hauler (reducing tension) so the trap can be safely brought onboard. Once the trap is aboard, the hauler is accelerated (increasing tension) until the next trap breaks the water surface. The sequence repeats itself until all traps are brought aboard the vessel.



3.1. Statistical Model—Phase A


The lowest AICc GLMM model for Phase A included “Treatment” and “Wave Height” as explanatory variables and “Haul” as the random variable. The result from the model indicated that the maximum tension was significantly reduced by 151.08 kgf (CI: 27.63–274.98 kgf) (p-value = 0.017) and by 212.26 kgf (CI: 90.99–333.53 kgf) (p-value = 0.005) for the TU and W fleets, respectively, when compared to the TB fleet (Table 1, Figure 6). Wave height was shown to be not statistically significant (p-value = 0.055). Estimated marginal means from the model indicated that the maximum tension for the TB fleet was 477.53 kgf (CI: 382.84–572.21 kgf), while the TU and W fleets produced maximum tensions of 326.44 kg (CI: 243.95–408.94 kgf) and 265.27 kgf (CI: 186.26–344.27 kgf), respectively, averaged over wave height variable.




3.2. Statistical Model—Phase B


For Phase B, the model with the lowest AICc included “Treatment”, “Wind Direction”, and “Wave Height” as explanatory variables and “Haul” as the random variable. Similar to Phase A, hauling the TU fleet significantly reduced the maximum tension by 280.19 kgf (CI: 239.91–320.48 kgf) (p-value < 0.0001) and hauling the W fleet significantly reduced the maximum tension by 525.71 kgf (CI: 486.41–565.01 kgf) (p-value < 0.0001) when compared to the TB fleet (Table 2, Figure 7). Wave height was statistically significant (p-value < 0.0001), and the model indicated that for every one unit increase in wave height (i.e., 1 m), the maximum tension increased by 42.35 kgf, averaged over trap treatment. Relative to an East wind direction, the North and South wind directions significantly increased the maximum tension by 129.81 kgf (p-value = 0.016) and by 91.52 kgf (p-value = 0.041), respectively, averaged over trap treatment. The remainder of the wind directions were found to be not statistically significant when compared to the East wind direction (Table 2). Estimated marginal means from the model indicated that the maximum tension for the TB fleet was 987.99 kgf (CI: 954.72–1021.26 kgf), the maximum tension for the TU fleet was 680.60 kgf (CI: 651.61–709.58 kgf), and the maximum tension for the W fleet was 433.93 kgf (CI: 406.17–461.69 kgf), averaged over wave height and wind direction variables.





4. Discussion


This study measured tension in the inshore snow crab fishery in Newfoundland for the first time. We evaluated the tension in both the buoy lines (Phase A) and main lines (Phase B). The maximum tension across all three treatments in Phase A was lower than in Phase B, likely due to the lower number of traps that were elevated from the sea floor in Phase A.



Our results showed that the components of the traps contribute to the loads experienced. The addition of both netting and catch increased the tensions observed. According to the estimated marginal means from Phase A, traps with mesh (TU) had an increase in tension when hauling of 23.06% compared to frames only (W) and traps with catch (TB) showed a 46.28% increase in tension when hauling compared to traps without (TU). We attribute this increased load to increased hydrodynamic drag as the traps are lifted through the water column. Traps with netting had more drag than frames alone because of the additional contact area, and the mesh at the bottom of traps with catch were completely covered with crabs, which also increased the area interacting with water and, therefore, the drag. Additionally, factors such as the number of traps per trawl have been shown to add significant tension while hauling due to the drag effect of the traps on the bottom [13].



Environmental conditions (water depth, wind direction, wind speed, and wave height) were recorded during the experiment. Although water depth has been shown to increase load when harvesting lobster in the Gulf of Maine [13], this was not detected in our results. We attribute this to the limited range of depths in our study design. Wave height was shown to have no effect in Phase A, but increased tension significantly in Phase B. Willse et al. [13] observed that loads when hauling are likely to increase in inclement weather. Our observations showed this only to be true for the main line.



The authors recognize that there were limitations to the study. Principally, tension was measured across a limited range of depths and so the effect of depth on tension was not statistically detectable. The snow crab fishery encompasses depths of 50 to 600 m [25] but focuses mostly on depths of 200 to 400 m where legal-size males are more abundant [26,27]. While this experiment was conducted within the depth interval most commonly fished, further research should aim to capture a wider variety of depths to evaluate the relation between depth and tension in this fishery. The length of the fleets was not a varying factor in this study. Another study identified a drag effect increase with a greater number of traps in a fleet [13]; therefore, additional research on tension when hauling fleets of varying lengths should be conducted in this fishery.



Marine tackle regulations in Canada encourage safe working loads to be one-fifth the breaking strength of the equipment [12]. Best practices would, therefore, suggest that an LBS component designed to break at 771 kgf should not be placed in fishing operations exceeding 771/5 = 154 kgf. The loads documented in this study significantly exceed this value, suggesting that the use of LBS components would be an unwise gear modification for deep-water fisheries such as the snow crab fishery in eastern Canada. If, at any point in time, the tension surpasses the threshold of the LBS components, the component would break, and this would result in the loss of fishing equipment and likely ghost gear as depths are too great for grappling. Ghost gear not only poses a risk of entanglement and monetary loss for harvesters, but it also has the potential to have serious repercussions on the ecosystem due to the continuous capture of animals [28]. LBS breakage also represents a safety risk for harvesters as it has been shown to fly backwards out of the hauler after breakage as the energy (tension on the rope) in the system is released. Additionally, the value of LBS gear for large whale conservation should be assessed before implementation is considered. Evidence suggests that the entanglement severity was not reduced in areas where LBS components were used [4,9]; however, the LBS components used at the time were inserted next to the surface buoy rather than lower in the buoy line where conservation benefits could be greater, and so much research remains to be conducted on them to assess their efficacy. If LBS components are implemented in this fishery and similar deep fisheries without considering the results obtained from this research, they have the potential to create serious environmental repercussions and negative impacts on harvesters and the province’s economy.




5. Conclusions


This study involved a controlled fishing experiment in which we documented the loads experienced while hauling fleets of snow crab traps in eastern Canada. The results showed that several factors contributed to the loads observed, including the components of the traps and the presence of crab, as well as environmental conditions such as wind and wave height. The maximum tensions observed significantly exceeded the safe working load of the proposed low-breaking-strength components. Our results suggest that current LBS components are not a viable solution for this fishery on the basis of potential human safety, gear loss, and ecosystem impacts.
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Figure 1. Map of the fishing area located in Conception Bay, Newfoundland and Labrador, Canada, with an inset map of the fleets of traps deployed during the experiment coloured by treatment. Map was created using the ggOceanMaps package and ggOceanMapsData packages in R [17]. Arctic polar stereographic projection was used. 
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Figure 2. Picture of the two different types of traps used in the experiment. (a) Frames only: traditional conical traps with mesh and entrance cone removed and (b) unaltered traditional conical crab traps used for the unbaited and baited treatments. 
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Figure 3. Diagram of fleet configuration demonstrating two high flyers and two buoys at the surface of the water attached to the two buoy lines of 402 m, with a total of 50 traps per fleet. 
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Figure 4. Picture of the Euroload load-cell (ELT24) installed above the hauler aboard the FV Island Voyager fishing vessel during the experiment. 






Figure 4. Picture of the Euroload load-cell (ELT24) installed above the hauler aboard the FV Island Voyager fishing vessel during the experiment.



[image: Fishes 09 00154 g004]







[image: Fishes 09 00154 g005] 





Figure 5. Representation of the tension, in kgf, over time, in minutes, of a typical haul of traditional baited traps (TBs) during Phase A (shaded) and Phase B. 






Figure 5. Representation of the tension, in kgf, over time, in minutes, of a typical haul of traditional baited traps (TBs) during Phase A (shaded) and Phase B.



[image: Fishes 09 00154 g005]







[image: Fishes 09 00154 g006] 





Figure 6. Box plot for the maximum tension per haul (kgf) during phase A for all 3 treatments: frames only (W), traditional unbaited traps (TUs), and traditional baited traps (TBs). The bottom of the box represents the 25th quartile (Q1), the horizontal bar in the middle represents the median (Q2), and the top of the box represents the 75th quartile (Q3). Dots show the observed values. 
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Figure 7. Box plot for the maximum tension per haul (kgf) during Phase B for all 3 treatments: frames only (W), traditional unbaited traps (TUs), and traditional baited traps (TBs). The bottom of the box represents the 25th quartile (Q1), the horizontal bar in the middle represents the median (Q2), and the top of the box represents the 75th quartile (Q3). Dots show the observed values. 
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Table 1. Generalized linear mixed model (GLMM) estimates, standard error, z value, and p-value for hauling of Phase A (buoy lines).
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	Phase A Model
	Estimate
	Standard Error
	Z Value
	p-Value





	Intercept
	363.89
	81.08
	4.488
	<0.0001



	Treatment: TU
	−151.08
	62.99
	−2.399
	0.016



	Treatment: W
	−212.26
	61.88
	−3.430
	0.001



	Wave height
	47.41
	24.74
	1.916
	0.055










 





Table 2. Generalized linear mixed model (GLMM) estimates, standard error, Z value, and p-value for hauling of Phase B (main line).
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	Phase B Model
	Estimate
	Standard Error
	Z Value
	p-Value





	Intercept
	834.812
	51.339
	16.261
	<0.0001



	Treatment: TU
	−280.194
	20.555
	−13.631
	<0.0001



	Treatment: W
	−525.712
	20.052
	−26.217
	<0.0001



	Wave height
	42.351
	9.386
	4.512
	<0.0001



	Wind direction: North
	129.808
	53.680
	2.418
	0.016



	Wind direction: North East
	69.335
	44.391
	1.562
	0.118



	Wind direction: North West
	52.598
	39.152
	1.343
	0.179



	Wind direction: South
	91.517
	44.803
	2.043
	0.041



	Wind direction: South West
	9.345
	40.226
	−0.227
	0.821



	Wind direction: West
	42.351
	9.386
	0.232
	0.814
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