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Abstract
Comparative fishing experiments were conducted to evaluate the selectivity and efficiency of escape mechanisms installed in traditional snow crab (Chionoecetes opilio) traps. Performance of the different trap types (control, traditional, experimental) were compared on the basis of size distribution caught, numbers of animals per trap haul (CPUEN), and size selectivity. The study demonstrated that either 95 or 100 mm diameter escape mechanisms installed into traditional 14.0 cm mesh traps resulted in 38–47% fewer undersized pre-recruit (<95 mm CW) crab being captured, with no significant difference in the capture efficiency of standard (95–101 mm CW) or premium sized crab (>101 mm CW). Qualitative underwater behavioural observations were also conducted for snow crab in response to baited traps, corroborating current understandings as well as documenting new observations related to crab behaviour during capture, escape, haul-back, and interspecific competition with Atlantic cod (Gadus morhua). 
1. Introduction 
Following the collapse of the Northern cod and other groundfish resources on the Canadian East coast in the early 1990s, the fishery rapidly diversified in many regions and became a major producer of shellfish products. In Newfoundland and Labrador, the snow crab (Chionoecetes opilio) fishery in particular grew steadily and in 2008 employed over 2100 active fishing enterprises harvesting 52,774 tonnes with a landed value worth $179.6 million CAD. However, recent indicators of stock decline in some areas have lead Fisheries and Oceans Canada (DFO) to reduce the total allowable catch (TAC) and implement additional management measures to conserve and protect the resource (DFO, 2010). 
One of the concerns raised by industry and scientists is the uncertainty of survival of undersized adolescent male crab that are not yet recruited to the fishery but are routinely caught and discarded (Grant, 2003). Handling-induced mortality on these pre-recruits tends to rise sharply when a recruitment pulse begins to enter the legal size range. It can also increase as the exploitable biomass declines due to an increase in both the relative abundance of pre-recruits and their catchability by traps. The percentage discarded in Newfoundland and Labrador (by weight of the total catch) is estimated to be between 10 and 40%, depending on the region and year (DFO, 2010). This mortality is recognized as having a potentially serious impact on future yield and several reports have recommended that new research initiatives focus on trap modifications that reduce the catchability of pre-recruits in order to improve and sustain stock health (e.g. Grant, 2003; FRCC, 2005). 
Given the importance of snow crab to the economy of Atlantic Canada, several studies have previously investigated the effects of trap design in an effort to improve capture efficiency and selectivity. These include investigations on the effects of mesh size (Miller, 1976; Coulombe and Beaulieu, 1987; Xu and Millar, 1993), trap shape (Hébert et al., 2001), as well as collars and barriers (Chiasson et al., 1993; Hébert et al., 2001; Atkins et al., 2002; Hiscock and Grant, 2008). These studies have helped refine harvesting practices, and at present, fishing enterprises currently use either small Japanese-style conical traps set in fleets (Newfoundland and Labrador), or large conical traps set individually (Maritimes and Quebec). Regulations stipulate that meshing on the traps must have a minimum mesh bar length of 6.5 cm, which produces roughly a 13.3 cm stretched mesh (Anon., 1985). Fishing enterprises are permitted to use larger mesh sizes to reduce undersized crab, but this tends to increase the egress and loss of legal-sized crab. 
Escape mechanisms (sometimes called vents, rings, or gaps) are rigid selectivity devices that provide non-targeted animals that accidentally enter a trap the opportunity to escape voluntarily before the trap is hauled. They are one of the most common selectivity devices used in crustacean trap fisheries worldwide, and have been proven effective for various decapod crab species in the United Kingdom (Brown, 1982), southern and eastern USA (Guillory and Hein, 1998; Tallack, 2007), Alaska (Stevens, 1995), Norway (Salthaug and Furevik, 2004), and Thailand (Jirapunpipat et al., 2008). They can be designed to improve both species-and size-selectivity of traps and are generally preferred over mesh panels because they do not shrink or vary in hanging ratio, both of which can affect performance of mesh when used as the primary selection device. 
A recent study by Winger and Walsh (2007) examined the feasibility of escape mechanisms as a potential size-selectivity device for the Newfoundland and Labrador snow crab fishery. It was hypothesized that the devices could be used to decrease incidental capture of undersized crab. Laboratory observations revealed that snow crab were capable of detecting, approaching, and interacting with escape mechanisms, and that the location of the device was an important factor affecting the likelihood of escape success. Morphometric measurements also revealed that slight changes in the diameter of the escape mechanism produced abrupt changes in the probability of retention, suggesting that escape mechanisms may have the necessary sensitivity to finely adjust the size-selectivity of traps. Winger and Walsh (2007) recommended comparative fishing experiments be conducted to measure performance under commercial fishing conditions. 
The objective of this study was to evaluate the selectivity and efficiency of escape mechanisms installed in traditional snow crab traps. A comparative fishing experiment was conducted on commercial fishing grounds using small mesh control traps, traditional mesh traps, and traditional mesh traps with escape mechanisms installed. The study also included qualitative underwater behavioural observations of snow crab during capture, escape, haul-back, and interspecific competition with Atlantic cod (Gadus morhua). 
2. Materials and methods 
2.1. Study areas 
Comparative fishing was conducted in Conception Bay on the northeast coast of Newfoundland, Canada following the commercial crab fishing season. Fishing was carried-out onboard the commercial vessel Island Voyager during the period 20 October–13 November, 2004. Fishing sets were located in the outer part of the bay at 3 sites (Fig. 1a) with average water depths ranging from 147 to 197 m. 
Underwater behavioural observations were conducted at Memorial University’s Bonne Bay field station located at Norris Point, Gros Morne National Park, Newfoundland, Canada (Fig. 1b). Snow crab are known to inhabit relatively shallow waters in this region (e.g. Taylor et al., 1985; Hooper, 1986; Comeau et al., 1991; Wieczorek and Hooper, 1995) making underwater observations possible without the use of artificial light. Baited traps were set and observed during the period 1–9 July 2004. Depths ranged from 38 to 109 m, but most of the observations were collected between 60 and 80m. 
2.2. Traps tested 
A total of five trap designs were investigated, including a small-mesh (5.1 cm mesh) control design, two traditional trap designs (14.0 and 15.2 cm mesh), and two experimental designs with escape mechanisms of different diameters: 
(1) 5.1 cm mesh control trap. 
(2) 14.0 cm mesh traditional trap. 
(3) 15.2 cm mesh traditional trap. 
(4) 14.0 cm mesh trap with escape mechanisms (95 mm diameter). 
(5) 14.0 cm mesh trap with escape mechanisms (100 mm diameter). 

All traps were conical in shape with an inside bottom ring diameter ≤ 133 cm and a volume ≤ 2.1 m3 (Fig. 2). 
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Fig. 1. Location of the study areas. Panel a shows the location of the comparative fishing experiment conducted in Conception Bay on the northeast coast of Newfoundland. Panel b shows the location of the underwater behavioural observations of crab in response to baited traps in Bonne Bay on the west coast of Newfoundland. 
Escape mechanisms were constructed from black high-density polyethylene plastic (4.8 mm thick) with dimension 250 mm × 140 mm (length × width) with two identical escape openings. Three of these mechanisms were installed and equally spaced around the bottom of the experimental traps, located 1.0–1.5 meshes above the bottom ring in the horizontal orientation similar to Winger and Walsh (2007). To ensure the traps would not continue fishing if lost, the mechanisms were installed (i.e., sewn in) using biodegradable cotton twine. 
2.3. Experimental fishing 
Multiple fleets of gear were set and hauled each day at the same location and in the same orientation. In all cases, each fleet contained three replicates of each trap type placed randomly throughout the fleet. Placed at either end of each fleet were two additional non-scientific traps, one containing bait to ensure the last experimental trap had an odour plume on either side, and a second trap to provide additional down-weight for the fleet. Each trap was spaced at intervals of 36.6 m along the fleet and was baited with a combination of both chopped squid in a bait jar and 2–3 large squid placed on a skiver. Soak times were 24 h and in the event of poor weather, the traps were hauled the next fine day. 
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Fig. 2. Different designs of conical snow crab traps investigated during this study. 
For each trap hauled, the carapace width (CW, measured to the nearest mm; ±1 mm) was recorded for each crab caught (males only). Crab caught in the non-scientific traps at each end of the fleets were not measured. All crab were placed immediately back in the water after sampling. 
2.4. Analysis 
Catches from the small mesh (5.1 cm) control traps were used to characterize the size-distributions of crab available to the fishing gear at each site. These size frequency distributions were compared using the Kolmogorov–Smirnov two-sample Z test. A General Linear Model (GLM) was used to detect the effects of site and trap design on mean carapace width (CW) caught and the numbers of animals per trap haul (CPUEN). A nonparametric Tukey test was then used to conduct post hoc comparisons of CPUEN across the different trap types. As part of this test, a Bonferroni correction was applied to the probability level to reduce the experiment-wise error rate (α 0.05 divided by the number of tests (n = 45); giving p < 0.001). Finally, the retention probability of different carapace widths r(CW) were fit to the logistic equation r(CW) = exp(a + bCW)/[1 + exp(a + bCW)] using a simple maximum likelihood method (Wileman et al., 1996; Millar and Fryer, 1999). These selectivity curves (and associated parameters) were produced for each of the traditional and experimental trap designs using data from the small mesh control traps to estimate contact probability. From these curves, we estimated both the carapace width (mm) at which 50% of the animals were retained (CW50) as well as the selection range (SR), defined as CW75 − CW25. These parameters assisted in the objective comparison of the curves, particularly their shape and location relative to each other. Only data for trap hauls with a 24 h soak time were used in the analysis. Several hauls (4 of 13) experienced longer soak times and were rejected from the analysis, reducing the dataset to one haul at Site 1, three hauls at Site 2, and five hauls at Site 3. A small number of additional traps were also excluded from the analysis of the basis of damage, broken meshes, or loss. 
2.5. Underwater observations 
Three camera systems were deployed for the qualitative observation of snow crab behaviour in response to baited traps. System 1 was a Simrad OE 1367 CCD camera with a self-contained autonomous recording unit. System 2 was comprised of an IkeliteTM housing with Sony TRV-33 camera/recording unit. System 3 was a remote operated vehicle (ROV) with a CCD colour camera, low light black and white camera, and 150 m umbilical (Shark Marine Technologies Inc.). 
All three systems provided non-intrusive observation of baited traps without the use of artificial light (see Winger, 2008 for discussion). Systems 1 and 2 were deployed and completely submerged along with a baited trap, collecting video footage autonomously without real-time observation. System 3 was pilot-operated, providing a live video signal back to the surface in real-time. 
3. Results 
3.1. Comparative fishing 
Size frequency distributions observed at the different sites using the small mesh control traps (standardized for effort) are shown in Fig. 3. Site 1 ranged from 42 to 115 mm CW (mean = 76.2, std. dev. = 11.9) with a mode of 75 mm. Site 2 by comparison, ranged from 42 to 138 mm CW (mean = 84.6, std. dev. = 12.6) with a mode of 92 mm. And finally Site 3, ranged from 54 to 135 mm CW (mean = 93.8, std. dev. = 12.2) with a mode of 92 mm. Results of the Kolmogorov–Smirnov tests revealed that each site was significantly different from each other (p < 0.0001), indicating evidence of spatial variation in population structure within the study area in Conception Bay. Given these differences, catch data from the different sites could not be pooled and was treated as site-specific in all subsequent analyses. 
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Fig.3.Standardized frequency distributions of male crab sizes (carapace width in mm)caught using the small mesh (5.1cm) control traps at each site.
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Table 2 
Statistical comparison of the catch-per-unit-effort (CPUEN) of hard-shelled animals by size for the different traps tested at different sites during a comparative fishing experiment (20 October–13 November, 2004) in Conception Bay, Newfoundland, Canada. NS indicates no significant difference. + indicates significant difference detected. The probability level necessary for significance was reduced using a Bonferroni correction (α 0.05/45 = 0.001) given the number of post hoc comparisons. 
Undersized pre-recruit crab (<95 mm CW) were caught to varying extents in all of the trap designs tested. This is shown in both the size distributions caught (Fig. 4) and the number of crab (CPUEN) caught per trap haul (Table 1). An analysis of variance revealed significant effects of site and trap design on CPUEN (F[2,461] = 65.41; p < 0.001 and F[3,461] = 29.77; p < 0.001, respectively), as well as their interaction (F[6,461] = 5.37; p < 0.001). Post hoc comparisons revealed that these differences were isolated to Sites 2 and 3 (see Table 2). At these sites, 14.0 cm mesh traps fitted with escape mechanisms (either diameter) caught statistically fewer (up to 38–47% less) undersized crab compared to traditional 14.0 cm mesh traps. The traditional trap fitted with larger mesh (15.2 cm) caught the fewest undersized crab, but similar to the experimental traps, was only statistically significant at Sites 2 and 3. 
Standard size crab (95–101 mm CW) catch per unit effort (CPUEN) varied with both site and trap design (F[2,461] = 52.29; p < 0.001 and F[3,461] = 16.89; p < 0.001, respectively), and exhibited a significant interaction term (F[6,461] = 3.36; p = 0.003). Post hoc comparisons (Table 2) revealed no statistical difference in CPUEN between traditional traps (14.0 cm mesh) and traps of the same mesh installed with escape mechanisms, indicating that escape mechanisms do not increase the likelihood of escape of legal standard-sized animals once they have entered the trap. However traditional traps fitted with larger mesh (15.2 cm) caught reduced numbers of standard size crab compared to the smaller mesh traditional and experimental traps, indicating that some egress of legal sized animals occurs as mesh size is increased. This loss of standard sized crab was statistically significant (14.0 cm vs. 15.2 cm) at Sites 2 and 3, but not Site 1. 
Premium size crab (>101 mm CW) catch per unit effort (CPUEN) varied significantly between sites (F[2,461] = 214.88; p < 0.001). This is shown in Table 1 and is a result of spatial differences in size frequency distribution vulnerable to the fishing gear (Fig. 3). However within each site, no difference in CPUEN could be detected between the different trap designs (F[3,461] = 0.41; p = 0.748). Neither the use of escape mechanisms nor the use of larger mesh affected the CPUEN for this size range of crab, indicating that crab of this size were equally vulnerable to the different traps tested. This is confirmed by the similarity (or alignment) in size frequency distribution as CW increases (Fig. 4) and the non-significant (NS) pair-wise comparisons at all sites (Table 2). 
Selectivity curves for the traditional and experimental trap designs are shown in Fig. 5 and the corresponding selectivity parameters are in Table 3. Adding escape mechanisms (95 and 100 mm) to the 14.0 cm mesh traps produced steeper selectivity curves (Fig. 5) at Sites 2 and 3 together with lower selection ranges (Table 3) compared to the traditional 14.0 cm mesh trap alone. Steepening the curves in this manner represents an improvement in size-selectivity (i.e., fewer undersized caught) without a noticeable effect on the CW50. But this effect was not demonstrated at Site 1, indicating that spatial variation in selectivity performance can occur. The traditional trap fitted with larger mesh (15.2 cm) produced the steepest selectivity curves in all cases (Fig. 5) together with the lowest selection ranges (Table 3). This is particularly noticeable at Site 3 where its SR value (18.45) is nearly half that of the other trap designs (27.38–34.55). 
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Table 3 
Selectivity curve parameters for the different trap designs tested at different sites during a comparative fishing experiment (20 October–13 November, 2004) in Conception Bay, Newfoundland, Canada. Retention probability was fitted to the logistic equation r(CW) = exp(a + bCW)/[1 + exp(a + bCW)] using the maximum likelihood method. CW50 is the carapace width (mm) at which 50% of the animals are retained and SR is the selection range, defined as CW75 − CW25 in mm. 
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Fig. 4. Standardized frequency distributions of male crab sizes (carapace width in mm) caught using different trap designs. Vertical dashed line represents the minimum legal landing size. 
3.2. Underwater observations 
All crab that entered the traps were observed climbing up the side of the traps and entering through the top entrance in the expected manner. No observations of crab entering through the side of the trap or entering through the escape mechanisms were observed. In the majority of cases, crab were observed entering/approaching from the down current side of the trap, indicating the area of attraction of the trap was not symmetrical and that the current was carrying the odour plume in the down current direction. 
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Fig. 5. Selectivity curves for the traditional and experimental trap designs at each site. Each curve shows the retention probability (or percent retained) plotted against male carapace width in mm. 
Small undersized (non-targeted) crab were often observed escaping from the trap. In all cases, escapement occurred through the bottom couple meshes or through escape mechanisms (view Video 1). Larger legal-sized crab were also observed attempting to exit through the escape mechanisms, but the inability to orient the carapace through the mechanism always ended in escape failure and return to the interior of the trap (view Video 2). At no time were crab observed stuck or permanently wedged in the mechanisms. 
On a single occasion, camera system 3 (ROV) was able to observe the haul-back of a trap (view Video 3). Most of the crab prior to lift-off were on the inside floor of the trap with a couple individuals on the inside-walls. Immediately upon lift-off, the crab on the walls joined those on the floor. Pulsing of the trap produced a small degree of buoyancy among the crab, and while all were slightly active, increased activity or panic behaviour was not observed. No escapement of crab through the mesh was observed during haul-back. 
Interspecific competition between species was observed. Atlantic cod were almost always present and circling the traps, typically searching and/or holding station in the downstream odour plume. Between-individual distances between cod and crab were often very close as both species actively investigated the odour plume on the exterior downstream side of the trap. Agonistic encounters were frequently observed, and in all cases by large adult male crab in response to cod. These challenges typically involved the crab facing the cod and adopting an aggressive stance (threat display) involving both chelipeds elevated and open. The behaviour was effective at deterring cod and in some cases, even displacing cod from the immediate vicinity (view Video 4). 
4. Discussion 
This study showed that installing rigid escape mechanisms of either 95 or 100 mm diameter into traditional 14.0 cm mesh crab traps resulted in a significant reduction in the capture of undersized crab (<95 mm CW) with no significant reduction in standard (95–101 mm CW) or premium crab (>101 mm CW) at two of the three sites tested. The findings support the prediction of Winger and Walsh (2007) that size-selectivity can be refined through a simple modification to existing traps that does not affect the capture efficiency of legal-sized animals. The results are consistent with other recent studies investigating the performance of escape mechanisms for large decapod crab fisheries, including snow crab, tanner crab (Chionoecetes bairdi), and king crab (Lithodes spp.) in the Bering Sea off Alaska (Stevens, 1995), as well as red king crab (Paralithodes camtschaticus) in Norwegian waters (Salthaug and Furevik, 2004). 
Variation in trap selectivity and efficiency was observed between sites in this study. We speculate that our inability to detect significant differences in trap performance at Site 1 was likely attributed to the low catch rates, truncated size distribution, and limited trap hauls at that site. The results suggest that fishing enterprises may experience varying benefits of escape mechanisms depending on their fishing practices and the temporal/spatial prevalence of undersized crab in their region. Assuming the reductions observed in this study (maximum of 38–47%) are representative of what commercial fishing enterprises might observe, the wide spread use of escape mechanisms could potentially prevent several metric tonnes of undersized crab being caught and handled each year. 
The authors recognize that alternative methods exist for reducing the incidental capture of undersized crab, including switching to larger mesh sizes and increasing soak time. Both are highly effective methods (Taylor, Fisheries and Oceans Canada, St. John’s, Newfoundland, Canada, pers. comm.) and are already in use by many fishing enterprises. Escape mechanisms simply offer another alternative, particularly for those fishing enterprises who are resistant to switch to larger mesh sizes due to the increased egress of legal-sized animals, or for logistical reasons do not employ longer soak periods. We recommend a further analysis be conducted to determine the cost–benefit trade-offs of different approaches, both financially to fishing enterprises, and in terms of future yield in the fishery. 
Underwater observations conducted during this study corroborate previous behavioural observations conducted in Canada’s Bay de Chaleur region (Chiasson et al., 1993; Vienneau et al., 1993). Snow crab in our study were often observed approaching the trap through what appeared to be an attraction strip phenomenon. Though not empirically measured, we speculate that the water current carried the odour plume down current producing a non-circular attraction zone around the traps, and inducing search behaviour among crab only in the down current direction. This is consistent with the observations of both Chiasson et al. (1993) and Vienneau et al. (1993) and is expected to affect the swept area of the trap. Once crab found the trap, they climbed the exterior walls of the trap and entered through the top entrance in the expected manner. No crab were observed entering through the sides of the trap. 
Few behavioural observations exist for trap hauling procedures. In almost all cases, harvesters and scientists would agree that trap hauling is a rather innocuous event for most crustacean species. However, for some species such as the Cape rock lobster (Jasus lalandii) off South Africa, there is speculation that escapement occurs specifically during the hauling process (see discussion by Krouse, 1989). The limited observations collected during this study (Video 3) suggest that this behaviour is unlikely for snow crab and that the catchability of traps is unaffected by the haul-back procedure. 
Both intraspecific and interspecific competitions are known to affect rates of entry and egress of crustaceans from baited traps (see reviews by Krouse, 1989; Miller, 1990). For snow crab, trap related competition is largely expected to occur in the form of conspecifics competing for food and space (Dawe, Fisheries and Oceans Canada, personal comm.). But agonistic encounters observed in this study (Video 4) between snow crab and Atlantic cod indicate interspecific competition may also play a role. The prevalence and effect of such competition on fishery or survey catch rates is unknown, although it is clear the effect is unlikely to be completely widespread as cod and snow crab have varying spatial and temporal distributions. Interestingly, our observations confirm the hypothesis of Chabot et al. (2008) that large crab are capable of deterring cod using an ‘aggressive stance’ (see their Fig. A1 in Appendix 1), providing supportive evidence to their finding that large adult crab are not vulnerable to predation by cod. 
In conclusion, this study conducted comparative fishing experiments to evaluate the selectivity and efficiency of escape mechanisms installed in traditional snow crab traps. Mechanisms of both 95 and 100 mm diameter resulted in reduced CPUEN for undersized crab with no change for legal sized animals. Depending on the temporal and spatial prevalence of undersized crab, escape mechanisms could have the potential to reduce the incidental capture of undersized crab, reduce discard mortality, and help protect the resource. 
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