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The Greenland Shark (Somniosus microcephalus) is the most common bycatch in the

Greenland halibut (Reinhardtius hippoglossoides) bottom longline fishery in Cumberland

Sound, Canada. Historically, this inshore fishery has been prosecuted through the ice

during winter but winter storms and unpredictable landfast ice conditions since the mid-

1990s have led to interest in developing a summer fishery during the ice-free season.

However, bycatch of Greenland shark was found to increase substantially with 570 sharks

captured during an experimental Greenland halibut summer fishery (i.e., mean of 6.3

sharks per 1,000 hooks set) and mortality was reported to be about 50% due to in part to

fishers killing sharks that were severely entangled in longline gear. This study investigated

whether the SMART (Selective Magnetic and Repellent-Treated) hook technology is a

practical deterrent to Greenland shark predation and subsequent bycatch on bottom

longlines. Greenland shark feeding behavior, feeding kinematics, and variables affecting

entanglement/disentanglement and release are also described. The SMART hook failed to

deter Greenland shark predation i.e., all sharks were captured on SMART hooks, some with

more than one SMART hook in their jaw. Moreover, recently captured Greenland sharks did

not exhibit a behavioral response to SMART hooks. In situ observations of Greenland shark

feeding show that this species uses a powerful inertial suction mode of feeding and was

able to draw bait into the mouth from a distance of 25-35 cm. This method of feeding is

suggested to negate the potential deterrent effects of electropositive metal and magnetic

alloy substitutions to the SMART hook technology. The number of hooks entangled by a

Greenland shark and time to disentangle and live-release a shark was found to increase

with body length.
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29 Abstract

30

31 The Greenland Shark (Somniosus microcephalus) is the most common bycatch in the Greenland 

32 halibut (Reinhardtius hippoglossoides) bottom longline fishery in Cumberland Sound, Canada.   

33 Historically, this inshore fishery has been prosecuted through the ice during winter but winter 

34 storms and unpredictable landfast ice conditions since the mid-1990s have led to interest in 

35 developing a summer fishery during the ice-free season.  However, bycatch of Greenland shark 

36 was found to increase substantially with 570 sharks captured during an experimental Greenland 

37 halibut summer fishery (i.e., mean of 6.3 sharks per 1,000 hooks set) and mortality was reported 

38 to be about 50% due to in part to fishers killing sharks that were severely entangled in longline 

39 gear.  This study investigated whether the SMART (Selective Magnetic and Repellent-Treated) 

40 hook technology is a practical deterrent to Greenland shark predation and subsequent bycatch on 

41 bottom longlines.  Greenland shark feeding behavior, feeding kinematics, and variables affecting 

42 entanglement/disentanglement and release are also described.  The SMART hook failed to deter 

43 Greenland shark predation i.e., all sharks were captured on SMART hooks, some with more than 

44 one SMART hook in their jaw.  Moreover, recently captured Greenland sharks did not exhibit a 

45 behavioral response to SMART hooks.  In situ observations of Greenland shark feeding show that 

46 this species uses a powerful inertial suction mode of feeding and was able to draw bait into the 

47 mouth from a distance of 25-35 cm.  This method of feeding is suggested to negate the potential 

48 deterrent effects of electropositive metal and magnetic alloy substitutions to the SMART hook 

49 technology.  The number of hooks entangled by a Greenland shark and time to disentangle and 

50 live-release a shark was found to increase with body length.  

51

52
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53 Introduction

54

55 Cumberland Sound is a large (ca. 250 km × 80 km) inlet located on the east coast of Baffin Island, 

56 in the Arctic territory of Nunavut, Canada.  Since 1986, the inshore management area of 

57 Cumberland Sound has supported a small scale winter longline fishery for Greenland halibut 

58 (Reinhardtius hippoglossoides) (DFO, 2008).  The fishery was initially licensed annually under 

59 experimental or exploratory licenses and has been treated as a commercial fishery since a quota of 

60 500 t was established in 1994 (DFO 2008).  Local interest in this fishery from the indigenous 

61 community of Pangnirtung grew rapidly with peak participation (115 fishers) and landings (430 t) 

62 in the early 1990s (DFO, 2008).  Historically, the fishery has been prosecuted during the winter 

63 (January-May) when land fast ice allows access to deep water (>400 m) which is the preferred 

64 habitat of Greenland halibut (Bowering & Nedreaas, 2000; DFO, 2008).  Increasingly shorter sea-

65 ice seasons, less stable ice conditions, and a winter storm in 1996 which resulted in a 70% loss of 

66 fishing gear all contributed to a substantial reduction in participation and landings in the 2000s 

67 with a low of six fishers and 3 t in 2007 (Dennard et al., 2010; DFO, 2008).  Consequently, there 

68 is an increasing interest in developing a more stable and safer summer fishery during the ice-free 

69 season (July-October).  Further, with the aim of developing economic and food security for Arctic 

70 Canada exploratory longline surveys to determine the commercial potential of Greenland halibut 

71 are proposed for the several fjords located on the east coast of Baffin Island.

72

73 The Greenland shark (Somniosus microcephalus) is the largest fish species in the Arctic Ocean 

74 and the only species of shark to occur in Arctic waters year-round (Compagno, 1984).  The 

75 Greenland shark is the most common bycatch in the Cumberland Sound winter longline fishery 
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76 for Greenland halibut (DFO, 2008; Young, 2010).  All Greenland sharks are discarded since the 

77 toxicity of their flesh (MacNeil et al., 2012) precludes commercial sales.  Fishers participate in a 

78 voluntary logbook program and from 1987-2006, reported catches of Greenland shark in the winter 

79 Greenland halibut fishery ranged from 0.4 to 2.9 sharks per 1,000 hooks (mean, 1.1/1,000 hooks) 

80 (DFO, 2008).  The bycatch of Greenland shark was found to increase substantially (i.e., 6.3 sharks 

81 per 1,000 hooks) during an experimental longline fishery for Greenland halibut that took place in 

82 Cumberland Sound during the ice-free season in 2009 (Young, 2010).  During this experimental 

83 fishery, a total of 570 Greenland sharks were captured incidentally.  This bycatch of Greenland 

84 shark was estimated to be 4.8× the biomass of Greenland halibut landed (i.e., 35 t).  Greenland 

85 sharks commonly entangle within longline gear and badly tangled sharks are often killed by fishers 

86 (Idrobo, 2008).  About 50% of the sharks captured in the 2009 experimental summer fishery were 

87 released alive (Young, 2010) however post-release survival is unknown.

88

89 The International Union for the Conservation of Nature (IUCN) listed the Greenland shark as Near 

90 Threatened on the basis of possible population declines and limited knowledge of life history 

91 characteristics (IUCN, 2014).  It has recently been suggested that Arctic populations of Greenland 

92 shark are not under conservation stress (MacNeil et al., 2012).  However, much of our current 

93 understanding of the distribution and abundance of Greenland shark is limited to bycatch 

94 information in commercial fisheries and there is an inherent danger to drawing conclusions from 

95 commercial fishery data.  Specifically, fisheries target aggregations of fish whose densities are 

96 determined by fish behavior not abundance (Rose, 2007).  In addition, recent studies suggest   late 

97 maturation (156 years) and extreme longevity (272 years) in the Greenland shark (Nielsen et al., 

98 2016), life history characteristics that make them highly vulnerable to overfishing.  Moreover, the 
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99 general lack of knowledge on reproduction and factors influencing recruitment to spawning 

100 biomass of Greenland sharks supports erring on the side of caution by making every effort to avoid 

101 incidental harm.  Sustainable resource use involves identifying ways to preserve the unique Arctic 

102 ecology and there is a need to manage Greenland shark bycatch (FAO, 1999; Davis et al., 2013).

103

104 In recent years, one of the most studied methods to mitigate the bycatch of sharks in longline 

105 fishing gear is the use of feeding deterrents that exploit the electrosensory system of sharks.  Sharks 

106 possess a complex and extensive electrosensory system comprised of the ampullae of Lorenzini 

107 that are located around the snout or rostral area (Kajiura & Holland, 2002).  This sensory system 

108 allows sharks to detect and localize weak bioelectric fields during the final stages of prey capture 

109 and they can also detect fish that are buried in sediments (Haine, Ridd & Rowe, 2001; Kalmijn, 

110 1971; Kajiura, 2003; Kajiura & Holland, 2002).  Demersal sharks that feed on or near the seabed 

111 and at depths where visibility is limited or under conditions of total darkness (i.e., >1,000 m) are 

112 more likely to rely on their olfactory, acoustico-lateralis, and electrosensory modalities.  The 

113 Greenland shark is distributed to depths of 2,200 m (Herdendorf & Berra, 1995) and commonly 

114 exhibits a white snout caused from abrasion while foraging on the seabed suggesting it falls within 

115 this group.  Moreover, their relatively small eyes (Bigelow & Schroeder, 1948) and parasite 

116 induced visual impairment possibly to the point of blindness in Arctic and subarctic populations 

117 (Berland, 1961; Borucinska, Whiteley & Benz, 1998) suggest they may rely heavily on their 

118 electrosensory system during the final stages of prey capture.  Furthermore, Greenland halibut is 

119 a favored prey of Greenland shark (Yano, Stevens & Compagno, 2007), it buries within bottom 

120 sediments, and its depth distribution to 2,200 m (Templeman, 1973; Boje & Hareide, 1993) 

121 overlaps that of the Greenland shark.

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26864v1 | CC BY 4.0 Open Access | rec: 17 Apr 2018, publ: 17 Apr 2018



122

123 Several studies have investigated the utility of electropositive metals (EPMs) and magnets to deter 

124 feeding, repel, and subsequently reduce the bycatch of sharks in longline fisheries (Brill et al., 

125 2009; Godin et al., 2013; Hutchinson et al., 2012; Kaimmer & Stoner, 2008; O9Connell et al., 

126 2010; 2011a; 2014; Rigg et al., 2009; Robbins, Peddemors & Kennelly, 2011; Stoner & Kaimmer, 

127 2008; Tallack & Mandelman, 2009; Wang, McNaughton & Swimmer, 2008).  There is evidence 

128 to suggest that when some species of sharks enter the electromagnetic field produced by EPMs 

129 and magnets they are repelled to some degree however results are mixed.  It has been suggested 

130 EPMs and magnets are more likely to be effective where visibility is limited (Hutchinson et al., 

131 2012) as in deep water habitats and for solitary sharks or sharks that occur at low densities and are 

132 less likely to interact vigorously (O9Connell et al., 2010; Jordan, Mandelman & Kajiura, 2011; 

133 Robins, Peddemors & Kennelly, 2011).  However, the primary mode of feeding (i.e., ram biting 

134 or suction) and ability/inability to adjust the prey capture sequence (Motta & Wilga, 2001) is also 

135 likely to be an important factor determining the effect of EPMs and magnets (Hutchinson et al., 

136 2012).  For example, studies suggest species that cannot readily adjust their feeding behavior 

137 during the final stages of the prey capture sequence are less likely to be repelled by the 

138 electromagnetic fields produced by EPMs and magnets (Hutchinson et al., 2012).

139

140 Challenges with regard to fishery applications of EPMs and magnets include the development of 

141 shark deterrent technologies that have a broad between species application and limit interfering 

142 with the operational and economic efficiency of commercial fisheries.  By combining both an EPM 

143 and magnetic alloy on the same hook the SMART (Selective Magnetic and Repellent-Treated) 

144 hook has the potential to be broadly applicable to several shark species and eliminates complicated 
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145 baiting configurations identified as an obstacle to commercial fishery applications (Robbins, 

146 Peddemors & Kennelly, 2011).  In addition, the SMART hook technology has the potential to cope 

147 with species-specific deterrent effects of various EPMs and magnets by facilitating selective 

148 substitution once the most effective alloys have been identified.  One potential limitation of this 

149 technology is the small size and subsequently small effective electromagnetic field. 

150

151 This study investigated whether the SMART hook is a practical technology for reducing the 

152 capture of Greenland shark on bottom longlines that target Greenland halibut.  Analysis included 

153 capture rates in SMART hook longline experiments, in situ behavioral bioassays on the effect of 

154 the SMART hook, and dissolution of the EPM component of the SMART hook.  Greenland shark 

155 feeding behavior on static bottom fishing gear is also described for the first time and helps to 

156 provide a greater understanding of the limitations of longline feeding deterrents that exploit the 

157 electrosensory system.  In addition, factors influencing entanglement in longlines and time 

158 required to disentangle and release Greenland sharks are also discussed.

159

160 Materials and methods

161

162 The current study was part of a multiyear (2011-13) gear comparison study aimed at mitigating 

163 the capture of Greenland shark in Nunavut9s Greenland halibut longline fisheries.  SMART hook 

164 longline experiments and SMART hook behavioral bioassays were conducted in Cumberland 

165 Sound during the ice-free season while onboard the RV Nuliajuk, a 19.8 m Nunavut research vessel 

166 that was crewed by experienced Greenland halibut longline fishermen.  SMART hook longline 

167 experiments were carried-out in August 2011 and accompanied an annual longline research survey 
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168 for Greenland halibut that commenced in Cumberland Sound in 2011.  Variables affecting 

169 entanglement and release of Greenland sharks were obtained from the 2011 experimental and 

170 research survey longlines.  In situ bioassays on the effect of the SMART hook on Greenland shark 

171 behavior were carried-out on jaw-hooked sharks that were captured on standard hooks during calm 

172 weather conditions.  To obtain sufficient numbers of sharks, bioassays were conducted throughout 

173 the multiyear gear comparison study (i.e., 2011-2013).  In 2012, an archived underwater video of 

174 Greenland shark feeding on bait suspended in a pot was brought to our attention.  This video was 

175 from an exploratory fishery for porcupine crab (Neolithodes grimaldii) that was carried-out in 

176 subarctic waters in 1994 (He, Ennis & Walsh, 1994).  This video was used in the current study to 

177 describe Greenland shark feeding behavior on static fishing gear.

178

179 Longline experiment

180  

181 Catches of Greenland shark were compared among Mustad circle 15/0 SMART hooks (20 mm 

182 gap size; Figure 1) and standard Mustad circle 14/0 hooks (15.4 mm gap size).  All hooks were 

183 made of carbon steel and had a 0° offset.  Carbon steel circle hooks are used in open water fisheries 

184 for Greenland halibut with hook size ranging from 14/0 to 16/0.  The SMART hook was coated 

185 with Duratin(R) to resist corrosion in saltwater and specially magnetized to prevent entanglements 

186 with other fishing tackle.  In addition, each SMART hook was wrapped with a 0.5-0.6 g strip of 

187 magnesium metal measuring approximately 250 mm × 3 mm × 0.3 mm (Figure 1).  

188

189 The experimental longline consisted of 200 hooks, 100 each of the standard and SMART hooks.  

190 Gangions were of braided nylon with a 118 kg breaking strength, 0.6 m in length, and attached to 
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191 the mainline by Mustad rotor swivels at 1.8 m intervals.  To ensure equal representation of hook 

192 types across the gear they were arranged in alternating groups of 20 (i.e., 20 SMART hooks, 20 

193 standard hooks, etc.).  All hooks were hand baited with frozen squid of similar size to that used in 

194 Greenland halibut longline fisheries.  To reflect the depth distribution of Greenland shark and 

195 depth range of the winter and summer longline fisheries for Greenland halibut three experimental 

196 longlines were set at depths of 300 m, 500 m, and 960 m.  As is typical in open water commercial 

197 fisheries the experimental longlines were soaked overnight with soak time ranging from 14-16 hrs.  

198

199 The number of hooks used in the experimental longline (i.e., 200) was similar to the number of 

200 hooks used in the Cumberland Sound winter fishery for Greenland halibut.  However, longline 

201 stings with many more hooks (1,000-2,500) are commonly used in open-water fisheries.  Gangion 

202 material, length, and interval on the experimental longlines was similar to that generally used in 

203 Canada9s commercial longline fisheries for Greenland halibut.  However, rotor swivels which 

204 prevent the gangion from becoming twisted and allow the gangion to rotate around the mainline 

205 are not commonly used in Greenland halibut bottom longline fisheries.  Rather, the gangion is 

206 simply tied to the mainline.  When Greenland shark are captured on bottom longlines they typically 

207 roll resulting in the gangion and mainline wrapping around the body and caudal fin (Pike, 1994; 

208 Idrobo, 2008).  Rotor swivels were used in the current study in an effort to reduce the level of 

209 entanglement of Greenland sharks.

210

211 Research survey longlines consisted of 200 standard Mustad circle 14/0 hooks.  The bait type and 

212 size as well as the gangion material, length, interval, and method of attachment to the mainline 

213 (i.e., rotor swivels) were the same as the experimental longline.  In 2011, a total of 22 research 
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214 survey longlines were hauled from overnight sets (14-16 hrs) that covered a depth range of 300-

215 1,002 m in Cumberland Sound.

216

217 A catch label was assigned to each hook upon haul back of both the experimental and research 

218 survey longlines (i.e., bait present/absent, species captured, hook loss, hook entangled by shark).  

219 However, only the capture of Greenland shark and number of hooks entangled by Greenland shark 

220 are considered here.  Greenland shark mode of capture (i.e., by jaw hook and/or entanglement), 

221 number of hooks in the jaw, and time required to disentangle and release a shark were also 

222 recorded.  Because of their large body size, none of the Greenland sharks were hauled onboard the 

223 vessel during disentanglement and all sharks were completely disentangled prior to release (i.e., 

224 there was no trailing gear embedded in or wrapped around the body or tail).  It was not possible 

225 however to remove hooks that were embedded in the jaw.  Greenland shark were assigned to three 

226 total body length size categories (<3 m, 3-4 m, and >4 m).  Although poorly understood, these size 

227 categories approximate the size at maturity in males (3 m; MacNeil et al., 2012) and females (>4 

228 m; Yano, Stevens & Compagno, 2007).  

229

230 The dissolution and fragmentation of the magnesium metal strip of SMART hooks used in the 

231 longline experiment was monitored daily.  Hooks that exhibited corrosion, cracking, and 

232 fragmentation were recorded.  

233

234 In situ behavioral bioassays

235
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236 Tests of the ability of various EPMs and magnets to elicit a behavioral response include laboratory 

237 observations on immobilized sharks, typically juveniles or small bodied adults (Stoner & 

238 Kaimmer, 2008; O9Connell et al., 2011b).  These tests are generally considered to provide a rapid 

239 method of determining which EPM and magnetic alloys are suitable for more extensive at-sea 

240 trials.  During these tests sharks are inverted in the water which places them in what may be 

241 considered an un-natural orientation and behavioral state (Brooks et al., 2011) that is characterized 

242 by immobility and torpor.  This state is called 8tonic immobility9 (Watsky & Gruber, 1990).  The 

243 standard methodology with EPMs and magnets is to align the test material in an anterior-lateral 

244 position to the head of an inverted shark, slowly move the material toward the ampullae of 

245 Lorenzini, and observe the shark9s behavior.  Results of these behavioral bioassays have included 

246 no reaction, bending away from the material laterally, and thrashing and violent arousal from tonic 

247 immobility (Rice, 2008; Stoner & Kaimmer, 2008; O9Connell et al., 2011b).  However, Brooks et 

248 al. (2011) concluded that tonic immobility was an inherently stressful experience in juvenile lemon 

249 sharks as it appeared to disrupt the short-term ventilation efficiency.  Moreover, mixed results with 

250 regard to deterrent effects of EPMs and magnets in laboratory behavior experiments and lack of 

251 an impact on catch rates in longline experiments (Wang, McNaughton & Swimmer, 2008; 

252 Kaimmer & Stoner, 2008; Brill et al., 2009; Tallack & Mandelman, 2009; Robbins, Peddemors & 

253 Kennelly, 2011) suggest the possibility of a heightened response when sharks are caught off guard 

254 in tonic immobility.  Thus, in some situations in situ analysis of behavior on recently captured 

255 sharks that are maintained in an upright orientation may better reflect the natural response to EPMs 

256 and magnets.  Moreover, placing a shark in a state of tonic immobility may not be required when 

257 testing a species like the Greenland shark which has been reported to exhibit lethargic behavior 
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258 under natural conditions (Watanabe et al., 2012) and no resistance when captured (Bigelow & 

259 Schroeder, 1948).

260

261 In the current study, the behavioral response of 14 Greenland sharks that were captured by a single 

262 standard hook in the jaw and were not entangled in the longline were observed when they were 

263 exposed to 1) a SMART hook (Figure 1) and 2) a 3.4 g clump of magnesium metal strips from six 

264 SMART hooks that were loosely wrapped around a stainless steel clip.  The clump of magnesium 

265 strips was used to increase the voltage.  During testing, sharks were exposed to the SMART hook 

266 followed by the clump of magnesium metal strips.  During each trial the test material was lowered 

267 into the water on a wooden or fiberglass pole that was extended 0.75-1.25 m from the side of the 

268 vessel.  Subsequently, the hook or clip was slowly moved laterally to within 2-5 cm of the snout 

269 of an upright shark from a distance of 0.50-0.75 m and at approximately 30º from the longitudinal 

270 axis of the body of the shark.  The behavior of each shark was observed and the type of response 

271 recorded (i.e., no response, bend away, sudden movements of the caudal fin).  All tests were 

272 completed within 1-2 minutes of the shark reaching the surface of the ocean.

273

274 The voltage of the SMART hook and clump of magnesium metal strips was measured using a 

275 Klein CL1000 digital multimeter (Klein Tools, Lincolnshire, Illinois).  Voltage measurements 

276 were obtained in seawater (34.6 ppt; 3.2°C) by connecting one electrode to the SMART hook or 

277 clip of magnesium strips and the other electrode was attached to biological tissue (i.e., dorsal fin 

278 clip) from a Greenland shark.  This methodology is similar to that used by O9Connell et al. (2014).  

279 A model IDR-309-T Gaussmeter with transverse probe (F.W. Bell, Milwaukie, Oregon) was used 

280 to obtain the magnetic flux at two locations on the SMART hook (i.e., eye and point of the hook).

281
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282 Feeding behavior

283

284 Five underwater video sequences (4:18 minutes total) of a Greenland shark interacting with a 

285 baited pot were examined to determine the mode of feeding (i.e., ram bite vs. suction) and feeding 

286 kinematics on static fishing gear.  The shark was videotaped with a low speed (30 fields sec-1) 

287 Xybion ISS 255 video camera designed to perform in harsh environments including low-light level 

288 underwater conditions (He, Ennis & Walsh, 1994).  The camera was mounted 1.5 m above the 

289 centre of a large (1.83 m × 1.83 m × 0.76 m; L×W×H) metal framed pot that was deployed on the 

290 slope of the Newfoundland-Labrador Shelf (Lat. 55° 31.55' N, Long. 58° 53.23' W) at a depth of 

291 878 m.  Illumination was provided by a 24 W incandescent light masked with a red filter to 

292 minimize the effect of light on animal behavior.  The pot was baited with squid and herring that 

293 was suspended on skivers.

294

295 In the video footage, the movement of suspended particles by bottom currents was used to 

296 determine the approach direction (up or down current) of Greenland shark relative to the bait.  

297 Dimensions of the metal frame of the pot provided a means of obtaining estimates of the length of 

298 the shark and distance between the shark and the bait as the shark fed.

299

300 Data analysis

301

302 Greenland shark capture data from the experimental and research survey longlines were combined 

303 for analysis of the effect of body size category on the number of hooks entangled by a shark and 

304 time to release the shark.  Tests of normality and equality of variance were performed for each 
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305 shark size category with the Kolmogorov-Smirnov normality test and the Levene median test, 

306 respectively.  When assumptions of normality and equality of variance could not be met by 

307 transformation we used the non-parametric Kruskal-Wallis ANOVA on ranks.  When this analysis 

308 indicated significant differences among size categories a Games-Howell multiple comparison 

309 procedure was used to test all pair wise comparisons.  Statistical analyses were performed using 

310 SPSS® Statistics Version 19 (IBM 2010).  Significance level was set to 0.05.

311

312 The project was reviewed and approved by the Freshwater Institute Animal Care Committee 

313 (Project # FWI-ACC-2011-045)

314  

315 Results

316

317 Experimental and research survey longlines

318

319 A total of 27 Greenland sharks were captured in 2011 (Table 1).  Six sharks were captured on three 

320 experimental longlines (600 hooks total) and 21 sharks were captured on 22 Greenland halibut 

321 research survey longlines (4,400 hooks total).  Overall, sharks in the <3 m body length category 

322 dominated the catches accounting for 56% of the Greenland shark captured (Table 1).  The 

323 SMART hook longline experiments were halted after three overnight sets owing in part to high 

324 numbers of SMART hooks entangled by Greenland sharks and subsequently loss or damage of 

325 hooks during disentanglement, dissolution and fragmentation of the magnesium metal strips of 

326 SMART hooks, and the capture of sharks with more than a single SMART hook in the jaw.  In 
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327 addition, results of the behavioural bioassays and observations of Greenland shark feeding 

328 behaviour led to a decision to cancel additional SMART hook longline experiments in 2013.

329

330 All six of the Greenland sharks captured in the experimental longlines were captured on SMART 

331 hooks.  Two of these sharks had a single SMART hook in the jaw and three sharks had two 

332 SMART hooks in the jaw (Table 1).  Double and triple jaw hooked sharks were also captured in 

333 the Greenland halibut research survey longlines (Table 1).  The sixth shark captured in the 

334 experimental longline did not have a hook embedded in its jaw.  This shark was entangled within 

335 15 hooks of a SMART hook section of the experimental longline. In addition, a Greenland shark 

336 that was captured by entanglement within a research survey longline had a SMART hook 

337 embedded in its jaw with a severed gangion which is indicative of previous feeding upon a baited 

338 SMART hook from an experimental longline.  

339

340 The mainline was wrapped around the body and/or tail region of 13 (48%) of the Greenland sharks 

341 captured in the combined experimental and research survey longlines.  The number of hooks 

342 entangled by these sharks ranged from 5-96 (mean, 34.4±7.2 S.E.) and it required 2-20 min (mean, 

343 9.8±1.5 S.E.) to disentangle and release these sharks (Table 1).  Entanglement of 5-96 hooks 

344 corresponds to 9-173 m of mainline (mean, 61.9±12.9 S.E.).  During disentanglement, all hooks 

345 had to be cut from the mainline and in two cases the mainline also required cutting to facilitate 

346 removal of all fishing gear prior to release.  Cutting of the mainline resulted in destruction of over 

347 250 m of mainline.  All 27 sharks were released alive and there was no evidence of external damage 

348 (i.e., hemorrhaging) owing in part to the Greenland sharks thick skin.  Analysis indicated body 

349 length was a good predictor of the number of hooks entangled by Greenland sharks (Ç2
(2) = 23.90, 
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350 p < 0.001) (Figure 2).  Post-hoc analysis indicated the mean number of hooks entangled differed 

351 significantly between all body length categories (i.e., <3 m vs 3-4 m, p = 0.005; <3 m vs >4 m, p 

352 = 0.009; 3-4 m vs >4 m, p = 0.049).  Mean time required to release a shark was also found to differ 

353 significantly among body size categories (Ç2
(2) = 23.20, p < 0.001) (Figure 2).  In this analysis 

354 release times of <1 min were standardized to a value of 1.  Post-hoc tests revealed time to release 

355 a shark differed significantly between all body length categories (<3 m vs 3-4 m, p = 0.020; <3 m 

356 vs >4 m, p = 0.003; 3-4 m vs >4 m, p = 0.045).  

357

358 After a single overnight set the magnesium metal strips of all SMART hooks were corroded.  After 

359 two overnight sets the magnesium strips were observed to be brittle and minor cracking under 

360 baiting pressure.  Magnesium strips on hooks subjected to three overnight sets were easily broken 

361 resulting in fragments being lost under simulated baiting pressure.

362

363 SMART hook behavioral bioassays

364

365 The SMART hook was both electropositive and magnetic, generating 1.2 V and a magnetic flux 

366 of 88 G.  The clump of magnesium strips had a marginally higher voltage (1.4 V) then the SMART 

367 hook.  None of the 14 Greenland sharks tested exhibited a detectable change in behavior when 

368 exposed to the SMART hook or clump of magnesium metal strips.  These sharks were captured 

369 on longlines hauled from a depth range of 600-1,125 m (mean, 841 m) and all sharks swam away 

370 without delay when released.  Nine of the sharks tested were <3 m in length, three were 3-4 m, 

371 and two were >4 m.  The behavior of all Greenland sharks captured during this study could be 

372 characterized as lethargic and none of the sharks exhibited resistance whether they were hooked 
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373 by the mouth alone or when entangled within the longline.  However, entangled sharks were 

374 noticeably disoriented when released and descended well below the surface of the ocean before 

375 they were observed to swim (i.e., tail beat). The calm and non-aggressive behavior of Greenland 

376 shark is further illustrated by a lack of resistance by a total of 96 Greenland sharks captured during 

377 our multiyear gear comparison studies (i.e., 2011-13).  This includes nine sharks (i.e., five <3 m 

378 in length, three 3-4 m, and one >4 m) that were captured by a single hook that was only partially 

379 embedded in the skin of the upper or lower lobe of the caudal fin.  These tail hooked sharks were 

380 captured on longlines that were hauled back from depths of 500 to 1,125 m.  Three of these tail 

381 hooked sharks were captured in 2011 (Table 1).

382

383 Feeding behavior

384

385 Archived underwater video recordings captured images of a single large Greenland shark (3-4 m 

386 in length) approaching and feeding on bait suspended in a pot.  Four separate approaches were 

387 recorded and the shark always approached the pot slowly and from down current.  Two separate 

388 feeding events were recorded with the shark oriented ventral-laterally to the camera.  Feeding was 

389 characterized as inertial suction.  During each suction feeding event the shark approached the pot 

390 slowly, rotated to align its mouth with the suspended bait, and then exhibited five to eight 

391 successive suction actions over a period of approximately 20-24 sec.  

392

393 The feeding kinematics were similar for each suction action.  Specifically, as the lower jaw was 

394 depressed the labial cartilages and upper jaw were observed to protrude anteriorly to effectively 

395 form a somewhat round and laterally enclosed mouth which served to direct the suction anteriorly.  
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396 Each of the successive suction actions was accompanied by minor cranial elevation however the 

397 timing relative to lower jaw elevation/ upper jaw protrusion was not discernable.  Bulging of the 

398 pharyngeal cavity was also observed during each suction action.  During a suction feeding event 

399 the mouth opening became larger and swelling of the pharyngeal cavity increased which appeared 

400 to effectively increase the suction force.  Even though the shark was outside of the pot it was able 

401 to repeatedly draw the suspended bait through the mesh and into its mouth from a distance of about 

402 25-35 cm.  In addition, in one instance the shark was able to suck into its mouth a scavenging 

403 hagfish as it swam into the path of the suction force.  

404

405 It is notable that the feeding event observed in the current study was impeded by the meshes in the 

406 pot.  The observed shark would have ingested the prey much more quickly under natural 

407 conditions.  The observed feeding time is therefore longer than the period in which a foraging 

408 shark would be exposed to the effects of a SMART hook.  

409

410 Discussion

411

412 In the current study, the SMART hook did not deter Greenland shark from feeding on bottom 

413 longlines.  Few Greenland sharks were captured in the experimental longline yet all were captured 

414 on SMART hooks and three sharks preyed upon more than one SMART hook.  In addition, a 

415 Greenland shark captured on a survey longline was found to have a SMART hook embedded in 

416 its jaw.  Additional experimental fishing trials with SMART hooks were abandoned during our 

417 multiyear gear comparison study because of unfavorable results.  Specifically, capture of 

418 Greenland shark only on SMART hooks, repeat feeding on SMART hooks, absence of a 
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419 behavioral response to the SMART hook and clump of magnesium metal, fragmentation of the 

420 magnesium metal strips, and powerful inertial suction which allowed a Greenland shark to suck 

421 bait into its mouth from a distance of 25-35 cm.  Not only do our results provide evidence that 

422 Greenland sharks are not affected by the SMART hook but also that their powerful and successive 

423 suction actions during a feeding event are likely to negate the deterrent effects of the SMART hook 

424 technology when initiated beyond the range of the electromagnetic field produced by EPMs and 

425 magnets.  

426

427 Studies show that some shark species exhibit aversion responses to EPM and magnetic alloys at 

428 distances of up to 100 cm, others do not respond until they are within 2 cm, while some species or 

429 individuals within an effected species show no response at all (Stroud, 2008; Stoner & Kaimmer, 

430 2008; Brill et al., 2009; O9Connell et al., 2010; Robbins, Peddemores & Kennelly, 2011).  As 

431 summarized by O9Connell et al. (2010), not all magnets and EPMs may be equally effective as 

432 repellents and not all shark species or individuals within a species may respond similarly to a 

433 specific alloy.  Reasons for variability in repellent effects are unclear but may be related to several 

434 factors including the size, shape, and type of EPM or magnetic alloy used and subsequent 

435 electromagnetic field strength or how the fields are perceived by individual sharks (Brill, 2008; 

436 Rigg et al., 2009; O9Connell et al., 2010).  

437

438 Large (215 mm × 100 mm × 67 mm) barium-ferrite magnets with a high magnetic flux (~950 G) 

439 were found to alter the in situ feeding and swimming behavior of suction feeding nurse sharks 

440 (Ginglymostoma cirratum) when bait was placed within 30-50 cm of the magnets (O9Connell et 

441 al., 2010).  Similarly, captive juvenile sandbar sharks (Carcharhinus plumbeus) avoided 
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442 approaching closer than 100 cm to three large (100 mm × 20 mm × 20 mm) ingots comprised of 

443 neodymium rare-earth magnets and highly electropositive praseodymium (Brill et al., 2009).  

444 However, these large EPM and magnetic ingots would be unsuitable for use in longline fishing 

445 gear.  More manageable sized barium-ferrite (25 mm × 25 mm) and neodymium-iron-boride 

446 magnets (25 mm × 12 mm) with a high magnetic flux (~3,850 G) have been adapted for use in 

447 commercial longline and recreational hook-and-line fisheries (O9Connell et al., 2011a).  However 

448 varying species-specific and within species deterrent effects were observed and the complicated 

449 baiting configuration would not be suitable for use in the Greenland halibut bottom longline 

450 fishery.

451

452 The low magnetic flux of the SMART hook used in this study produces a relatively weak magnetic 

453 field. Magnesium is a relatively weak electropositive metal however, the electric voltage produced 

454 by the SMART hook was well above the nanovolt (10-9) threshold of sensitivity exhibited by 

455 sharks. Nevertheless, the SMART hook did not deter Greenland sharks from feeding on bottom 

456 longlines. Further, none of the Greenland sharks tested during our behavioral bioassays exhibited 

457 aversion behavior to the SMART hook even when the voltage was increased marginally through 

458 the use of a clump of magnesium metal strips.

459

460 Stress and physical exhaustion may influence the existence and magnitude of a behavioral response 

461 to EPMs and magnets.  It is unclear what affect the stress of being held in captivity, netted, handled, 

462 and physically inverted to induce a state of tonic immobility that appears to interfere with 

463 respiration has on behavioral bioassays of sharks.  In the current study, Greenland sharks were 

464 captured on longlines set at depths of 600-1,125 m. Greenland shark lactate levels were recently 
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465 reported to increase with depth of capture on longlines (Barkley et al., 2017), but the lactate levels 

466 were highly variable and baseline reference levels are unknown for this species.  Moreover, many 

467 of the sharks examined by Barkley et al., (2017) were entangled in the longline gear but the number 

468 of individual sharks entangled, number of hooks entangled around the body and tail, or time 

469 required to disentangle individual sharks prior to securing blood samples was not recorded (N. 

470 Hussey, pers. comm.).  Thus, it is unclear whether the elevated lactate levels were the result of 

471 depth of capture or level of entanglement and time required to release sharks from longline gear. 

472 We recommend future physiological and tagging studies involving the capture of Greenland shark 

473 on longlines record and document whether sharks were entangled in the fishing gear, number of 

474 hooks entangled, and period of time required to disentangle sharks.

475

476 All of the sharks exposed to our behavioral bioassay were hooked by the jaw alone and did not 

477 appear stressed or physically exhausted as they were observed to immediately swim away from 

478 the vessel when released. Conversely, entangled sharks were noticeably disoriented when released 

479 and observed to descend several meters below the surface of the ocean before swimming. Because 

480 Greenland sharks tend to roll and entangle in longline gear (Pike, 1994; Young, 2009; current 

481 study) time of capture of sharks that are hooked by the jaw alone is likely to be shortly before haul 

482 back. Moreover, it is conceivable that many of the sharks that were hooked by the jaw alone were 

483 captured in the water column during haul back. For example, pelagic excursions of Greenland 

484 sharks are well documented (Skomal & Benz, 2004; Stokesbury et al., 2005; Campana, Fisk & 

485 Klimley, 2015), they have been captured at the surface of the ocean (Beck & Mansfield, 1969; 

486 Kondyurin & Myagkov, 1982), and during our multiyear gear comparison study we observed 

487 Greenland sharks at the surface of the ocean preying on Greenland halibut captured on longlines. 
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488 The Greenland shark belongs to the family Somniosidae commonly referred to as sleeper sharks 

489 and the slow swimming, low activity level, and non-aggressive behavior of Greenland sharks is 

490 well documented (Bigelow & Schroeder, 1948; Watanabe et al., 2012). Further, free swimming 

491 Greenland sharks in the St. Lawrence Estuary have been described as docile during over 100 close 

492 encounters with divers and their tolerance to physical contact with sport divers including being 

493 captured by hook and line and lassoed by the tail has led to the development of a diver code of 

494 conduct (GEERG 2009). During the current study, lack of resistance or an escape response when 

495 hooked by the jaw alone or by a single hook only partially embedded in the skin of the tail and 

496 ability to survive when severely entangled in longline gear suggests a high threshold of tolerance 

497 and ability to cope with adverse conditions. Lastly, the calm behavior and immediate swimming 

498 response upon release exhibited by all jaw hooked Greenland sharks captured on longlines during 

499 our gear comparison studies leads us to suspect that stress and exhaustion had little effect during 

500 our behavioral bioassays.

501

502 A reduction in the catch rates of spiny dogfish (Squalus acanthius) on SMART hooks in longline 

503 experiments carried-out in the Gulf of Maine provides evidence of the ability of this technology to 

504 deter feeding on baited hooks (O9Connell et al., 2014). Lack of evidence of a similar effect in the 

505 Greenland shark may be attributed to its powerful inertial suction mode of feeding when initiated 

506 beyond the range of the electromagnetic field produced by the SMART hook. It is unclear however 

507 whether this would account for all capture events on SMART hooks as suction feeding may not 

508 always be initiated from a suitable distance to avoid the electrosensory system from entering the 

509 electromagnetic field. A high threshold of tolerance to the effects of the SMART hook may account 

510 for the capture of Greenland sharks when the electrosensory system enters the electromagnetic 
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511 field. However, effects of EPMs and magnetic alloys on the electrosensory system of sharks and 

512 rays are unclear and differing reactions among spiny dogfish and Greenland shark may be 

513 attributed to how the two species perceive the electromagnetic field. For example, the trophic level 

514 occupied by a shark and the diversity of predatory species in its local environment may be expected 

515 to influence the perception and response to an unfamiliar stimulus. In the Gulf of Maine, a region 

516 with a high diversity of species, the relatively small bodied spiny dogfish is considered to occupy 

517 a trophic level of 4.0 but has a high diversity of potential predators from birth (23-29 cm) to 

518 maximum length (100-120 cm) (Jensen, 1966; Nammack, Musick & Colvocoresses, 1985; Byron 

519 & Morgan, 2016). Thus, spiny dogfish may be more cautious and quickly repelled when 

520 encountering an unfamiliar electromagnetic field and subsequently unlikely to approach the same 

521 hook again. The Greenland shark is a reported 40-100 cm at birth, grows to a length of over 600 

522 cm, and is the largest fish species in the Arctic Ocean (Compagno, 1984; MacNeil et al., 2012). 

523 The Greenland shark is a top predator occupying a trophic level of 4.2-5.0 in the Arctic (MacNeil 

524 et al., 2012), a region of comparatively low species diversity, and apart from accounts of 

525 cannibalism when captured on longlines (Borucinska, Whiteley & Benz, 1998) the Greenland 

526 shark has no known predators in Canadian Arctic waters. During our longline experiments 

527 Greenland sharks were only captured in the SMART hook section of the longline and the capture 

528 of sharks with a SMART hook already embedded in the jaw indicates repeat feeding on SMART 

529 hooks. These results and lack of a behavioral response to the SMART hook lead us to suggest not 

530 only a high threshold of tolerance to the unfamiliar stimulus caused by the SMART hook but also 

531 the possibility that Greenland sharks were positively stimulated by the weak electromagnetic field 

532 produced by the EPM and magnetic coating on the SMART hook used in the current study. 

533
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534 One of the features of the SMART hook is its ability to deal with species-specific deterrent effects 

535 of EPMs and magnetic coatings through selective substitution of these alloys.  However, when the 

536 feeding behavior observed by Greenland shark in the current study and the apparent effective range 

537 of the electromagnetic fields of suitable sized EPM and magnetic alloys on other shark species is 

538 taken into consideration they raise concerns with regard to the utility of SMART hook 

539 substitutions.  The magnetized SMART hook used in the current study possessed light weight (0.5-

540 0.6 g) and relatively weak electropositive magnesium metal strips.  When the aversion response in 

541 behavioral bioassays was assessed for comparatively larger ingots (70-100 g) of several types of 

542 highly electropositive metals  and larger (102 mm × 38 mm) high magnetic flux rare-earth magnets 

543 it was found that the reactive distance of immobilized juvenile nurse sharks, lemon sharks 

544 (Negaprion brevirostris), and spiny dogfish ranged from 2-25 cm (Rice, 2008; Stoner & Kaimmer, 

545 2008; Stroud, 2008).  Similarly, free swimming captive spiny dogfish and juvenile dusky 

546 smoothhound sharks (Mustelus canis) did not exhibit a negative response to the magnetic field 

547 produced by 25 mm square neodymium rare-earth magnets until they approached to within 10 cm.  

548 Overall, short reactive distances are not surprising because the detection range of the ampullae of 

549 Lorenzini is effective only within a few centimeters of electromagnetic fields as sharks utilize this 

550 sensory system in the final stages of capture to detect weak bioelectric fields generated by their 

551 prey.

552

553 To our knowledge the video of Greenland shark reported here represents the only documented 

554 underwater observations of Greenland shark feeding behavior and are relevant as the shark was 

555 scavenging bait from static fishing gear at the same depth longline fisheries prosecute Greenland 

556 halibut.  The Greenland shark exhibited inertial suction and once a suction event was initiated it 
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557 continued to completion.  The Greenland shark was observed to exhibit several successive suction 

558 actions during a feeding event.  This strategy is likely to increase feeding success especially when 

559 initiated from a distance in visually impaired Greenland sharks (i.e., ocular parasites) or when the 

560 prey attempts to escape.  The increase in gape size and increased bulging of the pharyngeal cavity 

561 observed in this study would increase inertial suction forces during a feeding event and are likely 

562 to increase feeding success.  Stealthy cryptic approaches and powerful suction would also explain 

563 how such a slow swimming shark (Watanabe et al., 2012) is able to consume Greenland halibut 

564 and small seals, especially when these animals are consumed whole and with no external damage.  

565 For example, stomach content analysis of a large (>4 m) Greenland shark captured on longlines 

566 set through the ice in Scott Fjord, Nunavut revealed the presence of a fully intact (i.e., no external 

567 wounds) and recently consumed 60 cm Greenland halibut and a fully intact 50-60 cm ringed seal 

568 (Pusa hispida) (R. Sullivan, pers. obs.).  These relatively large animals appear to have been sucked 

569 directly into the large pharyngeal cavity and subsequently swallowed whole.

570  

571 The Greenland shark is the largest member of the order Squaliformes or dogfish sharks which are 

572 morphologically specialized for suction feeding (Motta & Wilga, 2001).  Greenland sharks 

573 commonly exhibit a white snout resulting from foraging on the seabed and sharks feeding on 

574 organisms that live on or within the seabed commonly utilize a suction mode of feeding (Motta & 

575 Wilga, 2001).  Unlike ram and bite feeding sharks, suction feeders appear to have more stereotyped 

576 capture events with less ability to modulate between suction and ram type feeding during the prey 

577 capture sequence.  Motta & Wilga (2001) proposed that suction captures will be preprogrammed 

578 stereotyped bites that go to completion once initiated, regardless of the sensory input.  Fast 

579 swimming ram and bite feeding sharks appear to commit to attacking their prey from a distance 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26864v1 | CC BY 4.0 Open Access | rec: 17 Apr 2018, publ: 17 Apr 2018



580 and it has been hypothesized that when they execute the feeding sequence beyond the effective 

581 range of the electric field produced by EPMs the deterrent effects will be negated (Hutchinson et 

582 al., 2012).   Similarly, we propose that the powerful inertial suction mode of feeding exhibited by 

583 Greenland shark will negate the deterrent effects of SMART hook EPM and magnetic alloy 

584 substitutions suitable for use in Greenland halibut fisheries. The reactive distance by two squalid 

585 shark species (nurse and spiny dogfish) to electromagnetic fields produced by several types of 

586 highly electropositive metals and high magnetic flux rare-earth magnets (Rice, 2008; Stoner & 

587 Kaimmer, 2008; Stroud, 2008) are within the suction range exhibited by Greenland shark in this 

588 study.  When feeding on longlines, we suspect Greenland sharks use their olfactory and acoustico-

589 lateralis systems to detect and orient to a bait plume and once in proximity are able to use their 

590 powerful and successive inertial suction forces to pull a baited hook off the seabed at a distance 

591 beyond that of the potential deterrent effects of current SMART hook technologies. 

592

593 The feeding behavior of most shark species is poorly studied.  This study illustrates that when the 

594 primary mode of feeding is taken into consideration it can provide a better understanding of 

595 potential limitations of longline feeding deterrents that exploit the electrosensory system.  More 

596 recently, alternate longline modifications designed to reduce the incidental capture of Greenland 

597 shark have been tested with positive results (Munden, 2014).  Development of methods that 

598 expedite and maximize live-release of entangled Greenland sharks from longlines and studies on 

599 post-release mortality will also be important to future management considerations.  For example, 

600 in the current study the mainline, gangions, and hooks were completely disentangled from 

601 Greenland sharks prior to release.  When entangled in commercial longlines, Greenland sharks are 

602 often released with trailing gear that is wrapped around the body or tail (S. Grant, pers. obs.).  A 
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603 recent study has demonstrated that when trailing fishing gear remains embedded in the tail of 

604 common thresher sharks (Alopias vulpinus) it can lead to high post-release mortality (Sepulveda 

605 et al., 2015).

606  

607 The current study illustrates the degree of gear entanglement commonly caused by Greenland 

608 sharks when feeding on bottom longlines.  Hooks that become entangle around the tail and body 

609 of the shark are unlikely to continue to lure and capture Greenland halibut (Dennard et al., 2010) 

610 and considerable time and gear will be lost disentangling Greenland sharks, particularly when 

611 bycatch rates are high.  There is no way to determine when Greenland shark were captured during 

612 an overnight set and soak time may influence Greenland shark catch rates (Pike, 1994) and the 

613 degree of entanglement when sharks are captured near the seabed.  Greenland shark are known to 

614 move throughout the water column (Skomal & Benz, 2004; Stokesbury et al., 2005, Campana, 

615 Fisk & Klimley 2015), they have been taken at the surface by harpoon and in gillnets (Beck & 

616 Mansfield, 1969), and we have observed Greenland shark foraging at the surface and preying on 

617 Greenland halibut captured on longlines.  These observations lead us to suspect that many of the 

618 Greenland sharks that are captured by a single hook in the jaw or tailfin are taken in the water 

619 column during haul back of the fishing gear.  Sharks entangled in the mainline were clearly 

620 captured on the seabed as tension in the mainline during haul back and use of rotor swivels would 

621 preclude entanglement when Greenland sharks are captured within the water column.  Cyclical 

622 vertical movements within the water column by the related Pacific sleeper shark (Somniosus 

623 pacificus) has been hypothesized to be a foraging strategy (Hulbert, Sigler & Lunsford, 2006) and 

624 adult Greenland halibut, a favored prey of Greenland shark, have been found to make regular 

625 excursions several hundred meters into the water column (Vollen & Albert, 2008).  As a foraging 
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626 strategy, vertical movements throughout the water column would help explain our observations of 

627 Greenland sharks feeding near the surface and high incidence of single jaw or tail hook modes of 

628 capture.  If our hypothesis with regard to the pelagic capture of single jaw and tail hooked 

629 Greenland sharks is correct then it would appear that smaller Greenland shark were more likely to 

630 exhibit a pelagic distribution within Cumberland Sound during the ice-free season in 2011 as all 

631 of the non-entangled sharks were <3 m in length (Table 1).  Kondyurin & Myagkov (1982) also 

632 reported a pelagic distribution for juvenile Greenland sharks that were <3 m in length. If larger 

633 and sexually mature sharks are closer to the seabed during the ice-free season then there is a greater 

634 likelihood they will become entangled in the fishing gear and be at greater risk of mortality. 

635

636 Conclusions

637

638 We conclude that the SMART hook is not a suitable technology for mitigating the capture of 

639 Greenland sharks on Greenland halibut bottom longlines.  The SMART hook technology did not 

640 deter Greenland sharks from feeding on bottom longlines and this technology did not elicit a 

641 behavioral response in recently captured Greenland sharks. The Greenland shark was found to 

642 exhibit a powerful inertial suction mode of feeding and was able to draw food items into its mouth 

643 from a distance of at least 25-35 cm.  Stealthy cryptic approaches and a powerful suction mode of 

644 feeding can explain Greenland sharks consumption of seals and fish.  When initiated from beyond 

645 the effective range of the electromagnetic field this powerful suction  is surmised to negate the 

646 effect of EPM and magnetic alloy substitutions to the SMART hook technology.  Fragmentation 

647 of the magnesium metal strips and subsequently frequent replacement of SMART hooks is also 

648 identified as a limiting factor to commercial applications.
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649

650 During the current study, interactions of Greenland sharks with bottom longlines led to 

651 entanglement of close to 50% of captures and at times entanglement was substantial.  Even 

652 severely entangled Greenland sharks were alive when hauled to the surface from depths of up to 

653 1,125 m and their lethargic behavior facilitated live release efforts (i.e., removal of fishing gear).  

654 Commercial longline fishers commonly release Greenland sharks with trailing gear.  Post-release 

655 survival of these sharks is unknown but expected to be low based on the results of related studies 

656 (Sepulveda et al. 2015).  Until factors influencing post-release survival of Greenland sharks are 

657 better understood we recommend efforts be made to remove all trailing longline gear from 

658 Greenland sharks prior to release.  During the current study, we avoided cutting the mainline while 

659 disentangling Greenland sharks which undoubtedly influenced the time required to release 

660 individual sharks.  Hence, the mean time required to disentangle and release sharks reported herein 

661 is an overestimate of that expected under commercial conditions.  Nevertheless, removal of trailing 

662 fishing gear will be a frustrating and time consuming process when bycatch rates of Greenland 

663 shark are high and sharks entangle large numbers of hooks.  Further, economic costs associated 

664 with damage to and loss of fishing gear exemplifies the need to continue to investigate 

665 modifications to fishing gear, potential gear substitutions, or spatial management of fishing effort 

666 to reduce the incidental capture of Greenland sharks.
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Figure 1

A circle 15/0 SMART hook (source: S. Grant).
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Figure 2(on next page)

Box plots.

A) Number of hooks entangled by Greenland sharks and B) time to release sharks for three

body length categories (<3 m, n=15; 3-4 m, n=6; >4 m, n=6).
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Table 1(on next page)

Greenland shark catch summary in experimental and survey longlines.
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1

Longline

type Hook type

Number of

hooks in 

jaw

Length

category

Number of 

hooks

entangled

Time required to

release shark 

(min)

Experimental SMART 1 <3 m 0 <1

SMART 0a 3-4 m 15 10

SMART 1 3-4 m 35 5

SMART 2 >4 m 33 15

SMART 2 >4 m 96 14

SMART 2 >4 m 52 16

Survey Standard 0b <3 m 0 <1

Standard 0b <3 m 0 <1

Standard 0b <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 1 <3 m 0 <1

Standard 2 <3 m 0 <1

Standard 3 <3 m 5 3

Standard 1 3-4 m 13 5

Standard 1 3-4 m 13 10

Standard 1 3-4 m 22 10

Standard 3 3-4 m 21 2

SMART 1c >4 m 60 7

Standard 2 >4 m 22 10

Standard 2 >4 m 60 20

2

3
a entangled in SMART hook section of experimental longline.

4
b captured by single hook partially embedded in skin of tail.

5 c shark captured by entanglement in survey longline but SMART hook embedded in jaw.
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