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24 Abstract

25 This study examined the extent that eulachon (Thaleichthys pacificus) and groundfishes 

26 escape trawl entrainment in response to artificial illumination along an ocean shrimp (Pandalus 

27 jordani) trawl fishing line. Using a double-rigged trawler, we compared the catch efficiencies for 

28 ocean shrimp, eulachon, and groundfishes between an unilluminated trawl and a trawl illuminated 

29 with 5 green LEDs along its fishing line. Results showed a significant reduction in the bycatch of 

30 eulachon and yellowtail rockfish (Sebastes flavidus) in the presence of illumination. As eulachon 

31 are an Endangered Species Act listed species, this finding provides valuable information for 

32 fishery managers implementing recovery plans and evaluating potential fishery impacts on their 

33 recovery and conservation. For other rockfishes (Sebastes spp.) and flatfishes, however, we did 

34 not see the same effect as the illuminated trawl caught similarly or significantly more fishes than 

35 the unilluminated trawl. Prior to this research, the extent that eulachon and groundfishes escape 

36 trawl capture in response to illumination along an ocean shrimp trawl fishing line was unclear. Our 

37 study has provided results to fill that data gap.

38

39 1. Introduction

40 The ocean shrimp (Pandalus jordani) fishery is one of the largest trawl fisheries by ex-

41 vessel value off the U.S. West Coast (PacFIN 2018). Semi-pelagic trawls and otter trawls equipped 

42 with small mesh codends (35 mm between knots [BK]) are used to harvest ocean shrimp over mud 

43 and mud-sand bottom habitats (Hannah et al. 2013). Since 2003, trawls outfitted with sorting grids, 

44 similar to the Nordmøre grid, have been required to minimize bycatch of groundfishes such as 

45 Pacific hake (Merluccius productus), darkblotched rockfish, (Sebastes crameri), canary rockfish, 

46 (S. pinniger), and Pacific halibut (Hippoglossus stenolepis). In 2012, sorting grids of 19.1 mm 
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47 maximum bar spacing became required off Oregon and Washington to reduce eulachon 

48 (Thaleichthys pacificus) bycatch (Hannah et al. 2011). Prior to this regulation, fishers were using 

49 sorting grids with bar spacing ranging from 22.2 to 28.6 mm. In 2018, additional regulations were 

50 implemented requiring fishers landing ocean shrimp in Oregon and Washington to use lighting 

51 devices (e.g., LEDs) near the trawl fishing line to further reduce eulachon bycatch (ODFW 2018; 

52 Lomeli et al. 2018a; WDFW 2018). 

53 In the ocean shrimp trawl fishery, bycatch of eulachon (an anadromous smelt species 

54 endemic to the eastern North Pacific) has been an issue facing the fishery as the species’ southern 

55 Distinct Population Segment (DPS) was listed as “threatened” under the US Endangered Species 

56 Act (ESA) in 2010 (DOC 2011; Gustafson et al. 2012). Use of sorting grids with 19.1 mm bar 

57 spacing have been shown to be effective at minimizing catches of larger-sized eulachon (>13 cm 

58 in length) and adult groundfishes. However, the devices have been less effective at reducing 

59 bycatch of smaller-sized eulachon and juvenile groundfishes which can pass through the bar 

60 spacings (Hannah et al. 2011). When smaller-sized eulachon are abundant, their bycatch can occur 

61 in considerable quantities (Hannah et al. 2105) and impact fishing operations (e.g., sorting time). 

62 Consequently, techniques to reduce the bycatch of eulachon and groundfishes such as use of LEDs 

63 to illuminate escape areas around the trawls leading edge have recently been tested (Hannah et al. 

64 2015; Lomeli et al. 2018a). 

65 Use of artificial illumination to minimize fish bycatch in trawl fisheries has received 

66 considerable attention in recent years. Research has primarily used illumination as a method to 

67 enhance fishes’ visual perception of trawl gear components and escape areas (Hannah et al. 2015; 

68 Larsen et al. 2017, 2018; Lomeli et al. 2018ab; Melli et al. 2018; Lomeli and Wakefield 2019), but 

69 also in efforts to startle fish towards selective mesh panels (Grimaldo et al. 2018a). In the ocean 
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70 shrimp trawl fishery, work has demonstrated that illuminating the trawl fishing line can reduce 

71 bycatch of eulachon, and some other fishes, without impacting ocean shrimp catches. Hannah et 

72 al. (2015) placed 10 LEDs along the center section of an ocean shrimp trawl fishing line and 

73 observed a 91% reduction by weight of eulachon. Significant bycatch reductions of rockfishes 

74 (Sebastes spp.) and flatfishes were also noted. Following their study, Lomeli et al. (2018a) 

75 evaluated how catches of eulachon and other fishes could be affected by altering the quantity of 

76 LEDs (e.g., 5 vs 10 vs 20 LEDs) along the fishing line. Results showed each LED configuration 

77 caught significantly fewer eulachon than the unilluminated trawl and that the catch ratio of 

78 eulachon did not differ significantly from each other between the three LED configurations tested. 

79 Rockfish and flatfish catches were significantly reduced across each LED configuration as well. 

80 These results guided to fishery managers implementation of an effective footrope lighting 

81 regulation in Oregon and Washington (ODFW 2018; WFDW 2018). Although substantial catch 

82 reductions were noted in the Hannah et al. (2015) and Lomeli et al. (2018a) studies, data was 

83 collected from the residual bycatch of trawls fished with sorting grids with 19.1 mm bar spacing 

84 and hindered the authors ability to determine the degree that eulachon across all length classes 

85 (and other fishes) are escaping trawl entrainment in response to the illumination. Thus, determining 

86 the overall efficacy of LEDs placed along ocean shrimp trawl fishing lines and knowing the degree 

87 that eulachon and other fishes escape (or do not escape) trawl entrainment in response to 

88 illumination is essential for understanding potential trawl catch impacts (e.g., physical contact with 

89 the sorting grids and/or netting, post-release and unobserved mortality, etc.) on non-target species. 

90 The objective of this study was to determine the degree to which eulachon, and other fishes, 

91 escape trawl entrainment in response to artificial illumination along an ocean shrimp trawl fishing 

92 line.

Page 4 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 

5

93 2. Materials and Methods

94 2.1. Sea trials and sampling

95 Sea trials occurred during daylight hours off Oregon (Fig. 1) in 2018 aboard the double-

96 rigged ocean shrimp trawler F/V Ms. Julie, a 22.9 m, 400 HP vessel. Our study site (Fig. 1) was 

97 selected as it is an area where ocean shrimp are typically fished and eulachon often co-occur. Tow 

98 durations were set to 60 min. to avoid catches too large for sorting, weighing, and measuring. In 

99 this fishery, commercial tow durations often range between 30 and 180 min.  

100 We used the trawl gear components of the F/V Ms. Julie for this study. The port and 

101 starboard gear components were identical in material and design. Wood and steel combination 

102 doors, 2.4 x 2.7 m (length x height), were used to spread each trawl. The trawl bridles were 19 mm 

103 steel cable and totaled 6.1 m in length and connected directly to the trawl doors. The headropes 

104 and fishing lines were 27.4 m in length (Fig. 2). Drop chains measuring 0.4 m in length attached 

105 the fishing line to the chain ground line at 0.9 m separations. The center 7.3 m section of the trawl 

106 groundgear consisted of only drop chains. Both trawls had a codend mesh size of 35 mm BK.  

107 Five Lindgren-Pitman Electralume® green LED fishing lights, centered on a wavelength 

108 of 519 nm (Nguyen et al. 2017), were used to illuminate the central trawl fishing line area. While 

109 the spectral sensitivity has not been empirically determined for all the species examined in this 

110 study, the species that have been examined possess maximal sensitivity to blue-green light, 

111 expectedly, as this is the predominant spectral component of coastal waters (Jerlov, 1976; 

112 Bowmaker 1990; Britt 2009). Therefore, we selected green LEDs for two reasons: (1) to allow for 

113 a comparison of results with the Lomeli et al. (2018a) and Hannah et al. (2015) studies, and (2) 

114 this color best matches the ambient light environment encountered in our study area and transmits 

115 well through coastal and continental shelf waters. The LEDs were attached to the trawl fishing line 
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116 using zip ties, with the diodes pointing progressively forward moving towards the trawl wing tips. 

117 The LEDs were switched between the port and starboard trawl throughout the study, with one 

118 trawl serving as the illuminated and the other as the unilluminated, to control for any trawl specific 

119 differences that may occur in the selectivity between the two trawls (Hannah et al. 2011, 2015; 

120 Lomeli et al. 2018a). Lastly, fishing occurred with the sorting grids removed from the trawls.

121 In each trawl, two Wildlife Computers TDR-MK9 archival tags were used to measure the 

122 amount of light available and water temperature. The tags were attached to the underside of the 

123 net five meshes (35 mm nominal mesh size) behind the midpoint of the fishing line with the light 

124 sensor positioned horizontally and looking forward. See Lomeli et al. (2018a) for the calibration 

125 function used to convert the MK9 relative light units to irradiance units. 

126 A Sea-Bird Scientific ECO Scattering Sensor (set to a scattering wavelength of 650 nm) 

127 was centered on the starboard trawl headrope to measure the amount of backscatter present during 

128 our study. This scattering wavelength provides a measurement of the amount of turbid material 

129 from non-organic matter in the water. The backscatter value increases with increased turbidity 

130 levels. Further, this wavelength was selected as absorption by dissolved organic material is 

131 negligible at longer wavelengths such as 650 nm (Pegau et al. 1997). The calibration function used 

132 to convert the scattering sensor relative units to meter per steradian (m-1 sr-1) units was:

133 m-1 sr-1 = scale factor *(output - dark counts) (1)

134 where scale factor is 3.586e-06 (m-1 sr-1)/counts, output is the relative scattering sensor value, and 

135 dark counts is 40. The MK9 tags and ECO Scattering Sensor were used to capture the conditions 

136 that this study was conducted under. Collecting this data is recommended by the International 

137 Council for the Exploration of the Sea to improve comparability of results between light studies 

138 (ICES 2018). 
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139 Fishing line height (FLH) was measured using Star-Oddi DST tilt sensors (0.05° tilt 

140 resolution, ±3° tilt accuracy) attached to the center of the fishing line of each trawl to ensure 

141 uniformity between the trawls. Each tag was placed in a customized aluminum bracket outfitted 

142 with a rod that extended from the fishing line to the seabed (Lomeli et al. 2018a). The mean tilt 

143 angle for the x-axis was converted to height using the following formula:

144 FLH = y × SIN(x) (2)

145 where y is the length of the bracket (86.4 cm, Lomeli et al. 2018a) and x is the mean tilt angle in 

146 the vertical plane perpendicular to the fishing line. Tows where the mean FLH value between the 

147 two trawls differed >8.5 cm were not included in the analysis. The vessel was not equipped to 

148 measure wing spread or door spread, but we assumed any differences that may occur in these 

149 measurements would be minimal and not affect our results as identical trawl components were 

150 used.        

151 Overall, 47 paired tows were completed. Five tows were excluded from the analyses due 

152 to mean FLH differences of >8.5 cm. After each tow, the catch from the illuminated and 

153 unilluminated trawls were dumped into a divided hopper where fish catches were then separately 

154 sorted to species as they came across the hopper conveyor belt, weighed, and then measured. 

155 Eulachon and rockfishes were measured to fork length, while flatfishes were measured to total 

156 length. For ocean shrimp, catches were collected in baskets and then a basket(s) was randomly 

157 selected to obtain length samples. From the selected basket(s), a 9.5 L plastic bag was filled with 

158 ocean shrimp and frozen for measurement at a laboratory. From this subsample, 100 individuals 

159 per net per tow were randomly selected for carapace length measurement. 

160

161 2.2. Modeling the relative catch efficiency between illuminated and unilluminated trawls
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162 We used the statistical analysis software SELNET (SELection in trawl NETting) to analyze 

163 the catch data (Sistiaga et al. 2010; Herrmann et al. 2012, 2016) and conducted length-dependent 

164 catch comparison and catch ratio analyses (Lomeli et al. 2018ab, 2019). 

165 Using the catch information (Table 1) we wanted to determine whether there was a 

166 significant difference in catch efficiency between the unilluminated and illuminated trawl. We also 

167 wanted to determine if a potential difference between the trawls could be related to the size of 

168 ocean shrimp or a given species of fish. Specifically, to assess the relative length-dependent catch 

169 efficiency effect of changing from unilluminated to illuminated trawl, we used the method 

170 described in Herrmann et al. (2017) based on comparing the catch data between the two trawls. 

171 This method models the length-dependent catch comparison rate (CCl) summed over tows:

172 (3)𝐶𝐶𝑙 =
∑𝑚

𝑗 = 1{𝑛𝑡𝑙𝑗
𝑞𝑡𝑗 }

∑𝑚
𝑗 = 1{𝑛𝑡𝑙𝑗

𝑞𝑡𝑗
+

𝑛𝑐𝑙𝑗
𝑞𝑐𝑗 }

173 where nclj and ntlj are the numbers of ocean shrimp or a given species of fish measured in each 

174 length class l for the unilluminated and illuminated trawl in tow j, respectively. Parameters qcj and 

175 qtj are the related subsampling factors (fraction of the ocean shrimp or a given species of fish 

176 caught being length measured), and m is the number of tows carried out with the unilluminated 

177 and illuminated trawl. As is common practice for fishing gear catch comparison investigations a 

178 functional form CC(l,v) for the catch comparison rate was estimated from the experimental data 

179 (Grimaldo et al. 2018b; Karlsen et al. 2018; Lomeli et al. 2018a). The functional form provides a 

180 smooth curve for length dependency that is less influenced by the observation error for individual 

181 length classes than the experimental being expressed by equation 3 and it enables to interpolate 

182 over length classes with no experimental observations. The functional form of the catch 
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183 comparison rate was obtained using maximum likelihood estimation by minimizing the following 

184 equation:

185         (4)― ∑
𝑙{∑𝑚

𝑗 = 1{𝑛𝑐𝑙𝑗

𝑞𝑐𝑗
× 𝑙𝑛[1.0 ― 𝐶𝐶(𝑙,𝒗)]} + ∑𝑚

𝑗 = 1{𝑛𝑡𝑙𝑗

𝑞𝑡𝑗
× 𝑙𝑛[𝐶𝐶(𝑙,𝒗)]}}

186 where v represents the parameters describing the catch comparison curve defined by CC(l,v). The 

187 outer summation in the equation is the summation over the length classes l. When the catch 

188 efficiency of the unilluminated and illuminated trawl are equal, the expected value for the summed 

189 catch comparison rate would be 0.5. Therefore, this baseline can be applied to judge if there is a 

190 difference in catch efficiency between the two trawls. The experimental CCl was modeled by the 

191 function CC(l,v), on the following form:

192 (5)𝐶𝐶(𝑙,𝒗) =
𝑒𝑥𝑝[𝑓(𝑙,𝑣0,…,𝑣𝑘)]

1 + 𝑒𝑥𝑝[𝑓(𝑙,𝑣0,…,𝑣𝑘)]

193 where f is a polynomial of order k with coefficients v0 to vk. The values of the parameters v 

194 describing CC(l,v) are estimated by minimizing equation 4, which is equivalent to maximizing the 

195 likelihood of the experimental data. We considered f of up to an order of 4 with parameters v0, v1, 

196 v2, v3, and v4 as our experience from former studies including Krag et al. (2015) Santos et al. (2016) 

197 and Sistiaga et al. (2018) have shown that this provides a model that is sufficiently flexible to 

198 describe the catch comparison curves between fishing gears well in the cases examined. Leaving 

199 out one or more of the parameters v0…v4 led to 31 additional models that were also considered as 

200 potential models for the catch comparison CC(l,v). Among these models, estimations of the catch 

201 comparison rate were made using multimodel inference to obtain a combined model (Burnham 

202 and Anderson 2002; Herrmann et al. 2017). Specifically, the models were ranked and weighed in 

203 the estimation according to their AICc values (Burnham and Anderson 2002). The AICc is 

204 calculated as the AIC (Akaike, 1974), but it includes a correction for finite sample sizes in the 

205 data. Models that resulted in AICc values within +10 of the value of the model with lowest AICc 
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206 value (AICcmin) were considered for the estimation of cc(l,v) following the procedure described in 

207 Katsanevakis (2006) and in Herrmann et al. (2015). We use the name combined model for the 

208 result of this multi-model averaging and calculated it by:

209 (6)

𝑐𝑐(𝑙,𝒗) = ∑
𝑖𝑤𝑖 × 𝑐𝑐(𝑙,𝒗𝑖)

𝑤𝑖𝑡ℎ
𝑤𝑖 =

𝑒𝑥𝑝(0.5 × (𝐴𝐼𝐶𝑐𝑖 ― 𝐴𝐼𝐶𝑐𝑚𝑖𝑛))
∑

𝑗𝑒𝑥𝑝(0.5 × (𝐴𝐼𝐶𝑐𝑗 ― 𝐴𝐼𝐶𝑐𝑚𝑖𝑛))

210 where the summations are over the models with an AICc value within +10 of AICcmin. 

211 The ability of the combined model to describe the experimental data was evaluated based on the 

212 p-value, which quantifies the probability of obtaining by coincidence at least as big a discrepancy 

213 between the experimental data and the model as observed, assuming that the model is correct. 

214 Therefore, this p-value, which was calculated based on the model deviance (D) and the degrees of 

215 freedom (DF), should be >0.05. Specifically, D has approximate χ2 distribution when the model is 

216 correct and the p-value is therefore calculated for a χ2 distribution with D and DF as parameters 

217 (Wileman et al. 1996). For DF we use the number of length classes in the experimental data minus 

218 the number of parameters  in the model  However, lack of fit as indicated by large D 𝒗 𝑐𝑐(𝑙,𝒗).

219 compared to DF which corresponds to p-value < 0.05 does not necessarily imply that the fitted 

220 combined catch comparison curve is not a good model for the length dependent catch comparison 

221 data (Wileman et al. 1996). If a plot of deviance residuals Dl versus length l shows no clear 

222 structure then the lack of fit can be assumed to be due to over-dispersion in the data (McCullagh 

223 and Nelder 1989). Therefore, in case of p-value < 0.05 we checked deviance residuals which for 

224 individual length classes is calculated by:

225

226 (7),𝐷𝑙 = 2 × 𝑠𝑖𝑔𝑛(𝑦𝑙 ― 𝑦𝑚𝑙) × ∑
𝑙{𝑛𝑡𝑙 × 𝑙𝑛( 𝑦𝑙

𝑦𝑚𝑙) + 𝑛𝑐𝑙 × 𝑙𝑛( 1 ― 𝑦𝑙

1 ― 𝑦𝑚𝑙)}
227 where
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228 (8)

𝑦𝑙 =
𝑛𝑡𝑙

𝑛𝑡𝑙 + 𝑛𝑐𝑙

𝑦𝑚𝑙 =
𝑞𝑡𝑙 × 𝑐𝑐(𝑙,𝒗)

𝑞𝑡𝑙 × 𝑐𝑐(𝑙,𝒗) + 𝑞𝑐𝑙 × (1 ― 𝑐𝑐(𝑙,𝒗))

𝑛𝑡𝑙 = ∑𝑚
𝑗 = 1𝑛𝑡𝑙𝑗

𝑛𝑐𝑙 = ∑𝑚
𝑗 = 1𝑛𝑐𝑙𝑗

𝑞𝑡𝑙 =
𝑛𝑡𝑙

∑𝑚
𝑗 = 1{𝑛𝑡𝑙𝑗

𝑞𝑡𝑗 }
𝑞𝑐𝑙 =

𝑛𝑐𝑙

∑𝑚
𝑗 = 1{𝑛𝑐𝑙𝑗

𝑞𝑐𝑗 }

229  The model deviance is based on equation 7 calculated by (Wileman et al 1996):

230  (9)𝐷 = ∑
𝑙𝐷

2
𝑙

231 Based on the estimated combined catch comparison function CC(l,v), we obtained the 

232 relative catch ratio CR(l,v) between fishing with the two trawls by the general relationship:

233 (10)𝐶𝑅(𝑙,𝒗) =
𝐶𝐶(𝑙,𝒗)

[1 ― 𝐶𝐶(𝑙,𝒗)]

234 The catch ratio provides a direct relative value of the catch efficiency between fishing with and 

235 without illumination. Thus, if the catch efficiency of both trawls is equal, CR(l,v) should always 

236 be 1.0. 

237 The 95% confidence interval (CI) limits for the catch comparison and catch ratio curves 

238 were estimated using a double bootstrapping method for paired trawl catch data in SELNET. The 

239 bootstrapping method accounts for uncertainty due to between haul variation by selecting m hauls 

240 with replacement from the m hauls available during each bootstrap repetition (equation 4). Within 

241 each resampled haul, the data for each length class were resampled in an inner bootstrap to account 

242 for the uncertainty in estimation of the catch comparison and catch ratio rates in the haul resulting 

243 from that only a limited number of ocean shrimp or a given species of fish were caught, and length 

244 measured in the specific haul. The inner resampling of the data in each length class were performed 

245 prior to the raising of the data with subsampling factors qcj and qtj to account for the additional 
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246 uncertainty due to the subsampling (Eigaard et al. 2012). The resulting data set obtained from each 

247 bootstrap repetition was analyzed as described above and therefore also accounted for uncertainty 

248 in model selection and model averaging because the multimodel inference was included (Grimaldo 

249 et al. 2018a). Based on the bootstrap results we estimated the Efron percentile 95% confidence 

250 intervals (Efron 1982) for both the catch comparison and catch ratio curve. We performed 1,000 

251 bootstrap repetitions.  

252 A length-integrated average value for the catch ratio was also estimated directly from the 

253 experimental catch data by:

254  (11)𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
∑

𝑙
∑𝑚

𝑗 = 1{𝑛𝑡𝑙𝑗
𝑞𝑡𝑗 }

∑
𝑙
∑𝑚

𝑗 = 1{𝑛𝑐𝑙𝑗
𝑞𝑐𝑖𝑗}

255 where the outer summation covers the length classes in the catch during the experimental fishing 

256 period. Based on equation 11, the percent change in average catch efficiency between fishing with 

257 the unilluminated trawl to the illuminated trawl was estimated by:

258  (12)∆𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 100 × (𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ― 1.0)

259 We used ΔCRaverage to provide a length-averaged value for the effect of changing from 

260 unilluminated to illuminated trawl on the catch efficiency. When the percent change in catch 

261 efficiency of both trawls is equal, the expected value would be zero. The uncertainties for 

262  and  were obtained by including their calculation according to equation 11 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ∆𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒

263 and 12 into the bootstrap procedure described above.

264

265 2.3. Modeling the effect of artificial illumination level and backscatter value on catch comparison 

266 We performed regression analyses on tow data using the statistical software JMP® (version 

267 14.2.0) to examine if CCaverage changed linearly with level of artificial illumination and degree of 
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268 backscatter for ocean shrimp or a given species of fish. Linear regression was used to model level 

269 of artificial illumination and degree of backscatter against CCaverage as single model parameters, 

270 while a multiple regression model was used with level of artificial illumination and degree of 

271 backscatter as combined model parameters. Light level and backscatter values were log-

272 transformed to achieve normality of model residuals. Because the regression analyses were 

273 performed on tow data, we were unable to use CRaverage as the response variable as some tows had 

274 zero catch in the control trawl (unilluminated trawl).

275  

276 3. Results

277 3.1. Sampling conditions

278 Towing occurred at bottom fishing depths averaging 166 m (SE ±1.4). Towing speed 

279 ranged from 3.3 to 3.5 km h–1 (1.8–1.9 knots). The mean ambient light level measured in the 

280 unilluminated trawl was 2.4e–05 (±1.0e–06) µmol photons m−2 s−1. In the illuminated trawl, the mean 

281 light level measured increased to 3.2e–02 (±8.4e–04) µmol photons m−2 s−1. Mean light levels per 

282 tow for the unilluminated and illuminated trawl are shown in Figure 3. The mean temperature was 

283 8.4oC (±0.02) and ranged from 8.0-8.7oC. The mean backscatter value was 1.66e-03 (SE ±9.13e-06) 

284 m-1 sr-1. Figure S1 in the Supplementary material shows the mean backscatter value per tow. The 

285 mean FLH for the port trawl was 25.8 cm (SE ±0.10) while the starboard trawl was 27.6 cm 

286 (±0.09). The mean FLH for the illuminated trawl was 26.1 cm (±0.09) while the unilluminated 

287 trawl was 27.2 cm (±0.09). Figure S2 in the Supplementary material shows the mean FLH per tow 

288 for the port and starboard trawl. 

289

290 3.2. Relative catch efficiency between illuminated and unilluminated trawls
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291 The change in average catch efficiency of ocean shrimp did not differ significantly between 

292 the illuminated and unilluminated trawl (Fig. 4). Further, the catch comparison and catch ratio 

293 analyses detected no significant length-dependent catch efficiency effect of changing from 

294 unilluminated to illuminated trawl for ocean shrimp as indicated by the mean CC(l,v) and CR(l,v) 

295 95% CIs extended above and below the CC(l,v) rate of 0.5 and CR(l,v) ratio of 1.0. (Figs. 5 and 

296 S3).

297 Eulachon 12.5-16.5 cm in length comprised 94% of the total eulachon catch by numbers. 

298 Over this size range, a significant difference in catch efficiency occurred (Fig. 5) with the 

299 illuminated trawl catching on average only 33% of the number of eulachon compared to the 

300 unilluminated trawl (Fig. S3). For yellowtail rockfish (S. flavidus), a similar effect was observed 

301 with the illuminated trawl catching significantly fewer fish 43.5-61.5 cm in length than to the 

302 unilluminated trawl (Fig. 6). Over these lengths, the illuminated trawl caught on average only 37% 

303 of the number of yellowtail rockfish compared to the unilluminated trawl (Fig. S4). In terms of 

304 change in average catch efficiency, results show the unilluminated trawl caught significantly more 

305 eulachon (66%) than the illuminated trawl (Fig. 4). For yellowtail rockfish, the change in average 

306 catch efficiency showed the illuminated trawl caught on average 51% more fish than the 

307 unilluminated trawl. This result was significant, however, moderate in effect as the mean 

308 ΔCRaverage 95% CIs nearly extended above and below the ΔCRaverage ratio of zero (Fig. 4).  

309 In contrast to eulachon and yellowtail rockfish, the catch comparison and catch ratio 

310 analysis show the illuminated trawl caught significantly more stripetail rockfish (S. saxicola) (8.5-

311 16.5 cm in length), other rockfishes (11.5-34.5 cm in length), arrowtooth flounder (Atheresthes 

312 stomias) (across all lengths), slender sole (Lyopsetta exilis) (13.5-27.5 cm in length), and other 

313 flatfishes (8.5-37.5 cm in length) than the unilluminated trawl (Figs. 6 and 7). Over these size 
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314 classes, the illuminated trawl on average caught 3.6, 3.5, 2.8, 4.4, and 2.7 times more stripetail 

315 rockfish, other rockfishes, arrowtooth flounder, slender sole, and other flatfishes, respectively, than 

316 the unilluminated trawl (Figs. S4-S5). When evaluating the change in average catch efficiency (a 

317 length-averaged value), the same effect was noted with the illuminated trawl catching significantly 

318 more stripetail rockfish and flatfishes than to the unilluminated trawl (Fig. 4). For other rockfishes, 

319 the illuminated trawl on average caught 59% more fish than the unilluminated trawl, however, this 

320 change in average catch efficiency did not differ significantly from the unilluminated trawl (Fig. 

321 4). The catch efficiency analyses (e.g., CC(l,v), CR(l,v), and ΔCRaverage) for darkblotched rockfish 

322 detected no significant difference in catch efficiencies between the illuminated and unilluminated 

323 trawl (Figs. 6 and S4).   

324 With the exception to ocean shrimp, the combined CC(l,v) models described the 

325 experimental data well for the species we evaluated as demonstrated by the fit statistics p-values 

326 >0.05 and the deviances within times of the degrees of freedom values (Table 2). For ocean shrimp, 

327 inspecting the fit between the experimental catch comparison data and the modeled mean curve 

328 for these species indicated the poor fit statistics were due to overdispersion of the data rather than 

329 the model’s inability to adequately describe the data. 

330

331 3.3. Effect of artificial illumination level and backscatter value on catch comparison

332 The regression analyses results showed CCaverage did not changed linearly with level of 

333 artificial illumination for ocean shrimp or a given species of fish (Table 3, Fig. 8, Supplementary 

334 Figs. S6-S9). For the degree of backscatter, the linear regression analysis showed this parameter 

335 effected the CCaverage for only ocean shrimp and arrowtooth flounder (Table 3, Supplementary 

336 Figs. S6-S9) with CCaverage decreasing as the degree of backscatter increased (Fig. 8). However, 
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337 these results were moderate in effect. In the multiple regression analysis, results showed the degree 

338 of backscatter effected the CCaverage for only ocean shrimp (Table 4). This result was also moderate 

339 in effect. 

340

341 4. Discussion  

342 To determine the extent that eulachon and other fishes escape trawl entrainment in response 

343 to illumination along the trawl fishing line, we compared the catch efficiency between two 

344 simultaneously fished ocean shrimp trawls (one illuminated and the other unilluminated) without 

345 sorting grids installed. Our analyses showed eulachon (and yellowtail rockfish) escaped trawl 

346 capture in significant numbers when the fishing line was illuminated. As eulachon are an ESA-

347 listed species, this finding provides critical information for fishery managers implementing ESA 

348 recovery plans and evaluating potential fishery impacts on their recovery and conservation (NMFS 

349 2017). The clear reduction in eulachon bycatch before trawl capture in trawls outfitted with LEDs 

350 translates to significantly fewer fish exposed to capture-escape processes within the trawl. These 

351 processes can cause physiological stress, fatigue, injuries (from contact with sorting grids, 

352 webbing, and/or other fishes, etc.) and lead to unobserved and unaccounted post-release mortality 

353 (Chopin and Arimoto 1995; Davis and Olla 2001, 2002; Ryer 2004; Davis 2005). Depending on 

354 its magnitude, a reduction in eulachon bycatch mortality could have significant conservation 

355 benefits.  

356 We found using illumination along the trawl fishing line significantly affected the catch 

357 rates of eulachon and several groundfishes, without impacting ocean shrimp catches. However, the 

358 effect was not consistent across species. Our data continues to support the hypothesis that there is 

359 a significant reduction in eulachon bycatch when artificial illumination is present. Research has 
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360 shown that vision plays a major role in how fish respond to trawl gear (under conditions without 

361 artificial illumination present) (Glass and Wardle 1989; Olla et al. 1997, 2000; Kim and Wardle 

362 1998, 2003; Ryer et al. 2000, 2010; Ryer and Barnett, 2006; Arimoto et al. 2010). However, it 

363 remains unknown whether eulachon’s response is positive (moving towards), negative (moving 

364 away), or neutral (the presence of illumination simply allows them to perceive the trawl gear 

365 components and escape capture). Research on phototaxis and visual cues in eulachon is required 

366 to understand the behavioral response affecting their catch rates. For rockfishes and flatfishes, our 

367 results suggest their ability to escape trawl entrainment in response to illumination along the 

368 fishing line is not as strong as previously indicated (Hannah et al. 2015; Lomeli et al. 2018a). 

369 Compared to the unilluminated trawl, we found the illuminated trawl caught significantly more 

370 stripetail rockfish and flatfishes. The illuminated trawl also caught more darkblotched rockfish and 

371 other rockfishes (except yellowtail rockfish), but not at a significant level. These results differ from 

372 prior studies (which included the use of sorting grids) that demonstrated the ability to significantly 

373 reduce bycatch of those same species with the addition of illumination along the fishing line 

374 (Hannah et al. 2015; Lomeli et al. 2018a). It should also be mentioned, that the trawls used in the 

375 current study differed from the prior studies in that the central portion of the groundgear consisted 

376 of just drop chains as opposed to a continuous ground line (Hannah et al. 2011). This complicates 

377 our ability to further understand the efficacy of illumination along trawl fishing lines as trawls with 

378 central ground line sections removed have been shown to reduce the overall level of bycatch 

379 compared to trawls with continuous ground lines (Hannah and Jones, 2003; Hannah et al., 2011). 

380 In the ocean shrimp fishery, both groundgear configurations described above are commonly used. 

381 Further research investigating how changes in groundgear configuration may affect the efficacy of 

382 illumination along ocean shrimp trawl fishing lines is needed.
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383 While the presence of artificial illumination was found to have a significant effect on the 

384 catch efficiency for eulachon, yellowtail and stripetail rockfishes, arrowtooth flounder, slender 

385 sole, and other flatfishes, our regression analyses showed the level of artificial illumination itself 

386 had no effect on the average catch comparison rate for ocean shrimp or a given species of fish. 

387 However, the linear regression analysis did show that degree of backscatter had a moderate effect 

388 (p=0.04) on the average catch comparison rate for ocean shrimp and arrowtooth flounder. For these 

389 two species, the catch efficiency analyses showed the illuminated trawl caught more individuals 

390 than the unilluminated trawl. This result was significant for arrowtooth flounder (across all size 

391 classes), but not significant for ocean shrimp. In the linear regression analysis, results showed the 

392 average catch comparison rate for ocean shrimp and arrowtooth flounder decreased towards 0.5 

393 (which would indicate equal catch efficiency between the two trawls) as degree of backscatter 

394 increased towards 3.0 m-1 sr-1. These findings make logical sense in terms that increased levels of 

395 backscatter (e.g., increased turbidity) would reduce the attenuation of light and either hinder a 

396 fishes or shrimps ability to perceive the illumination itself or the distance that a fish or shrimp can 

397 perceive and respond to the illumination; which could influence the effectiveness of the 

398 illumination. Why this result was only noted for ocean shrimp and arrowtooth flounder is unclear, 

399 but differences in their spectral sensitivity compared to the other species could be one plausible 

400 explanation. Lastly, as this research occurred under conditions representative of conditions fished 

401 by ocean shrimp fishers, our catch efficiency results reflect what would occur under normal fishing 

402 conditions with LEDs attached along the trawl fishing line.       

403 In the U.S. West Coast groundfish bottom trawl fishery, Lomeli et al. (2018b) found 

404 illuminating the headrope of a low-rise selective flatfish trawl with LEDs tended to increase 

405 rockfish catches (i.e., darkblotched, greenstriped [S. elongatus], and canary rockfishes). For 
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406 flatfishes, catch trends varied between species with the illuminated trawl catching on average more 

407 English sole (Parophrys vetulus) and petrale sole (Eopsetta jordani), but fewer rex sole 

408 (Glyptocephalus zachirus), arrowtooth flounder, and Dover sole (Microstomus pacificus). Catch 

409 trends from that previous study have some similarities to our current results. While our work and 

410 the prior studies presented above are not directly comparable to each other, they collectively 

411 present that specific species behavioral response to illumination stimuli can be widely variable 

412 (with perhaps the exception to eulachon). Results from our study suggest that factors beyond vision 

413 (i.e., size [Melli et al. 2018], innate behavior [Grimaldo et al. 2018a], fish density, fatigue, stress, 

414 time of day, placement of illumination [Hannah et al. 2015], groundgear configuration, etc.) may 

415 have a considerable effect on how some fishes respond to illumination on trawl gear. How these 

416 factors influence fishes behavioral response to illumination, however, is not well understood and 

417 requires further research.

418 Bycatch reduction research and implementation of findings have been key to the success 

419 of ocean shrimp management. In 2003, ocean shrimp trawls outfitted with sorting grids became 

420 mandatory to reduce canary rockfish bycatch (a stock declared overfished at that time). In 2016, 

421 the canary rockfish stock was declared fully rebuilt, and had been since 2006 (Thorson and Wetzel 

422 2016). Further, because earlier studies (Hannah et al. 2015; Lomeli et al. 2018a) in the fishery have 

423 shown use of illumination along the trawl fishing line can result in codend catches comprised 

424 mainly of ocean shrimp, some may question whether the sorting grid requirement is still necessary 

425 (due to handling and safety concerns, loss of target catch that can occur at times, and the recovery 

426 of canary rockfish). Results from our study clearly demonstrate that sorting grids are still necessary 

427 as our study noted the illuminated trawl caught several size classes of fishes that the sorting grids 

428 would have released if present.      
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429 Prior to this study, the degree that fishes escaped trawl capture in response to illumination 

430 along an ocean shrimp trawl fishing line was unclear. Our research has provided results to help fill 

431 that data gap. For eulachon and yellowtail rockfish, we found they escaped trawl entrainment in 

432 significant numbers in response to illumination along the fishing line. As conservation of ESA-

433 listed eulachon is an ongoing management priority, our research contributes new data on the 

434 efficacy of footrope illumination to reduce their bycatch before trawl capture. For other species, 

435 however, we did not see the same effect as the illuminated trawl caught similarly or significantly 

436 more fishes than the unilluminated trawl. These findings demonstrate that some fishes ability to 

437 escape trawl entrainment in response to illumination along the fishing line is not as strong as 

438 previous research (which included sorting grids) has suggested and that the combined use of 

439 footrope illumination and sorting grids (as is required in Oregon and Washington fisheries) is the 

440 most effective means for reducing bycatch across a larger suite of species and sizes. Further, our 

441 research shows that use of footrope illumination to reduce bycatch is a much more complex process 

442 than simply enhancing fishes’ visual perception of trawl gear components and escape areas. Lastly, 

443 while our results have regional impacts, our study findings could provide useful information to 

444 other shrimp/prawn trawl fisheries internationally; for example, the ocean shrimp trawl fishery off 

445 British Columbia, Canada where fishers have requested management to allow use of illumination 

446 to reduce eulachon bycatch (DFO 2018), and northern prawn (P. borealis) trawl fisheries in the 

447 Northern Atlantic where illumination has been tested as a bycatch reduction technique for marine 

448 fishes (Larsen et al. 2017, 2018).  

449

450 Acknowledgements

Page 20 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 

21

451 We thank the captain and crew of the F/V Ms. Julie for their assistance with this research; 

452 the NOAA NMFS Northwest Fisheries Science Center for research facility use; Bob Hannah for 

453 contributing to the study design; Josh Harwager for at sea assistance; Jill Smith and Kendall Smith 

454 for measuring ocean shrimp samples; and the individuals who reviewed and contributed to the 

455 quality of this paper. Funding for this study was provided by NOAA NMFS Bycatch Reduction 

456 Engineering Program (Award Number NA17NMF4720266).

457

458 References 

459 Akaike, H. 1974. A new look at the statistical model identification. IEEE Transactions on

460 Automatic Control. 19: 716–722.

461 Arimoto, T., Glass, C.W., and Zhang, X. 2010. Fish vision and its role in fish capture. In 

462 Behavior of marine fishes: capture processes and conservation challenges. Edited by P.

463 He. Wiley-Blackwell, Ames, IA. pp. 25-44

464 Bowmaker, J. K. 1990. Visual pigments of fishes. In The Visual System of Fish. Edited by R. H.

465 Douglas and M. B. A. Djamgoz. Chapman & Hall, London. pp. 81–107.

466 Britt, L. 2009. Ontogenetic changes in the visual ecology of Northeast Pacific marine fishes.

467 Ph.D. Dissertation, School of Aquatic and Fishery Sciences, University of Washington, 

468 Seattle, WA.

469 Burnham, K. P., and Anderson, D. R. 2002. Model Selection and Multimodel Inference: A

470 Practical Information-theoretic Approach, 2nd edn. Springer, New York. 488 pp.

471 Chopin, F.S., and Arimoto, T. 1995. The condition of fish escaping from fishing gears – a

472 review. Fish. Res. 21: 315–327. 

Page 21 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 

22

473 Davis, M.W. 2005. Behavior impairment in captured and released sablefish: ecological 

474 consequences and possible substitute measures for delayed discard mortality. J. Fish.

475 Biol. 66: 254–265. 

476 Davis, M.W., and Olla, B.L. 2001. Stress and delayed mortality induced in Pacific halibut 

477 Hippoglossus stenolepis by exposure to hooking, net towing, elevated sea water 

478 temperature and air: implications for management of bycatch. N. Am. J. Fish. Manage. 

479 21: 725–732. 

480 Davis, M.W., and Olla, B.L. 2002. Mortality of lingcod towed in a net as related to fish length, 

481 seawater temperature and air exposure: a laboratory bycatch study. N. Am. J. Fish.

482 Manage. 22: 1095–1104. 

483 DOC (Department of Commerce). 2011. National Oceanic and Atmospheric Administration 50

484 CFR Part 226 [Docket No. 101027536–1591–03] RIN 0648–BA38 Endangered and 

485 Threatened Species; Designation of Critical Habitat for the Southern Distinct Population

486 Segment of eulachon. Federal Register, Vol. 76, No. 203, Thursday, October 20, 2011.

487 Efron, B. 1982. The jackknife, the bootstrap and other resampling plans. Society for Industrial

488 and Applied Mathematics, Philadelphia. 92 pp.

489 Eigaard, O., Herrmann, B., and Nielsen, J. R. 2012. Influence of grid orientation and time of day 

490 on grid sorting in a small-meshed trawl fishery for Norway pout (Trisopterus esmarkii).

491 Aquat. Living Resour. (ISSN: 0990-7440) (DOI: http://dx.doi.org/10.1051/alr/2011152),

492 vol: 25, pages: 15-26.

493 Fisheries and Oceans Canada (DFO). 2018. Pacific Region, Integrated Fisheries Management

494 Plan, Shrimp Trawl, April 1, 2018 to March 31, 2019. pp. 200.    

Page 22 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences

http://dx.doi.org/10.1051/alr/2011152


Draft

 

23

495 Glass, C. W., and Wardle, C. S. 1989. Comparison of the reactions of fish to a trawl gear, at high

496 and low light intensities. Fish. Res. 7: 249–266. 

497 Grimaldo, E., Sistiaga, M., Herrmann, B., Larsen, R. B., Brinkhof, J., and Tatone, I. 2018a.

498 Improving release efficiency of cod (Gadus morhua) and haddock (Melanogrammus

499 aeglefinus) in the Barents Sea demersal trawl fishery by stimulating escape behavior.

500 Can. J. Fish. Aquat. Sci. 75: 402–416. 

501 Grimaldo, E., Herrmann, B., Vollstad, J., Su, B., Føre, H.M., Larsen, R.B., and Tatone, I. 2018b.

502 Fishing efficiency of biodegradable PBSAT gillnets and conventional nylon gillnets used

503 in Norwegian cod (Gadus morhua) and saithe (Pollachius virens) fisheries. ICES J. Mar. 

504 Sci. 75: 2245–2256.  

505 Gustafson, R.G., Ford, M. J., Adams, P. B., Drake, J. S., Emmett, R. L., Fresh, K. L., Rowse, M.,

506 et al. 2012. Conservation status of eulachon in the California Current. Fish Fish. 13: 121–

507 138.

508 Hannah, R.W., and Jones, S.A. 2003. Measuring the height of the fishing line and its effect on

509 shrimp catch and bycatch in an ocean shrimp (Pandalus jordani) trawl. Fish. Res. 60: 

510 427–438.

511 Hannah, R. W., Jones, S. A., Lomeli, M. J. M., and Wakefield, W. W. 2011. Trawl net 

512 modifications to reduce the bycatch of eulachon (Thaleichthys pacificus) in the ocean

513 shrimp (Pandalus jordani) fishery. Fish. Res. 110: 277–282.

514 Hannah, R. W., Lomeli, M. J. M., and Jones, S. A. 2013. Direct estimation of disturbance rates 

515 of benthic macroinvertebrates from contact with standard and modified ocean shrimp

516 (Pandalus jordani) trawl footropes. J. Shellfish Res. 32: 551–557.

Page 23 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 

24

517 Hannah, R. W., Lomeli, M. J. M, and Jones, S. A. 2015. Tests of artificial light for bycatch

518 reduction in an ocean shrimp (Pandalus jordani) trawl: strong but opposite effects at the

519 footrope and near the bycatch reduction device. Fish. Res. 170: 60–67.

520 Herrmann, B., Sistiaga, M., Nielsen, K. N., and Larsen, R. B. 2012. Understanding the size 

521 selectivity of redfish (Sebastes spp.) in North Atlantic trawl codends. J. Northwest Atl. 

522 Fish. Sci. 44: 1–13.

523 Herrmann, B., Wienbeck, H., Karlsen, J., Stepputtis, D., Dahm, E., and Moderhak, W. 2015. 

524 Understanding the release efficiency of Atlantic cod (Gadus morhua) from trawls with a

525 square mesh panel: effect of panel area, panel position, and stimulation of escape

526 response. ICES J. Mar. Sci. 72: 686-696. 

527 Herrmann, B., Krag, L. A., Feekings, J., and Noack, T. 2016. Understanding and predicting size

528  selection in diamond-mesh cod ends for Danish seining: a study based on sea trials and 

529 computer simulations. Mar. Coast. Fish. 8: 277–291.  

530 Herrmann, B., Sistiaga, M., Rindahl, L., and Tatone, I. 2017. Estimation of the effect of gear

531 design changes on catch efficiency: methodology and a case study for a Spanish longline

532 fishery targeting hake (Merluccius merluccius). Fish. Res. 185: 153–160. 

533 International Council for the Exploration of the Sea (ICES). 2018. Report of the ICES-FAO

534 Working Group on Fishing Technology and Fish Behaviour (WGFTFB), 4-8 June 2018, 

535 Hirtshals, Denmark. ICES CM 2018/EOSG:12. 234 pp.  

536 Jerlov, N.G., 1976. Marine Optics. Elsevier Oceanography Series, 14. Amsterdam: Elsevier, Pp.

537  231.

Page 24 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 

25

538 Karlsen, J.D., Krag, L.A., Herrmann, B., and Lund, H. 2018. Using vertical distribution to 

539 separate fish from crustaceans in a mixed species trawl fishery. Can. J. Fish. Aquat. Sci. 

540 (online DEC 2018, https://doi.org/10.1139/cjfas-2018-0313).

541 Katsanevakis, S. 2006. Modeling fish growth: Model selection, multi-model inference and 

542 model selection uncertainty. Fish. Res. 81: 229–235.

543 Kim, Y. H., and Wardle, C. S. 1998. Modeling the visual stimulus of towed fishing gear. Fish.

544 Res. 34: 165–177. 

545 Kim, Y. H., and Wardle, C. S. 2003. Optomotor response and erratic response: quantitative

546 analysis of fish reaction to towed fishing gears. Fish. Res. 60: 455–470. 

547 Krag, L.A., Herrmann, B., Karlsen, J.D., and Mieske. B. 2015. Species selectivity in different 

548 sized topless trawl designs - does size matters?. Fish. Res. 172: 243–249.

549 Larsen, R. B., Herrmann, B., Sistiaga, M., Brinkhof, J., Tatone, I., and Langård, L. 2017.

550 Performance of the Nordmøre grid in shrimp trawling and potential effects of guiding 

551 funnel length and light stimulation. Mar. Coast. Fish. 9: 479–492.  

552 Larsen, R. B., Herrmann, B., Sistiaga, M., Brčić, J., Brinkhof, J., and Tatone, I. 2018. Could

553 green artificial light reduce bycatch during Barents Sea Deep-water shrimp trawling? 

554 Fish. Res. 204: 441–447.

555 Lomeli, M. J. M., and Wakefield, W. W. 2019. The effect of artificial illumination on Chinook

556 salmon behavior and their escapement out of a midwater trawl bycatch reduction device. 

557 Fish. Res. Accepted 17 April 2019. 

558 Lomeli, M. J. M., Wakefield, W. W., and Herrmann, B. 2019. Evaluating off-bottom sweeps of a

559 U.S. West Coast groundfish bottom trawl: Effects on catch efficiency and seafloor

560 interactions. Fish. Res. 213: 204-211.

Page 25 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences

https://doi.org/10.1139/cjfas-2018-0313


Draft

 

26

561 Lomeli, M. J. M., Groth, S. D., Blume, M. T. O., Herrmann, B., and Wakefield, W. W. 2018a.

562 Effects on the bycatch of eulachon and juvenile groundfish by altering the level of 

563 artificial illumination along an ocean shrimp trawl fishing line. ICES J. Mar. Sci. 

564 doi:10.1093/icesjms/fsy105. 

565 Lomeli, M. J. M., Wakefield, W. W., and Herrmann, B. 2018b. Illuminating the headrope of a 

566 selective flatfish trawl: effect on catches of groundfishes including Pacific halibut. Mar.

567 Coast. Fish. 10: 118-131.

568 McCullagh, P., and Nelder, J.A. 1989. Generalised linear models, 2nd edition. Chapman and

569 Hall, London. 511 p.  

570 Melli, V., Krag, L.A., Herrmann, B., and Karlsen, J.D. 2018. Investigating fish behavioural

571 responses to LED lights in trawls and potential applications for bycatch reduction in

572 the Nephrops-directed fishery. ICES J. Mar. Sci. 7: 1682-1692.

573 Nguyen, K. Q., Winger, P. D., Morris, C., and Grant, S. M. 2017. Artificial lights improve the

574 catchability of snow crab (Chionoecetes opilio) traps. Aquac. Fish. 2: 124–133. 

575 National Marine Fisheries Service (NMFS). 2017. Recovery Plan for the Southern Distinct 

576 Population Segment of eulachon (Thaleichthys pacificus). National Marine Fisheries

577 Service, West Coast Region, Protected Resources Division, Portland, OR, 97232. 

578 Olla, B. L., Davis, M. W., and Schreck, C. B. 1997. Effects of simulated trawling on sablefish

579 and walleye pollock: the role of light intensity, net velocity and towing duration. J. Fish.

580 Biol. 50: 1181–1194. 

581 Olla, B. L., Davis, M. W., and Rose, C. 2000. Differences in orientation and swimming of

582 walleye pollock Theragra chalcogramma in a trawl net under light and dark conditions: 

583 concordance between field and laboratory observations. Fish. Res. 44: 261–266. 

Page 26 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 

27

584 Oregon Department of Fish and Wildlife (ODFW). 2018. Commercial shellfish and marine

585 invertebrate fisheries. Fishing gear- pink shrimp fishery. Amendment 635-005-0630.   

586 Pacific Fisheries Information Network (PacFIN). 2018. All species by INPFC area report:

587 commercial landed catch: metric-tons (mt), revenue, and price-per-pound (price/lbs). 

588 Pacific States Marine Fisheries Commission. Available from 

589 https://reports.psmfc.org/pacfin/f?p=501:2:5484360498766::NO::: [accessed 14 October

590  2018].

591 Pegau, W.S., Gray, D., and Zaneveld, R.V. 1997. Absorption and attenuation of visible and near-

592 infrared light in water: dependence on temperature and salinity. Applied Optics. 36:

593 6035-6046.

594 Ryer, C.H. 2004. Laboratory evidence of behavioural impairment of fish escaping trawls: a

595 review. ICES J. Mar. Sci. 61: 1157-1164.

596 Ryer, C. H., and Olla, B. L. 2000. Avoidance of an approaching net by juvenile walleye pollock

597 Theragra chalcogramma in the laboratory: the influence of light intensity. Fish. Res. 45:

598 195–199. 

599 Ryer, C. H., and Barnett, L. A. K. 2006. Influence of illumination and temperature upon flatfish

600 reactivity and herding behavior: potential implications for trawl capture efficiency. Fish. 

601 Res. 81: 242–250. 

602 Ryer, C. H., Rose, C. S., and Iseri, P. J. 2010. Flatfish herding behavior in response to trawl 

603 sweeps: a comparison of diel responses to conventional sweeps and elevated sweeps.

604 Fish. Bull. 108: 145–154.

605 Santos, J., Herrmann, B., Mieske, B., Stepputtis, D., Krumme, U., and Nilsson, H. 2016. 

606 Reducing flatfish by-catches in roundfish fisheries. Fish. Res. 184: 64-73. 

Page 27 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 

28

607 Sistiaga, M., Herrmann, B., Grimaldo, E., and Larsen, R. B. 2010. Assessment of dual selection

608 in grid based selectivity systems. Fish. Res. 105: 187–199.

609 Sistiaga, M., Herrmann, B., Rindahl, L., and Tatone, I. 2018. Effect of bait type and bait size on

610 catch efficiency in the European hake (Merluccius merluccius) longline fishery. Mar.

611 Coast. Fish. 10: 12-23. https://doi.org/10.1002/mcf2.10007. 

612 Thorson, J.T., and Wetzel, C. 2016. The status of canary rockfish (Sebastes pinniger) in the

613 California current in 2015. National Marine Fisheries Service, Northwest Fisheries 

614 Science Center. pp 682.

615 Washington Department of Fish and Wildlife (WDFW). 2018. Coastal commercial ocean pink

616 shrimp LED fishing light requirement. Amendment WAC 222-340-500.

617 Wileman, D.A., Ferro, R.S.T., Fonteyne, R., and Millar, R.B. (Ed.). 1996. Manual of Methods of

618 Measuring the Selectivity of Towed Fishing Gears. ICES Coop. Res. Rep. No. 215, 

619 ICES, Copenhagen, Denmark.

Page 28 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

Table 1. Length data used for the catch comparison and catch ratio analyses. Values in parentheses are 

the length measurement subsample ratio from the total catch. Other rockfishes include widow (Sebastes 

entomelas, n=2), shortbelly (S. jordani, n=7), greenstriped (S. elongatus, n=114), splitnose (S. 

diploproa, n=62), redstripe (S. proriger, n=1), and canary (S. pinniger, n=140) rockfishes, chilipepper 

(S. goodei, n=5) and cowcod (S. levis, n=4); Other flatfishes include Pacific sanddab (Citharichthys 

sordidus, n=4), rex sole (Glyptocephalus zachirus, n=195), Dover sole (Microstomus pacificus, n=127), 

flathead sole (Hippoglossoides elassodon, n=49), petrale sole (Eopsetta jordani, n=7). 

No. measured

Species Illuminated trawl Unilluminated trawl

Ocean shrimp 4,000 (0.002) 4,000 (0.002)

Eulachon 119 (1.0) 358 (1.0)

Darkblotched rockfish 182 (1.0) 167 (1.0)

Yellowtail rockfish 176 (1.0) 270 (0.75)

Stripetail rockfish 560 (1.0) 191 (1.0)

Other rockfishes 206 (1.0) 129 (1.0)

Arrowtooth flounder 664 (1.0) 236 (1.0)

Slender sole 492 (0.86) 147 (1.0)

Other flatfishes 253 (1.0) 129 (1.0)
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Table 2. Catch comparison curve fit statistics. See Table 1 for the species included in other rockfishes 

and other flatfishes. 

Species p-value Deviance Degrees of freedom

Ocean shrimp < 0.0001 76.0 9

Eulachon 0.3740 10.8 10

Darkblotched rockfish 0.2295 26.5 22

Yellowtail rockfish 0.3257 21.2 19

Stripetail rockfish 0.8762 9.0 15

Other rockfishes 0.1246 63.9 52

Arrowtooth flounder 0.4695 38.0 38

Slender sole 0.7170 12.4 16

Other flatfishes 0.3403 31.5 29
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Table 3. Fit statistics for linear regression model (CCaverage = β0 + β1x1 + e) examining if CCaverage changed linearly with level of artificial 

illumination or degree of backscatter as single model effects. See Table 1 for the species included in other rockfishes and other flatfishes.   

Model parameter: Level of artificial illumination Model parameter: Degree of backscatter

Species Estimate (95% CIs) p-value R2 Estimate (95% CIs) p-value R2

Ocean shrimp 0.0079 (-0.0142 – 0.0301) 0.4718 0.01 -0.2098 (-0.4083 - -0.0114) 0.0388 0.11

Eulachon 0.0069 (-0.0737 – 0.0877) 0.8585 <0.01 -0.1201 (-1.0393 – 0.7990) 0.7879 <0.01

Darkblotched rockfish 0.0014 (-0.0844 – 0.0871) 0.9746 <0.01 0.0741 (-0.7427 – 0.8909) 0.8550 <0.01

Yellowtail rockfish 0.1179 (-0.2215 – 0.4573) 0.4127 0.14 -1.5314 (-3.2733 – 0.2105) 0.0734 0.51

Stripetail rockfish 0.0550 (-0.0320 – 0.1420 0.2026 0.08 -0.7045 (-1.5715 – 0.1625) 0.1059 0.12

Other rockfishes 0.0772 (-0.0470 – 0.2015) 0.2038 0.11 0.1343 (-1.3149 – 1.5835) 0.8453 <0.01

Arrowtooth flounder 0.0234 (-0.0172 – 0.6400) 0.2503 0.03 -0.4172 (-0.8037 - -0.0307) 0.0351 0.11

Slender sole 0.0151 (-0.0723 – 0.1024) 0.7262 <0.01 0.0701 (-0.7858 – 0.9260) 0.8678 <0.01

Other flatfishes -0.0021 (-0.0665 – 0.0622) 0.9459 <0.01 -0.4211 (-1.0898 – 0.2476) 0.2069 0.06
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Table 4. Fit statistics for the multiple regression model (CCaverage = β0 + β1x1 + β2x2 + e) examining if CCaverage changed linearly with level of artificial 

illumination and degree of backscatter and model parameters. See Table 1 for the species included in other rockfishes and other flatfishes.

Model parameters

Level of illumination Degree of backscatter Whole model

Species Estimate (95% CIs) p-value Estimate (95% CIs) p-value R2 Model p-value

Ocean shrimp -0.0077 (-0.0338 – 0.0185) 0.5568 -0.2520 (-0.4989 - -0.0051) 0.0457 0.12 0.1023

Eulachon 0.0067 (-0.0763 – 0.0896) 0.8680 -0.1179 (-1.0638 – 0.8280) 0.7971 0.01 0.9518

Darkblotched rockfish 0.0053 (-0.0897 – 0.1004) 0.9102 0.0943 (-0.8106 – 0.9992) 0.8335 <0.01 0.9773

Yellowtail rockfish 0.1140 (-0.1531 – 0.3811) 0.3018 -1.5178 (-3.3280 – 0.2924 0.0804 0.63 0.1341

Stripetail rockfish 0.0166 (-0.0996 – 0.1328) 0.7688 -0.5922 (-1.7789 – 0.5945) 0.3103 0.12 0.2674

Other rockfishes 0.1054 (-0.0364 – 0.2473) 0.1324 0.6710 (-0.8899 – 2.2319) 0.3700 0.17 0.3029

Arrowtooth flounder 0.0054 (-0.0389 – 0.0497) 0.8071 -0.3928 (-0.8328 – 0.0472) 0.0786 0.11 0.1086

Slender sole 0.0203 (-0.0752 – 0.1158) 0.6653 0.1421 (-0.7919 – 1.0761) 0.7570 0.01 0.8968

Other flatfishes -0.0158 (-0.0826 – 0.0509) 0.6292 -0.4737 (-1.1890 – 0.2416) 0.1847 0.07 0.4068
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Figure 2. Schematic diagram of an ocean shrimp trawl and placement of LEDs along the trawl 

fishing line. Note: diagram not to scale.  
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Figure 3. Mean light level measured at the center of the fishing line for the unilluminated trawl 
(closed circles) and illuminated trawl (open circles) per tow. ± bars are standard errors (n = 50 
measurements per net per tow). 

Figure 4. Change in average catch efficiency (%) between the illuminated trawl and the 
unilluminated trawl. Values below zero indicate more ocean shrimp or a given species of fish were 
caught in the unilluminated trawl, and vice versa for values above zero. ± bars are 95% CIs; RF = 
rockfish. See Table 1 for the species included in rockfishes and flatfishes.
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Figure 5. Mean catch comparison curves for ocean shrimp and eulachon between the unilluminated 
trawl and illuminated trawl. Circles are the experimental data; fitted lines are the modeled value; 
dashed lines are 95% CIs; grey lines are number of ocean shrimp and eulachon caught; straight 
lines depict the baseline catch comparison rate of 0.5 indicating equal catch rates between the 
illuminated and unilluminated trawl.

Figure 6. Mean catch comparison curves for darkblotched, yellowtail, stripetail, and other 
rockfishes between the unilluminated trawl and illuminated trawl. Circles are the experimental 
data; fitted lines are the modeled value; dashed lines are 95% CIs; grey lines are number of fish 
caught; straight lines depict the baseline catch comparison rate of 0.5 indicating equal catch rates 
between the illuminated and unilluminated trawl. See Table 1 for the species included in 
rockfishes.

Page 35 of 37

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft
Figure 7. Mean catch comparison curves for arrowtooth flounder, slender sole, and other flatfishes 
between the unilluminated trawl and illuminated trawl. Circles are the experimental data; fitted 
lines are the modeled value; dashed lines are 95% CIs; grey lines are number of fish caught; 
straight lines depict the baseline catch comparison rate of 0.5 indicating equal catch rates between 
the illuminated and unilluminated trawl. See Table 1 for the species included in flatfishes.
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Figure 8. Linear regression model results examining if CCaverage changes linearly with level of 
artificial illumination or degree of backscatter for ocean shrimp and arrowtooth flounder. Circles 
are the experimental data; fitted lines are the regression lines; dashed lines are 95% CIs.  
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