
HIGHLIGHTS

- This study evaluated the survival rates and physiological recovery after bottom-
trawling of two crustaceans, Nephrops norvegicus and Squilla mantis, in the Gulf 
of Cadiz (Spain).

- Survival rates depended on the period of the year, being higher in spring than in 
autumn.

- S. mantis seemed to be more resilient than N. norvegicus under the circumstances 
of the study.



1 Physiological recovery after bottom trawling as a method to 
2 manage discards: the case study of Nephrops norvegicus and 
3 Squilla mantis

4 Abstract

5 The European Fisheries Policy aims at a progressive elimination of discards. An 

6 exception from this regulation includes the release of species with high survival rates 

7 after capture. In south-western Atlantic waters of Europe, Norway lobster (Nephrops 

8 norvegicus) and spottail mantis shrimp (Squilla mantis) are amongst the most important 

9 crustacean species captured by bottom trawling. We evaluated their short-term survival 

10 probability, survival rates and recovery capacities after being trawled by an 

11 oceanographic vessel. Seasonal differences were considered by sampling in spring and 

12 autumn. In order to characterise the full recovery after capture, physiological responses 

13 were also analysed along a time-course of 24 h. Our results confirm that bottom trawling 

14 is a stressful process to these crustacean species, as seen by changes in plasma and muscle 

15 metabolites, hemocyanin and immune system parameters. However, maintaining 

16 captured animals in onboard water tanks evidenced the full physiological recovery of 

17 survivors after 6 h and before 24 h. Survival in Norway lobster and spottail mantis shrimp 

18 varied according to the season, being higher in spring (68.4 ± 7.1 % and 87.0 ± 4.7 %, 

19 respectively) than in autumn (33.8 ± 7.8 % and 63.8 ± 9.3 %, respectively), probably due 

20 to the higher temperatures registered after summer months. The employment of the 

21 presented techniques for the evaluation of other crustaceans, fishing gears and 

22 geographical areas can be contemplated. Fisheries stakeholders might use this approach 

23 to better manage discards in Europe.
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1 Physiological recovery after bottom trawling as a method to 
2 manage discards: the case study of Nephrops norvegicus and 
3 Squilla mantis

4 1. Introduction

5 The Gulf of Cadiz belongs to the ICES Subdivision IXa-South according to the European 

6 Council Regulation (EEC no. 3094/86). It is situated in the south-western Atlantic waters 

7 of Europe between the Atlantic Ocean and the Mediterranean Sea. There is an important 

8 bottom trawling fleet in this area, with around 140 vessels characterised by a multi-

9 species fishery [1]. Target species include fish like hake (Merluccius merluccius), 

10 molluscs like octopus (Octopus vulgaris) and crustaceans like pawn (Parapenaeus 

11 longirostris) Norway lobster (Nephrops norvegicus) and spottail mantis shrimp (Squilla 

12 mantis).

13 Norway lobster (N. norvegicus) and spottail mantis shrimp (S. mantis) are two of the most 

14 important crustacean species caught in this area. Although both species are captured by 

15 the same vessels and fishing gears, their bathymetric distribution and preferred seabed 

16 characteristics are different. Nephrops norvegicus inhabits sandy-muddy bottoms 

17 averaging 200–800 m depth [2, 3], while S. mantis in the Gulf of Cadiz can be found 

18 within 20–165 m depth in silty sands and sandy muds with strong influence of the 

19 estuaries [1, 4, 5]. In the last year, the most important local markets registered about 130 

20 t of N. norvegicus [6] and 500 t of S. mantis (IEO Database).  Nephrops norvegicus is 

21 managed under total allowable catches (TAC) and minimum conservation reference size 

22 (MCRS) in the Gulf of Cadiz in accordance to the International Council for the 

23 Exploration of the Sea (ICES), being its minimum size of fishing allowed around 20 mm 

24 of cephalothorax. S. mantis in the same area does not have special management 

25 restrictions, with 20–25 mm of cephalothorax as marketable size limit throughout the 

26 year.

27 According to the Article 15 of Regulation 1380/2013/UE, all catches subjected to MCRS 

28 or TAC should be landed by 2019. This Article, as part of the new Common Fisheries 

29 Policy (CFP), aims at a progressive reduction of fisheries discards. However, the 

30 possibility of giving exemptions from the landing obligation is described in Article 13, 

31 “Fishermen should be allowed to continue discarding species which, according to the best 

32 available scientific advice, have a high survival rate when released into the sea“, while 
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33 Article 2 states that “The CFP shall implement the ecosystem-based approach to fisheries 

34 management so as to ensure that negative impacts of fishing activities on the marine 

35 ecosystem are minimised, and shall endeavour to ensure that fisheries activities avoid the 

36 degradation of the marine environment”. As it is mentioned in this Regulation, scientific 

37 advices must be supported by studies conducted for each fishing gear, area and species.  

38 Due to the great fishing pressure in the Gulf of Cadiz, the Spanish Institute of 

39 Oceanography (IEO) has evaluated demersal stocks in the area since 1993 by means of 

40 bi-annual bottom trawling surveys [7]. In 2016, the IEO also implemented methodologies 

41 to evaluate survival of discarded species aboard fishing vessels.

42

43 The ICES Workshop on Methods for Estimating Discard Survival (WKMEDS) has 

44 described some guidelines for designing and conducting discard survival studies, such as 

45 vitality assessment, captive observation and tagging and biotelemetry. It is clear that there 

46 are many factors influencing survival rates including environmental temperature, fishing 

47 gear, geographic area, season of the year, age, size, etc [8, 9]. Previous studies on N. 

48 norvegicus include the evaluation of their vitality on-board commercial vessels [8] as has 

49 been advised by ICES WKMEDS, and maintaining captures in tanks for weeks at land 

50 facilities [10]. However, captivity may introduce some potential limitations with respect 

51 to survival estimates, because physiological recovery and further stress responses are 

52 barely considered in these studies [9, 11, 12]. Moreover, short-term (less than 24 h after 

53 the challenge) and long-term (more than 24 h) acclimation processes also induce 

54 differentiated physiological mechanisms in the animals that may be of great importance 

55 when evaluating their survival. Thus, a sharp description of the processes affecting 

56 captured animals, and the induced physiological stress responses should be mandatory for 

57 a proper evaluation of the survival rates after capture in fishing conditions.

58

59 Fishing is a stressful and dramatic process that may affect the survival of invertebrates 

60 and vertebrates [8, 13, 14, 15]. This stressful process in animals can be divided into 

61 different responses. The primary stress responses include the release of hormones into the 

62 blood-stream [16], including the hyperglycaemic hormone in crustaceans [17, 18]. These 

63 hormones induce secondary responses such as changes in the cardiorespiratory system 

64 and mobilisation of energy metabolites into the blood like glucose [19], which may lead 
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65 to an increased anaerobic metabolism, showing plasma lactate as a benchmark biomarker 

66 of this type of stress. Secondary stress responses also include hydric imbalances [14], and 

67 changes to the immune system like peroxidase and lysozyme activities [20, 21], and in 

68 the oxygen-transporter hemocyanin of some invertebrates [22, 23]. After an acute-stress 

69 situation, allostatic changes lead to basal homeostatic levels [24], allowing the animal to 

70 physiologically recover and maintain its internal balance for long periods [25]. However, 

71 if the stressful situation lengthens in time it can lead to metabolic exhaustion, depression 

72 of the immune system, and eventually death of the animal [26]. Thus, evaluating the 

73 physiological recovery capacity after bottom trawling should be mandatory to describe 

74 whether or not captured crustaceans may survive if released into the ocean.

75

76 The main goal of this study was to evaluate short-term survival probability of two 

77 commercially relevant crustacean species (N. norvegicus and S. mantis) in the Gulf of 

78 Cadiz (SW Europe) captured by bottom trawling on-board an oceanographic vessel. 

79 Furthermore, the effect of air exposure on their survival was also evaluated. As a 

80 secondary objective, this study aimed at evaluating the physiological recovery capacity 

81 after trawling, unravelling if surviving crustaceans are irreversibly damaged or if they 

82 fully recover from the catch-and-handling processes. Finally, the season of the year was 

83 also evaluated as a factor influencing survival and physiological recovery. The results 

84 obtained herein may assist in identifying survival methodologies that include 

85 physiological recovery of captures as a new approach to improve fisheries and ecosystem 

86 management.  

87

88 2. Material and methods

89 2.1 Geographic location, vessel and tows characteristics

90 In order to carry out the experiment under controlled and bounded conditions, animals 

91 were captured during three different bottom trawling surveys off the Gulf of Cadiz (south-

92 western waters of Europe, Spain) aboard the O/V “Miguel Oliver” (length: 70 m; engine 

93 power: 2 × 1000 kw) in March (spring) of 2017 and 2018 and in November (autumn) of 

94 2017. The weather conditions were optimal for trawling in all hauls.
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96 Figure 1 here.

97

98 Fishing procedures followed international standards [7]. A BAKA 44/60 type bottom 

99 trawl was used in each survey. The sampling gear was towed at three knots for one hour 

100 along a specific isobath for each haul by two warps. MARPOL sensors were placed on 

101 the otter boards to record the horizontal opening of the otter boards, in the footrope to 

102 record the horizontal opening of the fishing gear and on the headline rope to record the 

103 vertical opening of the fishing gear. This system was used to measure the contact and 

104 removal of the net at the bottom, as well as its horizontal and vertical openings (on 

105 average, 20.8 m and 1.9 m, respectively). The starting and ending position of each fishing 

106 manoeuvre was controlled through a global position system (GPS). 

107

108 2.2 Experimental setup and animal maintenance

109 Animals from each haul were randomly selected for all the experiments, ‘i.e.’ animals 

110 were collected from different sections of the capture and pooled, removing putative 

111 effects due to time of capture within each trawl. The condition of the animals was only 

112 taken into account by the presence or absence of cheliped. Some animals were sampled 

113 after capture (time 0 h) while others were individually introduced into a portable system 

114 [27]. This system consisted of 30 independent aquariums, painted in black with an upper 

115 light entrance, of 5 L each with a flow- through system. The system also had a charcoal 

116 filter and a protein skimmer to remove possible contaminants and/or dissolved 

117 nitrogenous molecules. Seawater was collected from the sea surface during navigation, 

118 and the experimental animal were subjected to environmental changes of the sea. The 

119 number and volume of the aquariums, as well as the filtering system, may be modified to 

120 accommodate different aquatic organisms. It has been successfully tested for crustaceans, 

121 cephalopods, teleosts, small elasmobranches and algae. A temperature controlling device 

122 and LED-lights (light emitting diodes) can be included to better control environmental 

123 conditions in the tanks. Animals fasted during the experiment. Besides, the present study 

124 was conducted in the absence of control groups of animals that had not undergone the 

125 catch process. All survival study procedures were based in the recovery capacity on 

126 survivors within the first 24 hours. So that, animals that manage to survive and recover 

127 completely will be more likely to survive once they are released into the sea [27]. 
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129 2.3 Short-term discard survival

130 The sampled individuals were introduced into the tanks after 60 minutes of air exposure. 

131 Following ICES WKMEDS advice [6], survival was evaluated every hour along a time-

132 course of 24 h. Animals were observed inside their tanks (through a transparent window 

133 in the cover) to assess breathing, swimming and cheliped and pereiopod movements. 

134 Death was confirmed in those animals evidencing a lack of breathing and movement 

135 responses after stimulating them by a gentle touch with a stick inside the tanks.

136

137 2.4 Effect of air exposure and season on survival rates

138 In less than three minutes after the cod-end of the net was exposed to air, captures were 

139 transferred to a lower fishing deck, maintained in a low-irradiance and humid 

140 environment, and exposed to air for 15, 30, 60 or 100 min. These conditions were 

141 considered the most benign that these species can experience after trawling by a fishing 

142 vessel [28]. After air exposure, the crustaceans were introduced into individual recovery 

143 aquariums for 24 h. Survival rates were evaluated at the end of this period.

144

145 Considering the temperature effects observed in survival rates from previous studies in 

146 both species [25, 29], N. norvegicus and S. mantis were captured by bottom trawling and 

147 sampled in the Gulf of Cadiz. Thus, both species were collected in spring and autumn. 

148 After the triage process on the lower fishing deck (60 min air exposure [29]), crustaceans 

149 were transferred into the aquariums, and 24 h later the survival rates were evaluated. 

150

151 2.5 Physiological time-course recovery 

152 The physiological recovery capacity of N. norvegicus and S. mantis was evaluated after 

153 bottom trawling in spring 2017. The sampled animals were randomly introduced into the 

154 recovery aquariums. Samples were taken at times 0 h (60 min after air exposure and triage 

155 process, maintained outside water in the lower fishing deck, with high environmental 

156 humidity, no sun radiation, low room irradiance and temperatures below 23 ºC), 1, 3, 6 

157 and 24 h in order to establish a time-course of their physiological recovery process. These 

158 times were selected as previous studies on other crustaceans and other invertebrates 
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159 indicated that physiological recovery after an acute stressor, such as being captured by 

160 bottom trawling, occurs within the first 6 hours [25, 27, 30]. 

161

162 2.6 Physiological recovery due to season

163 Two surveys were carried out to describe the seasonal effect (spring and autumn) on 

164 physiological recovery. The animals were maintained in the same on-board aquariums. 

165 Haemolymph and muscle samples were taken at times 0 h (just before introducing the 

166 animals into the aquariums) and 24 h later (samples taken only from survivors). 

167

168 2.7 Physiological sampling procedures

169 To analyse the physiological recovery capacity of crustaceans, haemolymph and muscle 

170 were sampled for later analyses in the laboratory. Animals were collected by hand and 

171 their cephalothorax covered with a wet tissue in order to minimize their stress reactions. 

172 Haemolymph samples were taken with sterile syringes (circa 300 µL) in the ventral sinus 

173 of the thoracic somites, followed by cephalothorax severing with a sharp knife in order 

174 to confirm euthanasia. Samples were taken quickly to avoid an impact of handling stress 

175 on haemolymph variables [25, 31]. Plasma was obtained after centrifugation (10 000 g, 4 

176 minutes) and frozen at -20 ºC. Muscle samples were collected from the abdomen and 

177 frozen at -20 ºC. All the procedures were conducted in less than 1 minute per animal. 

178 Because animals were maintained in individual aquariums, with darkened walls, sampling 

179 did not affect those animals still in the aquariums (no possible disturbances due to noise, 

180 visual contact or chemical distress).

181

182 2.8 Plasma and muscle variables

183 The reasons for selecting the parameters measured in this study to evaluate physiological 

184 recovery will be explained below. Plasma lactate increases due to long air exposure 

185 periods experimented in trawling, along with the high oxygen demand produced by 

186 intense physical exercise (trying to scape from the net) [12, 25]. In this sense, hemocyanin 

187 (Hc) is the oxygen transport protein, being a good stress indicator in these situations [27]. 

188 Besides, plasma glucose increases to meet the demand for extra energy required after 

189 fishing [12, 27]. Otherwise, the activation of the immune system was produced in a stress 
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190 situation such as trawling. Thereby, Hc is involved in the innate defence mechanism, 

191 peroxidase have antimicrobial activity and lysozyme activity seems to act non-

192 specifically against a wide range of invaders [27]. Therefore, these parameters have been 

193 measured to assess the physiological recovery capacity of animal captured by trawling. 

194

195 Plasma glucose (as the primary energy metabolite in these species) and lactate levels (as 

196 a representative secondary stress biomarker in crustaceans), were measured using 

197 commercial kits from Spinreact (St. Esteve de Bas, Girona, Spain) adapted for 96-well 

198 microplates. Plasma hemocyanin concentration (related to oxygen transport but also to 

199 the immune system) was measured spectrophotometry as previously described for N. 

200 norvegicus and other invertebrates [32, 33]. 

201

202 Peroxidase activity (another immune-related parameter) was measured as described [34], 

203 with some modifications: 15 μL plasma in duplicate were diluted in 135 μL of HBSS 

204 without Ca2+/Mg2+ (H6648, Sigma-Aldrich) in a flat-bottomed 96-well plate, followed by 

205 the addition of 50 μL 10 mM TMB (T8768, Sigma-Aldrich) and 50 μL 5 mM H2O2. After 

206 2 min the reaction was stopped with 50 μL 2 M H2SO4. Blank was done with 150 μL 

207 HBSS. Optical density was read at 450 nm. Peroxidase activity (U mL-1) was determined 

208 defining 1 unit as that which produces an absorbance change of 1 OD. Plasma lysozyme 

209 activity (also related to the immune system) was measured as described [35]: 20 μL of 

210 sample and 180 μL of a solution of Micrococcus lysodeikticus (N3770, Sigma-Aldrich; 

211 0.2 mg mL-1, 0.04 M sodium phosphate buffer, pH 6.2) were added into a 96-well 

212 microplate. Blanks for each sample were done with 20 μL of the sample and 180 μL of 

213 sodium phosphate buffer. Reaction proceeds for 20 minutes at 37 ºC and afterwards 

214 absorbance was measured at 450 nm. A standard curve was done with lyophilized hen 

215 egg white lysozyme (L6876, Sigma-Aldrich) serially diluted in Na2HPO4 buffer. 

216

217 Frozen muscle was finely minced on an ice-cooled Petri dish and homogenized and 

218 neutralised by ultrasonic disruption in 7.5 volumes ice-cold 0.6 N perchloric acid, 

219 neutralized using 1 M potassium bicarbonate, centrifuged (30 min, 3220 g and 4 ºC), and 

220 the supernatant used to determine tissue metabolites. Muscle lactate levels were 

221 determined spectrophotometrically with Spinreact kits   Muscle glycogen concentration 

222 was assessed with aminoglucosidase as described [36]. Glucose obtained after glycogen 
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223 breakdown (after subtraction of free glucose levels) was determined with a commercial 

224 kit (Spinreact, see before). All assays were performed using a PowerWaveTM 340 

225 microplate spectrophotometer (Bio-Tek Instruments, Winooski, VT, USA) and 

226 KCjuniorTM data analysis software for Microsoft®. Muscle water content was analyzed 

227 by dehydrating pre-weighted muscle at 65 °C until achieving constant weight (around 48 

228 hours). The percentage of water was calculated as the difference in weight between the 

229 fresh and the dry muscle divided by the fresh weight [37].

230

231 2.9 Data analysis

232 The survival probability across time (0, 1, 3, 6 and 24 hours) for each studied species was 

233 graphically assessed using Kaplan-Meier curves [38]. In order to evaluate the survival 

234 rates in spring and autumn, we considered the factor “Season” (fixed, with two levels. 

235 “spring” and “autumn”), while “Haul” was included as a random factor. In addition, to 

236 test for significant differences in the survival of the species studied in function of time of 

237 air exposure, we considered the factor “Time” (fixed, with four levels: “15”, “30”, “60” 

238 and “100” minutes) and “Hauls” as random factor. We used generalized linear mixed 

239 models (GLMM’s) under the models explained above specifying a binomial distribution. 

240

241 To explore the physiological recovery capacity of the studied species in spring 2017, we 

242 considered the different plasma and muscle variables as response variables and the factor 

243 “Time” (fixed, with five levels: “0”, “1”, “3”, “6” and “24” hours). “Haul” was included 

244 in the design as a random factor. For the analysis of the differences in physiological 

245 variables after recovery between seasons, we considered the different plasma and muscle 

246 variables as response variables, and two fixed factors: “Season” (two levels: “spring” and 

247 “autumn”) and “Time” (two levels: “0” and “24” hours). “Hauls” was included in the 

248 design as a random factor. Linear mixed effects (lme) models were fitted using the 

249 package ‘nlme’ (R package version 3.1-128) [40] until we selected the best model based 

250 on akaike information criterion (AIC) and variable significance. The normality and 

251 homogeneity of the residuals were checked with a Shapiro-Wilk and Bartlett’s tests 

252 respectively. All data were analysed using the statistical program R version 3.3.3 [39].

253
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255 3. Results

256 3.1 Samples characteristics

257 Three, five and seven hauls were carried out in spring 2017 and 2018 and autumn 2017, 

258 respectively in the case of N. norvegicus. S. mantis were captured in eight, seven and six 

259 hauls in spring 2017, spring 2018 and autumn 2017, respectively (Table 1).  In the survey 

260 performed in spring 2017, Kaplan-Meier curves were carried out in order to study short-

261 term survival probability in N. norvegicus and S. mantis (n = 36 and n = 95, respectively). 

262 In the same survey, 28 and 85 individuals of N. norvegicus and S. mantis, respectively 

263 were sampled for the evaluation of the physiological recovery time-course (Table 1). 

264 However, in spring 2018 and autumn 2017 surveys, air exposure challenge and the effect 

265 of the season on survival rates were carried out (n = 42 in spring and n = 144 in autumn) 

266 in N. norvegicus and (n = 37 in spring and n = 68 in autumn) in S. mantis. Recovery 

267 capacity experiments were performed for both species and seasons (n = 27 and n = 83 for 

268 N. norvegicus in spring and autumn, respectively; and n = 30 and n = 50 for S. mantis in 

269 spring and autumn, respectively). It is important to highlighter that 24 recover hours after 

270 trawling, 15 and 38 animal survivors were employees in the seasonal recovery study 

271 (against 15 and 62 who failed to survive) in spring and autumn, respectively in the case 

272 of N. norvegicus. Otherwise, in the S. mantis, 22 and 23 survivors were sampled (versus 

273 7 and 16 animals that were unable to recover, causing the death of the individuals) in 

274 spring and autumn, respectively.

275

276 Moreover, Table 1 shows carapace length (mm), depth (m), bottom and tanks 

277 temperatures (°C) and bottom and tanks salinity. In this sense, N. norvegicus was capture 

278 in deeper waters than S. mantis (Table 1). Bottom water temperatures were higher in the 

279 autumn than spring for S. mantis, but without differences for N. norvegicus. However, 

280 tanks temperatures were higher than at the sea bottom in both species. By last, salinity 

281 was constant over the seasons and years, and similar between the sea bottom and on-board 

282 tanks.

283 Table 1 here.
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285 3.2 Short-term survival

286 S. mantis presented higher survival probability that N. norvegicus under these conditions. 

287 The survival probability for N. norvegicus (n=36) ranged between 56.2 ± 0.1 % and 96.4 

288 ± 0.0 % (mean ± SEM) and between 78.5 ± 0.1 % and 94.8 ± 0.0 % in the case of S. 

289 mantis (n=95) (Figure 2). Kaplan-Meier curves showed that an asymptote was obtained 

290 6 hours after bottom trawling for both species. 

291

292 Figure 2 here.

293

294 3.3 Effect of air exposure and seasons on survival rates

295  Nephrops norvegicus and Squilla mantis did not show different survival rates when 

296 exposed to air (fishing deck conditions, including no sun irradiance, no wind and a humid 

297 environment) for 15, 30, 60 or 100 minutes (p > 0.05, GLMM).

298

299 Further analyses were conducted by doing the average of all fishing sets within the same 

300 season of the year. Thus, survival rates in spring were 68.4. ± 7.1% and 87.0 ± 4.7% for 

301 N. norvegicus and S. mantis, respectively; and 33.8 ± 7.8% and 63.8 ± 9.3% for N. 

302 norvegicus and S. mantis, respectively in autumn (mean ± SEM). Both species had 

303 significantly higher survival in spring (p < 0.05, GLMM) (Table S1).

304

305 3.4 Physiological time-course recovery

306 Plasma lactate showed the highest concentrations in both species just after bottom 

307 trawling (Figure 3). These levels decreased gradually after 3 h recovery, reaching the 

308 lowest concentrations between 6 h and 24 h after being introduced into water recovery-

309 tanks (p < 0.001, LMM) (Table S2 and Table S3). Final plasma lactate concentrations 24 

310 h after recovery were 0.10 ± 0.05 mM and 0.20 ± 0.06 mM for N. norvegicus and S. 

311 mantis, respectively.
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313 Figure 3 here.

314

315 No differences were found for plasma glucose in N. norvegicus for any of the recovery 

316 time tested (Table 2). However, these plasma glucose levels increased during the first 

317 hours after capture in S. mantis (Table 3). Plasma hemocyanin increased in both species 

318 2–3 h after recovery, maintaining its levels without significant differences till the end of 

319 the experiment (24 h). Peroxidase activity increased its plasma levels 3 h after recovery 

320 in N. norvegicus and S. mantis, with no significant differences between the groups 

321 sampled at 3, 6 and 24 h. However, plasma lysozyme did not show any variation for 

322 neither species (Table 2 and Table 3).

323

324 Table 2 and Table 3 here.

325

326 Metabolites such as lactate in muscle increased significantly (p < 0.001) (Table S2 and 

327 Table S3) during the first hours after the stress, and reached the lowest concentrations 24 

328 h after recovery in both species (Table 2 and Table 3). Muscle glucose concentration was 

329 low during the first 6 h after capture in N. norvegicus but increasing significantly (p < 

330 0.001) at the end of the experiment (Table 2). S. mantis presented a muscle glucose 

331 concentration increase 1 hour after capture, to a level that remained stable’ 24 hours later 

332 (Table 3). Glycogen, as an important storage of carbohydrates in crustaceans, did not 

333 show any differences between recovery times or species in this study (Table 2 and 3). The 

334 muscle water content was maintained around 78% in N. norvegicus along the experiment, 

335 with no significant differences between groups. However, muscle water content reached 

336 values circa 85% in S. mantis during the first 3 h post-stress, decreasing to circa 83% after 

337 6 h recovery (Table 3).

338

339 According to the obtained results, where no differences in most of the analysed 

340 parameters were described between times 6 and 24 h, we considered that survivors of N. 

341 norvegicus and S. mantis captured by bottom trawling in the Gulf of Cadiz (Spain) were 

342 physiologically recovered 24 h after capture. Thus, further experiments were conducted 

343 including sampling just at times 0 and 24 h after capture.
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344

345 3.5 Physiological recovery in spring and autumn

346 The highest plasma lactate concentrations were observed in all crustaceans sampled just 

347 before the recovery process in water tanks (time 0 h), with a 10-fold decrease 24 h later 

348 (Table 4 and5). Significant differences were found between spring and autumn, with 

349 lowest concentrations in spring for S. mantis (Table S5).

350

351 Plasma glucose presented significant differences between 0 and 24 h in N. norvegicus in 

352 both seasons, with highest concentrations at time 0 h. In N. norvegicus, samples showed 

353 significant differences between spring and autumn in plasma glucose, with highest levels 

354 in spring (Table 4). However, S. mantis did not present differences in plasma glucose 

355 between 0 and 24 h in any season, but significantly (p < 0.001) higher concentrations 

356 were found in animals sampled in spring (Table S5). Hemocyanin showed a similar trend 

357 for both species and seasons, with a significantly (p < 0.001) higher concentration 24 h 

358 after recovery than just after capture (0 h), and highest concentrations in spring (Table 4 

359 and 5)  Plasma peroxidase activity increased significantly (p = 0.003)  24 h after recovery 

360 in the case of N. norvegicus , with no significant differences due to season in any species 

361 (Table 4 and Table 5) . Plasma lysozyme showed significantly (p < 0.001) differences 

362 between season in N. norvegicus, with the highest level in autumn (Table 4). However, 

363 in S. mantis statistically differences were observed due to time, being lowest 24 h after 

364 recovery (Table 5). 

365

366 Table 4 and Table 5 here.

367

368 Muscle lactate (Table S4 and Table S5) values were significantly (p < 0.001) higher just 

369 after bottom trawling in both species and seasons (Table 4 and 5).  Differences between 

370 spring and autumn were observed, with higher muscle lactate in spring for both species. 

371 Muscle glucose levels only presented significant differences in N. norvegicus, with the 

372 highest values 24 h after recovery, and no differences were described between seasons. 

373 No differences were described in muscle glucose for S. mantis between any sampling 
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374 point or season (Table 4 and 5). Statistically differences were described in muscle 

375 glycogen concentration in N. norvegicus during the experimental time, being lower just 

376 after bottom trawling (0 h). However, no differences were described in the case of S. 

377 mantis (Table 5).  Finally, no significant differences were described in muscle water 

378 content of N. norvegicus in any season, being 78.1 ± 0.5% at time 0 h and 77.5 ± 0.4% at 

379 time 24 h in spring, and 79.1 ± 2.4% and 78.6 ± 0.3% (at times 0 and 24 h, respectively) 

380 in autumn (mean ± SEM). However, S. mantis presented changes in muscle water content, 

381 being higher just after bottom trawling with an average of 82.6 ± 0.9% and 80.2 ± 0.3%, 

382 (0 and 24 h, respectively) in spring and 83.5 ± 0.6% and 81.2 ± 0.4% (0 and 24 h, 

383 respectively) in autumn. No differences between muscle water content were described in 

384 any species or seasons (Table 4 and 5). 

385

386 4. Discussion

387 The present study describes some of the physiological responses experienced by N. 

388 norvegicus and S. mantis after bottom trawling in the Gulf of Cadiz (SW Spain) as a 

389 method to calculate survival rates and recovery capacity. Moreover, the main results 

390 highlighted that if maintained in proper environmental conditions, survivors are 

391 completely recovered in less than 24 h. Thus, survival rates after bottom trawling were 

392 evaluated in spring and autumn, being circa 68% and 33% for N. norvegicus 

393 (respectively) and 86% and 63% for S. mantis (respectively). Higher survival rates were 

394 found in spring, probably associated with lower water temperatures. These survival 

395 results could be considered as valid conclusions due to the high recovery capacity 

396 presented by all survivors. However, owing to the absence of controls, some initial 

397 experiments should be carried out in the future, in order to ascertain survival rates that 

398 are inclusive of method effects, such as water temperature. Thus, the results of the present 

399 study should be taken with caution since these survival rates are likely to decrease 

400 improving on-board tanks conditions.

401

402 4.1 Short-term survival

403 The Kaplan-Meier curves of crustaceans captured by bottom trawling in spring 2017 

404 showed a horizontal survival asymptote was reached after 6 h recovery. This outcome 
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405 suggests that 24 h was time enough to evaluate short-term survival on-board the vessel as 

406 has been described before in other species [41, 42]. Studies with longer evaluation periods 

407 may lead to a long-term acclimation processes, including reassignment of the 

408 physiological machinery, thus compromising survival of the animals due to the processes 

409 not related to fishing capture alone.

410

411 4.2 Survival rates by season

412 The survival rates observed in the present study are in accordance with those obtained by 

413 other authors in other geographical areas for captured N. norvegicus [8, 10, 25, 30, 43, 

414 44] and S. mantis [29, 45]. Under this framework, the methodologies employed in this 

415 study may be consider as valid, while the time required for the assessment of these results 

416 is clearly diminished to just 24 h (or even 6 h, according to the Kaplan-Meier curves 

417 obtained). Thus, this study may reduce the effort directed towards the evaluation of the 

418 survival rates of captured crustaceans. 

419

420 With the experimental approach described in this study, a higher survival rate occurs in 

421 N. norvegicus and S. mantis during spring when compared to autumn. For N. 

422 norvegicus the sea bottom temperature did not change between seasons (probably 

423 because Norway lobster were captured in deeper waters around 440-494 m). However, 

424 high surface water temperatures were registered in autumn, 5 °C higher than in spring, 

425 due to water heating during the summer months [25, 46, 47]. Otherwise, the difference 

426 between the bottom and tank temperature in autumn 2017 was as much as 8°C. Thus, the 

427 tank conditions during recovery may have caused the decreased survival together with a 

428 rapid transition between temperatures [12]. Survival rates are 20% higher in S. mantis at 

429 each season compared to N. norvegicus, which may indicate an uppermost resilience of 

430 this species to environmental fluctuations [29, 45]. Nevertheless, for S. mantis both the 

431 bottom and tank temperatures increased between spring and autumn in addition to higher 

432 temperatures in the tanks compared with the bottom (Table 1). Thus, both season and tank 

433 conditions may have contributed to the increased survival in the autumn, being able to 

434 underestimate the survival capacity of this specie. By last, the aquarium system has been 

435 improved so that the tank temperature can be controlled and match the bottom 

436 temperature in future studies (patent ES2712348).
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437

438 4.3 Physiological recovery capacity after bottom trawling

439 To the best of our knowledge, physiological recovery after capture has not been used 

440 before as a method to evaluate survival capacity in crustaceans within the first 24 recovery 

441 hours after trawling, maintained in individual recovery aquariums (ES2712348). To date, 

442 the time required to induce mortality (TTM) is a simple metric that can be used to study 

443 landing exemption candidates [48]. In this sense, animals recovering their homeostasis 

444 after a capture process indicate a proper physiological recovery and highlight a high 

445 survival capacity. However, the lack of a physiological recovery capacity in animals 

446 captured by fishing may show an overwhelming situation where the metabolic limits are 

447 exceeded, leading to a delayed mortality. 

448

449 In this study, plasma metabolites, such as lactate and glucose, evidenced an acute stress 

450 response after bottom trawling. This stress is given not only by the obvious physical 

451 damage due to trawling (blows due to confinement and net trawling, leading to broken 

452 appendages or carapaces), but also by hypoxia due to air exposure and confinement [30]. 

453 Lactate increases have been previously associated to air exposure, indicating the 

454 occurrence of anaerobic processes leading to the inefficient combustion of carbohydrates 

455 [49, 50]. Our results confirmed an increase in plasma lactate during the first hours after 

456 capture/air exposure, as previously described in N. norvegicus [25] and S. mantis [29, 45]. 

457 Once introduced into recovery tanks, these crustaceans maintained high lactate 

458 concentrations during the first 3 h, followed by a sharp decrease in this metabolite, and 

459 reaching the lowest levels 6 to 24 h after recovery coinciding with previous studies [29, 

460 30]. The lactate concentrations shown herein after 24 h corresponded to previously 

461 reported basal homeostatic levels of unstressed N. norvegicus [25] and S. mantis [29], 

462 confirming complete recovery of these crustaceans in less than 24 h after bottom trawling. 

463

464 The plasma lactate recovery time-course profile was paralleled by the lactate levels in 

465 muscle. Muscle, as a highly energy demanding tissue in crustaceans, is fatigued after 

466 exercise [51], and lactic acidosis occurred due to anaerobic glycolysis. In this sense, 

467 glucose is the main energy metabolite mobilized as a secondary stress response in 
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468 different crustacean species [52, 53, 54]. In the present study, after a significant increase 

469 in plasma glucose, indicating the stressful situation induced by bottom trawling, N. 

470 norvegicus and S. mantis managed to return to basal unstressed levels in plasma and 

471 muscle after 24 h recovery. Another described consequence of stressful processes is 

472 muscle hydric imbalances [55]. In this sense, S. mantis showed muscle overhydration 

473 after bottom trawling, reaching lower and stable levels a few hours after bottom trawling. 

474 In summary, these results agree with those previously described for both species [25, 29, 

475 30, 43], and suggested that these species managed to completely recover their 

476 physiological homeostasis within the first 24 h after capture. 

477

478 Air exposure/hypoxia also affected plasma hemocyanin, the main oxygen transport 

479 protein in crustacean species [25]. The results obtained herein showed lower hemocyanin 

480 concentrations just after bottom trawling in both species and an increase after 3 h in N. 

481 norvegicus and 1 h in S. mantis, maintaining high and constant levels till the end of the 

482 experiment (24 h). These differences in the recovery time between the species could be 

483 related to the intensity of the stress experienced by N. norvegicus and S. mantis animals 

484 during bottom trawling. It has been described in laboratory experiments with N. 

485 norvegicus that the intensity of environmental hypoxia greatly affected the increase of 

486 hemocyanin after the challenge [22, 23]. Considering these studies, we postulate that S. 

487 mantis managed to recover earlier than N. norvegicus after bottom trawling in the Gulf of 

488 Cadiz. The reasons for the faster recovery time in S. mantis could be due to a less intense 

489 stress situation experienced by this species due to the less depth of capture, or by a higher 

490 resilience of it, recovering basal hemocyanin levels in less than 1 h after bottom trawling.

491

492 It was demonstrated that stress situations induced alterations of immune parameters in 

493 crustaceans [20, 21]. In this sense hemocyanin is also involved in the immune system, as 

494 some studies described its activity as a phenoloxidase enzyme after proteolysis activation 

495 [43, 56, 57, 58], as well as in defence mechanisms such as coagulation processes [59]. 

496 We thus postulate that the lowest hemocyanin concentrations described just after trawling 

497 could be due to the conversion of hemocyanin into phenoloxidase as part of the immune 

498 response. Alternately, peroxidase is produced in response to oxidative stress situations in 

499 crustaceans [60], being the peroxidase activity usually related to phagocytosis processes 
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500 [20, 57].  The present study showed an increase in its activity 3 h after a bottom trawling 

501 process, followed by species-specific differences 24 h after recovery. Thus, the capture 

502 processes induced oxidative stress damage that could be counteracted by peroxidase 

503 activity as it was observed in our study. However, plasma lysozyme activity which is 

504 related to bacterial recognition [61], did not show any variations in the present study. 

505 These suppositions point to the specificity of the damage caused by trawling and the 

506 activated immune responses, mainly aimed at coping with hypoxia process and 

507 eliminating free radicals produced by oxidative stress during the first hours after capture.

508

509 We aimed at describing whether survivors were able to be physiologically recovered, and 

510 thus reinforce the idea that released crustaceans after capture were not chronically 

511 affected by this process or have been metabolically exhausted, limiting their options to 

512 survive in the wild. In this study we have demonstrated that 24 h is time enough to recover 

513 the physiological homeostasis of unstressed crustaceans after bottom trawling as a tool to 

514 study survival rates. In all cases, survivors returned to basal homeostatic levels within 4 

515 to 6 h, restoring this complete homeostasis in less than 24 h, as it has been described in 

516 fishes [62, 63, 64, 65, 66]. From 24 hours onwards, animals enter into a process of 

517 acclimatization to the new state, which implies the mobilization of energy resources and 

518 endocrine imbalance at the systemic level. This acclimation capacity of captivity, at least 

519 in fishes, requires no less than 7 days [67, 68, 69, 70]. This study present similar 

520 concentrations of metabolites such as lactate and glucose that those obtained in previous 

521 studies carried out with animals acclimated to captivity during several days. However, 

522 these concentrations showed differences due to captivity conditions [25, 29].

523

524 As described by the ICES WKMEDS, previous recovery studies have been conducted in 

525 onshore holding facilities maintaining captured crustaceans for weeks, and even months 

526 [8, 9, 25, 29, 30, 45]. This approach should be cautiously addressed as it may better 

527 describe the acclimation capacity to captivity of these species as has been described 

528 before in other animals such as fish [71] and crustaceans [72]. In this study we have 

529 demonstrated that 24 h is time enough to recover the physiological homeostasis of 

530 unstressed crustaceans after bottom trawling. Studies including longer periods may be 

531 useful to evaluate other putative physiological modifications, such as changes in 
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532 reproductive behaviour, as has been described in teleost fish [73], but inefficient to 

533 evaluate the physiological recovery produced by an acute short-term stress process.

534

535 4.4 Physiological recovery depending on season

536 Previous studies stated that differences in basal concentrations of some physiological 

537 parameters between seasons (as those described in the present study such as plasma 

538 glucose) did not influence the recovery ability of these species [25]. However, this study 

539 described differences between energy metabolites basal levels (after 24 h recovery) for 

540 both species, being higher in spring, coinciding with higher survival rates. Stored 

541 carbohydrates in crustaceans like N. norvegicus, could be higher in winter and spring than 

542 in summer-autumn [74]. We thus hypothesize that lower energy metabolites stores in 

543 autumn may lead to weaker crustaceans with limited energy resources to face highly 

544 demanding processes such as trawling. Otherwise, higher temperatures in autumn could 

545 lead to faster depletion of the metabolic stores. It has been described in other lobsters that 

546 animals without reserves could compromise their physiological condition [75]. It should 

547 be mentioned that carbohydrate stores (as seen by muscle glycogen) in S. mantis is 10-

548 times higher than those in N. norvegicus, reinforcing our hypothesis. Altogether, N. 

549 norvegicus and S. mantis captured in the Gulf of Cadiz by bottom trawling in spring and 

550 autumn, if manage to survive for 24 h, are physiologically recovered from the stress 

551 process induced by fishing.

552

553 This study offers experimental results obtained under oceanographic vessel´s conditions, 

554 which may differ from those of commercial fisheries [7]. Thus, differentiated operational 

555 and environmental conditions between both fishing practices may affect the survival and 

556 recovery ability of these species. Some of these variables include (amongst others): i) 

557 haul duration and trawling speed are higher in commercial vessels [8, 10, 18, 25]; and ii) 

558 mesh size and geometry, catch size and time of the day for trawling [7, 25]. Due to the 

559 multitude of factors that can affect the survival of these species, it results additional work 

560 should be done on-board commercial vessels in order to assert the specific effect of each 

561 putative condition on crustacean survival and recovery capacity.

562
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563 All these results lead to discuss, under the compulsory European Union landing 

564 regulation, if these species captured by bottom trawling in the Gulf of Cadiz can be 

565 discarded or not. Two conclusions are derived from the present work: i) the evaluation of 

566 the physiological recovery is a useful method to assert if surviving crustaceans are 

567 irreversibly damaged or are in full physiological conditions to cope with their release back 

568 into the wild; and ii) as already known, survival rates depend at least on the geographical 

569 area, fishing process and captured species. The methodologies described in the present 

570 study will be useful to evaluate survival rates in captured crustaceans, as well as other 

571 taxa, minimizing the times required according to what has been described so far.

572

573 5. Conclusions

574 Survival rates of N. norvegicus and S. mantis are higher in spring 68.3 ± 7.1% and 86.0 ± 

575 4.7%, respectively) (mean ± SEM) than in autumn (33.8 ± 7.8% and 63.8 ± 9.3%, 

576 respectively). Survivors of these species managed to completely recover their 

577 physiological homeostasis within the first 24 h after capture. This conclusion allows us 

578 to shorten the current times of survival evaluation, which required the observation in 

579 captivity of captured animals for long periods, and are more focused on the ability to 

580 acclimate to captivity rather than evaluating their recovery after capture. However, more 

581 studies are necessary to ascribe the specific effect of all putative factors affecting survival 

582 and recovery of captured crustaceans in this area after bottom trawling. Furthermore, the 

583 implementation of these studies in the commercial fleet results mandatory to evaluate real 

584 survival rates under commercial vessel conditions.

585
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1 FIGURE LEGENDS

2

3 Figure 1. Sampled area off the Gulf of Cadiz (south-western Atlantic waters of Spain). 

4 Asterisks indicate validation surveys for both species (Nephrops norvegicus and Squilla 

5 mantis). Triangles indicate the spring survey and circles indicate the autumn survey. 

6 Bathimetric lines and their depths (in m) are indicated.

7 Figure 2. Kaplan-Meier survival curves for each species (A) N. norvegicus and (B) S. 

8 mantis, captured by bottom trawling. Animals were sampled just after bottom trawling (0 

9 h), and after being introduced in onboard recovery tanks at times 1 h, 3 h, 6 h and 24 h. 

10 Dashed lines represent 95% confidence interval. 

11 Figure 3. Time-course recovery of plasma lactate (mM) in bottom trawled N. norvegicus 

12 and S. mantis in the Gulf of Cadiz (Spain). Plasma samples were taken just after bottom 

13 trawling (0 h) and at different recovery times (1, 3, 6 and 24 hours). Data are expressed 

14 as average ± standard error (n = 6 and n = 17 per group in N. norvegicus and S. mantis, 

15 respectively). Different letters indicate significant differences between groups, with 

16 capital and lowercase letters employed to differentiate between N. norvegicus and S. 

17 mantis, respectively (LMM, p < 0.05).
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8

9

10

11



Table S1. Generalized Linear Mixed models of the differences in mortality between spring (S) 
and autumn (A). in the Gulf of Cádiz (Spain) of N. norvegicus and S. mantis. * = significant 
differences; SE = Standard Errors.

N. norvegicus Estimate SE z value Pr(>|z|)
Intercept 1.45 0.50 2.90 <0.001*

Season (A) -1.14 0.53 -2.13 0.033*

S. mantis Estimate SE z value Pr(>|z|)
Intercept 0.95 0.27 3.51 <0.001*

Season (S) 1.11 0.39 2.87 <0.001*



Table S2. Linear mixed-effect models of the significant plasma and muscle physiological 
parameters in N. norvegicus after bottom trawling in spring 2017. * = significant differences; SE 
= Standard Errors. df = degrees of freedom; 0 = 0 h; 1 = after 1 h recovery in onboard tanks; 3 = 
after 3 h; 6 = after 6 h; 24 = after 24 h.

Plasma lactate Estimate SE df t-value p-value
Intercept 2.83 0.58 20 4.91 <0.001*

1 -0.60 0.80 20 -0.75 0.464
3 -0.47 0.81 20 -0.58 0.568
6 -0.58 0.96 20 -0.61 0.551
24 -2.63 0.76 20 -3.48 0.002*

Plasma hemocyanin Estimate SE df t-value p-value
Intercept 316.55 46.74 14 6.77 <0.001*

0 -200.54 65.59 14 -3.06 0.008*
1 -187.77 71.15 14 -2.64 0.019*
3 -97.89 58.68 14 -1.67 0.118
6 -158.37 71.15 14 -2.23 0.043

Plasma peroxidase Estimate SE df t-value p-value
Intercept 10.55 3.57 19 2.96 <0.001*

1 -3.46 4.87 19 -0.71 0.486
3 10.95 3.83 19 2.86 0.010*
6 6.86 4.87 19 1.41 0.175
24 11.71 3.83 19 3.05 0.007*

Muscle lactate Estimate SE df t-value p-value
Intercept 2.35 0.20 20 11.76 <0.001*

1 -0.17 0.25 20 -0.69 0.500
3 -0.65 0.25 20 -2.62 0.016*
6 -0.30 0.30 20 -0.98 0.338
24 -0.96 0.25 20 -3.88 0.001*

Muscle glucose Estimate SE df t-value p-value
Intercept 263.27 27.64 20 9.52 <0.001*

0 -171.15 35.99 20 -4.76 <0.001*
1 -149.36 39.16 20 -3.81 0.001*
3 -197.99 37.32 20 -5.31 <0.001*
6 -173.04 45.79 20 -3.78 0.001*



Table S3. Linear mixed-effect models of the significant plasma and muscle physiological 
parameters in S. mantis after bottom trawling in spring 2017. * = significant differences; SE = 
Standard Errors. df = degrees of freedom; 0 = 0 h; 1 = after 1 h; 3 = after 3 h; 6 = after 6 h; 24 = 
after 24 h.

Plasma glucose Estimate SE df t-value p-value
Intercept 5.10 0.71 73 7.13 <0.001*

1 -0.04 0.78 73 -0.05 0.964
3 -0.55 0.77 73 -2.01 0.048*
6 -1.64 0.80 73 -2.05 0.044*
24 -0.85 0.79 73 -1.07 0.288

Plasma lactate Estimate SE df t-value p-value
Intercept 0.45 0.12 73 4 <0.001*

0 0.84 0.15 73 6 <0.001*
1 0.78 0.15 73 5 <0.001*
3 1.08 0.15 73 7 <0.001*
6 0.38 0.15 73 3 0.014*

Plasma peroxidase Estimate SE df t-value p-value
Intercept 8.45 1.10 65 7.71 <0.001*

1 -0.42 1.43 65 -0.30 0.769
3 3.52 1.41 65 2.49 0.015*
6 1.82 1.45 65 1.26 0.214
24 0.71 1.49 65 0.47 0.637

Muscle lactate Estimate SE df t-value p-value
Intercept 1.62 0.23 70 6.95 <0.001*

0 0.23 0.28 70 0.83 0.411
1 0.64 0.27 70 2.39 0.019
3 0.71 0.27 70 2.60 0.012*
6 0.16 0.27 70 0.60 0.550

Muscle glucose Estimate SE df t-value p-value
Intercept 476.48 56.26 72 8.47 <0.001*

0 -175.52 67.08 72 -2.62 0.010*
24 -71.09 66.09 72 -1.08 0.286
3 -131.57 65.92 72 -2.00 0.04*
6 -122.81 66.04 72 -1.86 0.04*

Muscle water Estimate SE df t-value p-value
Intercept 82.81 0.65 73 128.38 <0.001*

0 1.89 0.89 73 2.12 0.037*
1 2.19 0.91 73 2.42 0.017*



3 2.63 0.88 73 2.99 0.003*
6 0.76 0.89 73 0.85 0.396



Table S4. Linear mixed-effect models of the significant plasma and muscle physiological 
parameters in N. norvegicus after bottom trawling in the Gulf of Cadiz (0 h) and 24 h after 
recovery in water tanks in spring and autumn. * = significant differences; SE = Standard Errors. 
df = degrees of freedom; 24 = after 24 h; S = spring.

Plasma gucose Estimate SE df t-value p-value
Intercept 2.17 0.11 93 20.09 <0.001*

Season (S) 0.46 0.17 13 2.64 0.020*
Hours (24) -0.77 0.15 93 -5.31 <0.001*

Plasma lactate Estimate SE df t-value p-value
Intercept 2.08 0.10 92 20.27 <0.001*

Season (S) 0.07 0.17 13 0.40 0.693
Hours (24) -1.92 0.12 92 -16.11 <0.001*

Plasma hemocyanin Estimate SE df t-value p-value
Intercept 147.57 12.90 84 11.44 <0.001*

Season (S) 198.87 28.39 13 7.01 <0.001*
Hours (24) 185.41 28.24 84 6.57 <0.001*

Plasma peroxidase Estimate SE df t-value p-value
Intercept 109.07 6.98 71 15.62 <0.001*

Season (S) -8.37 10.40 13 -0.80 0.435
Hours (24) 2.71 8.89 71 3.05 0.003*

Plasma lysozyme Estimate SE df t-value p-value
Intercept 0.12 0.01 78 18.84 <0.001*

Season (S) -0.07 0.01 13 -6.20 <0.001*
Hours (24) -0.01 0.01 78 -0.76 0.450

Muscle lactate Estimate SE df t-value p-value
Intercept 1.69 0.06 91 30.27 <0.001*

Season (S) 0.60 0.12 13 4.91 <0.001*
Hours (24) -0.58 0.08 91 -7.26 <0.001*

Muscle glucose Estimate SE df t-value p-value
Intercept 13.14 0.62 93 21.18 <0.001*

Season (S) -2.20 1.03 13 -2.12 0.060
Hours (24) 2.94 0.71 93 4.15 <0.001*

Muscle glycogen Estimate SE df t-value p-value
Intercept 3.96 0.30 80 13.14 <0.001*

Season (S) -1.01 0.52 13 -1.96 0.072



Hours (24) 0.94 0.30 80 3.08 0.003*



Table S5. Linear mixed-effect models of the significant plasma and muscle physiological 
parameters in S. mantis after bottom trawling in the Gulf of Cadiz (0 h) and 24 h after. * = 
significant differences; SE = Standard Errors. df = degrees of freedom; 24 = after 24 h; S = spring.

Plasma gucose Estimate SE df t-value p-value
Intercept 2.60 0.30 62 8.73 <0.001*

Season (S) 1.50 0.37 62 4.06 <0.001*
Hours (24) -0.18 0.34 62 -0.53 0.601

Plasma lactate Estimate SE df t-value p-value
Intercept 2.36 0.14 61 16.38 <0.001*

Season (S) -0.39 0.17 61 -2.23 0.029*
Hours (24) -1.90 0.14 61 -13.27 <0.001*

Plasma hemocyanin Estimate SE df t-value p-value
Intercept 266 43 50 6 <0.001*

Season (S) 115 52 50 2 0.031*
Hours (24) 183 52 50 4 <0.001*

Plasma lysozyme Estimate SE df t-value p-value
Intercept 0.431 0.082 55 5.28 <0.001*

Season (S) -0.086 0.110 55 -0.78 0.438
Hours (24) 0.389 0.105 55 3.69 <0.001*

Muscle lactate Estimate SE df t-value p-value
Intercept 1.26 0.12 60 10.82 <0.001*

Season (S) 0.42 0.14 60 2.93 0.005*
Hours (24) -0.50 0.13 60 -3.73 <0.001*

Muscle water Estimate SE df t-value p-value
Intercept 83.25 0.53 55 156.78 <0.001*

Season (S) -1.24 0.65 55 -1.90 0.070
Hours (24) -1.60 0.51 55 -3.14 0.002*



1 TABLES

2 Table 1

3 Summary of collected data for each species (Nephrops norvegicus and Squilla mantis) 

4 and sampling survey. Carapace length and environmental variables are given as average 

5 ± SEM. 

N. norvegicus S. mantis

Survey Spring 
2017 Spring 2018 Autumn 2017 Spring 

2017 Spring 2018 Autumn 2017

Valid hauls 3 5 7 8 7 6
Mortality 

studies
Kaplan-
Meier Air exposure Air exposure Kaplan-

Meier Air exposure Air exposure

Seasonal 
mortality

Seasonal 
mortality

Seasonal 
mortality

Seasonal 
mortality

Animals 
sampled 36 42 144 95 37 68

Recovery 
studies

Time 
course Seasonal Seasonal Time 

course Seasonal Seasonal

Animals 
sampled 28 27 83 85 30 50

Carapace 
length (mm) 24.7 ± 0.8 25.9 ± 0.5 25.7 ± 0.3 29.5 ± 2.8 27.7 ± 0.9 24.8 ± 0.5

Depth (m) 454 ± 50 440 ± 28 494 ± 32 48 ± 8 52 ± 13 60 ± 11
Bottom T 

(°C) 14.1 ± 0.3 13.7 ± 0.0 13.5 ± 0.1 15.4 ± 0.0 13.6 ± 0.1 17.3 ± 0.1

Tanks T (°C) 14.7 ± 1.0 16.4 ± 0.2 21.3 ± 0.3 14.7 ± 1.0 16.4 ± 0.2 21.3 ± 0.3
Bottom 
salinity 36.5 ± 0.0 36.4 ± 0.2 36.4 ± 0.0 36.4 ± 0.0 36.6 ± 0.1 36.2 ± 0.1

Tanks 
salinity 36.4 ± 0.3 36.4 ± 0.1 36.3 ± 0.1 36.4 ± 0.3 36.4 ± 0.1 36.3 ± 0.1



7 Table 2

8  Time course recovery of plasma and muscle physiological parameters in N. norvegicus 

9 after bottom trawling in spring 2017. Samples were taken previously to the introduction 

10 into recovery tanks (0 h) and along a time course of 24 h (1, 3, 6 and 24 h). Data is shown 

11 as mean ± SEM (n = 6 per group). Significant differences between sampling times are 

12 indicated with different capital letters (Linear mixed-effect models, p < 0.05). 

13

Time-course recovery
Parameter

0 h 1 h 3 h 6 h 24 h

Plasma glucose
(mM)

1.59 ± 0.23 1.38 ± 0.27 1.05 ± 0.19    1.21 ± 0.44 1.09 ± 0.14 

Plasma hemocyanin 
(µM)

114 ± 26   
B

138 ± 39     
B

223 ± 39       
AB

168 ± 62     
AB

318 ± 61
A

Plasma peroxidase 
(U/mL)

10.0 ± 2.0 
B

4.7 ± 0.9     
B

20.3 ± 4.0     
A

15.0 ± 3.4   
AB

21.0 ± 4.1   
 A

Plasma lysozyme 
(µg/mL)

0.10 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 0.11 ± 0.01 0.10 ± 0.01

Muscle lactate
(mg/g wet weight)

2.32 ± 0.16 
A

2.15 ± 0.20 
A

1.67 ± 0.13 
B

1.99 ± 0.38 
A

1.36 ± 0.18  
B

Muscle glucose
(mg glc/g wet weight)

96.0 ± 16.3 
B

138.3 ± 29.0 
B

66.6 ± 11.0   
B

131.2 ± 34.0   
B

264.0 ± 30.8 
A

Muscle glycogen
(mg glc/g wet weight)

27.5 ± 8.7 14.9 ± 6.9 15.0 ± 3.5 42.0 ± 14.0 35.3 ± 7.7

Muscle water
(%)

78.9 ± 0.8 78.2 ± 0.9 78.9 ± 0.2 78.1 ± 1.5 78.7 ± 0.8

14
15



16 Table 3

17 Time course recovery of plasma and muscle physiological parameters in S. mantis after 

18 bottom trawling in spring 2017. Samples were taken previously to the introduction into 

19 recovery tanks (0 h) and along a time course of 24 h (1, 3, 6 and 24 h). Data is shown as 

20 mean ± SEM (n = 17 per group). Significant differences between sampling times are 

21 indicated with different capital letters (Linear mixed-effect models, p < 0.05). 

22  

Time-course recoveryParameter 
0 h 1 h 3 h 6 h 24 h

Plasma glucose
(mM)

5.06 ± 0.86 
A

5.16 ± 0.78   
A 

3.63 ± 0.36   
B

3.50 ± 0.52     
B

4.05 ± 0.43 
A

Plasma hemocyanin 
(µM)

277 ± 33 
B

384 ± 54 
AB

386 ± 52 
AB

364 ± 43 
AB

420 ± 36 
A

Plasma peroxidase 
(U/mL)

8.45 ± 0.90 
B

8.02 ± 0.77 
B

11.97 ± 1.11 
A

10.27 ± 0.98 
AB

9.15 ± 0.95 
B

Plasma lysozyme 
(µg/mL)

0.28 ± 0.02 0.29 ± 0.02 0.29 ± 0.02 0.28 ± 0.03 0.34 ± 0.03

Muscle lactate
(mg/g wet weight)

1.85 ± 0.15 
B

2.28 ± 0.19 
A

2.39 ± 0.23 
A

1.82 ± 0.23 
B

1.67 ± 0.23 
B

Muscle glucose
(mg glc/g wet weight)

68.8 ± 10.9     
B

91.2 ± 9.9       
A

68.4 ± 9.6       
B

65.6 ± 9.5         
B

75.9 ± 9.2     
A

Muscle glycogen
(mg glc/g wet weight)

111 ± 28 167 ± 41 128 ± 30 131 ± 33 87 ± 16

Muscle water
(%)

84.7 ± 0.55 
A

85.0 ± 0.7 
A

85.4 ± 0.7 
A

83.6 ± 0.5 
B

82.8 ± 0.6
 B

23



24 Table 4

25 Plasma and muscle physiological parameters in N. norvegicus after bottom trawling in 

26 the Gulf of Cadiz (0 h) and 24 h after recovery in water tanks in spring and autumn. Data 

27 is shown as mean ± SEM (n = 12 and 44 per group in spring and autumn, respectively). 

28 Asterisks (*) indicate significant differences between 0 h and 24 h for each season; 

29 hashtags (#) indicate significant differences between spring and autumn for the same 

30 sampling time (Linear mixed-effect models, p < 0.05).

31

32

33

Spring AutumnParameter
0 h 24 h 0 h 24 h

Plasma lactate     
(mM) 1.95 ± 0.66 0.40 ± 0.63* 2.16 ± 0.80 0.12 ± 0.25*

Plasma glucose
(mM)

2.54 ± 0.21 1.93 ± 0.20* 2.20 ± 0.96 1.38 ± 0.08*#

Plasma hemocyanin 
(µM)

341 ± 59 549 ± 49* 148 ± 69 328 ± 29*#

Plasma peroxidase 
(U/mL)

86 ± 20 136 ± 13* 113 ± 39 133 ± 6*

Plasma lysozyme 
(µg/mL)

0.05 ± 0.01 0.04 ± 0.01 0.11 ± 0.01 0.12 ± 0.01

Muscle lactate
(mg/g wet weight)

2.32 ± 0.19 1.69 ± 0.15* 1.69 ± 0.42 1.12 ± 0.05*#

Muscle glucose
(mg glc/g wet weight)

93 ± 18 184 ± 8* 159 ± 11 212 ± 14*

Muscle glycogen
(mg glc/g wet weight)

10.0 ± 0.9 14.0 ± 1.7* 18.2 ± 2.2 23.1 ± 2.4*

Muscle water
(%)

78.1 ± 0.5 77.5 ± 0.4 79.1 ± 2.4 78.6 ± 0.3



34

35 Table 5

36 Plasma and muscle physiological parameters in S. mantis after bottom trawling in the 

37 Gulf of Cadiz (0 h) and 24 h after recovery in water tanks in spring and autumn. Data is 

38 shown as mean ± SEM (n = 15 and 23 per group in spring and autumn, respectively). 

39 Asterisks (*) indicate significant differences between 0 h and 24 h for each season; 

40 hashtags (#) indicate significant differences between spring and autumn for the same 

41 sampling time (Linear mixed-effect models, p < 0.05).

42
43

44

Spring AutumnParameter
0 h 24 h 0 h 24 h

Plasma lactate     
(mM) 1.50 ± 0.48 0.13 ± 0.07* 2.50 ± 1.02 0.33 ± 0.20*

Plasma glucose
(mM)

4.03 ± 0.70 3.88 ± 0.34 2.52 ± 0.39 2.39 ± 0.17#

Plasma hemocyanin 
(µM)

313 ± 94 588 ± 67* 289 ± 70 432 ± 35*#

Plasma peroxidase 
(U/mL)

105 ± 39 177 ± 17* 158 ± 16 179 ± 16*

Plasma lysozyme 
(µg/mL)

0.37 ± 0.07 0.72 ± 0.09* 0.43 ± 0.10 0.83 ± 0.09*#

Muscle lactate
(mg/g wet weight)

1.82 ± 0.21 1.11 ± 0.14* 1.20 ± 0.17 0.83 ± 0.12*

Muscle glucose
(mg glc/g wet weight)

190 ± 67 274 ± 54 126 ± 23 164 ± 28

Muscle glycogen
(mg glc/g wet weight)

151 ± 11 112 ± 35 114 ± 34 120 ± 34

Muscle water
(%)

82.6 ± 0.9 80.2 ± 0.3* 83.5 ± 0.6 81.2 ± 0.4*
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