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9 Abstract:

10 The present study describes a remarkable caudal regeneration capacity of Physiculus 

11 cyanostrophus, a benthopelagic fish from the twilight zone. This trait reveals the ability 

12 of this particular morid to survive attacks that would be lethal in other species. In 

13 teleosts, the most widespread sublethal predation is confined to scale-eating and fin-

14 nipping by specialized predators. In P. cyanosytrophus the larger sized individuals the 

15 greatest amount of tissue loss occurred in the caudal region (maximum 28 vertebrae, 

16 corresponding to 45% lost body length). The amount of regenerated tissue was 

17 independent of body losses and ranged between 5-19% of total length for the entire 

18 range of sizes. The frequency of regenerated individuals in the population increases 

19 with ontogeny (16.8-67.5%). Tissue losses represent a significant allocation of costs in 

20 terms of growth and offspring production. Nevertheless, regeneration capability 

21 decreases mortality in the large breeding females of a population, maximizing maternal 

22 fitness. 

23

24 Keywords: twilight zone, regeneration, tissue loss, growth, maternal fitness, Physiculus 

25 cyanostrophus

26

27  

28  

29

30

31

32

33

34



2

35 INTRODUCTION

36

37 In marine ecosystems, fishes are subject to injuries due to aggressive behaviour, 

38 predation and diseases (Winemiller 1990; Ziskowski et al. 2008; Sinclair et al. 2011). 

39 From a trophic viewpoint, some predators in aquatic ecosystems have specialized in 

40 sublethal attack mechanisms (Farmer & Bramish 1973; Papastamatiou et al. 2010). 

41 Among fishes (as prey), the most widespread sublethal predation, in both fresh and 

42 marine waters, is due to specialized scale-eating (lepidophagous) and fin-nipping 

43 predators (e.g., Sazima 1983; Winemiller 1990; Nakae & Sasaki 2002). Additionally, in 

44 marine ecosystems, some prey species have developed mechanisms to revert potential 

45 lethal attacks into sublethal injuries. This sublethal predation in marine ecosystems 

46 occurs among prey species with regenerative abilities and autotomy (Bely & Nyberg 

47 2010), such as, crustaceans, polychaetes and echinoderms. In animals, sublethal 

48 predation is the predominant mechanism of tissue loss (Bely & Nyberg 2010). 

49 Nevertheless, it is widely accepted that sublethal predation may influence prey 

50 dynamics. The degree and consequences of these predatory effects depend on the 

51 amount of lost biomass or the loss of function resulting from sublethal attacks 

52 (Maginnis 2006). 

53 Research studies on regeneration, based on the ability of fish to regenerate lost tissues, 

54 has largely focused on zebrafish and electric fishes (Unguez 2013). However, in nature, 

55 evidence of tissue regeneration is quite rare. From an ecological perspective, the 

56 population-level consequences of the regeneration of body parts are poorly understood 

57 in fishes (Maginnis 2006; Unguez 2013). Studies that incorporate the costs associated 

58 with the regeneration process into understanding population dynamics are necessary.

59 The genus Physiculus Kaup, 1858 currently comprises 41 valid species (see Gonzalez et 

60 al. 2018) exhibiting the highest degree of diversity within the family Moridae (Paulin 

61 1989). The Physiculus species are mainly known from a taxonomic perspective, but few 

62 data are available concerning their ecology and population structure. The Physiculus 

63 species are distributed in all tropical, subtropical, and warm-temperate seas of the world 

64 at depths of 100–600 m (Paulin 1989). Some Physiculus species has the ability to 

65 regenerate the caudal fin. This newly regenerated fin develops a replacement skeletal 

66 structure known as the “pseudo-hypural plate” (Brüss 1986; Paulin & Matallanas 1990). 

67 Sublethal injuries (or regenerated caudal fin) frequently occur in Macrouridae and other 

68 Moridae genera to such an extent that total length has been replaced by preanal fin 
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69 length in taxonomic and ecological studies (Atkinson 1991). Within benthopelagic 

70 species belonging to these groups (e.g., grenadiers, rattail fishes and deep-sea cods), a 

71 high percentage of individuals with sublethal injuries or regenerated caudal fins have 

72 been found (e.g., Paulin & Matallanas 1990; Massutí et al. 1995; Andrews et al. 1999). 

73 Nevertheless, sublethal predation in the deep-sea has not yet been explored, probably 

74 because ecological knowledge of these species is lacking and because most sublethal 

75 injuries are often attributed to the trawl net effect (Massutí et al. 1995). Regeneration of 

76 caudal fins has been described in macrourids and morids (Brüss 1986; Atkinson 1991) 

77 and tail loss occurs frequently in deep-sea gadiformes e.g Bathysaurus mollis 

78 specialises in biting tails off marcrourids and hence avoids parasitic infections 

79 (Campbell et al. 1980). Our study describes and evaluates the importance of caudal 

80 region regeneration in Physiculus cyanostrophus, including consequences in their 

81 population dynamics, growth and fitness. 

82

83 MATERIALS AND METHODS

84

85 Biological data collection

86 Seven expeditions were undertaken to investigate the marine epi- and benthic 

87 macrofauna of the Cape Verde archipelago. Sampling was carried out off the islands of 

88 Boa Vista, Santiago, including the Bancona Bank, São Vicente, Santa Luzia, Sal, and 

89 São Nicolau in order to search for new living resources, between 2010-2012 and 2017, 

90 at depths of 66 m and 458 m. Expeditions were conducted in the spring (April and 

91 March), summer (June and July), autumn (November) and winter (January and 

92 February). In all cruises bottom traps and semi-floating traps (operated around 2.4 m 

93 above the seafloor) (see González et al. 2016 for trap design) were used as sampling 

94 system.

95

96 Morphology measures

97 Each fish was sampled (n=917) following standard measurements for family Moridae 

98 (Paulin 1989; Trunov 1989). The total length (TL), head length (HL) and regenerated 

99 total length (regTL) were measured to the nearest 0.01 mm. The theoretical total length 

100 (tTL) was obtained from the linear regression between HL and TL from the non-

101 regenerated (NR) specimens to estimate the corresponding TL of regenerated 

102 individuals (R). Body lost length was estimated as the difference between tTL and the 
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103 length after injury. Other measurements are explained in Figure S1. Gutted mass and 

104 gonad mass were recorded to the nearest 0.001 g. Sex determination was assessed 

105 according to macroscopic differences in gonads. Otoliths (n=767) were extracted, and 

106 otolith mass was recorded to the nearest 0.0001 g. Based on current ontogenetic data 

107 (maturity and fecundity), three ontogenetic groups were defined for both sexes: 

108 juveniles (females TL<210 mm; males TL<190 mm), young-adults (females 210 

109 mm>TL< 300 mm; males 190 mm>TL< 240 mm) and old-adults (females TL>300 mm; 

110 males TL>240 mm). The specimens (n=120) were prepared with their fins fully 

111 extended and were then photographed with a digital camera for further image analysis 

112 to obtain fin surface estimates (mm2). Similarly, specimens with a “pseudo-hypural 

113 plate”, considered regenerated individuals (R), were photographed (n=73) to estimate 

114 their regenerated fin surface (body area from the beginning of the length regenerated to 

115 the end of the body, including fin surface; mm2). Vertebral counts on a subsample of 

116 specimens (n=30) were obtained from radiographs by means of an X-ray machine and 

117 were then processed with eFilm Lite™ software. The percentage of body lost length 

118 was calculated along with the number of lost vertebrae (Fig. S4).

119

120 Growth

121 Otolith mass versus TL and tTL of R (n=215) and NR (n=562) females within the same 

122 size range were compared. Otolith sections from R (n=72) and NR (n=159) females 

123 were prepared according to protocols described by McCurdy et al. (2002). Age was 

124 estimated twice, with two researchers reading the otolith sections according to Wright et 

125 al. (2002). Observed length-at-age was described by the von Bertalanffy growth model 

126 using a non-linear least square procedure of a Gauss-Newton algorithm for R and NR 

127 females.

128

129 Fecundity outputs

130 The ovaries (n=764) were fixed and preserved in 4% buffered formaldehyde and were 

131 subsequently processed for histological analyses to verify the macroscopic maturity 

132 stage using H&E staining, following standard procedures for fish biology studies. 

133 Following the terminology of Brown-Peterson et al. (2011), spawning capable fish were 

134 selected from R (n=42) and NR (n=58), covering the entire range of sizes (Murua et al. 

135 2003), to estimate the total fecundity (TF) and batch fecundity (BF) (Hunter et al. 

136 1985). TF and BF were estimated using gravimetric methods (Murua et al. 2003). Each 
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137 subsample was weighted to the nearest 0.0001 g and was then filtered via 100 µm mesh 

138 to exclude previtellogenic oocytes for the estimation of TF. The mesh size was 

139 estimated by calculating the diameter of previtellogenic oocytes with image analysis 

140 (Thorsen & Kjesbu 2001) from early-developed subphase ovaries, following the 

141 methods of Brown-Peterson et al. (2011).

142

143 Data analysis

144 Differences in the HL–TL relationship between the sexes were evaluated by an F-test, 

145 and differences between b values and the expected value from isometric growth (b=1) 

146 were evaluated by a t-test (Sachs 1982).

147 Differences in mean TL and TM between sexes were analysed using Student’s t-test. 

148 The Kolmogorov–Smirnov non-parametric Z-test was used to analyse differences in TL 

149 and TM distributions between groups male-female and R-NR (each sex).

150 The regeneration-ratio (R:NR) and the sex-ratio (male:female) were estimated for the 

151 whole population and for each of the three ontogenetic groups. A Pearson Chi-square 

152 test was conducted to test the null hypothesis of equality of frequencies between R and 

153 NR and by sexes (H0=1:1 ratio) with a significance level of α=0.05 (Sachs 1982; Sokal 

154 & Rohlf 2012).

155 The bias and precision of annuli counts in otoliths were compared between readers, 

156 using paired t-tests (Campana 2001). Estimates of ageing precision were determined 

157 using the coefficient of variation (Chang 1982). The multivariate Hotelling’s T2-test was 

158 used to compare growth parameters between R and NR females (Bernard 1981).

159 Otolith mass, TF and BF for R and NR females were represented as a function of tTL 

160 and TL, respectively. Potential regressions for different groups were statistically 

161 compared with slope homogeneity and covariance of linearized potential regression 

162 applying an F-test (Sachs 1982). These tests evaluated the null hypothesis of equality of 

163 two regressions estimated by sexes with a significance level of α=0.05. The same 

164 procedure was conducted to compare TF and BF within R and NR against age.

165

166 RESULTS

167 Regeneration pattern

168 A total of 917 individuals classified into two groups were sampled: non-regenerated 

169 (NR, n=659) and regenerated (R, n=258). R individuals had fewer vertebrae than NR 

170 individuals as a consequence of sublethal attacks, causing body loss in the caudal 
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171 region. Most R individuals had a thicker caudal peduncle, produced by the regeneration 

172 process. By means of X-ray, the absence of a caudal skeleton, as well as the 

173 transformation of the last present vertebra after injury into a “pseudo-hypural plate” for 

174 insertion of new C-rays, was observed (Fig. 1).

175

176 Prevalence of tail regeneration in a natural population 

177 The NR females reached a mean size and a mean mass larger than males (TL, t=8.86 

178 p<0.05; TM, t=7.92, p<0.05) (Table S1). R females presented a mean size and mean 

179 mass greater than R males (tTL, t=6.62 p<0.05; TM, t=6.36, p<0.05). The TL and TM 

180 distributions of NR and R also differed significantly between females and males (Fig. 

181 S4b; TL, Z=3.93 p<0.05; TM, Z=3.72, p<0.05). The distribution of tTL and TM of R 

182 individuals also differed significantly between females and males (tTL, Z=2.61, p<0.05; 

183 TM, Z=2.62, p<0.05). For R females, the mean size was larger than NR (t=3.30, 

184 p<0.05). Conversely, a similar mean size between R and NR males was found (t=0.799, 

185 p>0.05) (Fig. 2a). The size distribution of R and NR groups was different, with NR 

186 females being present in the small classes, but the R group was absent in these classes 

187 (Z=1.47, p<0.05). Male size distributions were similar in both groups (Z=0.80, p>0.05) 

188 (Fig. 2b).

189 NR females were more abundant than NR males (1:6.3, χ2=348.17, p<0.05). Size 

190 classes less than or equal to 180–200 mm TL showed similar numbers of NR males and 

191 NR females (1:1, χ2=0.923, p>0.05). However, NR females were more abundant in size 

192 classes larger than 200 mm TL (χ2>7.14, p<0.05), mainly over 300 mm TL, where only 

193 females were observed. R Females were also more abundant than R males (1:5.14, 

194 χ2=117.35, p<0.05). With size classes, R females and R males followed the same pattern 

195 as that observed for NR individuals. Female regeneration-ratio (R:NR) was 1:2.6 

196 (χ2=79.02, p<0.05). Statistical differences were found among ontogenetic groups, where 

197 dominance of NR females decreased from juveniles (1:5.6, χ2=16.03, p<0.05) and 

198 young-adults (1:3.1, χ2=65.05 p<0.05) to old-adults (1:1.6, χ2=5.84 p<0.05). Moreover, 

199 NR males were more abundant than R males in the ratio 1:2.1 (χ2=11.57, p<0.05). This 

200 ratio was similar through the ontogeny of males (1:2.6, 1:2.1 and 1:1.8; χ2=0.297, 

201 p>0.05).

202

203 Tail loss
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204 Estimations of tTL based on the HL–TL relationship of NR individuals yielded 

205 significant differences between sexes (F=29.1403, p<0.05), being isometric in females 

206 and males (t>7.69, p<0.05). The body lost length increased with ontogeny (F>18.154, 

207 p<0.05): being 43.21±18.37 mm (mean±s.d) for juveniles, 61.90±25.29 mm for young-

208 adults and 77.33±28.36 mm for old-adults, with the last group exhibiting the highest 

209 losses (Fig. 3a). Young-adults showed the widest range of body lost length (0–45%), 

210 (Fig. 3b). A post hoc test showed differences in body lost length between young-adults 

211 and old-adults (p<0.05). Indeed, these groups showed differences within juveniles 

212 (p<0.05). The relationship between tTL and the number of vertebrae in regenerated 

213 specimens is shown in Figures S2 and S3. The highest vertebrae loss was 28, 

214 corresponding with a specimen of 45% body lost length. We also measured the net 

215 balance between lost fin surface and regenerated fin surface, and our results indicate 

216 that they were completely offset until losses reached 15% of tTL (Fig. 4).

217 The regenerated length (regL) is independent of body lost length and of total length 

218 regenerated in % of theoretical total length (tTL). Values of regL showed a mean 

219 increase of 13±3.31 mm (mean±standard deviation, in %) and ranged between 5-19% of 

220 tTL for the entire range of sizes (Fig. S4).

221

222 Growth

223 Statistical differences between NR and R females were found in the otolith mass–TL 

224 power function relationship (F=180.58, p<0.05). Indeed, mean otolith mass of R 

225 females (80.187±18.47 mg) was heavier than that of NR females (70.90±20.15 mg) 

226 (t=3.696, p<0.05) for the same size range distribution.

227 Based on the annual growth, ring counts of 173 (75%) readable female otoliths ranged 

228 from 2 to 18 years (age). Fish younger than 2 years were absent in the study sample. 

229 The youngest R individual was 8 years. The von Bertalanffy growth curves for observed 

230 TL and tTL at age of R and NR females are shown in Figure 5. Hotelling’s T2-test 

231 showed significant differences in the growth parameters between R and NR females 

232 (T2=106.930, p<0.05). Differences in growth between both groups increased with 

233 longevity. NR and R individuals at 9 years exhibit differences of 18 mm in TL (NR, 252 

234 mm TL; R, 234 mm tTL), and this value increased in individuals aged 17 years: 44 mm 

235 in TL (NR, 345 mm TL; R, 301 mm tTL).

236

237 Total fecundity, offspring and maternal fitness
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238 The fecundity outputs by ontogeny are summarized in Table 1. There were no 

239 significant differences between mean values of TF and BF between the NR and R 

240 groups (t>0.840, p>0.05). Throughout ontogeny, mean fecundity outputs between NR 

241 and R groups showed no significant differences within young-adults. Nevertheless, R 

242 old-adults showed lower BF than NR old-adults (t=2,180, p<0.05) (Table 1). TF and BF 

243 plotted against TL and tTL for NR and R, respectively, showed significant differences 

244 between groups (Fig. 6a) (F>5.03, p<0.05), wherein the slope of TF plotted against size 

245 was lower in R females than NR females. This difference was greater when TF and BF 

246 data were plotted and compared against the ages of the individuals (Fig. 6b) (F>180.30, 

247 p<0.05).

248

249 DISCUSSION

250

251 Our study describes a remarkable capacity to withstand sublethal tail loss in Physiculus 

252 cyanostrophus a fish species not listed in previous reviews of sublethal tissue loss 

253 in freshwater or marine ecosystems (Maginnis 2006; Unguez 2013). 

254

255 Regenerated individuals in natural populations

256 Regenerated individuals represent a large fraction of the population (27.0%). This is a 

257 high prevalence of tail loss in a marine species far exceeding the 3.1-15.5% observed in 

258 the winter flounder in which the cause is bacterial fin-rot disease (Ziskowski et al. 

259 2008). However, the distribution of regenerated individuals and its importance change 

260 within the natural population. Thus, the frequency of R individuals increases throughout 

261 ontogeny (16.8-67.5%), whereas females dominate the long-lived fraction of the 

262 population. This phenomenon may be because the species studied shows a marked 

263 sexual dimorphism, where R or NR females are bigger and more abundant than R or NR 

264 males; a common strategy in deep-water species to avoid intraspecific competition for 

265 resources (Shine 1989; Fairbairn 1997). An important consequence of ontogenetic niche 

266 shifts is that a population can potentially be divided into ecologically distinct stages 

267 (Olson 1996). Concerning the subject of ontogeny, early stages and juveniles of our 

268 studied species exhibit a pelagic behaviour, in contrast with adults, which are 

269 benthopelagic (Okamoto et al. 2007), as has been described in closely related groups, 

270 such as macrourids (Bergstad & Gordon 1994). These differences in ontogenetic niches 
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271 could explain the absence of regenerated juvenile specimens, because predation is more 

272 likely to be lethal.

273

274 Body losses in caudal region

275 The ability to withstand body losses varies with size and is higher in large individuals, 

276 which can survive losses of up to 28 vertebrae, equivalent to 45% of total length. 

277 However, the capacity to regenerate the caudal zone in our studied species is limited. 

278 The balance between body lost length in a sublethal attack and the length of the newly 

279 regenerated caudal region shows a limit of maximum recovery of 19% in tTL versus a 

280 maximum of 45% of the body lost length. This limited regeneration of the caudal zone 

281 could be an adaptive mechanism, as an imperfect or limited regeneration could 

282 represent an optimal investment into the regeneration process for the injured animal (see 

283 Bely & Nyberg 2010). This result is in line with those of studies on caudal fin 

284 regeneration in fishes (e.g., Fu et al. 2013). 

285

286 Tissue loss allocation cost in growth.

287 Our results describe a smaller somatic growth in regenerated females than NR females. 

288 This statement was achieved through two approaches. On the one hand, a close 

289 relationship between otolith mass and age exists (e.g., Boehlert 1985; Pawson 1990; 

290 Fletcher 1991; Worthington et al. 1995; Cardinale et al. 2000). Taking into account that 

291 otolith mass continues to increase throughout the life of an individual, even if somatic 

292 growth is small or null (e.g., Fowler & Doherty 1992, Morita & Matsuishi 2003, 

293 Ashworth et al. 2016), a different context can be considered when comparing 

294 regenerated and non-regenerated individuals. We found that predation does not affect 

295 the increments in otolith mass with age. Nevertheless, injuries change the growth rate, 

296 resulting in the R individuals showing a lower phenotypic growth compared to non-

297 regenerated individuals. On the other hand, estimates of age based on the number of 

298 growth increments also reveal differences between R and NR individuals. Our results 

299 showed that the youngest R individual was 8 years old. The magnitude and effects of 

300 the body loss on growth have a different degree of influence according to the percentage 

301 of body lost and the elapsed time from the injury. This can be seen in the disribution of 

302 age data. Therefore, the size of R individuals compared to NR individuals depends on 

303 the time since the injury, and on the percentage of body loss. When a natural population 
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304 is studied, the period in which the sublethal attack occurred on individuals is unknown. 

305 Therefore, our results indicate that regeneration implies a reduction in long-term 

306 growth. The benefit of structure replacement in their lifetime will depend on the age of 

307 the animal at injury and its expected longevity (Vitt & Cooper 1986). The slow growth 

308 and long age (18 years) observed in our species compensates for the energy allocation 

309 during the regeneration process, since in the long term, it benefits from producing 

310 offspring during many seasons.

311

312 Tissue loss effects in offspring and maternal fitness

313 In nature, two well-differentiated strategies can be developed by a species depending on 

314 whether natural selection maximizes the maternal or offspring fitness. Species in which 

315 evolution has prioritized offspring fitness tends to produce a single, very large offspring 

316 (Bernardo 1996). In contrast, species wherein selection favours maternal fitness tend to 

317 have a greater number of offspring with low fitness. The ability of mothers to produce 

318 lower quality offspring (selfish maternal effect) does not imply a worsening of maternal 

319 fitness, but quite the opposite (Marshall & Uller 2007). Our studied species is a batch 

320 spawner. This reproductive strategy maximizes maternal fitness and produces numerous 

321 smaller offspring (batches). Our comparative results on fecundity outputs between R 

322 and NR groups showed no significant differences in mean values. However, across the 

323 ontogeny, the R older-adults showed low offspring fitness. Indeed, the slope of the 

324 relationship between fecundity or offspring and size for the whole population showed 

325 lower values in R individuals. If we add growth as a factor in offspring fitness, these 

326 differences become greater. Since there are regenerated individuals with less growth 

327 than individuals without regeneration allocations (NR), the ability to regenerate the lost 

328 caudal area allows the population to maintain a large number of mothers that contribute 

329 significantly to the next generation. It is important to bear in mind that, in this 

330 population group (old-adults), a higher frequency of regenerated specimens was found 

331 (67.5%). Some authors argued that the contribution of larger females to self-recruitment 

332 is significantly greater than the expected on the basis of the relationship between body 

333 size and fecundity, indicating that female size has an important maternal effect on traits 

334 in their offspring (see Beldade et al. 2012).

335 Survivorship of R individuals in the population of our studied species, even at the 

336 expense of a decrease in offspring, generates a relevant contribution to maternal fitness 
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337 at the population level. Following Einum & Fleming (2000), selection acts to maximize 

338 maternal fitness. Mothers tend to make smaller, more numerous offspring, effectively 

339 sacrificing individual offspring fitness for maternal fitness.

340

341 Loss of the tail

342 While it is true that sublethal predation implies an important allocation cost in different 

343 groups of metazoans (Alvarado 2000), it should be noted that the most widespread 

344 sublethal predation in teleosts is reduced to scale-eating and fin-nipping specialized 

345 predators (e.g., Sazima 1983; Winemiller 1990).  In this scenario, sublethal predation in 

346 fishes has been usually considered as an opportunistic mechanism to keep prey 

347 abundant as a rapidly renewable resource for specialized predators (Northcote et al. 

348 1986; Nico & Taphorn 1988). Our study suggests a well developed capacity of 

349 Physiculus cyanostrophus to survive following a predator attack. However, the putative 

350 predator has not been identified. The loss of the tail and regrowth with a pseudo-hypural 

351 plate suggests the tail loss was traumatic event rather than disease as in the winter 

352 flounder (Ziskowski et al. 2008). 

353

354

355 ACKNOWLEDGEMENTS

356 European Regional Development Fund, in the framework of the ‘Programa de 

357 Cooperación Transnacional MAC (Madeira-Azores-Canarias)’ projects 

358 MACAROFOOD (MAC/2.3d/015) and MARISCOMAC (MAC/2.3d/097), gave 

359 logistic and financial support. R.T-P was supported by a contract as research staff in 

360 training of the University of Las Palmas de Gran Canaria. The authors are grateful to the 

361 Editor-in-chief Professor Imants Priede for the valuable contributions that improved the 

362 manuscript and referees for their helpful comments. 

363

364

365 COMPETING INTEREST

366 The authors declare no competing interests.

367

368 REFERENCES 

369 Alvarado, A.S. (2000). Regeneration in the metazoans: why does it happen? Bioessays, 

370 22, 578–590.



12

371 Anderson, M.E. & Tweddle, D. (2002). A new species of Physiculus (Teleostei: 

372 Moridae) from the southeastern Atlantic. Arch. Fish. Mar. Res., 50:17–22.

373 Andrews, A.H., Cailliet, G.M. & Coale, K.H. (1999). Age and growth of the Pacific 

374 grenadier (Coryphaenoides acrolepis) with age estimate validation using an 

375 improved radiometric ageing technique. Can. J. Fish. Aquat. Sci., 56, 1339–1350.

376 Ashworth, E.C., Hall, N.G., Hesp, S.A., Coulson, P.G. & Potter, I.C. (2016). Age and 

377 growth rate variation influence the functional relationship between somatic and 

378 otolith size. Can. J. Fish. Aquat. Sci., 74, 680–692.

379 Atkinson, D.B. (1991). Relationship between pre-anal fin length and total length of 

380 roughhead grenadier (Macrourus berglax Lacépède) in the Northwest Atlantic. J. 

381 Northwest Atl. Fish. Sci., 11, 7–9.

382 Beldade, R., Holbrook, S.J., Schmitt, R.J., Planes, S., Malone, D. & Bernardi, G. 

383 (2012). Larger female fish contribute disproportionately more to self-

384 replenishment. Proc. Royal Soc. B, https: // doi: 10.1098/rspb.2011.2433Proc Biol 

385 Sci., 279(1736), 2116–2121.

386 Bely, A.E. & Nyberg, K.G. (2010). Evolution of animal regeneration: re-emergence of a 

387 field. Trends Ecol. Evol., 25, 161–170.

388 Bergstad, O. & Gordon, J.D. (1994). Deep-water ichthyoplankton of the Skagerrak with 

389 special reference to Coryphaenoides rupestris Gunnerus, 1765 (Pisces, Macrouridae) 

390 and Argentina silus (Ascanius, 1775) (Pisces, Argentinidae). Sarsia, 79, 33–43.

391 Bernard, D.R. (1981). Multivariate analysis as a means of comparing growth in 

392 fish. Can. J. Fish. Aquat. Sci., 38, 233–236.

393 Bernardo, J. (1996). Maternal effects in animal ecology. Am. Zool., 36, 83–105.

394 Boehlert, G.W. (1985). Using objective criteria and multiple regression models for age 

395 determination in fishes. Fish. Bull., 83, 103–117.

396 Brown-Peterson, N.J., Wyanski, D.M., Saborido-Rey, F., Macewicz, B.J. & Lowerre-

397 Barbieri, S.K. (2011). A standardized terminology for describing reproductive 

398 development in fishes. Mar. Coast. Fish., 3, 52–70.

399 Brüss, R. (1986). Tiefenwasser-und Tiefseefische aus dem Roten Meer. X: Physiculus 

400 marisrubri n. sp. aus dem Roten Meer und P. normani n. sp. von der Küste 

401 Ostafrikas (Pisces: Teleostei: Gadiformes: Moridae). Senckenb. Biol., 66, 215–249.

402 Campana, S.E. (2001). Accuracy, precision and quality control in age determination, 

403 including a review of the use and abuse of age validation methods. J. Fish Biol., 59, 

404 197–242.



13

405 Campbell, R.A., Haedrich, R.L. & Munroe, T.A. (1980) Parasitism and ecological 

406 relationships among deep-sea benthic fishes.  Mar. Biol., 57, 301–313.

407 Cardinale, M., Arrhenius, F. & Johnson, B. (2000). Potential use of otolith weight for 

408 the determination of age-structure of Baltic cod (Gadus morhua) and plaice 

409 (Pleuronectes platessa). Fish. Res., 45, 239–252.

410 Chang, W.Y. (1982). A statistical method for evaluating the reproducibility of age 

411 determination. Can. J. Fish. Aquat. Sci., 39, 1208–1210.

412 Davis, M.P., Holcroft, N.I., Wiley, E.O., Sparks, J.S. & Smith, W.L. (2014). Species-

413 specific bioluminescence facilitates speciation in the deep sea. Mar. Biol., 161, 

414 1139–1148.

415 Denton, E.L., Herring, P.J., Widder, E.A., Latz, M.F. & Case, J.F. (1985). The roles of 

416 filters in the photophores of oceanic animals and their relation to vision in the 

417 oceanic environment. Proc. Royal Soc. B, 225, 63–97.

418 Einum, S. & Fleming, I.A. (2000). Highly fecund mothers sacrifice offspring survival to 

419 maximize fitness. Nature, 405, 565–567.

420 Fairbairn, D.J. (1997). Allometry for sexual size dimorphism: pattern and process in the 

421 coevolution of body size in males and females. Annu. Rev. Ecol. Evol. Syst., 28, 659–

422 687.

423 Farmer, G.J. & Beamish, F.W.H. (1973). Sea lamprey (Petromyzon marinus) predation 

424 on freshwater teleosts. J. Fish. Res. Board. Can., 30, 601–605.

425 Finstad, A.G. (2003). Growth backcalculations based on otoliths incorporating an age 

426 effect: adding an interaction term. J. Fish. Biol., 62, 1222–1225.

427 Fowler, A.J. & Doherty, P.J. (1992). Validation of annual growth increments in the 

428 otoliths of two species of damselfish from the southern Great Barrier Reef. Mar. 

429 Freshwater Res., 43, 1057–1068.

430 Fu, C., Cao, Z.D. & Fu, S.J. (2013). The effects of caudal fin loss and regeneration on 

431 the swimming performance of three cyprinid fish species with different swimming 

432 capacities. J. Exp. Biol., 216, 3164–3174.

433 González, J.A., Martins, A., Santana, J.I., Triay-Portella, R., Monteiro, C., García-

434 Martín, V., Jiménez, S., González-Lorenzo, G., Pajuelo, J.G., Lorenzo, J.M. & 

435 Biscoito, M. (2014). New and rare records of teleost fishes from the Cape Verde 

436 Islands (eastern-central Atlantic Ocean). Cybium, 38, 289–300.



14

437 Gonzalez, J.A., Triay-Portella, R, & Biscoito, M. (2018). A new species of Physiculus 

438 (Teleostei: Moridae) from the Cape Verde Islands (Eastern Central 

439 Atlantic). Zootaxa, 4461, 286–292.

440 Hunter, J.R., Lo, N.C.H. & Leong, R.J.H. (1985). Batch fecundity in multiple spawning 

441 fishes. In: An egg production method for estimating spawning biomass of pelagic 

442 fish: Application to the Northern Anchovy, Engraulis mordax, Editor: Lasker, R. 

443 U.S. Department of Commerce, NOAA Tech. Rep. 36. pp. 61–72

444 Nakae, M., & Sasaki, K. (2002). A scale-eating triacanthodid, Macrorhamphosodes 

445 uradoi: prey fishes and mouth "handedness" (Tetraodontiformes, 

446 Triacanthoidei). Ichthyol. Res., 49, 7–14.

447 Northcote, T.G., Northcote, R.G. & Arcifa, M.S. (1986). Differential cropping of the 

448 caudal fin lobes of prey fishes by the piranha, Serrasalmus spilopleura Kner. 

449 Hydrobiologia, 141, 199–205.

450 Nico, L.G. & Taphorn, D.C. (1988). Food habits of piranhas in the low llanos of 

451 Venezuela. Biotropica, 1, 311–321.

452 Maginnis, T.L. (2006). The costs of autotomy and regeneration in animals: a review and 

453 framework for future research. Behav. Ecol., 17, 857–872.

454 Marshall, D. & Uller, T. (2007). When is a maternal effect adaptive? Oikos, 116, 957–

455 1963.

456 Massutí, E., Morales-Nin, B. & Stefanescu, C. (1995). Distribution and biology of five 

457 grenadier fish (Pisces: Macrouridae) from the upper and middle slope of the 

458 northwestern Mediterranean. Deep-Sea Res. Part 1 Oceanogr. Res. Pap., 42, 307–

459 330.

460 McCurdy, W.J., Panfili, J., Meunier, F.J., Geffen, A.J. & de Pontual, H. (2002). 

461 Preparation and observation techniques: (C) Preparation of calcified structures. In: 

462 Manual of Fish Sclerochronology, Editors: Panfili, J.H. de Pontual, H. Troadec, & 

463 Wright, P.J. Ifremer-IRD coedition, Brest, France. pp. 331–357.

464 Meyer, J.J. & Byers, J.E. (2005). As good as dead? Sublethal predation facilitates lethal 

465 predation on an intertidal clam. Ecol. Lett., 8, 160–166.

466 Murua, H., Kraus, G., Saborido-Rey, F., Witthames, P.R., Thorsen, A. & Junquera, S. 

467 (2003). Procedures to estimate fecundity of marine fish species in relation to their 

468 reproductive strategy. J. Northwest Atl. Fish. Sci., 33, 33–54.



15

469 Okamoto, M., Sato, N., Asahida, T. & Watanabe, Y. (2007). Pelagic juveniles of two 

470 morids (Teleostei: Gadiformes: Moridae), Antimora microlepis and Physiculus 

471 japonicus, from the western North Pacific. Spec Div., 12, 17–27.

472 Olson, M.H. (1996). Ontogenetic niche shifts in largemouth bass: variability and 

473 consequences for first‐year growth. Ecology, 77, 179–190.

474 Papastamatiou, Y.P., Wetherbee, B.M., O’Sullivan, J., Goodmanlowe, G.D. & Lowe, 

475 C.G. (2010). Foraging ecology of cookiecutter sharks (Isistius brasiliensis) on 

476 pelagic fishes in Hawaii, inferred from prey bite wounds. Environ. Biol. Fishes, 88, 

477 361–368.

478 Pape-Lindstrom, P.A., Feller, R.J., Stancyk, S.E. & Woodin, S.A. (1997). Sublethal 

479 predation: field measurements of arm tissue loss from the ophiuroid Microphiopholis 

480 gracillima and immunochemical identification of its predators in North Inlet, South 

481 Carolina, USA. Mar. Ecol. Prog. Ser., 25, 131–140.

482 Paulin, C.D. (1989). Review of the morid genera Gadella, Physiculus, and Salilota 

483 (Teleostei: Gadiformes) with descriptions of seven new species. New Zeal. J. 

484 Zool., 16, 93–133.

485 Paulin, C.D. & Matallanas, J. (1990). A new species of Physiculus (Pisces: Moridae) 

486 from the eastern central Atlantic. New Zeal. J. Zool., 17, 137–139.

487 Pawson, M.G. (1990). Using otolith weight to age fish. J. Fish Biol., 36, 521–531.

488 Sachs, L. (1982). Applied Statistics: A Handbook of Techniques. Springer-Verlag, New 

489 York, USA.

490 Sazima, I. (1983). Scale-eating in characoids and other fishes. Environ. Biol. Fish, 9, 

491 87–101.

492 Shine, R. (1989). Ecological causes for the evolution of sexual dimorphism: a review of 

493 the evidence. Q. Rev. Biol., 64, 419–461.

494 Sinclair, E.L.E., Ward, A.J.W. & Seebacher, F. (2011). Aggression‐induced fin damage 

495 modulates trade‐offs in burst and endurance swimming performance of 

496 mosquitofish. J. Zool., 283, 243–248.

497 Sokal, R.R & Rohlf, F.J. (2012). Biometry: The Principles and Practice of Statistics in 

498 Biological Research, fourth ed. W.H. Freeman and Company, New York, USA.

499 Somiya, H. (1977). Bacterial bioluminescence in chlorophthalmid deep-sea fish: a 

500 possible interrelationship between the light organ and the eyes. Experientia, 33, 906–

501 909.



16

502 Thorsen, A. & Kjesbu, O.S. (2001). A rapid method for estimation of oocyte size and 

503 potential fecundity in Atlantic cod using a computer-aided particle analysis 

504 system. J. Sea Res., 46, 295–308.

505 Trunov I.A. (1989). Fishes of Moridae from the southeastern Atlantic Ocean (genera 

506 Laemonema Günther and Mononatira Paulin). Vopr. Ikhtiol., 2, 179–185. 

507 Unguez, G.A. (2013). Electric fish: new insights into conserved processes of adult 

508 tissue regeneration. J. Exp. Biol., 216, 2478–2486.

509 Vitt, L.J. & Cooper Jr., W.E. (1986). Tail loss, tail color, and predator escape in 

510 Eumeces (Lacertilia: Scincidae): age-specific differences in costs and benefits. Can. 

511 J. Zool., 64, 583–592.

512 Warrant, E.J. & Locket, N.A. (2004). Vision in the deep sea. Biol. Rev., 79, 671–712.

513 Webb, P.W. (1973). Effects of partial caudal-fin amputation on the kinematics and 

514 metabolic rate of underyearling sockeye salmon (Oncorhynchus nerka) at steady 

515 swimming speeds. J. Exp. Biol., 59, 565–582.

516 Widder, E.A. (1999). Bioluminescence. In: Adaptive Mechanisms in the Ecology of 

517 Vision, Editors: Archer, S.N., Djarngoz, M.B.A., Loew, E.R., Partridge, J.C. & 

518 Vallerga, S. Kluwer Academic, Boston, USA. pp. 555–262.

519 Winemiller, K.O. (1990). Caudal eyespots as deterrents against fin predation in the 

520 neotropical cichlid Astronotus ocellatus. Copeia, 19, 665–673.

521 Worthington, D.G., Fowler, A.J. & Doherty, P.J. (1995). Determining the most efficient 

522 method of age determination for estimating the age structure of a fish 

523 population. Can. J. Fish. Aquat. Sci., 52, 2320–2326.

524 Wright, P.J., Woodroffe, D.A., Gibb, F.M. & Gordon, J.D.M. (2002). Verification of 

525 first annulus formation in the illicia and otoliths of white anglerfish, Lophius 

526 piscatorius using otolith microstructure. ICES J. Mar. Sci., 59, 587–593.

527 Young, R.E., Roper, C.F. & Walters, J.F. (1979). Eyes and extraocular photoreceptors 

528 in midwater cephalopods and fishes: their roles in detecting downwelling light for 

529 counterillumination. Mar. Biol., 51, 371–380.

530 Young, R.E., Kampa, E.M., Maynard, S.D., Mencher, F.M. & Roper, C.F. (1980). 

531 Counterillumination and the upper depth limits of midwater animals. Deep- Sea Res. 

532 Part I Oceanogr. Res. Pap., 27, 671–691.

533 Ziskowski, J., Mercaldo-Allen, R., Pereira, J.J., Kuropat, C. & Goldberg, R. (2008). The 

534 effects of fin rot disease and sampling method on blood chemistry and hematocrit 



17

535 measurements of winter flounder, Pseudopleuronectes americanus from New Haven 

536 Harbor (1987–1990). Mar. Pollut. Bull., 56, 740–750.

537

538 SUPPORTING INFORMATION

539 Additional Supporting Information can be found online in the supporting information 

540 tab for this article.

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568



18

569 TABLE CAPTIONS

570

571 Table 1. Mean values ( standard deviation) and range (minimum-maximum) of total 

572 fecundity (TF) and batch fecundity (BF) for non-regenerated (NR) and regenerated (R) 

573 individuals of Physiculus cyanostrophus in young-adults and old-adults ontogenetic 

574 groups. *Significant differences (p<0.05) between bold values.

575

576 FIGURE CAPTIONS

577

578 Figure 1. (a) Physiculus cyanostrophus with intact and regenerated tails. (b) 

579 Radiographs of three regenerated individuals (R) within 10 and 35% of body losses in 

580 total length (blTL). Examples of a regenerated caudal region “pseudo-hypural plate” 

581 with regenerated new c-rays.

582

583 Figure 2. Size distribution of males (a) and females (b) population of Physiculus 

584 cyanostrophus. Bars correspond to individuals for each size class of 10 mm TL. Green 

585 bars are regenerated individuals (R), and black bars non-regenerated ones (NR).  

586

587 Figure 3. Box-plot showing ranges of body lost length (a) and in % of theoretical total 

588 length (tTL) (b) for juveniles, young-adults and old-adults in regenerated individuals of 

589 Physiculus cyanostrophus. Different letters above bars denote statistically significant 

590 differences (p<0.05) between ontogenetic groups. The line within each box is the 

591 median value, box ends represent the inner and outer quartiles, and whiskers are the 

592 inner and outer tenths.

593

594 Figure 4. (a) Schematic representation of Physiculus cyanostrophus lost fin surface 

595 (red) and regenerated fin surface (green) for each % in total body lost length. (b) Net 

596 balance in fin surface for each % of body lost length of P. cyanostrophus. The green 

597 line denotes regenerated fin surface, the red line represents lost fin surface, and the grey 

598 line represents the balance between both measurements. Net balance means values for 

599 each interval of body lost length have been indicated. Net balance was completely offset 

600 up to losses of 15% of the total length.

601

602
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603 Figure 5. Length-at-age data for regenerated (R) and non-regenerated (NR) females of 

604 Physiculus cyanostrophus with fitted von Bertalanffy growth curves: LT = L∞ [1 – exp 

605 (− k(t − t0))], where LT is the length of fish at age t, L∞ is the estimated asymptotic 

606 length, k is a constant that determines the rate at which TL approaches L∞, and t0 is the 

607 hypothetical age at zero length. Age-range for regenerated individuals was 8-18. No 

608 individuals younger than 2 years were located in the studied population. Percentage 

609 agreement between otolith readings of Reader 1 and Reader 2 (83.6-86.2%) was similar. 

610 Moreover, the exact match of the average readings between both readers was high 

611 (85.3%) with a quite low variability of IAPE (t=1.654 p<0.001) and CV indices (3.9% 

612 and 3.4%, respectively).

613

614 Figure 6. Power function relationship of total (TF; a and b) and batch fecundity (BF; c 

615 and d) between length (a and c) and age (b and d) of Physiculus cyanostrophus. Black 

616 circles are non-regenerated (NR) individuals, whereas the green triangles are 

617 regenerated (R) individuals. 
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618 Table 1. 
                      

  young-adults (200 < TL < 300 mm TL)  old-adults (TL > 300 mm TL)  

  Non-regenerated (n=31)  Regenerated (n=27)  Non-regenerated (n=20)  Regenerated (n=25)  

                      

  Min Max. Mean SD  Min Max. Mean SD  Min Max. Mean SD  Min Max. Mean SD  

 TF 12,545.19 69,902.06 35,558.39 2,993.72  23,700.58 46,756.23 31,143.98 1,400.24  33,056.43 137,322.37 65,999.81 5,821.83  8,320.83 117,309.64 53,907.20 6,623.64  

 BF 2,212.05 29,766.23 10,018.10 1,080.44  4,651.03 14,930.94 9,140.64 783.87  8,488.68 44,959.84 18,254.08* 1,705.28  1,632.03 27,698.11 12,473.30* 1,758.57  
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Table S1. Total length, theoretical total length (TL & tTL in mm) and total mass (TM in 
g) values for males and females of none regenerated (NR in TL) and regenerated (R in 
tTL) individuals of Physiculus cyanostrophus. Min, minimum; max, maximum; n, 
number of specimens; mean, mean value followed by  standard deviation.

         

         
n size range (min-max) mean size mass range (min-max) mean mass  

         

 Females 569 129.00-353.09 269.09±2.51 11.82-278.51 124.68±3.25  

 
NR

Males 90 130.00-290.00 211.28±4.86 12.88-132.71 57.95±3.92  
         

 Females 216 191.73-370.68 287.20±3.74 34.43-268.50 144.58±5.38  

 
R

Males 42 175.04-279.00 225.40±7.16 12.88-132.71 61.33±5.69  

  total 917      
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Figure S1. Scheme of the main morphological data used in the study on Physiculus 

cyanostrophus. Total length (TL), length after injury (Lai, body length from snout to the 

beginning of regenerated area), regenerated length (regL, body length from the beginning 

of regenerated area to the end of the body), regenerated total length (regTL, length after 

injury + regenerated length) were measured to the nearest 0.01 mm. Body lost length 

(blL) was estimated as the difference between tTL – Lai. Regenerated fin surface (area 

from the beginning of regenerated area to the end of the body, including fin surface, mm2). 

For R individuals, the theoretical area (in %) was calculated by the relationship between 

TL and Tba (in %) from the NR individuals. Specimens (n=120) were prepared with fully 

extended fins and then photographed with a digital camera for further image analysis to 

obtain fin surface (mm2). Similarly, specimens with “pseudo-hypural plate”, considered 

as regenerated individuals (R), were photographed (n=73) to calculate the regenerated fin 

surface (Body area from the beginning of the length regenerated to the end of the body, 

including fin surface, mm2). 
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Figure S2. Some examples of Physiculus cyanostrophus with regenerated caudal zone. Numbers in red indicate the number of lost vertebrae for 

each individual.
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Figure S3. Relationship between % of body lost length (BlL) and losses in vertebrae in Physiculus cyanostrophus. Yellow spots represent number 

of abdominal vertebrae, white spots represent caudal vertebrae, and black spots represent hypural plate (13, abdominal vertebrae + 44, caudal 

vertebrae + 1, hypural plate). Numbers in parentheses represent the range of vertebrae lost for each %. Red spots represent the vertebra type lost. 

For a 5% BlL no vertebrae were lost, while for a 40% BlL represents the loss of 26 vertebras
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Figure S4. The regenerated length (regL) is independent of body lost length and total length regenerated in % of theoretical total length (tTL). 

regL showed a mean increase of 13±3.31 mm (mean ± standard deviation, in %) and ranged between 5-19% of tTL for the entire size range. 

Regeneration in Physiculus cyanostrophus is limited to 19% of tTL.


