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14 Abstract

15 In order to succeed in common octopus (Octopus vulgaris) aquaculture, it is necessary to 

16 overcome the massive paralarval mortalities, which are likely related to zootechnical and/or 

17 nutritional aspects. Among the zootechnical aspects, the effect of light could be vital for the 

18 development of paralarvae given their sophisticated visual system. O. vulgaris paralarvae 

19 display vertical behavior in the wild, being in deeper waters during the day and close to the 

20 surface at night. For this reason, the present study traces a collection of light assays in 

21 captivity, to test ecologically-driven hypotheses on the growth and survival of octopus 

22 paralarvae.

23 The first assay tested a factorial combination of light colors (blue vs white) and intensity (low 

24 ~13 lux (36 W/m2), medium ~87 lux (151 W/m2) and high ~265 lux (422 W/m2)). The results 

25 pointed to a significant negative impact of low light intensities (13 and 87 lux) on paralarval 

26 growth. The second assay was designed to contrast light colors (blue vs white), different levels 

27 of intensities (300 lux (478 W/m2) vs 600 lux (1077 W/m2)) and partial coverage of the tanks 

28 using a shade mesh, named as “shadow zone” (half-covered vs non-covered tanks). In half-

29 covered tanks, survival was significantly improved, with the best results coming from half-
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30 covered tanks with blue light and 600 lux, but no differences in dry weight were observed. The 

31 third experiment tested a factor called “light source position” with two levels: “Control” when 

32 the light incidence angle was 0º with respect to the normal direction (i.e. perpendicular to the 

33 water surface), and “Oblique” when the light incidence angle was 60º with respect to the 

34 normal direction. In this experiment, survival significantly improved under oblique light but no 

35 differences in dry weight were detected. The last experiment was an unifactorial design 

36 combining “light source position” and “tank partial coverage” with three treatments: i) control 

37 light with uncovered tanks, ii) oblique light with uncovered tanks, iii) control light with semi-

38 covered tanks. Oblique light with uncovered tanks was associated with a higher survival rate 

39 but without statistical significance, probably due to data variability. It can be concluded that 

40 light intensity tended to affect paralarval dry weight, whereas the existence of a shadow zone 

41 or oblique light are more related with an improvement of survival rates

42 Keywords: Light intensity; Octopus vulgaris paralarvae; Survival; Dry weight, Light color; 

43 Oblique light

44

45 1. Introduction

46

47 Early stages of marine organisms reared in captivity are characterized by high growth rates but 

48 also high mortalities, and thus strict control of the environmental and nutritional conditions is 

49 required during this stage. Among the environmental conditions, setting the suitable lighting 

50 conditions during the first feeding period is of paramount importance, especially for visual 

51 predators (Villamizar et al., 2011). Among those new species is the cephalopod Octopus 

52 vulgaris, for which no protocol for the paralarval stage is available to date in spite of 

53 continuous efforts of researchers (reviewed in Iglesias & Fuentes 2014). 

54

55 For any visual predator, the photoperiod can be assumed to be of relevant importance 

56 because it limits the length of time to effectively detect prey. In hatchlings of Sepia officinalis, 

57 the number of feeding periods per day (with live prey) only improves survival under short 

58 photoperiod conditions (8 hours of light per day versus 12 hours and 16 hours, Koueta and 

59 Boucaud-Camou 2003), pointing to a limitation of the ingestion rate due to short day length.

60

61 From the anatomical point of view, cephalopods possess sophisticated camera-type eyes 

62 (Bundelmann 1996). Therefore, light intensity is expected to be an important factor for prey 
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63 detection and hunting (Moltó, 2017). In larvae of some fish species, the ontogenetic 

64 maturation of eyes is matched with the onset of the digestive function (Roo et al. 1999) and, 

65 generally, it is accepted that each fish species has its own optimal light intensity during the 

66 larval period (Boeuf and Le Bail 1999). Newly hatched Sepia officinalis can predate on the 

67 mysid Mesopodopsis slabberi at light intensities as low as 25 lux of white light (Márquez et al. 

68 2007a) or simply when the aquatic medium contains bioluminescent microalgae (Fleisher and 

69 Case 1995). Both results, together with the absence of a significant effect on hatchling growth 

70 and survival with light intensities ranging between 100 and 1200 luxes (Sykes et al. 2014), 

71 point to a wide range of light intensity tolerance in this species. In the case of O. vulgaris, the 

72 importance of light intensity for the feeding success of 1-day old paralarvae preying on 

73 Artemia sp. was established by Márquez et al. (2007b).

74

75 Light spectrum is also important for larval fish, but the situation is not so clear for young 

76 cephalopods. Larval fish possess more than one visual pigment in their retinas after hatching 

77 and color vision can be expected (Helvik et al. 2001, Valen et al. 2014). On the other hand, 

78 nearly all the investigated cephalopods have only one visual pigment in their retinas (Chung 

79 and Marshall 2017), strongly suggesting color-blindness, which is the scientific consensus from 

80 the seventies (Messenger et al. 1973, Messenger 1977, Mäthger et al. 2006, 2009). However, 

81 Stubbs and Stubbs (2016) have recently proposed a one-pigment mechanism for color vision in 

82 cephalopods based on chromatic aberration and off-axis pupils that could explain results from 

83 early literature and the known ability of cephalopods to camouflage by matching ground 

84 colors. Therefore, color vision in cephalopods cannot be completely ruled out at the moment, 

85 and its potential role in prey capture by paralarvae and juveniles remains to be studied. 

86

87 Cephalopod paralarvae display diel vertical behaviour in the wild regulated by sunlight 

88 intensity, which changes drastically depending of the developmental stage and species (Roper 

89 and Young, 1975). Particularly, the vertical behavior of O. vulgaris paralarvae in coastal 

90 upwelling areas of NW Iberian Peninsula is heavily dependent on the oceanographic 

91 conditions. At night, their abundance is higher than during the day, mostly in surface waters 

92 under upwelling events (strong north winds) and spread in the water column during 

93 downwelling events (strong south winds), thus transporting the paralarvae far from the coastal 

94 area (Roura et al., 2016). This vertical position is even more evident in the open ocean, were 

95 octopus paralarvae have been found at depths > 100 m during the day and at the surface 

96 during the night (Roura et al., 2017). Accordingly, octopus paralarvae seem to inhabit the 

97 epipelagic zone during their planktonic stage, which is illuminated by a dim blue light during 
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98 the day with intensities ranging between 50-10% of that found at the surface. The present 

99 work aims to understand the effects of light intensity, color and spectral irradiance on the 

100 growth and survival of O. vulgaris paralarvae fed Artemia sp. under culture conditions.

101

102 2. Materials and methods

103

104 All experimental work was performed according to the Spanish law 53/2013 based on the 

105 European Union directive on animal welfare (Directive 2010/63/EU) on the protection of 

106 animals used for scientific purposes. The experiments were carried out in the Oceanographic 

107 Centre of the Canary Islands in Tenerife (28°30’N, 16°12’W), belonging to Spanish Institute of 

108 Oceanography (IEO).

109

110 2.1. Broodstock husbandry

111 A total of 20 adult O. vulgaris were captured from local fisheries using artisanal octopus traps. 

112 The adult specimens were kept in 1000 L tanks (with a maximum density of 10 kg·tank-1) with 

113 water renovation (5L·min-1), under oxygen saturation conditions and low light intensity. 

114 Considering the study carried out by Quintana et al. (2015), crabs or cephalopods (e.g. squid) 

115 were included as a balanced diet in order to ensure an optimal spawning quality. Broodstock 

116 were feeding ad libitum with a mixture of crabs (Carcinus sp) and squid (Illex sp). 

117

118 2.2. Paralarvae rearing conditions

119 Different light environments were tested in four experiments under standardized conditions. 

120 In all experiments, paralarvae were reared at a density of 5 individuals·L-1. Every trial was 

121 carried out during 20 days (except for Exp. 3 with 15 days) in 100 L black fiberglass cylinder-

122 conical tanks. A 12L:12D photoperiod (8:00-20:00) was used. A continuous water flow 

123 renovation of 0.3L·min-1 (corresponding to over 4.3 renovations·day-1) was applied. The flow-

124 through seawater system was equipped with 20, 5 and 1 µm filter cartridges as well as UV 

125 lamps. A 500 µm outflow mesh was located in the middle of the tanks. Moderated flux 

126 aeration stones were placed close to the border of the tank. Temperature and oxygen were 

127 measured daily. Nitrite, ammonium and salinity were measured once a week. Nitrite and 

128 ammonium values were maintained below toxic values (e.g. 0.3 and 0.66 respectively). Salinity 

129 was 36.5±0.5 PSU (Practical Salinity Unit). 

130

131 Artemia was used as prey in all the experiments. Artemia cysts (Sep-Art BF) were supplied by 

132 INVE Aquaculture (Dendermonde, Belgium). Two prey sizes were used during the experimental 
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133 period as follows. During the first 10 days of culture, paralarvae were fed with Artemia nauplii 

134 at a density of 0.3 nauplii·mL-1 enriched for 20h with freeze-dried T-Iso (easy algae®, Cádiz, 

135 Spain) (10 nauplii·mL-1 and 1·106 cell·mL-1), and at 0.15 metanauplii·mL-1 from day 11 to 19 

136 (after on-growing the metanauplii for three days with T-Iso, 5 metanauplii·mL-1 and 4·105

137 cell·mL-1, respectively). Paralarvae were fed three times per day (at 9:00, 14:00 and 18:00) and 

138 the enriched Artemia was kept in the dark at 4°C with gentle aeration until paralarval feeding.

139

140 2.2.1. Lighting conditions and measurements

141 LED lamps were used for experiments 1, 3 and 4, whereas fluorescent lamps were used for 

142 experiment 2. Light characterization (irradiance and light spectrum) were carried out using an 

143 optical spectrometer (CCD) model AvaSpec-ULS2048x16 (Manufacturer Avantes , NLD, EU) 

144 equipped with back-thinned CCD detector from 200-1160 nm (UV, VIS and NIR) and 0.63 nm 

145 wavelength resolution. For each light source, the CCD sensor was placed in two positions: i) 

146 over the water surface and under the light source, at a distance of 83 cm, and ii) over the tank 

147 bottom, 30 cm below the water surface (Figure 1). The characterization of LED lamps is 

148 showed in Figure 2, indicating the spectral irradiance over the water (solid line) and the effect 

149 of the light absorption under the water (dotted line). In a similar way, fluorescent lamps 

150 characterization is showed in Figure 3. 

151

152 The different light intensities were obtained using different neutral density filters. For 

153 experiments 1, 3 and 4 (LED lamps) neutral filters 298 0.15ND (LEE filters, CA, USA) were used, 

154 which reduce the light intensity by 30% each one. For experiment 2 (fluorescent lamps), blue 

155 oceanographic filters (DC Servicios Ambientales, Tenerife, Spain) were used, which are made 

156 according to the maximum value of PAR radiation on the ocean surface and its attenuation to 

157 0.4-0.1% of PAR at depths of 20-100 m.

158

159 Light intensities were measured as irradiance (W/m2) with the CCD sensor, and as illuminance 

160 (lux) with a luxometer HI97500 (HANNA Instruments, Woonsocket, RI, USA). Despite the 

161 limitations of illuminance units for animal rearing, they were included together with irradiance 

162 units in order to make it easier for both commercial and research facilities to replicate lighting 

163 conditions herein tested.

164

165 Taking into account the different light conditions, four light experiments were carried out:

166

167 2.2.2. Experiment 1: Color and intensity



6

168 Two different factors were tested in this experiment: color (two levels: blue and white) and 

169 intensity (three levels: low ~13 lux (36 W/m2), medium ~87 lux (151 W/m2) and high ~265 lux 

170 (422 W/m2)). LED lamps were used for blue or white color (iDUAL-Jedi lighting GU10, RGB, 

171 6.5W, spectral irradiance showed in Figure 2). A factorial combination of the two factors was 

172 tested in a total of 24 tanks to obtain 6 treatments with 4 replicates each one (see details in 

173 Table 1).

174

175 2.2.3. Experiment 2: Color, intensity and shadow zone

176 Three different factors were tested in this experiment: color (two levels: blue and white), 

177 intensity (two levels: low 300 lux (478 W/m2) and high 600 lx (1077 W/m2)), and shadow zone 

178 (two levels: with and without a shade mesh covering half of the tank). In this experiment, 

179 fluorescent white light (OSRAM Dulux superstar 36W/840, spectral irradiance is showed in 

180 Figure 3) was used in order to obtain higher light intensities (300 and 600 lux). The blue color 

181 was obtained using neutral density and blue oceanographic filters to achieve the paralarvae 

182 natural light conditions. The combination of these factors (color/intensity/shadow zone) was 

183 used to obtain 8 treatments (see details in Table 2) with 3 replicates each one for a total of 24 

184 tanks.

185

186 2.2.4. Experiment 3: Lighting source position 

187 A single factor was tested in a 15-day experiment with two possible angles of incidence: 

188 ”Oblique light” with a 60º angle with respect to the normal direction (See Figure 4) and 

189 “Control  light”  with a 0° angle with respect to the normal direction (i.e. perpendicular to the 

190 water surface) (See Figure 1). The color (white) and intensity (600 lux (1077 W/m2)) remained 

191 constant throughout the experiment. In order to achieve the intensity of 600 lux or 1077 

192 W/m2, a white color LED lamp was used (Mi Light GU10, RGBW, 4.5W, spectral irradiance is 

193 showed in Figure 2). Two different treatments were tested in a total of 8 tanks with 4 

194 replicates each one (see details in Table 3).

195

196 2.2.5. Experiment 4: Lighting source position and shadow zone

197 In the experiment 4, a single factor combining the incidence angle and tank covering was 

198 tested. The experimental levels were: i) light incidence at 0°C (with respect to the normal 

199 direction) and uncovered tanks, ii) light incidence at 60°C (with respect to the normal 

200 direction) and uncovered tanks, and iii) light incidence at 0°C (with respect to the normal 

201 direction) and half-covered tanks. The replication level was 6. Color and intensity, as well as 
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202 LED lamp used and spectral irradiance, were kept constant as described above in the 

203 experiment 3 (see details in Table 4).

204

205 Finally, the same light intensity (~5-10 lux or ~19 W/m2) was used for all tanks in all 

206 experiments to simulate the night time period using neutral filters 298 0.15ND (LEE filters, CA, 

207 USA) described in the subsection 2.2.

208

209 2.3. Growth and survival

210 Paralarvae samples for growth and survival were taken from each tank 0, 13 and 20 days after 

211 hatching (DAH), except for the third experiment which was taken 12 DAH instead of 13 DAH. 

212 Individual dry weight (DW) was determined for each treatment using a minimum of 15 

213 paralarvae (5 paralarvae per tank). Paralarvae were euthanized in chilled seawater (-2°C), 

214 washed in distilled water, oven dried (110°C, 20h) and weighed as described by Fuentes et al. 

215 (2011). Specific growth rate (SGR, % DW·day-1) was calculated as: [(Ln DWf - Ln DWi)·100 / (tf - 

216 ti)], where DWf and DWi are the dry weight at final time (tf) and initial time (ti), respectively. 

217 Survival (S, %) was calculated as S = 100 Xf / (Xi - Xs), where Xf is the number of alive individuals 

218 at the end of experiment, Xi is the initial number of individuals and Xs is the number of 

219 individuals sacrificed along the experiment.

220

221 2.4. Statistical treatment 

222 Data on survival rates were analyzed with an Anova (oneway or factorial) or a t-test (Exp. 4) 

223 after checking the assumptions of normality and homoscedasticity. If necessary, data were 

224 transformed according to the formula arcsin(√x). When it was not possible to find a 

225 transformation to meet Anova assumptions (Exp. 2), robust Anovas (Welch and Brown-

226 Forsythe test) were performed. Differences among means of multi-level factors were localized 

227 by means of a Tukey test.

228

229 Similarly, data on mean dry weight per tank were analyzed with an Anova or a t-test (Exp. 4). In 

230 general, no transformations were necessary to meet the assumptions of the Anova or the t-

231 test. In addition, a repeated measure Anova was performed to evaluate the differences in 

232 mean dry weight between the two consecutive samplings (day 13 and day 20) carried out 

233 throughout the Experiments.

234

235

236 3. Results
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237

238 3.1. Experiment 1. Color and intensity

239 Considering paralarval vertical behaviour in the wild, the factors color and intensity were 

240 tested. Neither the dependent variable survival, nor the arcsin, log and squared root 

241 transformations were homoscedastic, thus robust one-way tests, Welch and Brown-Forsythe 

242 ones, were selected to analyse this variable. The Welch test indicated a significant difference, 

243 but the Browh-Forsythe test did not (Table 1). Therefore, the effects of color and intensity on 

244 survival remained unclear.

245

246 On the other hand, a positive and highly significant effect of light intensity on the dry weight of 

247 the paralarvae (p < 0.001) was detected after applying a factorial Anova on weight means 

248 (Table 1).

249

250 3.2. Experiment 2. Color, intensity and shadow zone

251 Because in experiment 1 some paralarvae were observed below the filtering device, suggesting 

252 a sheltering behavior, a new experiment was designed to compare half covered tanks with a lid 

253 onto the top versus uncovered tanks. Tank covering provided spatial heterogeneity with 

254 respect to the light intensity within the tanks.

255 The survival was positively affected by the covering of the tanks (p = 0.002), and it was 

256 marginally affected in a positive way by light intensity (p = 0.062). No factor interaction was 

257 detected (Table 2).

258

259 With respect to paralarval dry weight, a factorial Anova detected the significant effect of the 

260 interaction between light color, light intensity and tank covering (p = 0.029, Table 2). For both 

261 spectra, blue and white, the maximal dry weight was obtained for uncovered tanks under the 

262 maximal light intensity (Table 2).

263

264 3.3. Experiment 3. Lighting source position

265 The experiment 3 was specifically designed to test for the effect of the angle of incidence of 

266 light with respect to the surface of the tank water.

267

268 The effect of the incidence angle on the survival rate at day 15 was significant (p = 0.042), so 

269 that a 60º angle (oblique light) produced better survivals than a 0º angle (control light). On the 

270 other hand, no effect of the angle of light incidence could be detected on the dry weight of 

271 paralarvae (Table 3).
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272

273 3.4. Experiment 4. Lighting source position and shadow zone

274 Because of the marginal significance of the angle of light incidence obtained in the experiment 

275 3, an additional experiment with a higher level of replication was performed. Nevertheless, in 

276 this experiment, neither survival rate nor paralarval dry weight were significantly affected by 

277 the experimental factor. In spite of the variability of the data (Table 4), it is worthwhile 

278 pointing that only under the treatment “oblique light” (incidence angle of 60º) all the survival 

279 rates obtained were well above 8%.

280

281 4. Discussion

282

283 4.1. Effects of lighting conditions on paralarval rearing

284 Light intensity is the experimental factor showing the clearest effect on survival and/or dry 

285 weight. It can be interpreted this effect is generally positive in the higher levels tested  in the 

286 range 10-600 lux (Exp. 1 and 2), particularly with uncovered tanks, most probably because of 2 

287 potential causes: i) an enlargement of the encounter radius in visual predators, and ii) an 

288 increase in the predator-prey encounter probability due to a change in the swimming pattern 

289 (Gerritsen & Strickler 1977, Mazur and Beauchamp 2003). Changes in the swimming speed 

290 have been recorded in relation to the presence of prey (Artemia) in the case of O. vulgaris

291 paralarvae (Villanueva et al. 1996).

292

293 The single visual pigment of O. vulgaris has a maximum absorption around 475-480 nm 

294 (Hamasaki 1968, Chung and Marshall 2017), which is in the cyan region of the visible spectrum. 

295 This peak is in the range of minimal light absorption by the seawater. In our experiments, blue 

296 LED-light (RGB-6.5W-Blue, Figure 2) spectrum consisted in one peak around 469 nm, whereas 

297 white LED-light (RGB-6.5/4.5W-White, Figure 2) comprised a sharp one around 450-455 (blue) 

298 and a wider peak between 520 nm and 630 nm. O. vulgaris retinal sensitivity seems to be over 

299 90% of the maximum in the range 455-505 nm, over 75% of the maximum in the range 430-

300 530 nm and seems to be very low or null for red lights (Hamasaki et al. 1968). As LED lights, 

301 fluorescents lamps (Experiment 2, Figure 3) also have limitations and advantages, since they 

302 showed peaks between 400 and 500 (one of them at 480 nm), but the main peaks were 

303 located between 540 and 610 nm (green-yellow). The use of oceanographic filters on these 

304 lamps reduced the height of blue peaks and increased the yellow ones (Figure 3).

305
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306 Despite the differences in light spectrum, no significant effects on survival or growth were 

307 related to the comparison between blue and white lights (from LED devices or fluorescent 

308 tubes). At the moment, this fact suggests focusing on lighting parameters other than the 

309 blue/white comparison.

310

311 Spatial heterogeneity of light is a factor, to the best of our knowledge, not previously tested in 

312 O. vulgaris paralarvae. This factor, in the form of partial covering of the tank or an acute angle 

313 of light incidence, showed a positive effect on octopus survival. As a hypothesis, this result can 

314 be interpreted as the effect of simultaneously providing, within the same tank, a zone with 

315 good conditions for visual predation and a sheltering-like zone. As an alternative hypothesis, 

316 the oblique light could exert its effect throughout the differential refraction and depth-driven 

317 attenuation of the wavelengths in the visible spectrum when the light is not perpendicular to 

318 the water surface (see Figure 4). The optimization of larviculture conditions for a marine 

319 species potentially interesting for aquaculture, is tightly related with the improvement in 

320 survival rates, so that a suitable number of individuals can be guaranteed for research and/or 

321 small-scale production experiences. It is in this particular way that the beneficial effects of tank 

322 covering or oblique light found in this work can be highlighted.

323

324 The illuminated zone would contribute with visually accessible feed, but the contribution of 

325 the shadow zone is more difficult to analyze. Firstly, O. vulgaris paralarvae have positive 

326 phototaxis during the planktonic phase as reported in experimental setups (Villanueva 1995), 

327 but this fact is compatible with the preference towards a range of light intensities not 

328 necessarily optimal for the detection of prey in the field. This view is supported by the ability 

329 of O. vulgaris paralarvae to make vertical migrations in the sea so that the abundance in 

330 surface waters drops during daytime (Roura 2013; Zaragoza et al. 2015). In this way, the partial 

331 covering of tanks or an acute angle of light incidence could help paralarvae in finding a zone 

332 illuminated according to their preferences. 

333

334 It is interesting to note that survival rate in Exp. 2 was maximal in covered tanks whereas the 

335 larger increments in dry weights were obtained in uncovered tanks and with maximal light 

336 intensities. On the other hand, survival and dry weight showed a modest positive association in 

337 Exp. 1 where all the tanks were uncovered. This finding suggests that tank covering promotes a 

338 kind of trade-off between survival and growth (Mangel & Stamps 2001). It is possible to think 

339 of a compensation mechanism between the portion of the tank volume which is effective for 

340 prey detection under homogeneous lighting and the potential stressfulness of certain lighting 
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341 conditions (Boeuf & Le Bail 1999). Growth-survival trade-offs in relation to lighting conditions 

342 have also been reported in fish larvae, for example in cod larvae reared in blue tanks (Sierra-

343 Flores et al. 2016), in zebrafish larvae reared under violet light (Villamizar et al. 2014) and in 

344 larval pike-perch cultured under different intensities of white light (Tielmann et al. 2017). 

345

346 4.2. Variability in survival data within treatments

347 It is interesting to point out the high variability of mortality rates among tanks within the same 

348 treatment, with average coefficients of variation ranging between 30 and 90% depending on 

349 the experiment. The existence of variability in biometrical, physiological and/or behavioral 

350 variables at hatching with a potential impact on the survival rate is a known fact in fish 

351 (Kestemont et al. 2003, Moran 2007), crustaceans (Barros & Valenti, 1997) and cephalopods 

352 (Márquez et al. 2007b, Briceño et al. 2010). A portion of the O. vulgaris paralarvae do not feed 

353 during the first day of life even at saturating prey densities (Márquez et al. 2007b), and the 

354 enzymatic activity in the digestive gland of Octopus maya neonates presents an erratic pattern 

355 associated with high mortalities (Moguel et al. 2010). Nevertheless, this initial variation is an 

356 improbable explanation for the within-treatment variability in the present work, mainly 

357 because a sample size per tank of 480-500 individuals taken at random should have attained a 

358 homogenizing effect within treatments according to, or very close to what is expected under a 

359 binomial distribution of samples (Sokal & Rohlf 1987) at the beginning of the experiments. 

360 Whether this variability could be related to among-tank differences in aggressive behavior 

361 among paralarvae throughout culture time remains to be investigated.

362

363 In addition, this within-treatment variability did not prevent meeting the homoscedasticity 

364 assumption when analyzing mortalities (only in experiment 1 was necessary to use robust 

365 tests), probably because the over-dispersion is a frequent characteristic of experimental 

366 treatments. 

367

368 The variation in the paralarval dry weight in relation to the light intensities here tested is most 

369 probably associated with differences in predation efficiency which, in turns, can cause 

370 differences in the nutritional status of the paralarvae (Morales et al. 2017; Varo et al., 17). This 

371 nutritional effect could also be related to the high variation in mortality among replicates, but 

372 other factors such as microbiology of the culture medium should not be rule out, given the 

373 evidences accumulated in fish larviculture (Vadstein et al. 2013). In fact, diet has also recently 

374 been related to changes in the microbial composition of the gastrointestinal tract in paralarvae 
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375 of O. vulgaris (Roura et al. 2017). Finally, the observed variability can also be interpreted as a 

376 result of the lack of standardized conditions for rearing O. vulgaris paralarvae in captivity 

377
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543 Tables:

544 Table 1. Dry weight (DW), specific growth rate (SGR), and survival (S) of paralarvae reared in experiment 1.

Age Day 0 13 days
Blue-280 Blue-90 Blue-15 White-280 White-90 White-15

DW (mg) 0,21 ± 0,05 0,41 ± 0,05 0,34 ± 0,06 0,31 ± 0,04 0,37 ± 0,08 0,41 ± 0,05 0,30 ± 0,05

SGR (%) 5,09 3,77 3,10 4,30 5,12 2,85

Age 20 days
Blue-280 Blue-90 Blue-15 White-280 White-90 White-15

DW (mg) 0,43 ± 0,06 0,39 ± 0,05 0,32 ± 0,05 0,44 ± 0,06 0,39 ± 0,05 0,34 ± 0,05

SGR (%) 3,62 3,14 2,17 3,67 3,12 2,37

S (%) 13 ± 2,8 12 ± 1,7 7,1 ± 4,1 17 ± 1 11 ± 2,7 12 ± 8,6
SIGNIFICANT EFFECTS
DW at day 20 Light intensity:   Max > Med > Min

545

546 Data are expressed as mean ± standard deviation. Treatments denomination: Blue: Blue color; White: White 
547 color; 280: High intensity  (250-280 lux or ~422 W/m2); 90; Medium intensity  (85-90 lux or ~151 W/m2); 15: 
548 Low intensity (13-15 lux or ~36 W/m2).  

549
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550 Table 2. Dry weight (DW), specific growth rate (SGR), and survival (S) of paralarvae reared in experiment 2.

Age      Day 0 12 days
B-600-hC B-600-nC B-300-hC B-300-nC W-600-hC W-600-nC W-300-hC W-300-nC

DW (mg) 0,30 ± 0,03 0,38 ± 0,08 0,41 ± 0,11 0,33 ± 0,07 0,39 ± 0,08 0,34 ± 0,08 0,36 ± 0,09 0,38 ± 0,09 0,30 ± 0,03

SGR (%) 1,81 2,44 0,69 2,04 0,91 1,42 1,85 1,37

Age 20 days
B-600-hC B-600-nC B-300-hC B-300-nC W-600-hC W-600-nC W-300-hC W-300-nC

DW (mg) 0,30 ± 0,03 0,59 ± 0,07 0,67 ± 0,08 0,59 ± 0,12 0,58 ± 0,10 0,51 ± 0,10 0,66 ± 0,12 0,56 ± 0,20 0,54 ± 0,19

SGR (%) 3,32 4,02 3,28 3,19 2,56 3,86 2,88 2,68

S (%) 25 ± 9,8 6,2 ± 7,8 10 ± 7,6 6,2 ± 7,8 11 ± 1,4 8,3 ± 5,6 10 ± 3,1 4 ± 4,1

SIGNIFICANT EFFECTS
DW at day 20 Interaction (Color * Intensity * Covering): positive effect of light intensity when uncovering tanks.
S (%) Tank covering:   Covering > No covering

551 Data are expressed as mean ± standard deviation. Treatments denomination: B: Blue color; W: White color; 300: Low intensity (300 lux 
552 or 478 W/m2); 600: High intensity (600 lux or 1077 W/m2); hC: Half covered tanks; nC: Non-covered tanks C  

553

554
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555 Table 3. Dry weight (DW), specific growth rate (SGR), and survival (S) paralarvae reared in experiment 3.

Age Day 0 15 days

Control (0º)
Oblique

(60º)

DW (mg) 0,25 ± 0,02 0,30 ± 0,05 0,37 ± 0,06

SGR (%) 1,26 2,55

S (%) 18,5 ± 15,31 40,1 ± 6,49
STATISTICAL EFFECTS
S (%) Light incidence angle:   Oblique > Perpendicuar

556 Data are expressed as mean ± standard deviation. Angle of incidence of the light source position: Control 
557 (0º) and Oblique (60º). Intensity of the Light: 600 lux or 1077 W/m2. White light.

558

559

560

561

562

563

564
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565 Table 4. Dry weight (DW), specific growth rate (SGR), and survival (S) of paralarvae reared in experiment 4. 

Age Day 0 12 days
Control

(0º)
Oblique

(60º)
Half covered 

(0º)

DW (mg) 0,27 ± 0,02 0,35 ± 0,07 0,28 ± 0,06 0,27 ± 0,05

SGR (%) 2,17 0,22 0,13

Age 20 days

Control (0º) Oblique
Half covered

(0º)

DW (mg) 0,33 ± 0,06 0,36 ± 0,05 0,32 ± 0,06

SGR (%) 0,94 1,30 0,75

S (%) 7,11 ± 5,69 14,4 ± 9,11 5,92 ± 6,77

STATISTICAL EFFECTS No statistical effects detected

566 Data are expressed as mean ± standard deviation. Angle of incidence of the light source position: Control (0º) 
567 and Oblique: (60º). Intensity of the light: 600 lux or 1077 W/m2. White light.

568
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Figures captions:

Figure 1. Different sensor positions for lighting characterization in the rearing tanks. Position 1: 
over water surface. Position 2: under the water surface (30cm, bottom of the tank). N: Normal 
(0º angle). S: Spectometer

Figure 2. Spectral irradiance (Normalized flux) of LED lamps measured over the water (solid 
lines) and under the water (dotted lines). RGB-6.5W lamps used for experiment 1 and RGB-
4.5W used for experiments 3 and 4. 

Figure 3.  Spectral irradiance (Normalized flux) of fluorescent lamps measured over the water 
(solid lines) and under the water (dotted lines). 

Figure 4. Angle of incidence (60º with respect to the normal direction) and theoretical effect of 
the oblique light on the water surface and depth. N: Normal (0º angle). S: Spectometer. 1 and 
2: Sensor positions (see Figure 1 for details)
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