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ABSTRACT 25 

 26 

Rearing winter flounder (Pseudopleuronectes americanus) in captivity for aquaculture and stock 27 

enhancement is a viable option to relieve fishing pressure and aid in ongoing recovery strategies. 28 

The objective of this study was to determine the effect of photoperiod on growth and survival of 29 

young-of-the-year juvenile winter flounder. Juveniles were reared for 12 weeks at three 30 

photoperiods: 24 light/0 dark, 18 light/6 dark, and 12 light/12 dark. Twenty fish were stocked 31 

into each of 18 enclosures with six enclosures per treatment. Fish in all treatments were fed to 32 

satiation every four hours. All fish were imaged at stocking and at three-week intervals and 33 

growth was measured as changes in standard length (SL) and body area (BA). As early as Week 34 

3, fish in all treatments were significantly different in terms of SL and BA. In general, fish grown 35 

under continuous 24 light were the largest and fish in the 12 light/12 dark regime were the 36 

smallest. Maximum specific growth rates of 0.41% per day for SL and 0.83% per day for BA 37 

were achieved in the 24 light/0 dark photoperiod. Average mortality rate over the course of the 38 

experiment was 9.17% and there were no significant differences in the number of dead fish 39 

among the treatments. In conclusion, this study demonstrates that a longer day coupled with 40 

available food will increase growth rate for winter flounder juveniles, without affecting survival. 41 

By extending the photoperiod, growth in young-of–the year winter flounder is accelerated, 42 

bringing the growth rate of winter flounder close to that of other commercially produced flatfish. 43 

 44 

Keywords: Aquaculture; Juvenile; Growth; Metamorphosis; Survival 45 

46 
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1. Introduction 47 

 48 
Physical environmental factors are commonly manipulated to improve hatchery outputs 49 

and ultimately reduce production costs (Villamizar et al., 2011). Light is an important abiotic 50 

factor for ectothermic vertebrates, such as teleost fishes, as it influences growth and development 51 

of all life-stages from embryonic development to sexual maturation (Ayson and Takemura, 2006; 52 

Falcon et al., 2010; Villamizar et al., 2011, Wu et al., 2019). The majority of animals possess 53 

well-developed photoreceptors and neuronal networks to recognize, adjust, and interpret sensory 54 

information through the perception of light, enable them to response to external factors and adapt 55 

accordingly (Meissl et al., 1986). Fish seem to have evolved different eye morphologies and 56 

spectral sensitivities to inhabit different photo-environments (reviewed in Boeuf and Le Bail, 57 

1999; Kusmic and Gualtieri, 2000). Luckily it is easy to control lighting regimes in a hatchery or 58 

laboratory setting. Therefore, basic knowledge regarding the biological action of light on fish can 59 

be readily observed, with the goal of improving growth, development, and survival to increase 60 

aquaculture efficiency (Villamizar et al., 2011; Franke et al., 2013).  61 

The benefits of photoperiod manipulation on juvenile fish performance has been well 62 

documented (see Boeuf and Le Bail, 1999; Villamizar et al., 2011; Hou et al., 2019, among 63 

others). It appears that during the juvenile stage, photoperiod plays a crucial role as it impacts 64 

biological rhythms and modifies growth by enhancing food intake and/or muscle mass through 65 

exercise (Boeuf and Le Bail, 1999; Villamizar et al., 2011). The impact of photoperiod on 66 

growth can also be expressed through changes in endocrine functioning and hormone secretions 67 

(Porter et al., 1999). For example, Taylor et al. (2005) reported that photoperiod causes direct 68 

photostimulation of rainbow trout, Oncorhynchus mykiss juvenile growth via up-regulation of the 69 
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insulin-like growth factor-I gene (IGF-I), which has been primarily attributed to the integration 70 

of external and internal cues and coordination of endocrine mediators.     71 

In fish juveniles, growth rates are usually higher when reared under an extended 72 

photoperiod regime. For example, when 4-month-old sea bass, Dicentrarchus labrax were 73 

exposed to longer photoperiod regimes gonadal development was suppressed, leading to a 74 

greater proportion of energy directed towards somatic growth (Rodriguez et al., 2001). In 75 

addition, continuous light has been shown to increase somatic growth in juvenile haddock, 76 

Melanogrammus aeglefinus (Tripple and Neil, 2003), largemouth bass, Micropterus salmoides 77 

(Petit et al., 2003), red sea bream, Pagrus major (Biswas et al., 2006), Atlantic cod, Gadus 78 

morhua (Imsland et al., 2007), longsnout seahorse, Hippocampus reidi (Olivotto et al., 2008), 79 

striped knifejaw, Oplegnathus fasciatus (Biswas et al., 2016), lumpfish, Cyclopterus lumpus 80 

(Imsland et al., 2018), and gibel carp, Carassius auratus (Wei et al., 2019), but for several other 81 

species growth was not influenced and/or reduced by extended day length (Ballagh et al., 2008; 82 

Bani et al., 2009; Liu et al., 2015). For example, in African sharptooth catfish, Clarias 83 

gariepinus, continuous light suppressed juvenile performance and enhances cannibalistic 84 

behaviour (Appelbaum and Kamler, 2000). Similar to other teleosts, the effect of photoperiod on 85 

growth of juvenile flatfish is also contradictory and species-specific. For instance, extended  86 

photoperiod did not affect growth in juvenile yellowtail flounder, Pleuronectes ferruginea 87 

(Purchase et al., 2000), and sole, Solea solea (Fuchs, 1978). However, in juvenile turbot, 88 

Scophthalmus maximus (Imsland et al., 1995) and Atlantic halibut, Hippoglossus hippoglossus 89 

(Simensen et al., 2000; Imsland et al., 2006) growth was improved with an extended daylength 90 

during certain times of the year. In Japanese flounder, Paralichthys olivaceus juveniles, one 91 
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method to reduce aggressive behavior was manipulating photoperiod, in which dark conditions 92 

reduced aggressive behavior (Sakakura and Tsukamoto, 2002).  93 

Winter flounder, Pseudopleuronectes americanus is a hardy, eurythermal (temperature of 94 

-1.9 to 23 °C; Pearcy, 1961), euryhaline (salinity of 3-40‰; McCraken, 1963), and freeze-95 

resistant (Duman and DeVries, 1974) right-eyed flatfish found along the northwestern Atlantic 96 

coast, ranging from Georgia, US, to Labrador, Canada (Litvak, 1999; Fairchild, 2010). Winter 97 

flounder is a popular table flatfish fetching a high price and targeted by both commercial and 98 

recreational fishers (Litvak, 1999; Fairchild, 2010). In the wild, winter flounder juveniles are 99 

visual feeders, preying primarily on small benthic invertebrates (Tyler, 1971; Frame, 1974; Van 100 

Guelpen and Davis, 1979). Winter flounder also use vision to feed in the hatchery. It can 101 

therefore be expected that an increase in daylength will increase growth, provided that juveniles 102 

eat several times a day and are supplied with food during the extended day length. Authors 103 

experience suggests that 24 h light increases growth at the larval stage (Litvak et al., 2020) but it 104 

is not known if growth can also be maximized by continuing to use 24 h light after 105 

metamorphosis. Thus, the objective of this study was to determine the effect of photoperiod on 106 

growth and survival of young-of-the-year juvenile winter flounder and to establish whether the 107 

increase in growth seen at the larval stage associated with long daylength is extended to the 108 

juvenile phase.  109 

 110 

 111 

 112 

 113 

 114 
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 115 

2. Materials and Methods 116 

 117 

2.1. Experimental set up 118 

 119 

Adult winter flounder were obtained from Passamaquoddy Bay, N.B., Canada using a bottom 120 

trawl. Artificial fertilization and larval rearing followed the methods outlined in Litvak (1999). 121 

These laboratories reared young-of-the-year winter flounder were housed under three 122 

photoperiods: 24 light/0 dark, 18 light/6 dark, and 12 light/12 dark. Twenty fish were placed into 123 

each of 18 cages (each 20 × 20 × 7 cm) for a total of 360 fish (mean ± SEM; standard length 124 

(SL) = 25.12 ± 0.12 mm; body area (BA) =175.35 mm2 ± 1.71). The cages were made of white 125 

chloroplast (Cadillac plastic, NS) sides attached to a glass bottom. Six replicate cages were used 126 

for each photoperiod regime. The cages were placed in a 3 m × 1 m water table with a black 127 

bottom that had been divided into three equal sections, with one section per treatment. Each 128 

section was isolated from the other using black plastic (Cadillac plastic, NS) to ensure no light 129 

transmitted between treatments.  130 

Water from Passamaquody Bay, NB was provided to the fish using a flow through system at 131 

the Huntsman Marine Science Center (Fig. 1). Water was filtered to 5 microns by passing it 132 

through a sand filter (Jacuzzi, JFS2, Aquatic Eco-Systems Inc., USA), diatomaceous earth filter 133 

(Hayward, DE72, Aquatic Eco-Systems Inc., USA), and then a series of cartridge filters (Omni, 134 

USA). Water was then treated with ultraviolet light (UV32, Aquatic Eco-Systems Inc., USA) 135 

before entering a header tank. Water flow from the header tank was provided to each cage at a 136 
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rate of 0.30 L/min. Temperature was stabilized (6.9°C ± 0.06 SEM) in the header tank using 137 

submerged aquarium heaters.   138 

Feed (Nutra starter diet #1, Moore Clark, NB) was delivered using automatic shaker feeders 139 

(SF 6, Sweeney, Aquatic Eco-Systems Inc., USA). Fish were fed to satiation at 4 h intervals. To 140 

concentrate the food into the small cages, 2 L plastic bottles with their bottoms cut off were 141 

inverted and attached to the bottom of the feeder to direct the feed into each cage. Fish in each 142 

cage were fed to satiation at 4 h intervals, for a total of six feedings per day. The fish in the 18 143 

light/6 dark regime had one feeding a day in the dark, while the fish in the 12 light/12 dark 144 

regime had three feedings in the dark per day. The feeding system was cleaned twice a week and 145 

filled with fresh feed. Cages were siphoned daily to remove excess feed and feces.  146 

Oxygen and temperature were monitored daily, while salinity, ammonia, nitrite, nitrate, and 147 

pH were monitored once a week. Oxygen (96.7 ± 0.73 % saturation), temperature (6.88 ± 0.06 148 

°C), salinity (29.6 ± 0.1 ppt), ammonia (0.037±0.016 ppm), nitrite (0.02 ± 0.006 ppm), nitrate 149 

(0.08 ± 0.01 ppm), and pH (7.76 ± 0.02) remained stable during the experiment. Thus, no 150 

mortalities were attributed to poor water quality. Light levels of 10 lux at the surface were 151 

provided by 10-watt incandescent bulbs controlled by dimmer switches. Automatic timers 152 

controlled the photoperiods.  153 

 154 

2.2. Data collection 155 

 156 

All fish were imaged at stocking and every third week for a 12-week period. Fish were 157 

processed one at a time on a tray with a black chloroplast bottom. SL and BA were obtained 158 

using image analysis software (Optimas 4.1, BioScan Inc., Edmunds, WA). Fish mortalities were 159 
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counted and removed. Finally, growth was monitored as changes in average SL and BA for each 160 

cage. Specific growth rate (SGR) was calculated using the formula (Ricker, 1979): 161 

SGR = (ln(W2)-ln(W1)) (t2-t1) × 100 162 
 163 

Where: W2 is the final standard length or body area, W1 is the initial standard length or body 164 

area, t2 is the final time in days, t1 is the initial time in days.  165 

 166 

2.3. Statistical analyses 167 

 168 

All data were analyzed using SAS statistical software (SAS Institute Inc., Cary, NC, USA). 169 

Data were tested for normality (Shapiro–Wilk test; PROC UNIVARIATE) and homogeneity of 170 

variance (plot of residuals vs. predicted values; PROC GPLOT). Data were log10 transformed, 171 

which removed heterogeneity of variance, but some data remained non-normal. Analysis of 172 

variance, however, is robust to small departures in normality (Zar, 1996). Type I error level (α), 173 

for all comparisons was set a priori at 0.05. All means are expressed as least square means ± 1 174 

SEM. Means for all the fish in each cage were calculated for SL, BA, and SGR. Two-factor, 175 

repeated measures ANOVA models with the mean per cage of the transformed variables SL and 176 

BA were used to examine the effects of photoperiod and time. When an interaction between time 177 

and photoperiod was detected, separate one-way ANOVAs were performed at each sampling 178 

time to evaluate the effect of photoperiod alone. SGR and number of dead fish for the different 179 

photoperiod treatments were also compared using ANOVA with photoperiod as the main effect. 180 

All a posteriori multiple comparison between means were performed using a Tukey’s test. 181 

 182 

 183 
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3. Results 184 

 185 

3.1. Body morphology  186 

 187 

There was a significant interaction between time and photoperiod for SL (F8,75 = 8.66, P < 188 

0.0001) and BA (F8,75 = 5.97, P < 0.0001). As a result, SL and BA data were analyzed at each 189 

sampling time to determine the effect of photoperiod alone. At the onset of the experiment there 190 

were no significant differences in SL among the fish in any of the holding areas or photoperiods 191 

(F2,15 = 2.05, P = 0.163; Fig. 2A). However, fish in the 18 light/6 dark regime treatment had a 192 

smaller BA than fish in 24 light/0 dark (F2,15 = 6.11, P = 0.011) (Fig 2B). As early as Week 3, 193 

fish in all treatments were significantly different in terms of SL and BA (Fig 2; F2,15 ≥ 4.19, P ≤ 194 

0.036). In general, the fish grown under 24 light/0 dark were the largest and the fish in the 12 195 

light/12 dark regime were the smallest (Fig. 3A).  196 

There was a significant difference in SGR between the light regimes for SL (F2,15 = 29.29, P 197 

< 0.0001; Fig. 3B) and BA (F2,15 = 17.68, P < 0.0001; Fig. 3C). Growth rates (± SE) were highest 198 

in the 24 light/0 dark regime followed by 18 light/6 dark and 12 light/12 dark. A posteriori 199 

analyses revealed SGR under 24 light/0 dark and 18 light/6 dark were higher than the 12 light/12 200 

dark treatment, yet growth rate in the 24 light/0 dark and 18 light/6 dark treatments were not 201 

significantly different from each other. Maximum specific growth rates of 0.41% per day for SL 202 

and 0.83% per day for BA were achieved in the 24 light/0 dark photoperiod. 203 

 204 

 205 
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3.2. Survival 206 

 207 
Average mortality rate over the course of the experiment was 9.17% ± 1.7 SEM (range 0-208 

30%), which represents a mean of less than two dead fish per section. There were no significant 209 

differences in the number of dead fish among the treatments (P = 0.900). Survival was therefore 210 

not affected by light regime. 211 

 212 

4. Discussion 213 

 214 

The success of any aquaculture operation depends largely on the value of the species being 215 

cultured and the cost of raising that targeted species, which is directly affected by growth rate. In 216 

this regard, adjusting the photoperiod has been proven effective as it tends to facilitate fish 217 

growth and is relatively easy and inexpensive to manipulate, as an aquaculturist needs to only 218 

positing invest in timer and dimmable light sources. However, the effect of photoperiod on 219 

growth varies based on developmental stage (and Le Bail, 1999; Villamizar et al., 2011). As 220 

well, if a fish species is a visual feeder and has access to feed, then growth would be expected to 221 

increase with an extended photoperiod. On the other hand, for those species, which do not 222 

require light to feed, then no increase in growth would be expected by increasing daylength. In 223 

the present study, extension of daylength enhanced juvenile growth of winter flounder. Here, fish 224 

grown in continuous light and fed every four hours were larger at the conclusion of the 225 

experiment than fish grown in either 12 or 18 h light per day with the same feeding regime. 226 

Thus, results are in agreement with many other experiments conducted on juveniles such as sea 227 

bass (Rodriguez et al., 2001), haddock (Trippel and Neil, 2003), largemouth bass (Petit et al., 228 

2003), red sea bream (Biswas et al., 2006), Atlantic cod (Imsland et al., 2007), longsnout 229 
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seahorse (Olivotto et al., 2008), striped knifejaw (Biswas t al., 2016), lumpfish (Imsland et al., 230 

2018), and gibel carp (Wei et al., 2019). In other fish species, however, during darkness, more 231 

energy is directed towards growth and less spent on activity related to metabolism, thus the 232 

tendency that juveniles grow to a larger size was high when reared under dark conditions or short 233 

periods of daylight (Appelbaum and Kamler, 2000; Almazán‐Rueda et al., 2005; Bani et al., 234 

2009; Liu et al., 2015). It was also reported that a shorter photoperiod following transfer to 235 

continuous light enhanced growth of Arctic charr, Salvelinus alpinus juveniles (Siikavuopio et 236 

al., 2009; Gunnarsson et al., 2012), but maturation rate was not affected (Gunnarsson et al., 237 

2012). Therefore, for some species application of short daylength treatments during the juvenile 238 

phase can be used as a tool to increase somatic growth. In addition, the variable results from 239 

these studies highlight the difficulty of comparing non-standardized experiments, as a number of 240 

confounding factors such as exposure length, fish size, and feeding methodology may impact 241 

outcomes. 242 

Similar to other teleosts, in flatfish conflicting results have also been obtained, where 243 

extended daylength either increased growth (Simensen et al., 2000; Imsland et al., 1995,2006) or 244 

had no impact (Fuchs, 1978; Purchase et al., 2000). Our observed increase in growth is most 245 

likely attributed to the fish having more opportunity to eat. Fuchs (1978) and Purchase et al. 246 

(2000) did not provide sole or yellowtail founder feed over a 24 h period in their experiment. As 247 

such, this may explain why the authors observed no differences in growth between the fish 248 

reared on the different photoperiods. In addition, in flatfish, sensitivity to photoperiod 249 

stimulation has been found to change with season. In 0-year juvenile winter flounder, through 45 250 

day post settlement, a fixed photoperiod of 14.5 h light/9.5 h dark did not improve growth 251 

compared with natural photoperiod conditions, while in mid-winter, juveniles that experienced a 252 
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transition from natural to longer photoperiod regimes displayed a higher growth rate (Fraboulet 253 

et al. 2011). Imsland et al. (1995) showed that 24 h light/0 h dark had a growth-promoting effect 254 

on juvenile turbot during early spring, while in late spring, growth was enhanced when fish were 255 

exposed to a natural photoperiod. Moreover, in juvenile Atlantic halibut, sensitivity to 256 

continuous light became less pronounced under summer photoperiods, suggesting that 257 

continuous light should be applied to enhance growth when natural daylength is less than ~18 h 258 

(Simensen et al., 2000). Collectively, in order to establish the photoperiod that gives optimal 259 

growth for a complete production cycle in flatfish, the impact of photoperiod should be 260 

examined in different age groups and at various times of the year.  261 

It is possible that increases in growth due to longer daylength are not only due to an increase 262 

in feeding activity, but also an association between environment cues (e.g. photoperiod and 263 

temperature) and the endocrine growth cascade [e.g. growth hormone (GH) and IGF-I] as well as 264 

through epigenetic regulation (Nagasawa et al., 2012; Giannetto et al., 2013). Several studies 265 

show that photoperiod has important functions in regulating somatic growth either by stimulatory 266 

effects over plasma GH or via effectors such as IGF-I (Björnsson et al., 1989; Stefansson et al., 267 

1991; McCormick et al., 1995; Taylor et al., 2005; Imsland et al., 2008). For example, Björnsson 268 

et al. (1989) found that an increase in daylength to 24 h light, exerted strong stimulatory effects 269 

over plasma GH levels and subsequent growth rate in juvenile Atlantic salmon, Salmo salar. 270 

Furthermore, a significant relationship between plasma levels of IGF-I, growth, feeding regimes 271 

and photoperiod was found in juvenile Atlantic halibut (Imsland et al., 2008). However, when 272 

juvenile rabbitfish, Siganus guttatus were exposed to continues light for a short duration (~10 273 

days), GH mRNA in the pituitary and IGF-I mRNA in the liver either remained unchanged or 274 

showed irregular patterns (Ayson and Takemura, 2006). This shows that the duration of 275 
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continuous light, required to increase growth, needs to be long enough to stimulate the 276 

appropriate hormonal pathways. Overall, this finding supports the hypothesis for a role of growth 277 

hormones as a part of a ‘light-pituitary axis’ in growth in some teleosts. Thus, future trials 278 

concerning the impact of photoperiod manipulation on juvenile flatfish performance should 279 

incorporate deeper consideration of the various metabolic and neuro-hormonal cascades involved 280 

and their interactions.  281 

In conclusion, this study demonstrates that a longer day coupled with available food will 282 

increase growth rate for winter flounder juveniles, without affecting survival. By extending the 283 

photoperiod, growth in young-of–the year winter flounder is accelerated, bringing the growth 284 

rate of winter flounder close to that of other commercially produced flatfish (Daniels and 285 

Watanabe, 2010). Our previous work has demonstrated that continuous light increases growth 286 

and survival in winter flounder larvae (Litvak, unpublished data). This study shows that 287 

extending daylength in juveniles also increases growth rate. It would therefore be logical to 288 

assume that in a culture situation longer photoperiods would be best. However, it is still 289 

undetermined what role photoperiod plays in the sexual development and the synthesis of anti-290 

freeze proteins in this species. In winter flounder, a built-in annual cycle of antifreeze expression 291 

is controlled by GH release from the pituitary in tune with seasonal cues (Fletcher, 2001). 292 

Although growth may be maximized at one life stage by manipulating photoperiod, the effects 293 

these manipulations have on the later life stages of the fish must be understood to determine the 294 

ideal photoperiod regime for culture of this species. The best light regime for these fish at one 295 

life stage may not be the ideal at the next life stage. A variety of photoperiod combinations need 296 

to be examined to determine the ideal light regime for the complete winter flounder life cycle, a 297 

cycle that may be manipulated differently depending on whether the fish is destined for the 298 
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market or broodstook. This work contributes to a growing body of knowledge on the husbandry 299 

protocols for winter flounder culture, protocols that will be required for commercial culture of 300 

this species.  301 
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 488 

Figure captions 489 

 490 

Fig. 1. A: Schematic diagram illustrating the flow-through system used to examine the impact of 491 

photoperiod on growth and survival of winter flounder, Pseudopleuronectes americanus. Water 492 

from Passamaquody Bay, NB was filtered to 5 microns by passing it through a sand filter, 493 

diatomaceous earth filter, and cartridge filters. Water was then treated with ultraviolet light 494 

before entering a header tank with submerged aquarium heaters for temperature regulation. B: 495 

Seawater flowed, via gravity, from the header tank to 3 groups of 6 net cages (each 20 × 20 × 7 496 

cm), with six replicate rearing cages for each photoperiod regime treatments: 12 light/0 dark, 24 497 

light/0 dark, and 18 light/0 dark. Light regimes was held separated by light blocking shields. C: 498 

Top view of one group of six net cages submerged in a water table (3 m × 1 m) . D: Husbandry 499 

routines daily and weekly is outlined including mean ± SEM values over the duration of 500 

experiment are displayed 501 

 502 

Fig 2. Standard length (A), body area (B), and growth rates of winter flounder, 503 

Pseudopleuronectes americanus juveniles reared under three photoperiods. Different letters 504 
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within sampling times denote significant differences (P < 0.05). Error bars are ± 1 SEM of the 505 

treatment means. 506 

 507 

Fig 3. Digital images of winter flounder, Pseudopleuronectes americanus juveniles reared under 508 

12 h light/12 h dark and 24 h light/0 h dark regime photoperiod regimes (A). Specific growth rate 509 

[for standard length (SL; B) and body area (BA; C)] of the juveniles reared under the three 510 

photoperiod regimes. Different letters denote significant differences (P < 0.05). Error bars are ± 511 

1 SEM of the treatment means. 512 










