
1 
 

Prevention of hypermelanosis by rearing Japanese flounder Paralichthys olivaceus in 1 

net-lined tanks 2 

 3 

Koei Mizutani1,5, Toshiyuki Yamada2, Keita W. Suzuki3, Reiji Masuda3, Kuniaki 4 

Nakata4,6, and Masatomo Tagawa4 5 

 6 

1Department of Bioresource Science, Faculty of Agriculture, Kyoto University, 7 

Kitashirakawa, Sakyo, Kyoto 606-8502, Japan 8 

2Nagasaki Prefectural Institute of Fisheries, Taira, Nagasaki, Nagasaki 851-2213, Japan 9 

3Maizuru Fisheries Research Station, Field Science Education and Research Center, 10 

Kyoto University, Nagahama, Maizuru, Kyoto 625-0086, Japan 11 

4Division of Applied Biosciences, Graduate School of Agriculture, Kyoto University, 12 

Kitashirakawa, Sakyo, Kyoto 606-8502, Japan 13 

5Present address: Fisheries Office of Kyoto Prefecture, Odashukuno, Miyazu, Kyoto 626-14 

0052, Japan 15 

6Present address: Iwatani Corporation, Hommachi 3-6-4, Chuo-ku, Osaka, Osaka 541-16 

0053, Japan 17 

 18 



2 
 

*Corresponding author: Masatomo TAGAWA 19 

Tel: 81-075-753-6221; Fax: 81-075-753-6229 20 

 21 

 22 

 23 

 24 

Email addresses of all authors 25 

k-mizutani31@pref.kyoto.lg.jp (Koei Mizutani) 26 

yamadat@pref.nagasaki.lg.jp (Toshiyuki Yamada) 27 

suzuki.keita.3r@kyoto-u.ac.jp (Keita W. Suzuki) 28 

reiji@kais.kyoto-u.ac.jp (Reiji Masuda) 29 

nakata@iwatani.co.jp (Kuniaki Nakata) 30 

tagawa@kais.kyoto-u.ac.jp (Masatomo Tagawa) 31 

 32 

  33 



3 
 

Abstract 34 

  In artificially reared flatfish, especially the Japanese flounder Paralichthys olivaceus, 35 

pigmented skin (hypermelanosis) frequently appears on the fish’s blind side after normal 36 

metamorphosis.  As no practical prevention method has yet been proposed, we 37 

examined the effectiveness of a loose net set inside the rearing tank to cover the bottom 38 

and walls like a pouch.  When juveniles (standard length: 6 cm) were transferred to the 39 

net-lined tank (4-mm mesh) before the first appearance of hypermelanosis, the 40 

pigmented area after 2 months covered about 0.5% of the blind side; about 1/40th of the 41 

area covered in fish reared in an ordinary tank (20%).  Although the initial appearance 42 

of pigmentation in the axilla area (the area covered by the pectoral fin) was not 43 

suppressed, utilization of a larger mesh size (12-mm mesh) decreased the expansion of 44 

pigmentation in this area.  Juveniles reared in the net-lined tank were about 5-15% 45 

smaller (standard length) than those reared in the ordinary tank, but their body 46 

depth/length ratio was closer to that of wild-caught juveniles.  From this study, net-47 

lined rearing tanks with larger-sized mesh are proposed as a practical method of 48 

preventing hypermelanosis in Japanese flounder aquaculture.   49 

Keywords: Abnormal skin color, Net-lined rearing tank, Flatfish aquaculture, 50 

Pleuronectiformes,  Axilla darkening,  Larger mesh size 51 
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Introduction 52 

Most teleosts undergo remarkable bodily changes during their development from larva 53 

to juvenile (e.g., metamorphosis).  The Japanese flounder Paralichthys olivaceus, a 54 

Pleuronectiformes, like other flatfish, has symmetrically located eyes in its larval form.  55 

During metamorphosis, the right eye relocates to the left side of the body; thus, the left 56 

and right sides of the body are referred to as the ocular and blind sides, respectively.  57 

Adult-type melanophores and xanthophores appear on the skin of the ocular side, which 58 

becomes dark brown, but are absent from the skin of the blind side, which remains white 59 

(Seikai et al. 1987; Nakamura et al. 2010). 60 

Because the Japanese flounder is an important species for Japanese fisheries, 61 

extensive seed production for aquaculture and stock enhancement has been carried out.  62 

However, various color abnormalities occur during rearing in hatcheries.  One of the 63 

most significant is hypermelanosis.  In this color abnormality, pigmented skin appears 64 

and then gradually expands on the blind side of the flounder after the completion of 65 

normal metamorphosis.  Flounders with hypermelanosis, both those reared to harvest 66 

size and those released into the sea for recapture by fishermen, were priced about 20-67 

70% lower in fish markets (Kaji and Fukunaga 1999).  Therefore, various studies have 68 

attempted to prevent hypermelanosis in Japanese flounders.  Because lightly colored 69 
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tank bottoms were found to decrease or delay hypermelanosis (Yamanome et al. 2005; 70 

Amiya et al. 2005; Kang and Kim 2013b), the contributions of melanophore-related 71 

hormones were investigated.  These included the melanophore-stimulating hormone 72 

and its precursor, which were investigated as possible stimulators (Yamanome et al. 73 

2007b; Kang and Kim 2012, 2015), and the melanin-concentrating hormone, investigated 74 

as a possible suppressor (Yamanome et al. 2005, 2007a; Kang and Kim 2012, 2013a).  75 

Gene expression studies of these hormones’ receptors provide evidence to support their 76 

contribution to hypermelanosis (Matsuda et al. 2018a).  A higher occurrence of 77 

hypermelanosis was empirically associated with stressful conditions, and cortisol, a 78 

stress-responsive hormone, was revealed to enhance hypermelanosis (Matsuda et al. 79 

2018b).  In addition, dietary studies suggest that vitamins A (Tarui et al. 2006) and D 80 

(Haga et al. 2004) have a stimulatory effect.  Although those extensive and intensive 81 

efforts had been made, it is still difficult to prevent the hypermelanosis at industrial 82 

scale. 83 

The effect of simulating the ocean environment with a sandy substrate has been 84 

examined by several groups independently, and hypermelanosis was consistently and 85 

very strongly suppressed in these studies (Seikai 1991; Iwata and Kikuchi 1998; Kang 86 

and Kim 2012, 2013; Isojima et al. 2013b, 2014).  However, this method is not employed 87 
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in large-scale tanks because the sandy bottom interferes with the satisfactory cleaning 88 

of the tank, making it difficult to wash out residual food and excrement.  Our previous 89 

study, designed to find a sand substitute for juvenile Japanese flounders that already 90 

expressed a small degree of hypermelanosis, suggested that undulated tank bottoms 91 

were effective in suppressing hypermelanosis expansion (Nakata et al. 2017).  By 92 

examining the pattern of contact between the blind side skin and the bottom surface of 93 

the tank, we proposed that contact stimulus from the bottom exerted a suppressive effect 94 

on hypermelanosis in the contact area.  95 

As an easily installable undulated bottom, a loosely set net lining the inner surface of 96 

the rearing tank was tested, and its effectiveness in preventing the expansion of 97 

hypermelanosis was suggested (Nakata et al. 2017).  However, its effectiveness in 98 

preventing the initial appearance of hypermelanosis was not tested.  Therefore, the 99 

main purpose of this study is to examine the suppressive effects of a net-lined rearing 100 

tank on the initial appearance and subsequent expansion of hypermelanosis in juvenile 101 

flounders, starting the experiment before the appearance of any hypermelanosis.  In 102 

addition, because the most difficult area in which to suppress darkening was the base of 103 

the pectoral fin (axilla area), further experiments were conducted to clarify the reason 104 

for this local specificity.  The applicability of net-lined rearing tanks for industrial use 105 
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is discussed in relation to growth and body proportion and directions for further research 106 

suggested.   107 

 108 

Material and methods 109 

 110 

Experiment 1: Effect of a net-lined rearing tank on juveniles before the appearance of 111 

hypermelanosis 112 

  This experiment was carried out at the Nagasaki Prefectural Institute of Fisheries.  113 

Juvenile Japanese flounders, hatched from eggs spawned by artificially-grown adults, 114 

were kindly provided by a private hatchery (Ootawa Shubyo, Saikai, Nagasaki, Japan).   115 

For the rearing experiment, two circular tanks (1,000 l, transparent polycarbonate) 116 

were used, one for control rearing (control tank) and one for net-lined rearing (net tank).  117 

In the control tank, the juveniles were reared directly in the tank.  For the net tank, 118 

netting (wind-protection net, polyethylene, blue, Raschel knitted, mesh size 4 mm, Dio 119 

Chemicals Ltd, Tokyo, Japan) was fashioned into a large pouch about the same size as 120 

the tank, and loosely installed inside it (Fig. 1a).  The juveniles were then reared inside 121 

the net pouch.  Because the net pouch was simply inserted into the tank and only fixed 122 

along the surface, the net fabric undulated randomly.  In order to match the color and 123 
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pattern of the bottom in the net and control tanks, the same type of netting used in the 124 

lining was laid under the transparent bottom of the control tank, and both tanks were 125 

placed on a white Styrofoam sheet.  To provide uniform color conditions, the vertical 126 

walls of both tanks were covered from the outside with a light blue plastic sheet (sky 127 

blue, SK Event Sheet, Tanaka Sanjiro, Fukuoka, Japan).   128 

At the start of the experiment (December 19, 2016), juveniles were randomly selected 129 

from the stock tank, and 70 were assigned to each experimental tank.  The remaining 130 

73 juveniles were anaesthetized with 0.02% 2-phenoxyethanol and their blind sides were 131 

photographed with a digital camera (EOS kiss digital DS5041; lens: Canon EFS 18-55 132 

mm, Canon, Tokyo, Japan). For taking photographs, a scale was placed near the fish, 133 

and all the lengths and areas were calculated using the scale as standard. The standard 134 

length (SL) of the initial sample was 60 ± 4 mm (mean ± SD), and 69 of the 73 individuals 135 

displayed no darkened areas on their blind sides.  The total-darkened-area ratios (see 136 

2.4 for definition, similar to the ratio of darkening in Isojima et al., 2013a) for the four 137 

individuals with darkened areas were 12.6%, 1.6%, 1.5%, and 0.7%.   138 

The experimental tanks were installed indoors, and day length was controlled by 139 

ceiling fluorescent lights that were turned on at 0900 h and turned off at 1700 h.  Sand-140 

filtered (natural sand 0.612 mm and Anthracite 1.272 mm), ultraviolet-sterilized 141 
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(UV2500M-B, Ebara Corporation, Tokyo, Japan) natural seawater was supplied at a rate 142 

of two rotations per day. Inlet water was supplied from a single tube placed just below 143 

the water surface near the tank wall, and outlet water was discharged by overflow 144 

through a filter placed near the tank wall. Both tanks were equally aerated using an air 145 

stone for each tank placed at the center of the tank.  For daily bottom cleaning, ordinary 146 

siphon tube was used.  Because excrement and remnant food was visible and only 147 

accumulated on a few places on the bottom, it took about 5 minutes for both tanks.   The 148 

lowest and highest water temperatures during the experiment were 9.1°C (February 10, 149 

2017) and 18.0°C (April 16, 2017), respectively.  Commercial pellets (floating type, 150 

Hirame EPF-1 and EPF-3, Nissin Marubeni Feed Co., Ltd., Tokyo, Japan) were provided 151 

in the morning and afternoon.  At the end of experiment (after 122 days, April 20, 2017), 152 

all the juveniles from both tanks were photographed, as described above. 153 

 154 

Experiment 2: Hypermelanosis suppression in the axilla area  155 

 Darkening around the axilla area was not suppressed by the net-lined rearing tank 156 

in Exp. 1, probably due to the interruption of contact between the net and the skin caused 157 

by the pectoral fin of the blind side.  We therefore attempted to increase this contact by 158 

ablation of the pectoral fin and the use of a larger mesh size. 159 
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This experiment was carried out at Maizuru Fisheries Research Station, Kyoto 160 

University, using juvenile flounders produced at, and kindly provided by, the Futtsu 161 

Laboratory, Institute of Seed Production, Chiba Prefectural Fishery Research Center.  162 

Fertilized eggs were obtained from wild-collected adults and reared following the 163 

standard protocol of the center.  On May 25 and 26 (69 and 70 days after hatching), 164 

2017, juveniles of approximately 60 mm SL with a small darkened area on their blind 165 

side were selected.  Based on our previous study, it could be assumed that similarly 166 

sized Japanese flounders produced at the Futtsu Laboratory which displayed a small 167 

darkened patch would, if left untreated, express significant hypermelanosis after 2 168 

months (Isojima et al. 2013a).  These fish were therefore suitable candidates for 169 

experiments on the suppression of hypermelanosis.   170 

 The juveniles were shipped to the Maizuru Fisheries Research Station on May 31, 171 

2017 and arrived on June 1, 2017.  Until the start of experiment (June 8, 2017), all 172 

juveniles were reared in a 500 l circular tank with a sandy bottom (1 cm thickness, 173 

Micros ceramic, MS-1, NORRA Co., Ltd., Ootsu, Japan).  During the acclimation period, 174 

the juveniles were treated with antibiotics (ERUBAJYU for aquaculture, 50 ppm, Ueno 175 

Pharmaceutical Co., Ltd., Osaka, Japan). 176 

Six experimental tanks (transparent 200 l circular tanks, polycarbonate, Tanaka 177 
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Sanjiro, Fukuoka, Japan) were set up with the following characteristics (Fig. 1b): (1: 178 

control) intact juveniles in a tank without a net lining, (2: finless) pectoral fin-ablated 179 

juveniles in a tank without a net lining, (3: net) intact juveniles in a tank with a standard 180 

net lining, (4: finless + net) pectoral fin-ablated juveniles in a tank with a standard net 181 

lining, (5: large mesh) intact juveniles in a tank with a net lining made from netting with 182 

a larger mesh size, and (6: sand) intact juveniles in a tank with a sandy bottom (Micros 183 

ceramic, MS - 1) about 1 cm thick. 184 

Ablation of the pectoral fin on the blind side was performed with dissection scissors 185 

under anesthesia using 0.01% 2-phenoxyethanol.  When the length of the regenerated 186 

pectoral fin exceeded the mesh size (4 mm), the fin was again ablated on the 21st day.  187 

Thereafter, the length of the regenerated pectoral fin did not exceed 4 mm.  188 

For the net lined treatments, (3: net) and (4: finless + net), linings similar to those 189 

used in Exp. 1 were prepared using the same netting after adjusting the size to fit the 190 

200 l tank.  For the net lined treatment with the larger mesh size (5: larger mesh), a 191 

mesh size larger than the length of pectoral fin of blind side was used.  This allowed the 192 

fin to protrude more easily through the mesh, giving the axilla area of the blind side a 193 

higher probability of making contact with the net.  To estimate the pectoral fin length 194 

from the total length of the juveniles, the relationship between the total length and the 195 
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length of the pectoral fin of the blindside was determined based on preserved specimens 196 

of juvenile flounders, and expressed as the following equation: 197 

 (pectoral fin length, mm) = 0.0815 x (total length, mm) + 1.1848 (N = 45, R2=0.9701) 198 

Consequently, considering the growth of the juveniles, a lining made from 12-mm mesh 199 

netting (AIDEA net, Raschel knitted, polyethylene, green, Dio chemical. Ltd., Tokyo, 200 

Japan) was used for the first 7 weeks of rearing, after which 25-mm mesh netting was 201 

used. 202 

 At the beginning of the experiment (June 8, 2017), juveniles without hypermelanosis 203 

on the axilla area were selected.  Among these, 19 juveniles were randomly selected as 204 

the initial sample, anesthetized with 0.01% 2-phenoxyethanol, and their blind sides 205 

photographed with a digital camera (STYLUS TG-630 Tough, Olympus, Tokyo, Japan).  206 

For taking photographs, a scale was placed near the fish, and all the lengths and areas 207 

were calculated using the scale as standard. The SL of the initial sample was 62 ± 5 mm 208 

(mean ± SD).  The median, 25 percentile, and 75 percentile of the total-darkened-area 209 

ratio were 1.15%, 0.74%, and 1.54%, respectively.  Nineteen juveniles were randomly 210 

assigned into each experimental tank.   211 

The bottom and vertical walls of the tanks were covered from the outside with light 212 

blue plastic sheets, as in Exp. 1.  Sand-filtered (0.6 mm) and aerated natural seawater 213 
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was supplied at a rate of 10 rotations per day. Inlet water was supplied from a single 214 

tube placed just above the center of water surface, and outlet water was discharged by 215 

overflow through a filter placed at the center of the tank. All tanks were equally aerated 216 

using an air stone for each tank placed at the center of the tank. For daily bottom 217 

cleaning of flat-bottom tanks (control and finless) and net-lined tanks (net, finless + net, 218 

and large mesh), ordinary siphon tube was used.  Because excrement and remnant food 219 

was visible and only accumulated on a few places on the bottom, it took less than about 220 

2 minutes for flat-bottom tanks and less than about 3 minutes for net-lined tanks.  221 

However, for daily bottom cleaning of sand tank, it took more than 15 minutes, because 222 

we had to take out most of the sand and wash strongly to clean. During the experiment, 223 

the water temperature was gradually increased from 19°C (at the start of experiment, 224 

June 8, 2017) to 27°C (at the end, August 4, 2017).  The tanks were installed indoors 225 

without direct sunlight, and the day length was controlled by ceiling fluorescent lights 226 

that were turned on at 0600 h and turned off at 1800 h.  Commercial pellets (sinking 227 

type, Otohime S2 and EP2, Nissin Marubeni Feed Co., Tokyo, Japan) were provided in 228 

the morning and afternoon.  229 

Final sampling was performed 57 days after the start of rearing (August 4, 2017).  230 

All the juveniles were euthanized with 0.1% 2-phenoxyethanol and photographed as 231 
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described above.   232 

 233 

Collection of wild-caught juveniles 234 

  The body proportions of wild-caught Japanese flounder juveniles were measured for 235 

comparison.  The wild-caught juveniles were caught at 5-10 m depths in western 236 

Wakasa Bay, Kyoto Prefecture, on July 13, 2016.  The specimens were preserved in 99% 237 

ethanol until measurement.  238 

 239 

Measurement and statistical analysis 240 

In this experiment, all lengths and areas were measured from digital images using 241 

ImageJ (National Institute of Health, USA, http: //imagej.nih.gov/ij/).  Because 242 

photographs were taken using “auto mode”, pigmented areas were manually identified 243 

on the display.  The total-darkened-area ratio was defined as the ratio of total 244 

pigmented areas to the entire blind side area without the fins.  For more detail, the 245 

hypermelanosis was classified into the following four areas on the blind side (Fig. 2): 246 

along the base of the dorsal and anal fins (marginal area, Fig. 2a), around the base of 247 

the pectoral fin (axilla area, Fig. 2b), around the base of the pelvic fin (abdominal area, 248 

Fig. 2c), and the center of the head (head area, Fig. 2d).  The axilla-darkened-area ratio 249 
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was defined as the ratio of the pigmented area in the axilla region to the entire blind side 250 

area without fins.  For the body depth, the largest body depth along the dorso-ventral 251 

axis without fins was measured.   252 

For data values whose normality and equality of variance were not rejected by the 253 

Shapiro-Wilks test and Bartlett test, respectively, the statistical differences among the 254 

averages were parametrically examined by student t-tests (two groups).  Parametrical 255 

tests for three groups or more were not needed in the present study.  For other values, 256 

statistical analyses were non-parametrically examined by the Mann-Whitney U-test 257 

(two groups), or the Kruskal-Wallis test (three groups or more), followed by the Steel-258 

Dwass post hoc test.  For frequencies, statistical significance was tested by Fisher’s 259 

exact test.  The significance level was set at 0.05.  All statistical analyses were 260 

performed using EZR (Kanda 2013), available at http://www.jichi.ac.jp/saitama-sct/, 261 

Saitama Medical Center, Jichi Medical University, Saitama, Japan, which is a graphical 262 

user interface for R (R Core Team, 2014). 263 

 264 

Results 265 

 266 

Experiment 1: Effect of a net-lined rearing tank on juveniles before the appearance of 267 
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hypermelanosis 268 

Figure 3 shows the blind side photographs of 24 juveniles randomly selected from each 269 

tank.  Juveniles with large darkened areas were abundant in the control tank, but very 270 

rare in the net tank.  The total-darkened-area ratio was significantly lower in the 271 

juveniles in the net tank than in those in control tank (Fig. 4, Mann-Whitney U-test, p 272 

< 0.05).  The median total-darkened-area ratio in the net tank (0.5%) was about 1/40th 273 

of that in the control tank (20%).  274 

Table 1 shows the number of individuals in each tank that developed darkened skin in 275 

each blind side area and the total number of individuals with hypermelanosis at the end 276 

of the experiment.  The net tank significantly suppressed the appearance of darkened 277 

areas in the marginal, abdominal, and head areas (Fisher exact test, p < 0.05), but not 278 

in the axilla area (Fisher exact test, p > 0.05).  There was no statistical difference in 279 

survival rate between the control and net-lined tanks (Fisher exact test, p > 0.05). 280 

At the end of Exp. 1, the median SL of the fish in the net tank was 154.8 mm, 281 

significantly smaller (by approximately 5%) than the corresponding value (163.4 mm) in 282 

the control tank (Fig. 5, Mann-Whitney U-test, p < 0.05).  In addition, the body depth/SL 283 

ratio was slightly, but significantly, smaller in juveniles reared in the net tank (0.42 + 284 

0.02, mean + SD) than in those reared in the control tank (0.04 + 0.02) (t-test, p < 0.05). 285 
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 286 

Experiment 2: Hypermelanosis suppression in the axilla area 287 

  The total-darkened-area ratios at the end of Exp. 2 are shown in Figure 6.  Regardless 288 

of the presence or absence of a net lining, ablation of the pectoral fin had no significant 289 

effect on the total-darkened-area ratio (Steel-Dwass test, p > 0.05).  Furthermore, 290 

regardless of the presence or absence of the pectoral fin, experimental groups without a 291 

net lining showed significantly higher values for the total-darkened-area ratio than 292 

those with net linings or sand (Steel-Dwass test, p < 0.05).  The total-darkened-area 293 

ratio of the sand group was significantly lower than all other experimental groups (Steel-294 

Dwass test, p < 0.05). 295 

  At the end of Exp. 2, one juvenile died only in the large mesh treatment, and there was 296 

no statistical difference in the survival rate among treatments (Fisher’s exact test, p > 297 

0.05).  The numbers of individuals with darkened axilla areas were 19/19 (control), 298 

19/19 (finless), 19/19 (net), 18/19 (finless + net), 18/18 (large mesh), and 17/19 (sand), 299 

respectively; there was no statistical difference among the treatments (Fisher’s exact 300 

test, p > 0.05).  It is clear that the initial appearance of the darkened areas around the 301 

axilla was not suppressed by any treatment.  302 

  The axilla-darkened-area ratios are shown in Fig. 7.  Regardless of the presence or 303 
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absence of a net, the absence of the pectoral fin tended to suppress the size of the 304 

darkened areas around the axilla; however, the differences were not significant (Steel-305 

Dwass test, p > 0.05).  In addition, compared to the control tank, the axilla-darkened-306 

area ratio was significantly lower in the finless + net, large mesh, and sand tanks (Steel-307 

Dwass test, p < 0.05). 308 

The SL and body depth/SL values at the end of Exp. 2 are shown in Fig. 8.  The SL 309 

values were significantly larger in tanks without net linings (about 140 mm; control, 310 

finless, and sand treatments) than in those with net linings (about 117 mm; net, finless 311 

+ net, and large mesh treatments) (Steel-Dwass test, p < 0.05).  Although the body size 312 

of wild-caught Japanese flounder juveniles was much smaller (69 mm, Fig. 8a), we 313 

attempted a preliminary comparison between the body proportions of the experimental 314 

and wild-caught juveniles (Fig. 8b).  The body depth/SL values of the wild-caught 315 

juveniles were more similar to those from tanks with net linings (about 0.39) than they 316 

were to those from tanks without net linings (about 0.42).  317 

 318 

Discussion 319 

  In this study, we first showed that net-lined rearing tanks clearly suppress 320 

hypermelanosis in Japanese flounders; not only its expansion in juveniles with small 321 
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darkened areas, but also its significant initial appearance in juveniles without darkened 322 

areas.  Darkening in the axilla area, the most difficult area in which to suppress 323 

hypermelanosis, could also be suppressed by selecting netting with a larger mesh size.  324 

However, the juveniles reared in net-lined tanks experienced slower growth and had 325 

different body proportions to traditionally reared juvenile. 326 

 327 

Effect of net-lined rearing tanks on hypermelanosis and growth in juvenile flounders 328 

  Nakata et al. (2017) demonstrated that an undulating bottom surface, such as that 329 

provided by a net lining, suppressed the “expansion” of hypermelanosis in juveniles that 330 

had already expressed a small degree of darkening.  To examine whether net-lined 331 

rearing tanks also prevent the initial appearance of hypermelanosis, the juveniles were 332 

subjected to the treatments mostly before the appearance of any darkening.  The initial 333 

appearance of hypermelanosis, especially in the marginal area, was almost entirely 334 

prevented (Table 1), and consequently, the total darkened area was remarkably reduced 335 

to about 1/40th of that of traditionally reared juveniles (Figs 3 and 4).  This clearly 336 

indicates the effectiveness of the net lining in suppressing the initial appearance of 337 

hypermelanosis.  For the expansion of hypermelanosis, the results of Exp. 2 were 338 

basically consistent with Nakata et al. (2017), in which juveniles reared in net-lined tank 339 
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tended to show smaller areas of hypermelanosis compared to those reared in flat-bottom 340 

tank of the same bottom color.  The total-darkened-area ratios were significantly 341 

smaller in all three tanks with net linings than they were in the two tanks without net 342 

linings (Fig. 6).  Only a single tank was used for each treatment in the present study 343 

due to the limited equipment available, but the results were consistent between the 344 

tanks with and without net linings, indicating the strong reproducibility of the 345 

hypermelanosis-suppressing effect of net-lined rearing tanks.   346 

Although rearing juveniles in sandy bottomed tanks strongly prevents hypermelanosis 347 

(Seikai 1991; Iwata and Kikuchi 1998; Kang and Kim 2012, 2013c; Isojima et al. 2013b, 348 

2014), bottom sand requires more intense tank cleaning.  A net lining can be an 349 

excellent substitute for bottom sand, and is a practical method for preventing 350 

hypermelanosis, after confirming the effectiveness in industrial-scale tanks holding 351 

much larger number of juveniles.   352 

  However, this study also revealed two drawbacks to the net-lined rearing tanks.  The 353 

first is the slower growth.  Nakata et al. (2017) also reported lower growth rates in net-354 

lined rearing.  Because they provided a diet of sinking-type pellets to the juveniles, a 355 

significant proportion of the food became inaccessible when it fell through and remained 356 

under the net.  They thus speculated that the lower growth rate was caused by a lower 357 



21 
 

amount of nutrients available to the net reared fish compared to the flat-bottom reared 358 

ones (control tank).  This situation was identical to that in Exp. 2 of the present study.  359 

In Exp. 1, although a diet of floating-type pellets was provided, a significant number of 360 

them still escaped through the net and became inaccessible.  It is possible that the lower 361 

growth rate was again caused by less nutrients being available in the net-lined rearing 362 

tanks.  Before these net-lined rearing tanks can be applied at an industrial scale, 363 

methods of keeping the pellets inside the net are required to enable growth equivalent 364 

to that of traditionally reared flounders.  365 

 366 

Prevention of axilla darkening 367 

  Another drawback of the net-lined rearing tanks is their ineffectiveness in suppressing 368 

axilla darkening.  As shown in Table 1, the net-lined rearing tank significantly reduced 369 

the appearance of darkening in the marginal, abdominal, and head areas.  Although the 370 

axilla area is much smaller than the marginal area, the appearance of darkening in this 371 

area was not suppressed.  A possible reason for this is the presence of the pectoral fin 372 

between the blind side skin of the axilla area and the net.  If contact with the bottom 373 

substrate suppresses darkening (Nakata et al. 2017), then the presence of a pectoral fin 374 

could interfere with this contact with the net, resulting in the appearance of darkening 375 
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in this specific area.  Therefore, the effect of pectoral fin ablation was examined.  376 

The results of Exp. 2 show that the ablation of the pectoral fin did not affect the SL 377 

(Fig. 8a) or the total-darkened-area ratio (Fig. 6), regardless of the presence or absence 378 

of a net lining.  These results suggest that fin ablation does not cause any major defects 379 

affecting growth.  Also, it is speculated that fin ablation does not induce serious chronic 380 

stress, because stress-induced cortisol is known to increase hypermelanosis (Matsuda et 381 

al. 2018b).   382 

Although the initial appearance of darkening in the axilla area was not suppressed by 383 

any of the treatments in Exp. 2, its expansion tended to be suppressed by pectoral fin 384 

ablation (Fig. 7).  Therefore, the presence of the pectoral fin is a possible reason for the 385 

expansion of darkening in the axilla area.  386 

The use of the net linings with larger mesh sizes resulted in a significantly smaller 387 

area of darkening in the axilla region compared to the control, and it was comparable to 388 

that in the sand tank (Fig. 7).  We selected a mesh size larger than the pectoral fin of 389 

the blind side because we expected that pectoral fin protrusion through the mesh would 390 

provide better contact between the net and the skin of the axilla area.  The resulting 391 

suppression of hypermelanosis further supports the idea that the presence of a pectoral 392 

fin induces local darkening in the axilla area by interfering with the hypermelanosis-393 
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suppressing effect of contact stimulation from the bottom substrate (Nakata et al. 2017).  394 

Net-lined rearing tanks using nets with larger mesh sizes can be an excellent solution 395 

for preventing hypermelanosis.   396 

 397 

Difference in body proportion  398 

Wild-caught juveniles of 40 – 110 mm SL are known to have a constant body depth/SL 399 

value of approximately 0.38 (Yoshimura and Kawashita 2003), which is smaller than 400 

that of artificially raised juveniles (Nihira 1990; Yoshimura and Kawashita 2003).  In 401 

the present study, the body depth/SL value was significantly lower in tanks with net 402 

linings, and these values in Exp. 2 (Fig. 8b) are similar to that of wild-caught juveniles 403 

(0.39) of a smaller size.  Similar to the net-lined tanks, but inconsistent to the sand tank 404 

of the present study, juveniles reared in tanks with bottom sand or sand-pasted bottom 405 

displayed significantly smaller body depth/SL ratio (0.37-0.38) than those reared in 406 

control tank (0.39-0.40) (Kawana and Namba 2004).  In addition, the present study 407 

showed differing values between Exp. 1 and Exp. 2; the body depth ratios of the control 408 

groups were 0.44 and 0.42, and those of the net groups were 0.42 and 0.39, respectively, 409 

the trend being roughly similar to that of the SL of each group.  Although contact 410 

stimulation from the bottom substrate is possibly involved, growth-dependent changes 411 
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in body shape cannot be excluded as a reason for the difference.  Further study is 412 

required to elucidate this point. 413 

 414 

Optimal application of the net-lining method 415 

 In this study, the larger mesh size (12 mm) showed better results in terms of less 416 

hypermelanosis in the axilla area, while the results of total hypermelanosis suppression 417 

were comparable to the 4-mm mesh treatment.  Theoretically, a larger mesh should be 418 

less effective due to less skin contact with the net; the contact frequency of a given skin 419 

area is expected to be proportional to the length of the strands constituting each unit 420 

area of the net.  For example, when using a mesh size of 12 mm the frequency of contact 421 

with the skin is expected to decrease to 1/3rd of that when using a 4 mm mesh.  It is also 422 

possible that a smaller mesh size provides a smoother touch and, therefore, less 423 

stimulation to the skin.  In addition, the mesh size of the net lining must be small 424 

enough not to let the juveniles through, and large enough to allow excrement through.  425 

It is still unknown whether different mesh sizes would be optimal for differently sized 426 

juveniles or whether a single optimal mesh size applies for all fish size classes.  For 427 

factors other than mesh size, it is also to be examined whether net of other type (other 428 

knitting methods than Raschel, and other materials than polyethylene, for example) also 429 
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prevents hypermelanosis.  If we are able to answer these questions and if we improve 430 

the installation methods for net linings in larger tanks, then the utilization of nets as a 431 

bottom substrate may become an excellent solution for the prevention of hypermelanosis 432 

in flatfish aquaculture. 433 
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Figure captions 558 

Fig. 1 Schematic illustrations of the experimental tanks.  a: Experiment 1 (effect of a 559 

net-lined rearing tank on juveniles before the appearance of hypermelanosis), b: 560 

Experiment 2 (hypermelanosis suppression in the axilla area).  X on the blind side 561 

indicates pectoral fin ablation.  See text for details 562 

 563 

Fig. 2 Typical darkened areas on the blind side of Japanese flounder.  Hypermelanosis 564 
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typically emerges in four areas independently on the blind side, a, the marginal area; b, 565 

the axilla area; c, the abdominal area; and d, the head area. Other darkened areas (near 566 

the caudal fin, for example) were also measured and included in total darkened area, but 567 

the occurrence was not separately counted in Table 1.  568 

 569 

Fig. 3 Photographs of the blind side of juveniles reared in the (a) control tank and (b) 570 

net-lined tank in Experiment 1.  The blind sides of 24 randomly selected juveniles are 571 

shown 572 

 573 

Fig. 4 Total-darkened-area ratio of juveniles reared in the control and net-lined tanks in 574 

Experiment 1.  Different letters indicate statistical significance between groups (Mann-575 

Whitney U-test, p < 0.05).  In the figure, the upper and lower ends of the vertical bars 576 

show the maximum and minimum values, respectively.  The upper and lower ends of 577 

the boxes show 75% and 25% values, respectively, and the horizontal line in the box 578 

shows the median value 579 

 580 

Fig. 5 Standard length (SL) of juveniles reared in the control and net-lined tanks in 581 

Experiment 1.  In the figure, the upper and lower ends of the vertical bars show the 582 
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maximum and minimum values, respectively.  The upper and lower ends of the boxes 583 

show 75% and 25% values, respectively, and the horizontal line in the box shows the 584 

median value 585 

 586 

Fig. 6 Total-darkened-area ratio in Experiment 2.  Different letters indicate statistical 587 

significance between groups (Steel-Dwass test, p < 0.05).  The number of individuals 588 

was 18 - 19.  In the figure, the upper and lower end of the vertical bars show the 589 

maximum and minimum values, respectively.  The upper and lower end of the boxes 590 

show 75% and 25% values, respectively, and the horizontal line in the box shows the 591 

median value 592 

 593 

Fig. 7 Axilla-darkened-area ratio in Experiment 2.  Different letters indicate statistical 594 

significance between groups (Steel-Dwass test, p < 0.05).  The number of individuals 595 

was 18 - 19.  In the figure, the upper and lower end of the vertical bar show the 596 

maximum and minimum values, respectively.  The upper and lower end of the boxes 597 

show 75% and 25% values, respectively, and the horizontal line in the box shows the 598 

median value 599 

 600 
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Fig. 8 Standard length (SL) and body proportion in Experiment 2.  a: SL, b: body 601 

depth/SL.  The number of individuals was 18 – 19.  Values obtained from 15 wild-602 

caught juveniles were added to the graphs, but not included in the statistical test.  603 

Different letters indicate statistical significance between groups (Steel-Dwass test, p < 604 

0.05).  The upper and lower end of the vertical bars show the maximum and minimum 605 

values, respectively.  The upper and lower end of the boxes show 75% and 25% values, 606 

respectively, and the horizontal line in the box shows the median value 607 



Table 1 Number of individuals having darkening at various areas of the blind side in 
Exp. 1 
group marginal axilla abdominal head (Total) 

control 66a 58a 52a 40a 66 

net 1b 57a 28b 14b 68 

Different uppercase letters indicate statistical significance between groups (Fisher exact 
test, p < 0.05) 
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