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Abstract
We evaluated the potential of the euryhaline copepod Pseudodiaptomus inopinus as a prey to enhance the feeding activity of 
red sea bream Pagrus major larvae. Pseudodiaptomus inopinus was used to evaluate free amino acid composition and dietary 
effects on the rearing performance of fish larvae, in comparison to rotifers (control prey). Among free amino acids, alanine, 
arginine, and glycine were markedly higher in P. inopinus than in rotifers. Larvae were reared for 20 days post-hatching under 
three feeding treatments: rotifers (control), rotifers supplemented with copepods, and copepods only. Larvae fed copepods 
alone had a higher growth rate than those in the other treatments. However, the survival rates of these larvae were lower 
than those under control or copepod supplementation. While equivalent stocking densities of rotifers were employed in the 
rearing water for both larvae, whether supplemented with copepods or not, the supplemented treatment yielded diminished 
larval survival and failed to enhance growth rates. According to gut content analysis, larvae receiving supplemented treat-
ment preferentially fed on copepods, and the number of ingested rotifers was reduced. As a result, total ingested mass was 
lower in the supplemented larvae. This study suggests that copepods containing free amino acid species negatively affect 
prey acceptance of fish larvae.
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Introduction

Copepods are a major live prey for marine fish larvae in 
natural waters, and are also considered an effective initial 
live prey for larviculture (Kuwahara and Suzuki 1983; Hagi-
wara et al. 2001). Copepods contain high levels of n-3 highly 
unsaturated fatty acids (n-3 HUFA) and taurine, which are 
essential for the survival and growth of fish larvae (Sargent 
et al. 1999; Bell et al. 2003; van der Meeren et al. 2008). 
Commonly used live prey, such as rotifers and Artemia nau-
plii, do not contain enough n-3 HUFA to meet the require-
ment for larvae (Watanabe et al. 1989).

Copepods have still not been implemented as a practical 
prey for marine finfish larvae, due to their low productivity, 
difficult maintenance, and high culture cost (Alajmi and Zeng 
2015; Takayama et al. 2021). Densities of copepods belonging 
to the genus Acartia (Sarkisian et al. 2019; Takayama et al. 
2021) and Pseudodiaptomus (Puello-Cruz et al. 2009) are 
reported to be ≤ 2 individuals/mL/day, which is very limited 
compared to the productivity of continuous cultures of rotifers 
(approximately 750 ind./mL/day; Kotani et al. 2009). However, 
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Øie et al. (2015) succeeded in enhancing the rearing perfor-
mance of finfish larvae, even in short periods after hatching, 
by feeding cultured copepod nauplii to these larvae. Also, Bar-
roso et al. (2013) reported that marine finfish larvae fed on a 
mixture of cultured marine copepods Acartia tonsa and rotifers 
demonstrated improved growth and survival rates compared 
to those that were on an exclusively rotifer-based diet. Toledo 
et al. (1999) similarly reported that co-feeding several marine 
copepod and rotifer species improved the growth and survival 
rates of orange-spotted grouper Epinephelus coioides larvae 
compared with those that were fed only rotifers. Accordingly, 
the insufficiency of copepod biomass can be mitigated by cir-
cumscribing the temporal extent of copepod feeding to a con-
cise interval or by effecting co-feeding of copepods alongside 
rotifers.

Furthermore, copepods contain large amounts of free 
amino acids (FAAs) such as glycine, alanine, and arginine 
which function as a feeding stimulant for marine fish (Goh and 
Tamura 1980; Kolkovski et al. 1997; Helland et al. 2003; van 
der Meeren et al. 2008). Kolkovski et al. (1997) also reported 
that when artificial feed and Artemia were fed to fish larvae, 
FAAs released from the Artemia stimulated feeding of the lar-
vae and increased intake of commercial feed. Therefore, the 
utilisation of copepods as an additive to routine diets for larval 
fish could promote active feeding and thus enhance rearing 
performance such as larval growth and survival rate.

We aimed to evaluate the significance of the euryhaline 
copepod Pseudodiaptomus inopinus as a dietary supplement 
to rotifers for rearing of marine finfish larvae in this study. 
Pseudodiaptomus inopinus is a common copepod species 
in East Asia and the most abundant copepod in euryhaline 
waters of the mainland in Japan (Sakaguchi and Ueda 2011). 
This species was the only copepod successfully cultured, 
and other species were difficult to obtain. It was difficult to 
artificially culture copepod, especially to produce it at a level 
where it could be fed in quantity, and there was no other 
option but to use this species. Here, we analysed the FAAs 
of rotifers and P. inopinus, a key stimulant for larval feeding. 
We selected red sea bream as an experimental fish species, 
since this fish is among the most widely cultivated species in 
Japan and other Asian countries (Nam et al. 2019; Bu et al. 
2023). To evaluate the effect of copepod supplementation, 
the rearing performance of the larvae was compared with 
those fed rotifers only, and those fed copepods only.

Materials and methods

Ethical treatment of the animals

All animal studies were performed in accordance with 
the regulations of the Animal Experimental Committee, 
Kagoshima University.

Culture of microalgae

Three microalgae, Tisochrysis lutea, Pavlova lutheri, and 
Phaeodacytlum tricornutum, were cultured for the copep-
ods. The seawater used for culturing each microalgae was 
collected from Kagoshima Bay (15 m from the shore at a 
depth of 5 m) and filtered using a sand filter in a closed fil-
tration system. The seawater was filtered through 100 µm, 
25 µm, and 10 µm mesh cartridge filters (Micro-Cilia; 250-
EX-100, 250-EX25, 250-EX10, Roki Techno Co., Ltd., 
Fukuoka, Japan) and glass fibre filter paper (GF/C, GE 
Healthcare, CT, USA). The seawater was sterilised with 
ultraviolet irradiance (UVF-1000, Iwaki Co., Ltd., Tokyo, 
Japan). The culture medium used was diluted at 17 practi-
cal salinity units (psu) and enriched with nutrients (KW21, 
Daiichi Seimo Co., Ltd., Kumamoto, Japan), at water tem-
perature of 20 °C and photoperiod of 24L/0D with gen-
tle aeration at 0.5 L/min. Each culture was maintained in 
a 3-L glass triangular flask or 5-L polycarbonate bottle. 
Fresh medium for each species was prepared weekly, and 
the culture was started by inoculating cells.

Culture of copepods

Pseudodiaptomus inopinus was collected using a plank-
ton net (mesh 63  μm) from the Yakugachi River near 
the confluence of the Sumiyou River (28°25′12.029″ N, 
129°24′39.426″ E) and was incubated in the laboratory at 
the Faculty of Fisheries, Kagoshima University (Kagoshima, 
Japan). Seawater for the copepod culture medium was col-
lected from Kagoshima Bay (Kagoshima, Japan) and steri-
lised using ultraviolet irradiance (UVF-1000, Iwaki Co., 
Ltd., Tokyo, Japan). It was then filtered through a graded 
series of 100, 25, and 10 µm mesh cartridges (Micro-Cilia; 
250-EX-100, 250-EX25, 250-EX10, Roki Techno Co., Ltd., 
Fukuoka, Japan) and diluted with tap water that had been 
aerated for at least 1 day to adjust the salinity to approxi-
mately 17 psu. Copepods were incubated in a 5-L polypro-
pylene beaker or 50-L and 200-L polycarbonate tanks filled 
with 4 L, 40 L, and 100 L of diluted seawater, respectively. 
Water temperature was adjusted to 20 °C. Aeration rate was 
increased with up-scaled volume of the copepod culture at 
1 mL/min, 3 mL/min, and 6 mL/min for 4 L, 40 L, and 100 
L, respectively. Three species of microalgae were supplied 
to copepods as a mixture every 2 days at a concentration of 
4 × 105 cells/mL of T. lutea, 2 × 105 cells/mL of P. lutheri, 
and 4 × 105 cells/mL of P. tricornutum. The culture medium 
was changed three times a week by harvesting copepods in a 
63 µm mesh plankton net (NYTAL; 25XX, Tanaka Sanjiro 
Co., Ltd., Fukuoka, Japan) and then transferring them to a 
fresh medium.
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Culture of rotifer and hatching Artemia

Euryhaline rotifer Brachionus plicatilis (Obama strain, 
L-type) was used as a live prey for red sea bream and was 
cultured in 200-L polycarbonate incubation tanks using the 
continuous culture method described by Kotani et al. (2009). 
The cultivation conditions were maintained at salinity of 20 
psu and water temperature of 25 °C, and the detritus was 
removed using a hanging filter (Vilene Mat, Tanaka Sanjiro 
Co., Ltd., Fukuoka, Japan) put in the culture tank, and the 
filter was changed daily. Chlorella vulgaris (Super Fresh 
Chlorella V-12, Chlorella Industry Co., Ltd., Tokyo, Japan) 
was continuously supplied to the culture tank at a rate of 
40 mL/min, 15 × 109 cells/mL, using an electromagnetic 
metering pump (EHN-B16VC1R, Iwaki Co., Ltd., Tokyo, 
Japan). A seawater-based medium filtered through 100 μm 
cartridge filters and diluted to 20 psu was supplied simul-
taneously. For nutritional enrichment of rotifers, n-3 highly 
unsaturated fatty acid (n-3 HUFA)-enriched C. vulgaris 
(Super Fresh Chlorella V-12) was fed at 46,000 cells/ind. 
and was harvested after 24 h. Taurine, an essential nutri-
ent for red sea bream larvae (Chen et al. 2004), was also 
enriched in rotifers using a commercial taurine enrichment 
product (Aquaplus ET, Marubeni Nisshin Feed Co., Ltd., 
Tokyo, Japan) following the manufacturer’s instructions 
(1.2 g/L per day).

Artemia cysts (Great Salt Lake Artemia, Ogden, UT, 
USA) were incubated in Artemia incubation tanks filled 
with seawater filtered through a 100 µm mesh cartridge fil-
ter, and the incubation temperature was set at 28 °C using 
a thermostat and ceramic heater. The eggs were exposed to 
24 h electric light and aeration for their hatching. Hatched 
nauplii were enriched with n-3 HUFA for 12 h using salmon 
roe oil (MarineTech Co., Ltd., Aichi, Japan) before being 
fed to the larvae.

Larval rearing of red sea bream

Treatments

Three feeding treatments were prepared: rotifers (control), 
rotifers supplemented with copepods (supplement), and 
copepods alone (copepod). Fish larvae have a point of no 
return (PNR) at early periods after hatching, during which 
they are more likely to die if they do not successfully feed 
(Blaxter and Hempel 1963). For successful first feeding of 
larvae, in the present study, larvae at 2–3 days post-hatch-
ing (dph) were fed at specifically higher densities compared 
to those at later age. In the control treatment, larvae were 
fed on rotifers twice a day from the day of mouth opening 
(2–3 dph) at 10 ind./mL and 4–19 dph at 5 ind./mL. For 
later-developed larvae, rotifers were supplemented with a 
small quantity of Artemia nauplii (0.1 ind./mL) from 15 to 

19 dph, as no supplementation often leads to unsuccessful 
larviculture (Furuita et al. 1996). In the supplement treat-
ment (copepod supplementation with rotifers), copepods 
were additionally fed at 0.24 ind./mL of nauplii and 0.47 
ind./mL of copepodites from 2 to 3 dph, and at 0.07 ind./
mL of nauplii and 0.14 ind./mL of copepodites from 4 to 19 
dph. Rotifers were fed the same amount in both control and 
supplementation treatment. In the copepod treatment, the 
amount of nauplii and copepodites for larvae at PNR periods 
(i.e. 2–3 dph) was approximately 3.2 ind./mL and 5.7 ind./
mL, respectively. For later periods (4–19 dph), the nauplii 
and copepodites fed to larvae were reduced to 0.13 ind./mL 
and 0.22 ind./mL, respectively, to save on prey.

Rearing conditions

Naturally fertilised and spawned red sea bream eggs were 
obtained from Ogata Suisan, Inc. (Kumamoto, Japan). Eggs 
were transported to the Kinko Bay Onshore Laboratory, Fac-
ulty of Fisheries, Kagoshima University. Three 30-L black 
polyethylene circular tanks (Summit Tanks, Morymer Sum 
Plastics Co., Ltd., Osaka, Japan) were prepared for each 
treatment. Each tank was filled with seawater and maintained 
at 22.6 ± 1.5 °C, 32.0 ± 1.2 psu salinity, 7.9 ± 0.1 pH, and 
7.1 ± 1.2 mg/L dissolved oxygen. The larvae were reared in 
a photoperiod of 12L:12D. Approximately 900 eggs were 
placed in each tank and incubated under aeration that was 
initially supplied at 15 mL /min, and this gradually increased 
with larval growth. The hatching rate of each treatment was 
50.3 ± 17.7%. High water quality of the culture medium was 
maintained by filtration through a 100 µm cartridge filter and 
sterilisation by ultraviolet irradiance (UVF-1000, Iwaki Co., 
Ltd., Tokyo, Japan). The rearing period was set to 20 days. 
During the rearing period, the fish were fed twice daily at 
8:00 am and 4:00 pm. The water circulation rate for larval 
rearing was set at 3.5 mL/s. A 63 μm mesh was attached to 
the drainage pipe to prevent live prey from being released 
outside the tank. As a buffer for the larval rearing medium, 
up to 1 million cells/mL of Nannochloropsis oculata (K2 
Frozen Nannochloropsis, Chlorella Industry Co., Ltd., 
Tokyo, Japan) was added twice a day at the same time as 
feeding live prey to each tank.

Evaluation of growth and survival rates of red sea 
bream larvae and observation of their gut contents

The larvae at 0, 2, 3 dph (the time of mouth opening), and at 
5, 10, 15, and 20 dph were sampled 2 h after feeding and then 
put in a 1.5 mL tube on ice. After the larvae were euthanised 
using ice, they were fixed in 10% formalin. Ten fish were sam-
pled from each tank on each dph. Samples were not collected 
from the supplement and copepod treatment tanks in which all 
larvae died during rearing. The larvae and micro-ruler (MR-2, 
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Kenis Co., Ltd., Tokyo, Japan) were photographed using a dig-
ital camera (D5200, Nikon Co., Ltd., Tokyo, Japan) attached to 
a stereomicroscope (SMZ800, Nikon Co., Ltd., Tokyo, Japan), 
and the standard lengths of the larvae were measured using 
image analysis software (ImageJ ver. 1.50, National Institutes 
of Health, MD, USA). The growth rate was evaluated from the 
regression coefficients of regression curves generated from the 
raw data of standard larval lengths. Survival rates were calcu-
lated based on Kotani et al. (2011). We determined survival 
rates corrected for errors resulting from individuals who died 
due to sampling through the larval rearing using the following 
equation:

where Nt indicates the population size at t-dph, m indicates 
the mortality coefficient, T indicates the total rearing period, 
dn indicates the rearing period until the nth sampling event, 
and NSn indicates the sampled size in the nth sampling event. 
The survival rate was determined by solving the equation and 
calculating m using previously known values other than m.

To observe the feeding selectivity of larval fish in supple-
ment treatment, the larvae of 5, 10, and 15 dph from each 
treatment were dissected using a needle, and the contents of 
the digestive tract were observed under a stereomicroscope. 
The number of copepods and rotifers in the gut contents was 
counted under a microscope. To evaluate whether the feeding 
of copepods by the larvae stimulates feeding of rotifers as well, 
the number of rotifers in the gut contents in the supplement 
was compared with that in the control. The dry mass of the gut 
contents of the larvae was measured as described by Matsui 
et al. (2021). The median dry weight of rotifers, copepod nau-
plii, copepodites, male adults, and female adults was 0.11 μg/
ind., 0.18 μg/ind., 1.15 μg/ind., 3.52 μg/ind., and 6.24 μg/ind., 
respectively. To analyse the feeding selectivity of the larvae 
by 5, 10, and 15 dph, Ivlev's selectivity index was calculated 
(Ivlev 1961). To evaluate which prey species larvae preferen-
tially fed on, the selectivity index E was calculated using the 
following equation:

where ri and pi are the population percentages of prey spe-
cies in the stomach and rearing water, respectively. The selec-
tivity ranged from −1 to 1, and a value between −1 and 0 sug-
gested avoidance, and 0 to 1 suggested preference for live prey.

Free amino acids analysis for larval prey

Free amino acids (FAAs) in prey were determined by high-
performance liquid chromatography (HPLC; CMB20A, 
LC20AB, RF20A, CTO20A, SIL20A, LC10AD, 
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DGU-20A3, Shimadzu Co., Ltd., Kyoto, Japan) according 
to the method described by Teshima et al. (1986). Quan-
titative analysis was performed using the LC workstation 
software (LC-solution, Shimadzu Co., Ltd., Kyoto, Japan). 
The biomass of the rotifers, Artemia, or cultured copep-
ods was harvested using a 63 µm plankton net, washed 
with distilled water, and preserved at −80 °C until meas-
urement. After freeze-drying, a portion of the dry mass 
(approximately 0.1 g) was distributed in a test tube. A 
solution of norleucine (0.06 mg/100 μL) was used as the 
internal standard. Subsequently, each sample was mixed 
with 100 µL of norleucine solution, 4 mL of 8% trichlo-
roacetic acid solution, and 900 µL of distilled water, fol-
lowed by homogenisation (2 min) on ice, and then cen-
trifugation (4 °C, 815×g, 15 min). A diethyl ether was 
mixed in each sample solution, and the organic layer con-
taining trichloroacetic acid was discarded. The process of 
trichloroacetic acid removal was repeated 10 times. The 
pH of each sample solution was adjusted to 2.20 ± 0.05 
by adding a small amount of 30% perchloric acid and 4 N 
sodium hydroxide. The solutions were filtered through a 
0.45 µm membrane filter (Minisart® NML syringe filter, 
Sartorius, Göttingen, Germany) using a syringe, and the 
filtered solutions were analysed by HPLC. To evaluate 
the difference in FAAs between copepod sources, wild 
copepods harvested in China (Chinese frozen copepods, 
I.S.C Co., Ltd., Fukuoka, Japan) and those in the Arctic 
(Deep-frozen CYCLOP-EEZE®, Argent Chemicals Labo-
ratories Inc., WA, USA) were also analysed with the same 
methodology described above.

Statistical processing

Statistical processing was performed using R version 4.3.1 
(https://​www.r-​proje​ct.​org/). The growth rate of the lar-
vae was analysed using a two-way analysis of variance 
(ANOVA) based on the standard lengths of all larvae, 
and the slopes of the growth curves were compared. The 
significance of the regression of the growth curves was 
confirmed by regression analysis. The standard length of 
larvae at 20 dph was compared using the Kruskal–Wallis 
test, followed by Dunn's test. Survival rates were com-
pared using the chi-squared test after a Bonferroni cor-
rection. The Wilcoxon rank-sum test was applied to com-
pare the number of gut contents of red sea bream larvae 
every 5 days. For Ivlev's selectivity index, the Wilcoxon 
rank-sum test was applied to compare the indices between 
rotifers and copepods. Comparisons of the amount of 
amino acids were performed using one-way ANOVA, fol-
lowed by Tukey’s honestly significant difference (HSD) 
test. Significant differences were considered at p < 0.05.

https://www.r-project.org/
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Results

Rearing performance of red sea bream larvae

The regression exponential curve was generated from the 
relationship between each dph and the standard length of 
each sampled larvae (Fig. 1, regression analysis, p < 0.05). 
The growth rate of the copepod-fed larvae was signifi-
cantly higher than that of the control fed on rotifers and 
supplement-fed larvae (two-way ANOVA; control-supple-
ment: df = 5, F = 1.664, p > 0.05; control-copepod: df = 5, 
F = 50.04, p < 0.05; supplement-copepod: df = 5, F = 36.81, 
p < 0.05). However, there was no significant difference in 
larval growth between the control and the supplement. 
According to histograms of larval standard lengths at 20 
dph (Fig. 2), those in the control and supplement treatments 
ranged approximately 6–8 mm, while larval standard lengths 
in the copepod treatment (approximately 8–10 mm) were 
significantly higher than that of the control and supplement 
(Kruskal–Wallis test, H = 26.69, df = 2, p < 0.05; Dunn's 
test, p < 0.05). However, the larval survival rates in the 
copepod treatment were lower than that in the other treat-
ments (Fig. 3; treatment of copepods: 2.4 ± 2.1%, supple-
ment: 8.2 ± 14.2%, control: 38.9 ± 20.6%; chi-squared test, 
p < 0.017).

Gut contents of larvae in supplement and control 
treatments

The gut contents of the larvae in the treatment of supplement 
were examined (Figs. 4 and 5) to evaluate why their larvae 
showed low survival in spite of rotifers given at the same 

ration as control. In 5-dph larvae under the treatment of 
supplement, rotifers and copepods were ingested in similar 
numbers (Wilcoxon rank-sum test, p > 0.05) (Fig. 4a). The 
number of ingested rotifers or copepods was consistent for 
larvae at 10 or 15 dph (Wilcoxon rank-sum test, p > 0.05). 
Such trends were also observed on the basis of dry mass 
(Fig. 4b). However, the dry mass of gut contents for each 
individual sample at 15 dph in the supplement treatment 
showed that more than 80% of the larvae tended to pref-
erentially feed on copepods (Fig. 5). In comparison to the 
larvae of the control, the larvae of copepod supplementation 
ingested significantly lower numbers (Fig. 6a) and dry mass 
(Fig. 6b) of rotifers at 5 and 15 dph. The results for total 
gut contents on a dry mass basis showed that the larvae at 
15 dph in the supplement group did not feed on prey com-
pared to the control (Fig. 7). Analysis of Ivlev's selectivity 
index for the larvae in the supplement showed that larvae fed 
preferentially on copepods during larviculture (Fig. 8). The 
indices for copepods at 5, 10, and 15 dph were 0.09 ± 0.94, 
0.48 ± 0.84, and 0.85 ± 0.16, respectively, while those for 
rotifers were −0.51 ± 0.51, −0.52 ± 0.42, and −0.75 ± 0.00, 
respectively. Significant differences were detected in the 
indices of selective preference during the culture period 
(Wilcoxon rank-sum test, p < 0.05).

Free amino acids analysis

Except for cysteine, all free amino acids (FAAs) were 
detected in the live prey (Table 1). The content of total 
amino acid (TAA) or essential amino acid (EAA) in cope-
pods was higher than that in rotifers and Artemia (Table 2, 
one-way ANOVA, p < 0.05; Tukey’s HSD test, p < 0.05). 
The content of 10 of these FAAs (alanine, arginine, glycine, 
histidine, isoleucine, leucine, methionine, proline, threonine, 
and valine) was more abundant in cultured copepods than in 
rotifers and Artemia (Table 2, one-way ANOVA, p < 0.05; 
Tukey’s HSD test, p < 0.05). Among copepod sources, the 
content of alanine, arginine, glycine, methionine, and tau-
rine was higher in P. inopinus than in Chinese or Arctic 
copepods.

Discussion

It has been reported in several studies conducted at labora-
tory scale that copepods stimulate the feeding of fish larvae 
by their unique movements, and several FAAs contained 
in large amounts in live prey also stimulate the feeding of 
fish (Kolkovski et al. 1997; Buskey 2005). This is also the 
case in the wild, where various fish larvae such as black sea 
bream Acanthopagrus schlegelii, Japanese flounder Parali-
chthys olivaceus, Japanese whiting Sillago japonica, and red 
sea bream Pagrus major are known to preferentially feed on 

Fig. 1   Growth curve of red sea bream Pagrus major larvae. Plots 
indicate the standard length of all measured larvae each day. The 
sample numbers of the control were as follows: 0  days post-hatch-
ing (dph) = 41, 2 dph = 49, 5 dph = 65, 10 dph = 33, 15 dph = 30, 
and 20 dph = 57. The numbers of the supplement were  as follows: 
0 dph = 41, 2 dph = 49, 5 dph = 41, 10 dph = 14, 15 dph = 11, and 20 
dph = 15. The numbers of the copepods were as follows: 0 dph = 41, 2 
dph = 49, 5 dph = 60, 10 dph = 35, 15 dph = 20, and 20 dph = 19
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copepods (Kuwahara and Suzuki 1983). Similar to the natu-
ral copepods (Arctic, China), P. inopinus contained more 
FAAs such as alanine and glycine, which are involved in 
stimulating the feeding activity of red sea bream, than did 
rotifers and Artemia (Goh and Tamura 1980). We hypoth-
esised that the presence of copepods, known for their high 
levels of FAAs, would enhance the feeding activity of lar-
vae up to 20 dph. Furthermore, since previous studies have 

reported that FAAs emitted by prey increased feeding in 
larval fish, it was considered that the larvae would exhibit 
increased consumption of rotifers when fed in conjunction 
with copepods (supplement group), in comparison to when 
fed on rotifers only (control) (Kolkovski et al. 1997). How-
ever, the trend of a selective preference of the larvae for 
copepods was observed and resulted in a decrease in rotifer 
consumption (Fig. 5). Consistent with the findings of Matsui 

Fig. 2   Frequency of each treat-
ment of standard length of the 
larvae at 20 days post-hatching 
(dph). The histogram shows 
the frequency of the standard 
length of 20-dph larvae for 
each treatment. The sample 
numbers of the control (single 
diet of rotifer), supplement, and 
copepods were 57, 15, and 19, 
respectively
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et al. (2021), where red sea bream larvae were exclusively 
fed P. inopinus, this study observed a significant increase 
in larval growth when P. inopinus were fed alone compared 
to control feeding (combination of rotifers and Artemia). A 
histogram of larval size showed that some fish were 10 mm 
or larger in the copepod treatment compared to the other 
treatments. However, it cannot be ruled out that the cope-
pod treatment may have affected the growth performance, 
and as a result, only large larvae that successfully fed on 
copepod survived. This phenomenon could occur, for exam-
ple, if there were insufficient numbers of rotifers, and this 
would result in the larger larvae surviving. However, since 
the nutritional value of the rotifers would be the same as if 
there were sufficient numbers, the sizes of larvae would be 
normal as if they were in a larger population. If taking into 
account that larger larvae were present when being fed with 
copepods than with rotifers, it is likely that the copepods 
were sufficient to meet the nutritional requirements of the 
larvae, and hence their prey value was high. Furthermore, 
the abundant presence of total FAAs—particularly essential 
FAAs—found in P. inopinus may significantly contribute to 
larval growth by virtue of their facile digestibility and high 
absorption rates, as corroborated by prior research (Røn-
nestad et al. 1992; Conceição et al. 1997). The lower density 
of P. inopinus than rotifers may have caused starvation, and 
thus a decline in larval survival was observed. The amount 
of copepod nauplii that could be fed to the copepod treat-
ment group was approximately 0.5 ind./mL/day on average 
in this study. Although we do not have information on the 
optimal prey density for red sea bream larvae, we suggest 
that if survival rates are to be increased in copepod treat-
ment, larvae in copepod treatment should ideally be fed at 
the same population density as rotifers in the control treat-
ment to increase prey encounter. Although we hypothesised 

that both survival and growth would experience enhance-
ments when the larvae were fed a supplement with rotifers 
due to the growth-promoting properties of P. inopinus, 
unexpectedly, neither parameter exhibited improvement 
in this study. The underlying factor contributing to this 
lack of improvement is considered to be the significantly 
lower amount of rotifers consumed by the larvae at 5 and 
15 dph compared to the control treatment. The outcomes 
might differ should rotifers, with their population density, 
be employed as the primary dietary source, and copepods 
relegated to a supplementary role.

The composition of FAAs varies among copepod species, 
and in some cases its concentration is lower than that of 
rotifers (Drillet et al. 2006; van der Meeren et al. 2008). In 
this study, the content of several FAAs in rotifers was higher 
than that in copepods, and the content of some FAAs was 
lower than that in natural commercial copepods obtained 
from China and the Arctic, possibly due to fluctuations 
between species (van der Meeren et al. 2008). For taurine, 
rotifers can directly consume substances dissolved in water, 
and thus rotifers possess a high value of taurine compared 
to Artemia and copepods (Takahashi et al. 2005). According 
to Kolkovski et al. (1997), the amino acids that stimulate the 
feeding of gilthead sea bream larvae are alanine, arginine, 
and glycine. Goh and Tamura (1980) reported that red sea 
bream adults prefer alanine, arginine, glycine, glutamine, 
serine, and valine. It is not known which amino acids act 
as feeding stimulants in the larval stages of red sea bream; 
however, the amounts of these FAAs, especially alanine and 
glycine, were higher in P. inopinus than in rotifers and Arte-
mia. Gut contents also showed that the number of rotifers 
in the gut of the supplement treatment was not as high as 
that in the control throughout the period, even though both 
treatments were presented with an equal number of rotifers 
(Fig. 7). The high alanine, arginine, and glycine content of 
P. inopinus may have induced a preference in the larvae for 
copepods, but at 5–10 dph, the nostrils of the red sea bream 
larvae are immature (Anraku et al. 1999).

Although the olfactory bulb forms immediately after 
hatching, whether it functions as an olfactory organ by 10 
dph is unknown (Miyazaki et al. 1991). Like olfaction, gus-
tation is a sensation associated with feeding, but taste buds 
do not develop until after 30 dph (Miyazaki et al. 1991). 
However, the visual organs, namely the eyes and retina, 
develop just after hatching, and thus visual feeding begins 
after 6 dph (Hirano 1963; Miyazaki et al. 1991). A charac-
teristic of the feeding behaviour of red sea bream is the habit 
of feeding on objects that exhibit specific movements (Koo 
et al. 2013). Copepods, including P. inopinus, are known 
to engage in characteristic movement such as hopping and 
jerking, and are thus reported to be easily recognised as prey 
by fish larvae (Buskey 2005). If the larval stage of fish had 
the same habit as adults, P. inopinus movement could have 

Fig. 3   Survival rate of red sea bream Pagrus major larvae after 
20  days post-hatching. The columns indicate the survival rates in 
each treatment, and the error ranges indicate standard deviations (chi-
square test, Bonferroni correction, a > b > c, p < 0.017)
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induced feeding behaviour in red sea bream larvae. Previous 
studies have reported that biological movement stimulates 
feeding in finfish larvae (Matsunaga and Watanabe 2012; 
Nakayasu and Watanabe 2014). It is proposed that the move-
ment of copepods stimulates the feeding behaviour of red sea 
bream larvae, resulting in their selective feeding on cope-
pods as much as or even more than on rotifers, despite the 
high stocking density of rotifers. In particular, larvae at 15 
dph tend to preferably feed on copepods, which is expected 
to be the result of the development of chemoreceptors and 
a change in feeding preference. Ivlev's selectivity index 
showed that the feeding selectivity of copepods was positive 
at all dph examined and that of rotifers was negative, indicat-
ing that red sea bream larvae have a higher preference for 

copepods than rotifers. Furthermore, the selectivity indices 
of Ivlev revealed that larvae selectively fed on copepods as 
they grew.

Although copepods were selectively fed to the larvae in 
the supplement treatment, their survival rate was very low, 
which may be due to the low feeding density of the copepods 
and low encounter rate for the prey in this study. However, 
it seems reasonable that they would feed on rotifers, which 
were immediately in front of them, and still stocked higher 
than copepods. Mayer and Wahl (1997) reported that the 
larvae of walleye Stizostedion vitreum exhibited improved 
survival when the size of prey was suitable. In other words, 
it is possible that if the prey size distribution is not suitable 
for the larvae, larval survival decreases. The copepod P. 

Fig. 4   Individuals of the rotifers 
and copepods (a) and their dry 
mass (b) in the gut of red sea 
bream Pagrus major larvae 
in supplement treatment. Box 
plots represent average value 
(cross mark), median value 
(central line), 25% and 75% 
quantiles (box limits), 5% and 
95% quantiles (whiskers), and 
outliers (circles). The sample 
numbers were as follows: 5 days 
post-hatching (dph): n = 20, 10 
dph: n = 11, 15 dph: n = 8
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inopinus, especially nauplii, is similar to rotifers (Matsui 
et al. 2021) and is not inferior to them in size. Owing to their 
visual feeding stimulation, copepods are the more preferred 
and suitable prey of fish larvae (Buskey 2005). Therefore, a 
decline in the copepod population would decrease the sur-
vival rate of these larvae due to lack of appropriate prey. 
However, the number of samples in gut contents per devel-
opmental stage of larval fish in this study was not sufficient 
to prove this phenomenon, and further research is needed. 
Moreover, apart from visual stimulation, other factors such 
as chemical responses may contribute to preferential feeding 
and the aforementioned induced movement. The low cope-
pod biomass due to predation and disappearance of copep-
ods from the rearing water could results in larval mortality 
due to starvation, despite rotifer availability. To clarify the 
phenomenon of larval mortality, it is necessary to confirm 
the gut contents of dead individuals or fish after enough time 
has elapsed since feeding. However, we did not examine this 
aspect, as it was beyond the scope of this study.

Copepods are known to have high nutritional value and 
are associated with various positive aspects of rearing per-
formance in experimentally fed fish larvae (Toledo et al. 
1999; Barroso et al. 2013). Moreover, copepods are a main 
larval live prey in nature (Kuwahara and Suzuki 1983). 
Therefore, copepods are expected to be used as live prey 
for larviculture (Støttrup and Norsker 1997). However, the 

cultivation of copepods is difficult, and there are limited 
examples of their practical usage (Engell-Sørensen et al. 
2004). Contrary to expectations, practical applications are 
far from being achieved. Although copepods were used 
as a supplementary prey with rotifers, the survival rate 
of the larvae was very low in this study. According to 
the observed phenomenon, co-feeding of P. inopinus and 
rotifers affects the preference of red sea bream larvae, 
and they tend not to feed actively on rotifers. In fact, it is 
clear that Ivlev's selectivity index for rotifers decreased 
with each dph. Although the impact of FAAs on larval 
feeding preference has not been previously reported, it is 
well known that FAAs can exert a significant influence 
on the feeding preference of red sea bream and other fish 
species (Goh and Tamura 1980; Levina et al. 2021). If 
FAAs indeed affect the feeding preference of the larvae, 
this study represents pioneering research on larval prefer-
ence affecting survival. Furthermore, this study is the first 
to present the novel finding that, despite the recognition 
of copepods as a promising live prey, the occurrence of 
this phenomenon has a detrimental impact on the survival 
rates of fish larvae. Although further research is needed 
to determine which FAAs are involved in stimulation of 
feeding in fish larvae, the results of this study suggest that 
if copepods are to be fed to larval fish in a practical man-
ner, it is necessary to select feeding methods that match 
the feeding preferences of each growth stage of the larvae.

Fig. 5   Dry mass of gut contents 
for each individual sample at 
15 dph in the supplement treat-
ment. The columns indicate dry 
mass of rotifers and copepods 
in the gut content of each indi-
vidual sample (n = 8)
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Fig. 6   Individuals of the rotifer 
group (a) and their dry mass 
(b) in the gut contents of red 
sea bream Pagrus major larvae 
in control and supplement 
treatment. Box plots represent 
the average value (cross mark), 
median value (central line), 25% 
and 75% quantiles (box limits), 
5% and 95% quantiles (whisk-
ers), and outliers (circles). The 
control sample numbers were 
as follows: 5 days post-hatching 
(dph): n = 20, 10 dph: n = 20, 
15 dph: n = 20. The supple-
ment sample numbers were as 
follows: 5 dph: n = 20, 10 dph: 
n = 11, 15 dph: n = 8 (Wilcoxon 
rank-sum test, a > b, p < 0.05)
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Fig.7   Total dry mass in the gut contents of red sea bream Pagrus 
major larvae in control and supplement treatments. Box plots repre-
sent the average value (cross mark), median value (central line), 25% 
and 75% quantiles (box limits), and 5% and 95% quantiles (whiskers). 
The control sample numbers were as follows: 5  days post-hatching 
(dph): n = 20, 10 dph: n = 20, 15 dph: n = 20. The supplement sample 
numbers were as follows: 5 dph: n = 20, 10 dph: n = 11, 15 dph: n = 8

Fig. 8   Ivlev's selectivity index 
of red sea bream Pagrus major 
larvae in supplement treat-
ment at 5, 10, and 15 dph. The 
square and circle plots show the 
feeding selectivity indices of 
larvae with respect to rotifers 
and copepods, respectively. 
The sample numbers were as 
follows: 5 dph: n = 20, 10 dph: 
n = 11, 15 dph: n = 8
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Table 1   Free amino acid 
composition in prey for marine 
finfish larvae

ND not detected
The numbers in the table indicate the mean ± standard deviation. The table shows the amounts of each 
free amino acids, essential amino acids (EAA), non-essential amino acids (NEAA), and total amino acids 
(TAA). FAAs of frozen copepods harvested in China and the Arctic were also analysed in order to evaluate 
differences in FAAs among copepod sources (n = 3, one-way analysis of variance, p < 0.05, Tukey’s HSD 
test, a > b > c, p < 0.05)

Amino acid (mg/g) Rotifer Artemia Pseudodiaptomus Chinese copepod Arctic copepod

Ala c1.80 ± 0.15 b3.95 ± 0.29 a10.19 ± 0.55 4.01 ± 0.35 6.88 ± 0.31
Arg b2.81 ± 0.22 b2.99 ± 0.33 a12.75 ± 1.51 8.91 ± 0.61 11.41 ± 0.39
Asp a0.53 ± 0.13 b0.19 ± 0.02 a0.71 ± 0.04 0.73 ± 0.07 2.90 ± 0.16
Cys ND ND ND ND ND
Glu a4.20 ± 0.33 a3.66 ± 0.43 b2.62 ± 0.07 3.33 ± 0.29 8.06 ± 0.40
Gly b1.06 ± 0.08 b0.79 ± 0.05 a3.70 ± 0.19 0.98 ± 0.10 3.16 ± 0.16
His b1.36 ± 0.02 b1.40 ± 0.20 a1.95 ± 0.03 2.74 ± 0.23 4.26 ± 0.15
Hxpro ND 0.09 ± 0.01 ND ND ND
Ile b0.47 ± 0.07 b0.59 ± 0.08 a1.30 ± 0.06 1.41 ± 0.13 2.69 ± 0.12
Leu b0.74 ± 0.14 b0.87 ± 0.19 a2.24 ± 0.21 2.53 ± 0.24 5.59 ± 0.25
Lys b1.78 ± 0.05 a2.35 ± 0.32 a2.53 ± 0.12 4.20 ± 0.36 6.62 ± 0.25
Met ND b1.15 ± 0.06 a6.24 ± 0.10 1.46 ± 0.11 2.50 ± 0.11
Phe a5.46 ± 0.21 c3.34 ± 0.34 b3.98 ± 0.05 4.72 ± 0.39 4.94 ± 0.16
Pro b0.79 ± 0.06 b1.73 ± 0.13 a4.04 ± 0.03 1.64 ± 0.16 8.76 ± 0.39
Ser a1.19 ± 0.19 b0.96 ± 0.11 c0.73 ± 0.05 1.39 ± 0.15 3.46 ± 0.16
Tau a13.22 ± 0.75 b4.62 ± 0.29 b5.62 ± 0.22 0.20 ± 0.03 2.88 ± 0.15
Thr b1.60 ± 0.13 b1.65 ± 0.18 a2.31 ± 0.05 2.69 ± 0.26 4.99 ± 0.20
Trp b0.10 ± 0.01 a0.22 ± 0.03 a0.22 ± 0.02 0.41 ± 0.02 0.12 ± 0.00
Tyr a3.03 ± 0.43 a2.37 ± 0.26 b1.48 ± 0.08 3.48 ± 0.30 3.91 ± 0.11
Val b0.70 ± 0.10 b0.84 ± 0.10 a2.61 ± 0.06 1.92 ± 0.19 3.33 ± 0.14
EAA b15.81 ± 0.83 b15.42 ± 1.79 a36.14 ± 2.01 30.99 ± 2.47 46.46 ± 1.75
NEAA a25.82 ± 1.53 b18.37 ± 1.51 a29.08 ± 1.02 15.76 ± 1.44 40.01 ± 1.80
TAA​ b40.85 ± 2.32 b33.78 ± 3.27 a65.22 ± 3.02 46.76 ± 3.90 86.46 ± 3.55
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