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The teleost California grunion Leuresthes tenuis (Ayres, 1860) has a 
unique reproductive behaviour. The adults spawn on sandy beaches 
out of waters just after max high tide, and the eggs develop slowly 
in the sand and hatch when the next high tides occurs (~2 weeks). 
However, the nesting locations of L. tenuis are affected by human 
activity (e.g. beach grooming) and coastal development. Thus, this 
species is considered as aniconic species that should be carefully 
protected (McLachlan, Defeo, Jaramillo, & Short, 2013) and their lar-
viculture technology is needed to be improved. On the other hand, 
this species is also an ideal experimental model for fish larval feeding 
studies due to their on-demand egg hatchability. The present study 
aims to assess the effects of two different first feeding protocols: 
control feeding (rotifer + Artemia) and copepod co-feeding (copepod 
nauplii + control feed) on the larval rearing of L. tenuis.

Copepods are considered as promising live feeds for marine lar-
viculture due to their superior nutritional value and smaller body 
size when compared to rotifers and Artemia (Drillet et al., 2011; 
Støttrup, 2000). Copepods are normally cultivated within the larvae 
rearing facility and collected alive for feeding fish larvae due to their 
poor feasibility of transportation (Ajiboye, Yakubu, Adams, Olaji, & 
Nwogu, 2011; Olivotto et al., 2009; Olivotto, Buttino, et al., 2008; 
Olivotto, Capriotti, et al., 2008). On the other hand, copepod qui-
escent eggs could be artificially induced and accumulated at cold 

conditions. Consequently, they could be transported and incubated 
to obtain newly hatched nauplii for first feeding of marine fish lar-
vae similar to the practices with Artemia cysts (Drillet et al., 2006; 
Pan, Souissi, Hwang, & Souissi, 2017; Pan, Souissi, Sadovskaya, 
Hwang, & Souissi, 2019). Several copepod species from the genus 
Acartia can produce quiescent eggs despite their diverse geograph-
ical origins (Hansen, Buttino, Cunha, & Drillet, 2016). In particular, 
the high cold storage capacity of A. tonsa quiescent eggs (Drillet 
et al., 2006; Olivotto et al., 2012; Vitiello, Zhou, Scuderi, Pellegrini, 
& Buttino, 2016) makes this species a potential live feed in marine 
larviculture worldwide.

Copepod and microalgae cultures were maintained in an indoor 
culture facility (18 ± 1°C; 12-hr light:12-hr dark cycle at 1,200 lux). 
Batch cultures of microalgae Rhodomonas baltica (RCC350, Roscoff 
Culture Collection) were maintained in 10-L flasks with treated nat-
ural seawater (1-μm-filtered, chlorine-sterilized and at 34 mg/L) en-
riched with Walne's medium (Walne, 1970). The copepod A. tonsa 
culture strain (DFH.AT1) was obtained from Roskilde University, 
Denmark, and reared in two 250-L culture tanks under optimal cul-
ture conditions (Drillet et al., 2006). Copepod eggs were siphoned 
from the bottom of the culture columns every 1–2 days, then cleaned 
and artificially induced to become quiescent at 3–4°C (Drillet 
et al., 2006). The 3-month accumulated production of quiescent 
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eggs (average egg production: 1.7 × 105 eggs per 250 L per day) were 
then transported at 3–4°C to Nausicaá Aquarium for larval feeding 
experiment.

Live feeds were produced at Nausicaá Aquarium (25 ± 1°C, with 
consistent fluorescent light at 400 lux). Microalgae Nannochloropsis 
oculata (Greensea, France) and Isochrysis galbana (RCC178, Roscoff 
Culture Collection) were cultivated using the aforementioned proto-
col for R. baltica except a higher temperature (25 ± 1°C). The rotifer 
Brachionus plicatilis was cultivated in 150-L tanks and N. oculata was 
added (6 × 104 cells/ml) as feed. Nauplii of Artemia were hatched 
from SEP-Art cysts (INVE Aquaculture) following the manufacture's 
instruction. The required quantity of the rotifer and Artemia was 
nutritionally enriched using Easy DHA (INVE Aquaculture) prior to 
every feeding event following the manufacture's instruction. The 
required number of copepod quiescent eggs was sorted from the 
storage and placed on 70-μm mesh then rinsed strongly with dis-
tilled water. The quiescent eggs were incubated in a 70-L tank with 
treated natural seawater with added I. galbana (105 cells/ml) as feed. 
After 24-hr incubation, the total number of nauplii was volumetri-
cally counted to estimate the hatching success rate (total number 
of nauplii/total number of incubated eggs), and then, the nauplii 
were collected by filtering them across a 70-μm mesh as live feed 
for the fish larvae. The average hatching success rate was measured 
as 81.31%. The live feeds used in the present study were collected 
every 2 days at similar quantity, and the samples were mixed and 
lyophilized as biomass pools (i.e. enriched rotifer, enriched Artemia 
and copepod nauplii) for fatty acid analysis. Fatty acid composition 
of the live feeds (n = 2) was profiled using the method reported by 
Pan, Sadovskaya, Hwang, and Souissi (2018).

Delayed-hatching eggs of L. tenuis were collected from Cabrillo 
Beach, Los Angeles, California, USA, day after the spawning, and 
were transported to Nausicaá Aquarium for the larval feeding 
trial. A mechanical seawater agitation was conducted to stimulate 
the eggs to hatch grunion larvae upon arrival. The newly hatched 
larvae were transferred in 70-L black cylindrical-conical tanks 

(10 larvae/L) equipped with continuous seawater exchange system 
(5%–10% v/h), with temperature control (22 ± 1°C), consistent fluo-
rescent light (400 lux) and gentle aeration. The microalgae N. oculata 
(5 × 104 cells/ml) was added to the larval tanks for water condi-
tioning. Two feeding protocols (n = 3) were designed as follows: (a) 
control: 0–8 days post hatch (dph): 6 rotifer/ml + 0.5 Artemia/ml; 
9–30 dph: 0.25 Artemia/ml; and (b) copepod co-feeding: 0–5 dph: 
3 rotifer/ml + 0.5 Artemia/ml + 3 copepod nauplii/ml; 6–30 dph 
0.25 Artemia/ml. Before every feeding event (at 8:00 and 20:00, 
daily), water samples (5 ml) were taken from the tanks to estimate 
the number of the residual live feeds. Consequently, the required 
quantities of live feeds were introduced into the tanks using a dosing 
pump (DP-6, ATI Aquaristik) to ensure the consistent accessibility of 
live feeds to the larvae during the entire experimental period. Based 
on our counting on the residual live feeds (data are not documented), 
the larvae could consume the majority of the live prey before every 
checkpoint. This suggest that our administration method allowed 
the fish larvae to have consistent assess to the fresh live feeds during 
the experimental period.

Dead larvae were removed from the tank bottom outlet twice 
per day, and the estimated survival rate was recorded and calcu-
lated. Actual number of alive larvae was counted at the end of the 
experiment (30 dph), and the actual survival rate was calculated. For 
morphometric measurement, 10 or 20 grunion larvae were collected 
at 0, 2, 4, 6, 8, 10, 15, 20, 25 and 30 dph, and the total length was 
measured under the stereomicroscope (SZX9, OLYMPUS). The vari-
ations of survival rate and total length between treatments were ex-
amined using Kruskal–Wallis test and two-way analysis of variance 
(replicate and treatments are the factors) under matlab (Mathworks, 
Inc.) respectively.

Notably, the larvae fed on copepod co-feeding diet had a 
higher estimated survival rate throughout the experimental period 
(Figure 1). The high actual survival (average 65.05%; n = 3) of the 
L. tenuis larvae can be achieved using rotifer and Artemia feeding. The 
30 dph actual survival rate measured in the control group (average 

F I G U R E  1   Estimated and actual 
survival rate (%) of the California grunion 
Leuresthes tenuis fed with control and 
copepod co-feeding diets. The estimated 
survival rate (n = 3 in both feeding 
protocols) was presented as a line-plot 
chart based on the left y-axis, and the 
actual survival rate (n = 3 in control 
and n = 2 in copepod co-feeding) was 
presented as a bar chart based on the 
right x-axis. The data are presented as 
average ± standard error
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65.05%, n = 3) was similar to the 12 dph survival rate (69%) reported 
by Rosales-Casián (1994), which suggested our larviculture proto-
col seemed to be much supportive to the California grunion larvae. 
Moreover, the short-term co-feeding of the copepod nauplii (during 
0–6 dph) could further improve the actual survival (average 74.57%, 
n = 2; one datum was excluded due to technical incident) of L. tenuis 
larvae, which approached statistical significance from the control 
(p = .08, analyzed using Kruskal–Wallis test). The total body length 
(Figure 2) increased from 7.1 ± 0.1 mm at 0 dph to 23.36 ± 1.37 mm 
in the control group at 30 dph, which had no statistic difference 
(p = .82; analysed using N-way analysis of variance) to the copepod 
co-feeding group (23.42 ± 1.22 mm).

Table 1 reveals the composition of key fatty acids among the 
three live feeds used in the present study. The A. tonsa nauplii de-
rived from quiescent eggs showed a higher n-3 polyunsaturated fatty 
acid (average 61.0%) than the enriched rotifer (average 40.35%) and 
Artemia (average 36.44%). In particular, the docosahexaenoic acid 
(DHA) (average 30.82%) and eicosapentaenoic acid (EPA) (average 
13.76%) levels in the copepod nauplii were higher than the enriched 
rotifer (DHA: average 25.42%; EPA: average 5.29%) and Artemia 
(DHA: average 17.96%; EPA: average: 6.86%). Although there were 
only two analytical replicates, the data obtained were relatively con-
sistent and could provide a quantitative comparison of the fatty acid 

composition among live preys. A comprehensive study with more 
analytical replicates on the live prey is held to be performed in a 
more specific future study.

The copepod co-feedings have been documented to improve the 
survival and growth of larval fish (Olivotto, Capriotti, et al., 2008; 
Wilcox, Tracy, & Marcus, 2006). In our case, the copepod co-feed-
ing could slightly improve the larval survival rate but not the body 
size. Previous studies have indicated that dietary DHA plays a cru-
cial role in neural and visual tissue developments (Mourente, 2003; 
Navarro et al., 1997), which could reduce larval mortality caused 
by a ‘shock syndrome’ (Lund, Skov, & Hansen, 2012). Similarly, the 
higher survival rate of the California grunion could be correlated 
with the superior DHA supplement of copepod co-feeding diet 
during their early larval stages. In addition, a diet of copepods may 
provide a higher amount of free amino acids, as taxanthin and vita-
mins than the rotifer and Artemia (van der Meeren, Olsen, Hamre, 
& Fyhn, 2008). The aforementioned nutrients were not quantified 
in the present study. However, their nutritional enhancement is 
likely to support the higher survival of L. tenuis larvae. We suggest 
that the effects of nutritional benefits of the short-term and ear-
ly-stage supplement of the copepod diet on California grunion lar-
vae and the nutritional values of the live feeds should be further 
investigated.

F I G U R E  2   Total body length (mm) 
of the California grunion Leuresthes 
tenuis fed with control and copepod co-
feeding diets. The data are presented as 
average ± standard error

TA B L E  1   Comparison on the composition of key fatty acids of the enriched rotifer, Artemia and Acartia tonsa nauplii used in the present 
study

 

Fatty acid composition (% total fatty acid)

Rotifer Artemia A. tonsa nauplii

1st analysis 2st analysis 1st analysis 2st analysis 1st analysis 2st analysis

C20:5 n-3 (EPA) 4.99 5.58 6.79 6.93 13.12 14.39

C22:6 n-3 (DHA) 26.44 24.40 18.18 17.74 28.83 32.81

Σ n-3 PUFA 40.76 39.93 39.32 33.56 60.36 61.64
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In conclusion, our findings revealed that the high survival rate 
of California grunion larvae could be achieved using the common 
rotifer and Artemia feeding protocol. It suggested a great potential 
of raising this species in common hatcheries without particular feed-
ing requirement. On the other hand, the short-term supplement of 
A. tonsa nauplii in the diet can slightly increase the larval survival 
rate. However, the benefit and economic feasibility of copepod 
quiescent egg feeding should be investigated in more detail in the 
future.
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