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1  |  INTRODUC TION

The global trade of marine ornamental organisms experienced 
rapid expansion over the past two decades (Bartley, 2000; Calado 

et al., 2003; Palmtag, 2017). According to recent estimations, over 
46 million marine ornamental organisms with a value exceeding 
300 million US dollars are traded annually (King, 2019; Palmtag, 
2017). The continual expansion of the marine aquarium industry 
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Abstract
Decorator crab Camposcia retusa is a popular marine ornamental species; however, 
it has never been bred previously. To establish a feeding regime for C. retusa larvae, 
which include two zoeal and a megalopal stage, three experiments were conducted. 
In all experiments, ≥60% of unfed 1st zoeal (Z1) larvae survived to the next stage, 
combined with the orange guts observed in larvae fed Artemia, suggesting Z1 larvae 
are facultative lecithotrophic. Experiment 1 evaluated the suitability of ss- type ro-
tifer Brachionus rotundiformis as prey. Z1 larvae were fed rotifer at a density from 0 
to 90 ind./ml. There was no significant difference in Z1 survival among treatments 
(56.7– 68.3%, p > 0.05); therefore, ss- type rotifer is considered an unsuitable prey 
for the larvae. Experiment 2 examined the suitability and optimal density of Artemia 
nauplii, and co- feeding copepod Pavocalanus crassirostris with Artemia, for larval rear-
ing. The larvae fed 10 Artemia/ml had the highest survival to megalopae (91.3 ± 3.1%, 
p < 0.05). However, high mortality occurred in megalopae, resulting in poor survival 
to the 1st crab stage (1.3%– 12.5%) in all treatments (p > 0.05). Meanwhile, co- feeding 
copepods with Artemia showed significantly inferior survival and development to 
megalopae when compared to that of 10 Artemia/ml treatment. Experiment 3 evalu-
ated the effects of Artemia enrichment on larval performance. The results suggested 
that Artemia enrichment did not improve larval survival or development. Based on our 
results, Artemia nauplii fed at 10 ind./ml throughout larval development appears to be 
appropriate for C. retusa.
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stimulates the demands of various marine ornamental species, 
including crustaceans (Calado et al., 2003; Cohen et al., 2013). 
However, currently, it is estimated 90%– 95% of marine ornamen-
tals are wild- captured, with the majority sourced from tropical 
coral reefs (King, 2019; Olivotto et al., 2016; Wabnitz et al., 2003). 
Such heavy reliance on wild- collected specimens combined with 
ill- managed fisheries in some developing counties as the major 
suppliers is likely to have negative impacts on the biodiversity of 
the fragile coral reef ecosystem (Olivotto et al., 2016). Marine or-
namental aquaculture could alleviate the collection pressure on 
the reefs and, therefore, has been considered as an option that 
could balance the economic benefit while offers sustainability to 
the marine ornamental industry (King, 2019; Murray & Watson, 
2014). Unfortunately, compared with finfish, relatively limited at-
tention has so far been paid to the development of larval culture 
techniques for marine ornamental decapods (Calado et al., 2003). 
Moreover, current research efforts on marine ornamental deca-
pods captive breeding are biased towards ornamental shrimps. 
As for ornamental crabs, the deficiency of information on larval 
culture is clear since only two species (i.e. Mithraculus forceps and 
Mithraculus sulptus) have been studied in detail for their larval rear-
ing (Penha- Lopes et al., 2005; Rhyne et al., 2005).

Establishing an effective larval feeding regime is fundamental 
to the development of captive breeding techniques for any aqua-
culture species (Daly et al., 2009; Ruscoe et al., 2004). The type of 
live prey and their suitable feeding density are often two key con-
siderations in the establishment of such a feeding regime (Calado 
et al., 2008; Tsuji et al., 2015). Rotifers Brachionus spp. and Artemia 
are two traditional live prey routinely used in brachyuran crab lar-
val rearing (Dan, Ashidate, et al., 2016; Holme et al., 2009; Oliver 
et al., 2017; Ruscoe et al., 2004; Støttrup & McEvoy, 2003; Zeng 
& Li, 1999). However, rotifers and Artemia are both known to lack 
highly unsaturated fatty acids (HUFA), which are crucial to marine 
larval growth and development (Olivotto et al., 2017; Støttrup & 
McEvoy, 2003; Suprayudi et al., 2004b). As the result, enrichment 
has been commonly practised to improve their nutritional values 
(Ferreira et al., 2008; Figueiredo et al., 2009; Støttrup & McEvoy, 
2003). For example, Artemia enrichment was reported to signifi-
cantly improve larval performance in various fish and crustacean 
species (Avella et al., 2007; Beder et al., 2018; Jinbo et al., 2013; 
Suprayudi et al., 2004a, 2004b). For crabs, Artemia enrichment 
was reported to significantly improve larval survival of mud crab 
Scylla serrata (Suprayudi et al., 2004b) and accelerated larval de-
velopment of horsehair crab Erimacrus isenbeckii (Jinbo et al., 
2013). Therefore, enriching Artemia is generally recommended in 
the hatchery practice for marine crabs (Figueiredo et al., 2009; 
Suprayudi et al., 2004b). However, there are also reports suggested 
fatty acid enrichment of Artemia did not significantly improve lar-
val performance in other crab species, including edible species 
of common spider crab Maja brachydactyla (Andrés et al., 2007), 
blue swimmer crab Portunus armatus (Basford et al., 2021), mud 
crab S. serrata (Williams et al., 1999) and marine ornamental crabs 
Mithraculus sculptus and Mithraculus forceps (Rhyne et al., 2005). 

Furthermore, excess HUFA intake was identified as a cause in-
duced moulting death syndrome (MDS) in larvae of portunid crabs, 
Scylla paramamosain, P. trituberculatus and S. serrata (Dan, Sui, et al., 
2016; Hamasaki et al., 2002a, 2002b).

Copepods have received increasing attention as live feed for 
marine larval rearing in recent years (Støttrup & McEvoy, 2003). 
Compared with rotifers and Artemia, copepods are superior in nutri-
tional value and digestibility (Ajiboye et al., 2011; Corner & O'Hara, 
1986; Dhont et al., 2013; Støttrup & McEvoy, 2003); however, due 
to the difficulty and very low culture productivity of intensive cul-
ture of planktonic copepods (Alajmi & Zeng, 2014; Camus & Zeng, 
2009), the utilization of copepods in the hatcheries is still limited 
(Drillet et al., 2011; van der Meeren et al., 2014). In fact, studies on 
copepod use in larval culture were mainly carried out for fish spe-
cies, which generally obtained positive results (Barroso et al., 2013; 
Payne & Rippingale, 2000; Zeng et al., 2018). Similar studies on 
crustacean larvae are very few (Farhadian et al., 2009; Tang et al., 
2020; Waiho et al., 2018). Among these limited studies, generally 
positive results were reported. For instance, the survival and growth 
of the black tiger shrimp Penaeus monodon postlarvae were signifi-
cantly higher when co- fed cyclopoid copepod Apocyclops dengizicus 
with Artemia (Farhadian et al., 2009). Similarly, the megalopae of the 
Chinese mitten crab Eriocheir sinensis showed a significantly higher 
metamorphosis rate were fed wild- harvested frozen copepods with 
Centropages dorsispinatus as the dominant species (Tang et al., 2020).

The decorator crab Camposcia retusa is a popular marine orna-
mental crab species but has not been reported successfully bred 
previously (Calado et al., 2003). As the consequence, all individuals 
traded in the global aquarium market are currently sourced from the 
wild. The overall objective of the present study was to establish a 
reliable larval feeding regime for C. retusa. A series of experiments 
were conducted to investigate the suitability and appropriate feed-
ing density of ss- type rotifer Brachionus rotundiformis and Artemia 
nauplii as prey for larval rearing of C. retusa, as well as the effects  
of copepod co- feeding with Artemia and Artemia enrichment on 
C. retusa larval performance.

2  |  MATERIAL S AND METHODS

2.1  |  Broodstock maintenance

Decorator crab C. retusa broodstocks were purchased from Cairns 
Marine (Cairns Marine), a commercial marine ornamental collector 
and whole seller. After being air- freighted to James Cook University, 
Townsville, each pair of the broodstock was kept in 50- L tanks con-
nected to a recirculation system (renewal rate at ca. 90 L/h). Half ter-
racotta pots and rocks were placed in the tanks as shelters. All crabs 
were fed ad libitum with chopped prawns and mussels, as well as 
thawed blood worms twice daily. Throughout the experiments, the 
broodstock tanks were maintained at temperature 26– 28°C, salinity 
34– 36, photoperiod L:D = 14 h:10 h, pH: 7.9– 8.2, NH4

+/NH3 and 
NO2

− < 0.25 ppm and NO3
− < 5.0 ppm.
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2.2  |  Live prey culture and preparation

Three types of live prey were used in the present study: ss- type ro-
tifer Brachionus rotundiformis, brine shrimp Artemia (INVE Thailand) 
and calanoid copepod Pavocalanus crassirostris.

The rotifer, B. rotundiformis, were cultured in 100- L conical tanks 
and fed a commercial concentrated microalgae Nannochloropsis 
(RotiGrow® Nanno, Reed Mariculture) daily. Rotifers were har-
vested daily with density estimated by averaging three 1- ml samples 
taken from the harvested rotifer stock. Artemia (INVE Thailand) was 
hatched daily. Newly hatched Artemia nauplii were collected the next 
morning for either feeding larvae immediately or subsequent enrich-
ment. A commercial enrichment emulsion (Selco S.presso®, INVE 
Aquaculture) was used to enrich Artemia. The enrichment procedure 
followed the manufacturer's instruction, including the technical card 
on enrichment protocol (TC- EN- SPRESSO- 190509) by the producer. 
Briefly, the S.presso was firstly emulsified in freshwater for 3 min; it 
was then added at a dosage of 0.5 g/L each time in two times with 
an Artemia density up to 400 nauplii per ml for enrichment. The en-
richment lasted for a period between 18 and 22 h. Artemia density 
estimation was similarly done as for rotifers.

Copepods, P. crassirostris, were cultured in a series of 250 L tanks 
using the method established by this laboratory (Alajmi et al., 2015; 
Alajmi & Zeng, 2014). Briefly, the copepods were fed a 1:1 mixed 
algal diet of Isochrysis sp. and Chaetoceros muelleri and harvested 
daily during Experiment 2 to feed the larvae. When harvesting, the 
culture water was firstly drained through a 150- µm mesh and then 
a 25- µm mesh. The 150- µm mesh retained copepodites and adults, 
while the 25- µm mesh collected nauplii. Only the copepodites and 
adults were used for feeding crab larvae, while the nauplii collected 
were returned to the culture tanks. The copepod density estimation 
was similar to rotifers.

2.3  |  Larval feeding experiments

2.3.1  |  General procedures

Under the aforementioned broodstock maintenance condition, egg 
incubation took 21– 25 days. Once larval hatching was noticed in the 
morning, the positively phototactic larvae were first attracted to a 
strong light source and then gently scooped out with a beaker before 
being allocated randomly to replicates of different treatments of an ex-
periment. According to our previous study, the larval development of 
C. retusa consists of two zoeal and a megalopal stage (Xu et al., 2019).

For all experiments, larvae were reared in 600- ml glass bea-
kers with seawater filled to 500 ml. Each beaker stocked 20 newly 
hatched larvae, which formed a replicate. Throughout all experi-
ments, the water temperature was maintained at 27 ± 0.5°C, salinity 
35.3 ± 0.5 and photoperiod set at L:D = 14 h:10 h. Daily 100% water 
exchange was conducted by moving live larvae using a broad- mouth 
pipette to a new beaker containing fresh seawater and identical 
feed. Meanwhile, larval mortality and development stages (based 

on larval stage description by the present authors; Xu et al., 2019) 
were recorded. Once larval developed into the megalopal stage, to 
prevent cannibalism, any newly metamorphosed megalopae found 
during daily water exchange were transferred to a separate beaker 
containing identical live prey for rearing. An experiment was termi-
nated when all larvae had either metamorphosed into juvenile crabs 
or died.

2.3.2  |  Experimental design

2.3.2.1 | Experiment 1: Rotifer feeding trial
Aimed at evaluating the suitability of ss- type rotifer B. rotundiformis 
as prey for C. retusa larval rearing, this experiment consisted of four 
triplicated treatments in which the newly hatched larvae (Z1) were 
fed rotifers at 30, 60 and 90 ind./ml respectively.

2.3.2.2 | Experiment 2: Artemia nauplii feeding density and 
copepod co- feeding trial
As the results of Experiment 1 showed that rotifer is not a suitable 
prey for C. retusa larvae, this experiment was designed to test the 
suitability of Artemia nauplii as prey for C. retusa larvae and its ap-
propriate feeding density; in addition, effects of co- feeding Artemia 
with copepods P. crassirostris were evaluated. The newly hatched lar-
vae of C. retusa were subjected to five treatments: the unfed control, 
Artemia nauplii provided at three densities of 5, 10 and 15 Artemia/
ml; and a co- feeding treatment of 5 Artemia + 5 copepods/ml. There 
were four replicates per treatment for this experiment.

2.3.2.3 | Experiment 3: Effects of Artemia enrichment trial
This experi-ment was to determine whether fatty acid enrichment of 
Artemia improved larval performance. In this experiment, five treat-
ments were set up: unfed control; larvae fed either newly hatched 
Artemia nauplii or enriched metanauplii at 5 and 10 ind./ml respec-
tively. Each treatment had four replicates.

2.4  |  Data analysis

Data are expressed as mean ± standard error (SE). ‘Larval surviving 
time (LST) of Z1’ and ‘LST of Z2’ were calculated for all treatments of 
the rotifer feeding trial (Experiment 1) and the unfed controls of the 
other two experiments. LST of Z1 and LST of Z2 were defined as the 
average surviving time (days) from hatching to the death of all Z1 or 
Z2 larvae in a treatment respectively. LST of Z1 (Z2) was calculated 
using the formula: 

where Nt is the number of dead Z1 (Z2) larvae recorded on day t of an 
experiment; and n represents the days that dead Z1 (Z2) larvae were 
found.

Larval surviving time (days)of Z1(Z2)=

�
∑n

t=1
t×Nt

�

∑n

t=1
Nt

,
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Since the results of the current study showed that the Z1 larvae 
of C. retusa are facultative lecithotrophic, the survival of Z1 larvae 
and mean surviving time of unfed larvae can be used as an indicator 
for larval quality. To compare larval quality between three batches 
used in different experiments in this study, the Z1 survival and mean 
surviving time of unfed larvae from these experiments were analysed 
using one- way ANOVA, followed by Tukey's HSD test.

A Kaplan– Meier test was run to compare the survival trend be-
tween the unfed control and different rotifer feeding density treat-
ments in Experiment 1. Differences between survival curves were 
detected by a pairwise comparison using the log- rank test from the 
package ‘survival’ of the R language (Therneau, 2020).

Larval survival and average developmental duration of different 
treatments in Experiments 1 and 2 were analysed using one- way 
ANOVA followed by Tukey's HSD post hoc test. A two- way ANOVA 
was performed to analysis data of Experiment 3. The normality of the 
data and homogeneity of variance were tested prior to the ANOVA 
analysis. In addition, to compare differences of Z1 survival between 
the unfed control and each feeding treatment in Experiment 3, a 
general linear model was applied. The percentage survival data were 
transformed using arcsine square root transformation to meet the 
assumptions of the analysis methods. For all experiments, unfed 
control was not included for statistical analysis from Z2 onwards due 
to no larvae of the controls survived beyond Z2. A statistical prob-
ability of p < 0.05 was accepted as significant. All statistics were 
performed using R language (R 4.0.3; R Core Team, 2020).

3  |  RESULTS

3.1  |  Facultative lecithotrophic of newly hatched 
larvae and larval batch quality comparison

Survival of newly hatched Zoea 1 (Z1) larvae to the next stage (Zoea 2 
or Z2) in the unfed controls of all three experiments was high (≥60%), 
confirming lecithotrophic of the larvae. When larval survival of the 
unfed controls from the three experiments is compared, Experiment 
2 (85.5 ± 2.9%) had significantly higher survival than the other two 
experiments (65.0 ± 5.0% and 60.0 ± 2.0% for Experiment 1 and 
3 respectively; Table 1). In addition, although ‘larval surviving time’ 
(LST) of Z1 larvae from the unfed controls of the three experiments 
was similar (3.2– 3.5 days, Table 1, p = 0.771), LST of Z2 larvae of 

the Experiment 2 control was the longest (4.6 ± 0.3 days) and sig-
nificantly longer than that of Experiment 3 control (3.8 ± 0.1 days, 
p = 0.036). The mean Z1 duration of the larvae successfully moulted 
to Z2 in the three experiments ranged from 1.5 to 1.8 days, and the 
larvae of Experiment 2 again was the fastest in their development 
(1.5 ± 0.1 days) although no significant difference was detected 
among three batches of larvae (Table 1, p = 0.483).

3.2  |  Experiment 1: Rotifer feeding trial

The daily survival of C. retusa larvae of different rotifer density treat-
ments showed a similar trend, and no significant difference was de-
tected among them (Figure 1, Kaplan– Meier test, p = 0.193). Larval 
survival to the Z2 was relatively high (65.0%– 68.3%) in all treat-
ments, including the unfed control, and no significant difference was 
detected between treatments (Table 2, p = 0.502). Likewise, Z1 du-
ration was similar between treatments (Table 2, p = 0.058). Despite 
high larval survival to Z2, Z2 larvae suffered a total mortality in all 
treatments. The LST of the Z2 larvae ranged from 3.7 to 4.4 days 
from different treatments, but no significant difference was de-
tected between any of them (Table 2, p = 0.244).

Mean surviving time of unfed 
larvae (days)

Survival to Zoea 2
Zoea 1 stage 
duration (days)Zoea 1 Zoea 2

Exp. 1 3.3 ± 0.4 4.1 ± 0.2ab 65.0 ± 5.0b 1.8 ± 0.2

Exp. 2 3.5 ± 0.3 4.6 ± 0.3a 85.5 ± 2.9a 1.5 ± 0.1

Exp. 3 3.2 ± 0.3 3.8 ± 0.1b 60.0 ± 2.0b 1.7 ± 0.2

Note: Data are presented as mean ± standard error. Different subscript letters within a same 
column indicate significant differences (p < 0.05).

TA B L E  1  Comparison of quality of 
different batches of newly hatched 
larvae of Camposcia retusa from three 
experiments

F I G U R E  1  Daily larval survival of decorator crab Camposcia 
retusa fed different densities of rotifers. The error bars indicate 
standard errors
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3.3  |  Experiment 2: Artemia nauplii feeding 
density and copepod co- feeding trial

Daily larval survival was similar across all treatments during the first 
2 days; however, survival of the unfed control declined rapidly from 
day 3 onwards with a total mortality on day 7, while larval survival of 
all fed treatments was higher than 20% with the highest survival of 
60.0% found the 10 Artemia/ml feeding treatment (Figure 2). Indeed, 
between day 5 and 10, larvae survival of the 10 Artemia/ml treatment 
was consistently significantly higher than other treatments (p < 0.05). 
However, from day 10 onwards, larval mortality of the10 Artemia/ml 
treatment also increased sharply, which eventually declined to a level 
only marginally higher than other treatments on day 12 when the ex-
periment was terminated (p > 0.05; Figure 2 and Table 3).

When survival is evaluated as the percentage of larvae suc-
cessful moulted to the next stages, the survival of Z1 larvae to Z2 
stage was very high (>85.5%) across all treatments with the highest 
survival of 93.8 ± 2.4% found in the treatment that Artemia nau-
plii were given at 10 Artemia/ml, but no significant difference was 
detected between any treatments, including the unfed control 
(Table 3). Z2 survival to the subsequent megalopal stage was also 
high for all treatments (>70%) except the unfed control, which suf-
fered a total mortality. Among fed treatments, Z2 survival of the 10 
and 15 Artemia/ml feeding treatments was significantly higher than 
those of the 5 Artemia/ml and 5 Artemia + 5 copepod/ml treatments 
(p < 0.05; Table 3).

In terms of overall zoeal survival, it was also high (>60%) across 
all fed treatments, and the highest survival achieved was again from 
the 10 Artemia/ml feeding treatment (91.3 ± 2.7%), which was sig-
nificantly higher than all other treatments (Table 3). However, de-
spite high zoeal survival, survival of megalopae was poor across 
all treatments (<20%), resulting in low overall larval survival to 
the first crab stage (C1). The best larval survival from Z1 to C1 was 
from the 10 Artemia/ml treatment (11.3 ± 3.8%), which was not 
significantly different from that of 15 Artemia/ml (7.5 ± 4.8%) and 
5 Artemia + 5 copepods/ml (3.8 ± 2.4%) co- feeding treatment, 
but significantly higher than 5 Artemia/ml treatment (1.3 ± 1.3%). 
Throughout the experiment, no significant difference was found in 
larval survival between the 5 Artemia/ml and 5 Artemia + 5 cope-
pods/ml treatments (Table 3).

In terms of larval development, Z1 duration was not significantly 
different among all treatments (Table 3). However, for the overall 

zoeal development (Z1 to M), the two higher Artemia feeding density 
treatments (10 and 15 Artemia/ml) were significantly shorter when 
compared to 5 Artemia/ml and 5 Artemia + 5 copepod/ml treatments 
(p < 0.05; Table 3). For the overall larval development duration (Z1 
to C1), due to only a single larva survival to C1 in the 5 Artemia/ml 
treatment, the treatment was excluded from the statistical analysis. 
Of the remaining three fed treatments, the overall larval duration 
was again significantly shorter in the 10 and 15 Artemia/ml treat-
ments when compared to that of 5 Artemia + 5 copepod/ml treat-
ment (Table 3).

3.4  |  Experiment 3: Effects of Artemia 
enrichment trial

For the first 3 days, daily larval survival showed a very similar pattern 
among all treatments; however, similar to the previous experiments, 
survival in the unfed control plummeted and a 100% mortality oc-
curred on day 6 (Figure 3). Of the fed treatments, between day 4 
and 6, larval survival dropped sharply in all treatments except the 

Rotifer density (ind./ml) 0 30 60 90

Survival to Zoea 2 (%) 65.0 ± 5.0 68.3 ± 8.3 56.7 ± 1.7 58.3 ± 6.7

Zoea 1 duration (days) 1.8 ± 0.2 1.7 ± 0.2 1.8 ± 0.2 1.9 ± 0.1

Survival to megalopa (%) 0 0 0 0

Mean surviving time of 
Zoea 2 (days)*

4.1 ± 0.2 3.9 ± 0.2 3.7 ± 0.2 4.4 ± 0.3

Note: Data are presented as mean ± standard error.
*These surviving times are from hatching to die as Zoea 2 larvae.

TA B L E  2  Survival and development 
of Camposcia retusa larvae fed rotifers at 
different densities

F I G U R E  2  Daily larval survival of decorator crab Camposcia 
retusa fed different densities of Artemia nauplii and co- fed Artemia 
nauplii with copepod Pavocalanus crassirostris. For clarity of the 
figure, the standard error bars are omitted



6  |    XU and ZEnG

treatment of Artemia nauplii fed at 10 ind./ml, resulting in signifi-
cantly higher larval survival of the treatment than all other treat-
ments between day 4 and 9 (p < 0.05). However, larval mortality 
of the treatment increased subsequently, and at the end of the ex-
periment, larval survival was not significantly different among all fed 
treatments (Figure 3).

In terms of larval survival based on instar, Z1 survival of the unfed 
control was the lowest but was not significantly different from all 
Artemia feeding treatments (Figure 4A). Similar to the result in 
Experiment 2, among fed treatments, the best survival to Z2 was 
found in the treatments in which larvae were fed Artemia at 10 ind./
ml, either in the form of unenriched nauplii (76.3 ± 2.4%) or enriched 
metanauplii (72.5 ± 4.8%; Figure 5A), although the difference was not 
significant compared with lower Artemia feeding density treatments 
at 5 ind./ml (F1,12 = 0.179; p = 0.680). However, from Z2 onward, the 
differences in larval survival became significant: highly significant 
effects of both Artemia density and enrichment on Z2 survival were 

detected (p < 0.01) although no significant interaction of the two 
factors was found (Table 4). The unenriched Artemia nauplii fed at 
10 ind./ml yielded both the highest Z2 survival (65.1 ± 6.3%) and 

TA B L E  3  Survival and development of Camposcia retusa larvae fed different densities of Artemia nauplii and co- fed Artemia nauplii with 
copepod Pavocalanus crassirostris

Treatment Unfed
5 Artemia 
nauplii/ml

10 Artemia 
nauplii/ml

15 Artemia 
nauplii/ml

5 Artemia 
nauplii + 5 copepods/ml

Survival (%) Z1 to Z2 85.5 ± 2.9 88.8 ± 1.3 93.8 ± 2.4 87.5 ± 1.4 87.5 ± 3.2

Z2 to M 0 71.8 ± 2.3a 97.4 ± 2.6b 85.9 ± 4.9b 70.2 ± 2.5a

Z1 to M 0 63.8 ± 2.4bc 91.3 ± 3.1a 75.0 ± 3.5b 61.3 ± 1.3c

M to C1 – 2.1 ± 2.1a 12.7 ± 4.5b 10.1 ± 6.8ab 5.9 ± 3.7ab

Z1 to C1 0 1.3 ± 1.3a 11.3 ± 3.8b 7.5 ± 4.8ab 3.8 ± 2.4ab

Development duration 
(days)

Z1 to Z2 1.5 ± 0.2 1.2 ± 0.0 1.4 ± 0.1 1.3 ± 0.0 1.3 ± 0.1

Z1 to M – 4.3 ± 0.1a 3.8 ± 0.1b 3.5 ± 0.1b 4.7 ± 0.1c

Z1 to C1 – 11* 8.8 ± 0.3a 8.3 ± 0.3a 10.3 ± 0.3b

Note: Data are presented as mean ± standard error. Z1: first stage zoea; Z2: second stage zoea; M: megalopa; C1: first stage juvenile. Means with 
different superscript letters within a same row indicate significant differences (one- way ANOVA; p < 0.05).
*Statistical analysis did not include 5 Artemia/ml treatment due to only one larva survived to C1 of the treatment.

F I G U R E  3  Daily larval survival of decorator crab Camposcia 
retusa fed Artemia at two densities (5 and 10 ind./ml) in the forms 
of unenriched nauplii and enriched metanauplii respectively. For 
clarity of the figure, the standard error bars are omitted

F I G U R E  4  Survival (A) and development duration (B) of the first 
stage zoeal larvae of Camposcia retusa from the unfed control and 
the treatments in which larvae were fed Artemia at two densities 
(5 and 10 ind./ml) in the forms of unenriched nauplii and enriched 
metanauplii respectively. Data are presented as general linear 
model: A line within the box marks the median value; a cross within 
the box marks the mean value, the box spans the 25% and 75% 
while the bar represents the minimum and maximum value of a 
treatment. No significant difference was detected between unfed 
control and feeding treatments
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the overall zoeal survival (i.e. Z1 to megalopae; 50.0 ± 6.1%), and 
both survivals were significantly higher than all other treatments 
(Figure 5B,C). However, similar to Experiment 2, high mortality oc-
curred during megalopal stage in all treatments, resulting in the best 
survival to C1 at 7.5 ± 2.5% from larvae fed 10 ind./ml unenriched 
Artemia treatment; two- way ANOVA detected no significant differ-
ence in overall larval survival from Z1 to C1 related to either Artemia 
density, enrichment or their interaction (Table 4).

In terms of larval development, two- way ANOVA detected no 
significant effect of either Artemia density or enrichment, nor the 
interaction of the two factors on Z1 and Z2 development durations 

(p > 0.05; Table 4; Figures 5B and 6A,B). For overall larval develop-
ment from Z1 to C1 (Figure 6C), no statistics were performed due to 
only 1 datum was obtained in several treatments as the result of low 
survival.

4  |  DISCUSSION

The results of the three larval experiments showed that when not 
fed at all, newly hatched Z1 larvae of C. retusa could still obtain a 
survival of between 60.0% and 83.8% to the Z2 stage, confirming 

F I G U R E  5  Effects of the Artemia enrichment on the survival of Camposcia retusa larvae. (A) From Zoea 1 (Z1) to Zoea 2 (Z2); (B) from Z2 
to megalopal stage (M); (C) from Z1 to M; (D) from M to 1st crab stage (C1); (E) from Z1 to C1. Different letters on the tops of bars indicate 
significant differences (two- way ANOVA; p < 0.05)

TA B L E  4  Results of two- way ANOVA on the survival and development of Camposcia retusa larvae fed at two densities of Artemia (5 and 
10 ind./ml) in the forms of unenriched nauplii and enriched metanauplii respectively

Treatment A: enrichment B: Artemia density A × B Error

Source of variation df F p df F p df F p df

Survival (%) Z1 to Z2 1 0.974 0.343 1 0.179 0.680 1 0.202 0.890 12

Z2 to M 1 28.323 <0.001 1 14.346 0.003 1 1.711 0.215 12

Z1 to M 1 20.903 0.001 1 9.290 0.010 1 1.613 0.228 12

M to C1 1 1.348 0.268 1 1.348 0.268 1 1.013 0.334 12

Z1 to C1 1 3.953 0.070 1 3.953 0.070 1 3.953 0.070 12

Duration 
(days)

Z1 to Z2 1 1.189 0.297 1 2.048 0.178 1 2.860 0.117 12

Z1 to M 1 0.024 0.880 1 0.029 0.869 1 0.028 0.869 12

Note: Z1: first stage zoea; Z2: second stage zoea; M: megalopa; C1: 1st juvenile crab. Significant differences (two- way ANOVA: p < 0.05) are 
underlined. ANOVA was not performed for the development duration from Z1 to C1 due to insufficient data collected as the result of low survival in 
several treatments.
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that the Z1 larvae are lecithotrophic. There are in fact two types of 
lecithotrophic, obligatory and facultative lecithotrophy. Obligatory 
lecithotrophy is defined as larvae are unable to feed and solely rely 
on yolk reserve to develop into the next stage, while facultative lec-
ithotrophy is defined as larvae are capable of successful develop-
ment to the next stage when food is absent, but will feed if food is 
available (Anger, 2001; Zeng et al., 2020). Based on such definitions, 
C. retusa Z1 larvae should be considered as facultative lecithotrophy 
because in both Experiment 2 and 3, it was noticed that in all Artemia 
feeding treatments, the guts of Z1 larvae turned orange after a while. 
Additionally, for both Experiments, Z1 survival of the unfed control 
was always lower than any Artemia feeding treatments. Furthermore, 
for larval stages that have been confirmed as primary obligatory lec-
ithotrophy from various decapod species, including Macrobrachium 
acanthurus (Rocha et al., 2017), Macrobrachium jelskii (Rocha et al., 
2016), Lithodes santotta (McLaughlin et al., 2001), Sesarma windsor 
(González- Gordillo et al., 2010) and Metopaulias depressus (González- 
Gordillo et al., 2010), the mouthparts have been reported as rudi-
mentary, that is, with simplified mandible, rudimentary maxillule and 
setal- reduced maxilla. On the contrary, the mouthparts of Z1 larvae 
of C. retusa were much better developed (Xu et al., 2019, Figure 1D– 
F), enabling them to feed if prey is available.

Facultative lecithotrophy is generally considered as an adaptive 
mechanism evolved to cope with low or unpredictable food availabil-
ity in the environment where larval development takes place (Anger, 
2001; Tapella et al., 2012; Zeng et al., 2020). It is hence more commonly 
found in environments characterized with poor or unpredictable food 
availability, such as high- latitude marine waters or freshwater (Anger, 
2001). The current finding that C. retusa Z1 larvae are facultative lecith-
otrophy is therefore interesting, since C. retusa is considered a tropical 
species (WoRMS, 2021). Nevertheless, even environments that are 
normally considered as high productivity may also experience temporal 
or spatial variations in plankton availability, leading to a transitory or 
localized food limitation (Constable et al., 2003; Mackas et al., 1985). 
A development mode with a high level of flexibility, such as facultative 
lecithotrophy, clearly should enhance the chance of larval survival in 
the nature (Anger, 2001; Giménez & Anger, 2005).

By comparing survival to Z2 of unfed newly hatched larvae, and 
average surviving time of deceased Z1 larvae among three batches of 
larvae used in different experiments, significant differences in both 
parameters were confirmed. Since the larvae from the unfed controls 
of the three experiments were subjected to nearly identical rearing 
conditions, the results indicate significant variations in larval quality 
of the batches. Larval quality variation among different batches is a 
well- known phenomenon in aquaculture, which can significantly af-
fect larval rearing outcomes (Calado & Leal, 2015; Mann et al., 1999). 
The current results suggested that larvae used for Experiment 
2 were likely of better quality than the other two batches used in 
Experiment 1 and 3, and the larvae used in Experiment 3 are prob-
ably of the lowest quality of the three. The difference in larval qual-
ity between batches is further confirmed by the major difference in 
larval survival when those larvae reared under a same feeding re-
gime in two experiments are compared. For example, when C. retusa 
larvae fed Artemia nauplii at 10 ind./ml, survivorship to megalopa 
reached 91.3 ± 3.1% in Experiment 2, but it was only 50.0 ± 6.1% in 
Experiment 3 (Table 3 and Figure 4).

While as the result of facultative lecithotrophy, high percentages 
(>60%) of Z1 larvae in the unfed controls of all three experiments 
successfully moulted to Z2, none of them survived to the next stage 
as megalopa. This result showed that from the Z2 onwards, food 
availability, as well as their quality and quantity become crucial to 
the survival of the larvae. In Experiment 1, larvae were fed rotifers 
at a density ranging from 30 to 90 ind./ml; none of the Z2 larvae in 
any of the treatments survived to megalopae, with total mortality 
occurred within 8 days regardless of rotifer feeding density. In addi-
tion, Z1 survival of the fed treatments (56.7%– 68.3%) and the unfed 
control (65.0%) was very similar (Table 2). Despite rotifers have been 
shown to be an appropriate diet for newly hatched larvae of a range 
of portunid and spider crabs (Baylon, 2009; Kogane et al., 2007; 
Nghia et al., 2007; Suprayudi et al., 2002; Zmora et al., 2005), our re-
sults suggest that ss- type rotifers are not a suitable diet for C. retusa 
larvae, which likely due to too small size of the rotifers. In this study, 
the super- small type or ss- type rotifer Brachionus rotundiformis was 
used, which has a size range of 90– 160 µm; such a size range is likely 

F I G U R E  6  Effects of the Artemia enrichment and feeding density on the larval development of Camposcia retusa. (A) Zoea 1 (Z1) duration; 
(B) Zoeal duration (Z1 to megalopal stage); (C) Overall larval duration (Z1 to 1st crab stage). *Only 1 datum obtained from each of these 
treatments
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too small for the C. retusa larvae to either capture or despite being 
consumed, energy budget was poor so that could not sustain suc-
cessful development to the next stage. Similarly, in southern rock 
lobster, Jasus edwardsii, phyllosoma larvae showed prolonged de-
velopment when live prey was too small (Ritar et al., 2003). Indeed, 
the relationship between prey size and larvae is a critical factor to 
consider in larval feeding, the disproportion of the size between 
food particles and larval feeding appendages may incapacitate the 
larvae to effectively capture the prey or despite larvae can capture 
and consumed the prey, they would eventually die due to unable to 
acquire a sufficient energy to sustain normal development (Guarizo 
et al., 2020; Ritar et al., 2003; Ruscoe et al., 2004; Sui et al., 2008).

Since copepods are known to have superior nutritional value 
than rotifers (Støttrup & McEvoy, 2003), a treatment using copepods 
co- fed with Artemia nauplii was tested in Experiment 2. Although co-
pepods have been reported to be superior to rotifers and Artemia for 
fish hatchery (Barroso et al., 2013; Payne & Rippingale, 2000; Zeng 
et al., 2018), few previous research reported using copepods as sole 
prey for decapod larval culture, probably due to their very low cul-
ture productivity (i.e. typically <10 ind./ml for planktonic copepods 
vs >1000 ind./ml for ss- rotifers). On the contrary, co- feeding cope-
pods with other traditional prey in decapod larval rearing have been 
trailed and reportedly enhanced survival and growth in several de-
capod species, including mud crab Scylla olivacea (Jantrarotai et al., 
2004), Chinese mitten crab E. sinensis (Tang et al., 2020) and black 
tiger prawn Penaeus monodon (Farhadian et al., 2009). However, in 
the present study, co- feeding 5 copepods/ml with 5 Artemia/ml not 
only did not produce any clear beneficial effects, but both larval sur-
vival and development were significantly inferior when compared to 
those fed 10 Artemia/ml. In fact, larval survival and development of 
the copepod co- feeding treatment were similar to the treatment that 
Artemia nauplii were fed at 5 Artemia/ml (Table 3), suggesting that 
copepod P. crassirostris feeding hardly offered any additional ben-
efits to C. retusa larvae. There were two possible explanations for 
the ineffectiveness of copepod co- feeding, firstly the length of co-
pepodite and adult P. crassirostris ranging between 195 and 445 μm 
(Alajmi et al., 2015); thus, most of them are smaller than Artemia nau-
plii (400– 500 μm). As mentioned previously, the disproportion of the 
size of the prey and the mouthpart of larvae may render it difficult 
for the larvae to capture the prey (Guarizo et al., 2020). Secondly, 
the fast and zigzag spurting swimming behaviour characterized by 
calanoid copepods may make it difficult for the larvae to successfully 
capture and consume them (Lumasag et al., 2007).

In contrast to rotifers and copepods, the results of Experiment 
2 showed that in all treatments in which Artemia nauplii were fed to 
the larvae, larval survival to megalopae was higher than 60%. Thus, 
it proved that Artemia is an appropriate prey for zoeal larval rearing 
of C. retusa. In particular, larvae fed Artemia nauplii at 10 Artemia/ml 
have significantly better survival and development to the megalopae 
than those fed at a lower density of 5 Artemia/ml, suggesting Artemia 
feeding density is also important, which can be explained by the fact 
that decapod larvae are considered ‘inactive predators’ and their 
food consumption often relied on the chance of encounters with 

the prey (Jeffs & O’Rorke, 2020; Tsuji et al., 2015; Zeng & Li, 1999). 
Indeed, previous studies have shown a positive relationship between 
ingestion rate and prey density until a saturation level is reached in 
various decapod larvae, including crabs E. sinensis (Sui et al., 2009), 
Hyas araneus (Anger & Dietrich, 1984), Ranina ranina (Minagawa & 
Murano, 1993) and shrimps Lysmata wurdemanni (Zhang et al., 1998), 
Penaeus kerathurus (Yúfera et al., 1984) and Penaeus monodon (Loya- 
Javellana, 1989). The importance of prey density is probably partic-
ularly relevant to early larvae who typically have weak swimming 
ability (Lumasag et al., 2007). Interestingly, in the same experiment, 
as Artemia density further increased to 15 ind./ml, larval survival 
decreased significantly. This probably can be explained by excess 
number of Artemia degraded water quality (Sui et al., 2009; Zhang 
et al., 1998). Dan, Ashidate, et al. (2016) also reported that an exces-
sive high Artemia density could induce morphology abnormality in 
larvae of the last stage zoeal larvae of swimming crab Portunus tritu-
berculatus, leading to mortalities during metamorphose. Therefore, 
based on the results of the current study, Artemia feeding density of 
10 Artemia/ml appears to be most appropriate for C. retusa larvae.

Although larval survival to megalopae was relatively high in 
Experiment 2, mass mortality still occurred during the megalopal 
stage. In particular, for the 10 Artemia/ml treatment that had main-
tained a relatively high zoeal survival, mortality increased sharply 
during the period when megalopae metamorphosed to the first 
crabs (i.e. days 8– 10; Figure 2). Since malnutrition could be a major 
cause of mass mortality of megalopae observed, Experiment 3 was 
designed and conducted to test whether Artemia enrichment may 
improve megalopal survival. Artemia enrichment has been reported 
to enhance larval survival and development of various decapod 
species (Dan, Oshiro, et al., 2016; Dan, Sui, et al., 2016; Suprayudi 
et al., 2004b). For example, in swimming crab P. trituberculatus, it was 
shown that larvae fed microalgae Nannochloropsis enriched Artemia 
achieved substantially higher megalopal survival (40.7%) than those 
fed unenriched Artemia (1.9%– 3.5%; Dan, Oshiro, et al., 2016). 
Likewise, mud crab S. serrata larvae fed unenriched Artemia were 
reported to exhibit reduced survival and prolonged development to 
C1 stage (Suprayudi et al., 2004b). However, in the present study, 
Artemia enrichment not only failed to improve megalopal survival 
and development, but led to significant lower zoeal survival when 
compared to the same density treatments in which larvae were fed 
unenriched Artemia nauplii. In fact, zoeal survival almost halved 
when larvae were fed enriched Artemia as compared to those fed 
unenriched nauplii at both density of 5 and 10 ind./ml. Therefore, it 
appears that C. retusa larvae should be reared on unenriched Artemia 
nauplii instead of enriched Artemia. Interestingly, a recent paper by 
Basford et al. (2021) also reported Artemia enriched with the same 
medium used in this study (Selco S.presso) did not improve zoeal 
survival and development of the blue swimmer crab Portunus arma-
tus. Another paper from the same primary author reported a clear 
effect of HUFA enrichment using S.presso with fatty acid analysis 
(Basford et al., 2020), which showed that DHA content increased 
from 1.76 mg/g lipid in unenriched Artemia to 71.10 mg/g lipid in 
enriched Artemia, and similarly, EPA content increased from 13.32 
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to 29.76 mg/g lipid after enrichment. In fact, an earlier study also 
indicated that Artemia enriched with Frippak booster (a commercial 
microencapsulate enrichment diet, Frippak, England) did not signifi-
cantly improve megalopal survival of S. serrata (Williams et al., 1999). 
In the cases of marine ornamental crabs, Rhyne et al. (2005) also 
reported that Artemia enrichment failed to improve larval survival, 
growth and development of M. sculptus and M. forceps.

It is worth noting that in this study, Artemia enrichment actually 
led to significant inferior zoeal survival, which was not reported by 
previous studies. It has been reported that in S. serrata, excessive 
dietary DHA (docosahexaenoic acid) accelerated morphogenesis of 
the last zoeal stage larvae, leading to the development of abnormal 
enlarged chelipeds inside the exoskeleton that obstructed the sub-
sequent metamorphosis moult, resulted in mass mortality during 
the metamorphose (Dan & Hamasaki, 2011; Hamasaki et al., 2002a, 
2002b). In this study, Artemia was enriched with Selco S.presso, a 
commonly used oil emulsion that had a high DHA/EPA (eicosapen-
taenoic acid) ratio (>7); hence, it is possible that the inferior zoeal 
survival of larvae fed enriched Artemia may relate to accelerated 
morphogenesis occurred in Z2 larvae. Alternatively, the lower larval 
survival might be linked to relatively lower protein/energy content 
of enriched Artemia metanauplii as compared to nauplii. The newly 
hatched Artemia nauplii are lecithotrophic; therefore, prior to their 
development to the next metanaupliar stage when filter- feeding 
starts, which also enable enrichment, the nutrition/energy content 
of the nauplii is continuously utilized for maintenance and, therefore, 
will reduce substantially when they moult to metanuaplii (Navarro 
et al., 1999). Indeed, for the GSL Artemia strain used in this study, 
it was reported that metanauplii had a 34% reduction in individual 
dry weight and a 37% reduction in energy content compared with 
newly hatched nauplii (Vanhaecke et al., 1983). Since commonly 
used oil emulsions are aimed at fatty acid enrichment, they often 
do not supplement with proteins or other nutrients. In fact, it has 
been reported that enriching GSL Artemia with an oil emulsion (DHA 
Selco, INVE) similar to the one used in this study led to a 19% re-
duction in proteins compared with newly hatched nauplii (Evjemo 
et al., 2001). Proteins are known as a key nutrient for crustaceans, 
especially during larval development when rapid tissue synthesis oc-
curs (Anderson & De Silva, 2011; Anger, 2001). Hence, it is possible 
that in the present study, when Artemia metanauplii were enriched 
with S.presso, which is known to be rich in lipids but with a limited 
protein content, an unbalanced protein/lipid ratio may result, which 
led to inferior survival and development in those zoeal larvae fed the 
enriched Artemia.

Multiple factors have been reported to cause mass mortality 
of megalopae during larval rearing of various crab species, which 
include moult death syndrome, cannibalism, lack of appropriate 
settlement cues and substrates, and inappropriate physical culture 
environment (Beder et al., 2018; Dan, Ashidate, et al., 2016; Dan, 
Sui, et al., 2016; Hamasaki et al., 2002b, 2007; Jinbo et al., 2013). 
For example, in this study, it was observed that up to 51% of dead 
megalopae missing limbs or body parts, suggesting cannibalism may 
play a major role in the megalopal mortality. Hence, steps taken 

to reduce cannibalism during megalopae rearing, such as reduced 
stocking density and providing shelters, may help improve megalo-
pae survival. Additionally, the inappropriate cultural environment, 
such as the lack of suitable substrate and settlement cues, could also 
negatively affect megalopae metamorphosis (Forward et al., 2001), 
which has been confirmed by further studies (Xu, 2021).

5  |  CONCLUSION

Through a series of three experiments, this study investigated suita-
ble larval feeding regime for captive breeding of decorator crab C. re-
tusa, a popular marine ornamental crustacean. This is the first report 
on successful rearing of the species from newly hatched larvae to 
the first juvenile stage, and survival up to 91.3% to megalopal stage 
and 11.3% to the first juvenile stage, was achieved respectively. The 
results suggested that newly hatched C. retusa Z1 larvae are faculta-
tive lecithotrophic, who are capable of developing to the next stage 
independent of food but can also perform exogenous feeding when 
food is available. It also reveals that unlike many crab species, ss- 
type rotifer is not an appropriate diet for C. retusa zoeal larvae as it 
led to total mortality at Z2 stage. In contrast, Artemia nauplii were 
found to be a good diet for the larvae while the feeding density of 
Artemia is also important. An Artemia feeding density of 10 ind./ml 
was identified as performing the best. Meanwhile, both co- feeding 
Artemia with copepods and Artemia enrichment were not found to 
improve larval survival and development, therefore, unnecessary.

ACKNOWLEDG EMENT
This work forms a part of the PhD thesis of the first author. Special 
thanks to Emeritus Professor Rhondda Jones for her help and advice 
on data analysis.

CONFLIC T OF INTERE S T
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

AUTHOR CONTRIBUTIONS
Experiment design, conducting experiments, data collection and 
analysis, writing manuscript: Tian Xu. Supervision, experiment de-
sign, providing experimental materials, and revising manuscript: 
Chaoshu Zeng.

DATA AVAIL ABILIT Y S TATEMENT
All relevant data are within the paper.

ORCID
Tian Xu  https://orcid.org/0000-0001-8968-3714 

R E FE R E N C E S
Ajiboye, O., Yakubu, A., Adams, T., Olaji, E., & Nwogu, N. (2011). A re-

view of the use of copepods in marine fish larviculture. Reviews in 

https://orcid.org/0000-0001-8968-3714
https://orcid.org/0000-0001-8968-3714


    |  11XU and ZEnG

Fish Biology and Fisheries, 21(2), 225– 246. https://doi.org/10.1007/
s1116 0- 010- 9169- 3

Alajmi, F., & Zeng, C. (2014). The effects of stocking density on key bio-
logical parameters influencing culture productivity of the calanoid 
copepod, Parvocalanus crassirostris. Aquaculture, 434, 201– 207. 
https://doi.org/10.1016/j.aquac ulture.2014.08.029

Alajmi, F., Zeng, C., & Jerry, D. R. (2015). Domestication as a novel ap-
proach for improving the cultivation of calanoid copepods: A case 
study with Parvocalanus crassirostris. PLoS One, 10(7), e0133269. 
https://doi.org/10.1371/journ al.pone.0133269

Anderson, T., & De Silva, S. (2011). Nutrition. In J. S. Lucas, & P. C. 
Southgate (Eds.), Aquaculture: Farming aquatic animals and plants 
(2nd ed., 2. Aufl., pp. 164– 187). John Wiley & Sons.

Andrés, M., Estévez, A., & Rotllant, G. (2007). Growth, survival and bio-
chemical composition of spider crab Maja brachydactyla (Balss, 
1922) (Decapoda: Majidae) larvae reared under different stocking 
densities, prey: Larva ratios and diets. Aquaculture, 273(4), 494– 
502. https://doi.org/10.1016/j.aquac ulture.2007.10.026

Anger, K. (2001). The biology of decapod crustacean larvae (Vol. 14). AA 
Balkema Publishers Lisse.

Anger, K., & Dietrich, A. (1984). Feeding rates and gross growth efficien-
cies in Hyas araneus L. larvae (Decapoda: Majidae) reared in the lab-
oratory. Journal of Experimental Marine Biology and Ecology, 77(1), 
169– 181. https://doi.org/10.1016/0022- 0981(84)90056 - X

Avella, M., Olivotto, I., Gioacchini, G., Maradonna, F., & Carnevali, O. 
(2007). The role of fatty acids enrichments in the larviculture of 
false percula clownfish Amphiprion ocellaris. Aquaculture, 273(1), 
87– 95. https://doi.org/10.1016/j.aquac ulture.2007.09.032

Barroso, M., De Carvalho, C., Antoniassi, R., & Cerqueira, V. (2013). Use 
of the copepod Acartia tonsa as the first live food for larvae of 
the fat snook Centropomus parallelus. Aquaculture, 388, 153– 158. 
https://doi.org/10.1016/j.aquac ulture.2013.01.022

Bartley, D. (2000). Responsible ornamental fisheries. FAO Aquaculture 
Newsletter, 24, 10– 14.

Basford, A. J., Makings, N., Mos, B., White, C. A., & Dworjanyn, S. 
(2021). Greenwater, but not live feed enrichment, promotes 
development, survival, and growth of larval Portunus arma-
tus. Aquaculture, 534, 736331. https://doi.org/10.1016/j.aquac 
ulture.2020.736331

Basford, A. J., Mos, B., Francis, D. S., Turchini, G. M., White, C. A., & 
Dworjanyn, S. (2020). A microalga is better than a commercial lipid 
emulsion at enhancing live feeds for an ornamental marine fish 
larva. Aquaculture, 523, 735203. https://doi.org/10.1016/j.aquac 
ulture.2020.735203

Baylon, J. C. (2009). Appropriate food type, feeding schedule and Artemia 
density for the zoea larvae of the mud crab, Scylla tranquebarica 
(Crustacea: Decapoda: Portunidae). Aquaculture, 288(3), 190– 195. 
https://doi.org/10.1016/j.aquac ulture.2008.11.028

Beder, A. M., Copeman, L. A., & Eckert, G. L. (2018). The effects of dietary 
essential fatty acids on the condition, stress response, and survival 
of the larvae of the red king crab Paralithodes camtschaticus Tilesius, 
1815 (Decapoda: Anomura: Lithodidae). Journal of Crustacean 
Biology, 38(6), 728– 738. https://doi.org/10.1093/jcbio l/ruy085

Calado, R., Dionísio, G., Bartilotti, C., Nunes, C., dos Santos, A., & Dinis, M. 
T. (2008). Importance of light and larval morphology in starvation 
resistance and feeding ability of newly hatched marine ornamen-
tal shrimps Lysmata spp. (Decapoda: Hippolytidae). Aquaculture, 
283(1), 56– 63. https://doi.org/10.1016/j.aquac ulture.2008.07.010

Calado, R., & Leal, M. C. (2015). Trophic ecology of benthic marine inverte-
brates with bi- phasic life cycles: What are we still missing? (Vol. 71, pp. 
1– 70). Academic Press.

Calado, R., Lin, J., Rhyne, A. L., Araújo, R., & Narciso, L. (2003). Marine or-
namental decapods— Popular, pricey, and poorly studied. Journal of 
Crustacean Biology, 23(4), 963– 973. https://doi.org/10.1651/C- 2409

Camus, T., & Zeng, C. (2009). The effects of stocking density on 
egg production and hatching success, cannibalism rate, sex 

ratio and population growth of the tropical calanoid cope-
pod Acartia sinjiensis. Aquaculture, 287, 145– 151. https://doi.
org/10.1111/j.1365- 2109.2011.02919.x

Cohen, F. P. A., Valenti, W. C., & Calado, R. (2013). Traceability issues in 
the trade of marine ornamental species. Reviews in Fisheries Science 
& Aquaculture, 21(2), 98– 111. https://doi.org/10.1080/10641 
262.2012.760522

Constable, A. J., Nicol, S., & Strutton, P. G. (2003). Southern Ocean pro-
ductivity in relation to spatial and temporal variation in the physi-
cal environment. Journal of Geophysical Research: Oceans, 108(C4), 
https://doi.org/10.1029/2001J C001270

Corner, E. D. S., & O'Hara, S. C. M. (1986). The biological chemistry of ma-
rine copepods. Clarendon Press.

Daly, B., Swingle, J. S., & Eckert, G. L. (2009). Effects of diet, stocking 
density, and substrate on survival and growth of hatchery- cultured 
red king crab (Paralithodes camtschaticus) juveniles in Alaska, USA. 
Aquaculture, 293(1– 2), 68– 73. https://doi.org/10.1016/j.aquac 
ulture.2009.04.010

Dan, S., Ashidate, M., & Hamasaki, K. (2016). Improved method for cul-
turing the swimming crab Portunus trituberculatus larvae to prevent 
mass mortality during seed production. Fisheries Science, 82(1), 
113– 126. https://doi.org/10.1007/s1256 2- 015- 0935- y

Dan, S., & Hamasaki, K. (2011). Effects of salinity and dietary n- 3 highly 
unsaturated fatty acids on the survival, development, and morpho-
genesis of the larvae of laboratory- reared mud crab Scylla serrata 
(Decapoda, Portunidae). Aquaculture International, 19(2), 323– 338. 
https://doi.org/10.1007/s1049 9- 010- 9374- z

Dan, S., Oshiro, M., Ashidate, M., & Hamasaki, K. (2016). Starvation of 
Artemia in larval rearing water affects post- larval survival and mor-
phology of the swimming crab, Portunus trituberculatus (Brachyura, 
Portunidae). Aquaculture, 452, 407– 415. https://doi.org/10.1016/j.
aquac ulture.2015.06.004

Dan, S., Sui, Y., Kaneko, T., Takeshima, S., Ojima, D., Miyoshi, T., Hamano, 
K., Ashidate, M., & Hamasaki, K. (2016). Abnormal morphology in 
megalopae of the swimming crab, Portunus trituberculatus during 
seed production: Causes and prevention. Aquaculture Research, 
47(10), 3189– 3202. https://doi.org/10.1111/are.12771

Dhont, J., Dierckens, K., Støttrup, J., Van Stappen, G., Wille, M., & 
Sorgeloos, P. (2013). Rotifers, Artemia and copepods as live feeds 
for fish larvae in aquaculture. In G. Allan, & G. Burnell (Eds.), 
Advances in aquaculture hatchery technology (pp. 157– 202). Elsevier.

Drillet, G., Frouël, S., Sichlau, M. H., Jepsen, P. M., Højgaard, J. K., Joardeer, 
A. K., & Hansen, B. W. (2011). Status and recommendations on ma-
rine copepod cultivation for use as live feed. Aquaculture, 315(3– 4), 
155– 166. https://doi.org/10.1016/j.aquac ulture.2011.02.027

Evjemo, J., Danielsen, T., & Olsen, Y. (2001). Losses of lipid, protein 
and n- 3 fatty acids in enriched Artemia franciscana starved at dif-
ferent temperatures. Aquaculture, 193(1– 2), 65– 80. https://doi.
org/10.1016/S0044 - 8486(00)00596 - 2

Farhadian, O., Yusoff, F. M. D., Mohamed, S., & Saad, C. R. (2009). Use 
of cyclopoid copepod Apocyclops dengizicus as live feed for Penaeus 
monodon postlarvae. Journal of the World Aquaculture Society, 40(1), 
22– 32. https://doi.org/10.1111/j.1749- 7345.2008.00224.x

Ferreira, M., Maseda, A., Fábregas, J., & Otero, A. (2008). Enriching roti-
fers with “premium” microalgae. Isochrysis aff. galbana clone T- ISO. 
Aquaculture, 279(1– 4), 126– 130. https://doi.org/10.1016/j.aquac 
ulture.2008.03.044

Figueiredo, J., van Woesik, R., Lin, J., & Narciso, L. (2009). Artemia fran-
ciscana enrichment model— How to keep them small, rich and alive? 
Aquaculture, 294(3), 212– 220. https://doi.org/10.1016/j.aquac 
ulture.2009.05.007

Forward, J. R. B., Tankersley, R. A., & Rittschof, D. (2001). Cues for meta-
morphosis of brachyuran crabs: An overview. American Zoologist, 
41(5), 1108– 1122. https://doi.org/10.1093/icb/41.5.1108

Giménez, L., & Anger, K. (2005). Effects of temporary food limitation 
on survival and development of brachyuran crab larvae. Journal of 

https://doi.org/10.1007/s11160-010-9169-3
https://doi.org/10.1007/s11160-010-9169-3
https://doi.org/10.1016/j.aquaculture.2014.08.029
https://doi.org/10.1371/journal.pone.0133269
https://doi.org/10.1016/j.aquaculture.2007.10.026
https://doi.org/10.1016/0022-0981(84)90056-X
https://doi.org/10.1016/j.aquaculture.2007.09.032
https://doi.org/10.1016/j.aquaculture.2013.01.022
https://doi.org/10.1016/j.aquaculture.2020.736331
https://doi.org/10.1016/j.aquaculture.2020.736331
https://doi.org/10.1016/j.aquaculture.2020.735203
https://doi.org/10.1016/j.aquaculture.2020.735203
https://doi.org/10.1016/j.aquaculture.2008.11.028
https://doi.org/10.1093/jcbiol/ruy085
https://doi.org/10.1016/j.aquaculture.2008.07.010
https://doi.org/10.1651/C-2409
https://doi.org/10.1111/j.1365-2109.2011.02919.x
https://doi.org/10.1111/j.1365-2109.2011.02919.x
https://doi.org/10.1080/10641262.2012.760522
https://doi.org/10.1080/10641262.2012.760522
https://doi.org/10.1029/2001JC001270
https://doi.org/10.1016/j.aquaculture.2009.04.010
https://doi.org/10.1016/j.aquaculture.2009.04.010
https://doi.org/10.1007/s12562-015-0935-y
https://doi.org/10.1007/s10499-010-9374-z
https://doi.org/10.1016/j.aquaculture.2015.06.004
https://doi.org/10.1016/j.aquaculture.2015.06.004
https://doi.org/10.1111/are.12771
https://doi.org/10.1016/j.aquaculture.2011.02.027
https://doi.org/10.1016/S0044-8486(00)00596-2
https://doi.org/10.1016/S0044-8486(00)00596-2
https://doi.org/10.1111/j.1749-7345.2008.00224.x
https://doi.org/10.1016/j.aquaculture.2008.03.044
https://doi.org/10.1016/j.aquaculture.2008.03.044
https://doi.org/10.1016/j.aquaculture.2009.05.007
https://doi.org/10.1016/j.aquaculture.2009.05.007
https://doi.org/10.1093/icb/41.5.1108


12  |    XU and ZEnG

Plankton Research, 27(5), 485– 494. https://doi.org/10.1093/plank 
t/fbi024

González- Gordillo, J. I., Anger, K., & Schubart, C. D. (2010). Morphology 
of the larval and first juvenile stages of two jamaican endemic 
crab species with abbreviated development, Sesarma windsor 
and Metopaulias depressus (Decapoda: Brachyura: Sesarmidae). 
Journal of Crustacean Biology, 30(1), 101– 121. https://doi.
org/10.1651/08- 3110.1

Guarizo, M., Costa, T. M., & Marochi, M. Z. (2020). Effect of diet during 
larval development of Menippe nodifrons Stimpson, 1859 and 
Callinectes danae Smith, 1869. Aquaculture International, 28(5), 
1969– 1980. https://doi.org/10.1007/s1049 9- 020- 00569 - 2

Hamasaki, K., Kogane, T., Murakami, K., Jinbo, T., & Dan, S. (2007). Mass 
mortality and its control in the larval rearing of brachyuran crabs: 
Implications for mass culture techniques of phyllosoma larvae. 
Bulletin- Fisheries Research Agency Japan, 20, 39– 43.

Hamasaki, K., Suprayudi, M. A., & Takeuchi, T. (2002a). Effects of di-
etary n- 3 HUFA on larval morphogenesis and metamorphosis to 
megalops in the seed production of the mud crab, Scylla serrata 
(Brachyura: Portunidae). Aquaculture Science, 50(3), 333– 340. 
https://doi.org/10.11233/ aquac ultur esci1 953.50.333

Hamasaki, K., Suprayudi, M. A., & Takeuchi, T. (2002b). Mass mor-
tality during metamorphosis to megalops in the seed pro-
duction of mud crab Scylla serrata (Crustacea, Decapoda, 
Portunidae). Fisheries Science, 68(6), 1226– 1232. https://doi.
org/10.1046/j.1444- 2906.2002.00559.x

Holme, M.- H., Zeng, C., & Southgate, P. C. (2009). A review of recent progress 
toward development of a formulated microbound diet for mud crab, 
Scylla serrata, larvae and their nutritional requirements. Aquaculture, 
286(3), 164– 175. https://doi.org/10.1016/j.aquac ulture.2008.09.021

Jantrarotai, P., Temphakdee, P., & Pripanapong, S. (2004). Evaluation of 
different larval feeds for survival and development of early stage 
mud crab (Scylla olivacea). Kasetsart Journal (Natural Science), 38, 
484– 492.

Jeffs, A., & O’Rorke, R. (2020). Feeding and nutrition of crustacean lar-
vae. In K. Anger, S. Harzsch, & M. Thiel (Eds.), The natural history of 
the Crustacea: Developmental biology and larval ecology (Vol. 7, pp. 
309). Oxford University Press.

Jinbo, T., Dan, S., Nakaya, M., Ashidate, M., & Hamasaki, K. (2013). Effects 
of n- 3 highly unsaturated fatty acid content in Artemia on survival 
and development of laboratory- reared horsehair crab Erimacrus 
isenbeckii larvae. Fisheries Science, 79(3), 459– 467. https://doi.
org/10.1007/s1256 2- 013- 0618- 5

King, T. A. (2019). Wild caught ornamental fish: A perspective from the 
UK ornamental aquatic industry on the sustainability of aquatic 
organisms and livelihoods. Journal of Fish Biology, 94(6), 925– 936. 
https://doi.org/10.1111/jfb.13900

Kogane, T., Dan, S., & Hamasaki, K. (2007). Improvement of lar-
val rearing technique for mass seed production of snow crab 
Chionoecetes opilio. Fisheries Science, 73(4), 851– 861. https://doi.
org/10.1111/j.1444- 2906.2007.01406.x

Loya- Javellana, G. N. (1989). Ingestion saturation and growth responses 
of Penaeus monodon larvae to food density. Aquaculture, 81(3), 
329– 336. https://doi.org/10.1016/0044- 8486(89)90157 - 9

Lumasag, G. J., Quinitio, E. T., Aguilar, R. O., Baldevarona, R. 
B., & Saclauso, C. A. (2007). Ontogeny of feeding appa-
ratus and foregut of mud crab Scylla serrata Forsskal lar-
vae. Aquaculture Research, 38(14), 1500– 1511. https://doi.
org/10.1111/j.1365- 2109.2007.01795.x

Mackas, D. L., Denman, K. L., & Abbott, M. R. (1985). Plankton patchi-
ness: Biology in the physical vernacular. Bulletin of Marine Science, 
37(2), 652– 674.

Mann, D., Asakawa, T., & Pizzutto, M. (1999). Development of a hatch-
ery system for larvae of the mud crab Scylla serrata at the Bribie 
Island Aquaculture Research Centre. Paper presented at the ACIAR 
proceedings.

McLaughlin, P. A., Anger, K., Kaffenberger, A., & Lovrich, G. A. (2001). 
Megalopal and early juvenile development in Lithodes santolla 
(Molina, 1782) (Decapoda: Anomura: Paguroidea: Lithodidae), with 
notes on zoeal variations. Invertebrate Reproduction & Development, 
40(1), 53– 67. https://doi.org/10.1080/07924 259.2001.9652498

Minagawa, M., & Murano, M. (1993). Effects of prey density on survival, 
feeding rate and development of zoeas of the red frog crab Ranina 
ranina (Crustacea, Decapoda, Raninidae). Aquaculture, 113(1), 91– 
100. https://doi.org/10.1016/0044- 8486(93)90343 - W

Murray, J. M., & Watson, G. J. (2014). A critical assessment of ma-
rine aquarist biodiversity data and commercial aquaculture: 
Identifying gaps in culture initiatives to inform local fisheries 
managers. PLoS One, 9(9), e105982. https://doi.org/10.1371/
journ al.pone.0105982

Navarro, J. C., Henderson, R. J., McEvoy, L. A., Bell, M. V., & Amat, F. (1999). 
Lipid conversions during enrichment of Artemia. Aquaculture, 174(1), 
155– 166. https://doi.org/10.1016/S0044 - 8486(99)00004 - 6

Nghia, T. T., Wille, M., Binh, T. C., Thanh, H. P., Van Danh, N., & Sorgeloos, 
P. (2007). Improved techniques for rearing mud crab Scylla para-
mamosain (Estampador 1949) larvae. Aquaculture Research, 38(14), 
1539– 1553. https://doi.org/10.1111/j.1365- 2109.2007.01814.x

Oliver, M. P., Olivotto, I., & Turchi, C. (2017). Live prey production sys-
tems. In R. Calado, I. Olivotto, M. P. Oliver, & G. J. Holt (Eds.), Marine 
ornamental species aquaculture (pp. 111– 124). John Wiley & Sons 
Ltd.

Olivotto, I., Chemello, G., Vargas, A., Randazzo, B., Piccinetti, C. C., & 
Carnevali, O. (2016). Marine ornamental species culture: From the 
past to “Finding Dory”. General and Comparative Endocrinology, 245, 
116– 121. https://doi.org/10.1016/j.ygcen.2016.03.004

Olivotto, I., Oliver, M. P., & Turchi, C. (2017). Larval diets and nutrition. In 
R. Calado, I. Olivotto, M. P. Oliver, & G. J. Holt (Eds.), Marine orna-
mental species aquaculture (pp. 125– 137). John Wiley & Sons.

Palmtag, M. R. (2017). The marine ornamental species trade. In R. Calado, 
I. Olivotto, M. P. Oliver, & G. J. Holt (Eds.), Marine ornamental species 
aquaculture (pp. 3– 14). John Wiley & Sons Ltd.

Payne, M. F., & Rippingale, R. (2000). Rearing West Australian seahorse, 
Hippocampus subelongatus, juveniles on copepod nauplii and 
enriched Artemia. Aquaculture, 188(3), 353– 361. https://doi.
org/10.1016/S0044 - 8486(00)00349 - 5

Penha- Lopes, G., Rhyne, A. L., Lin, J., & Narciso, L. (2005). The lar-
val rearing of the marine ornamental crab, Mithraculus for-
ceps (A. Milne Edwards, 1875) (Decapoda: Brachyura: 
Majidae). Aquaculture Research, 36(13), 1313– 1321. https://doi.
org/10.1111/j.1365- 2109.2005.01349.x

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R- proje 
ct.org/

Rhyne, A. L., Penha- Lopes, G., & Lin, J. (2005). Growth, develop-
ment, and survival of larval Mithraculus sculptus (Lamark) and 
Mithraculus forceps (A. Milne Edwards) (Decapoda: Brachyura: 
Majidae): Economically important marine ornamental crabs. 
Aquaculture, 245(1– 4), 183– 191. https://doi.org/10.1016/j.aquac 
ulture.2004.11.016

Ritar, A. J., Smith, G. G., Dunstan, G. A., Brown, M. R., & Hart, P. R. 
(2003). Artemia prey size and mode of presentation: Effects on the 
survival and growth of phyllosoma larvae of southern rock lobster 
(Jasus edwardsii). Aquaculture International, 11(1), 163– 182. https://
doi.org/10.1023/A:10241 60908454

Rocha, C. P., Quadros, M. L. A., Maciel, M., Maciel, C. R., & Abrunhosa, 
F. A. (2017). Morphological changes in the structure and function 
of the feeding appendages and foregut of the larvae and first juve-
nile of the freshwater prawn Macrobrachium acanthurus. Journal of 
the Marine Biological Association of the United Kingdom, 98(4), 1– 8. 
https://doi.org/10.1017/S0025 31541 6001855

Rocha, C. P., Souza, A. S. D., Maciel, M., Maciel, C. R., & Abrunhosa, F. A. 
(2016). Development and functional morphology of the mouthparts 

https://doi.org/10.1093/plankt/fbi024
https://doi.org/10.1093/plankt/fbi024
https://doi.org/10.1651/08-3110.1
https://doi.org/10.1651/08-3110.1
https://doi.org/10.1007/s10499-020-00569-2
https://doi.org/10.11233/aquaculturesci1953.50.333
https://doi.org/10.1046/j.1444-2906.2002.00559.x
https://doi.org/10.1046/j.1444-2906.2002.00559.x
https://doi.org/10.1016/j.aquaculture.2008.09.021
https://doi.org/10.1007/s12562-013-0618-5
https://doi.org/10.1007/s12562-013-0618-5
https://doi.org/10.1111/jfb.13900
https://doi.org/10.1111/j.1444-2906.2007.01406.x
https://doi.org/10.1111/j.1444-2906.2007.01406.x
https://doi.org/10.1016/0044-8486(89)90157-9
https://doi.org/10.1111/j.1365-2109.2007.01795.x
https://doi.org/10.1111/j.1365-2109.2007.01795.x
https://doi.org/10.1080/07924259.2001.9652498
https://doi.org/10.1016/0044-8486(93)90343-W
https://doi.org/10.1371/journal.pone.0105982
https://doi.org/10.1371/journal.pone.0105982
https://doi.org/10.1016/S0044-8486(99)00004-6
https://doi.org/10.1111/j.1365-2109.2007.01814.x
https://doi.org/10.1016/j.ygcen.2016.03.004
https://doi.org/10.1016/S0044-8486(00)00349-5
https://doi.org/10.1016/S0044-8486(00)00349-5
https://doi.org/10.1111/j.1365-2109.2005.01349.x
https://doi.org/10.1111/j.1365-2109.2005.01349.x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.aquaculture.2004.11.016
https://doi.org/10.1016/j.aquaculture.2004.11.016
https://doi.org/10.1023/A:1024160908454
https://doi.org/10.1023/A:1024160908454
https://doi.org/10.1017/S0025315416001855


    |  13XU and ZEnG

and foregut in larvae and post- larvae of Macrobrachium jelskii 
(Decapoda: Palaemonidae). Arthropod Structure and Development, 
45(3), 242– 252. https://doi.org/10.1016/j.asd.2016.02.001

Ruscoe, I. M., Williams, G. R., & Shelley, C. C. (2004). Limiting the 
use of rotifers to the first zoeal stage in mud crab (Scylla serrata 
Forskål) larval rearing. Aquaculture, 231(1– 4), 517– 527. https://doi.
org/10.1016/j.aquac ulture.2003.11.021

Støttrup, J. G., & McEvoy, L. A. (2003). Live feeds in marine aquaculture 
(1st ed.). Blackwell Science.

Sui, L., Wille, M., Wu, X., Cheng, Y., & Sorgeloos, P. (2008). Effect of feeding 
scheme and prey density on survival and development of Chinese 
mitten crab Eriocheir sinensis zoea larvae. Aquaculture Research, 39(6), 
568– 576. https://doi.org/10.1111/j.1365- 2109.2008.01902.x

Sui, L., Wille, M., Wu, X., Cheng, Y., & Sorgeloos, P. (2009). Ingestion 
of Artemia nauplii by Chinese mitten crab Eriocheir sinensis 
zoea larvae. Aquaculture Research, 40(8), 950– 954. https://doi.
org/10.1111/j.1365- 2109.2009.02189.x

Suprayudi, M. A., Takeuchi, T., & Hamasaki, K. (2004a). Effects of Artemia 
enriched with eicosapentaenoic and docosahexaenoic acid on sur-
vival and occurrence of molting failure in megalop larvae of the 
mud crab Scylla serrata. Fisheries Science, 70(4), 650– 658. https://
doi.org/10.1111/j.1444- 2906.2004.00853.x

Suprayudi, M. A., Takeuchi, T., & Hamasaki, K. (2004b). Essential fatty 
acids for larval mud crab Scylla serrata: Implications of lack of the 
ability to bioconvert C18 unsaturated fatty acids to highly unsat-
urated fatty acids. Aquaculture, 231(1– 4), 403– 416. https://doi.
org/10.1016/S0044 - 8486(03)00542 - 8

Suprayudi, M. A., Takeuchi, T., Hamasaki, K., & Hirokawa, J. (2002). Effect 
of Artemia feeding schedule and density on the survival and de-
velopment of larval mud crab Scylla serrata. Fisheries Science, 68(6), 
1295– 1303. https://doi.org/10.1046/j.1444- 2906.2002.00567.x

Tang, M., Wu, R., Jiang, X., Deng, D., Xiang, C., Cheng, Y., Turchini, G. 
M., & Wu, X. (2020). Effects of four natural diets on the culture 
performance and biochemical composition of megalopa of Eriocheir 
sinensis during desalination period. Aquaculture Research, 51(7), 
2831– 2841. https://doi.org/10.1111/are.14622

Tapella, F., Sotelano, M. P., Romero, M. C., & Lovrich, G. A. (2012). 
Experimental natural substrate preference of southern king crab 
Lithodes santolla larvae. Journal of Experimental Marine Biology and 
Ecology, 411, 70– 77. https://doi.org/10.1016/j.jembe.2011.11.003

Therneau, T. (2020). A package for survival analysis in R. R package ver-
sion 3.2- 3. Computer software. Mayo Clinic. https://CRAN.R- proje 
ct.org/packa ge=survival

Tsuji, H., Zeng, C., Romano, N., Southgate, P. C., & Ye, H. (2015). 
Development of larval culture methods for blue- legged gold coral 
banded shrimp Stenopus cyanoscelis: Effects of prey type and prey 
density. Fisheries Science, 81(4), 731– 736. https://doi.org/10.1007/
s1256 2- 015- 0889- 0

van der Meeren, T., Karlsen, Ø., Liebig, P. L., & Mangor- Jensen, A. (2014). 
Copepod production in a saltwater pond system: A reliable method 
for achievement of natural prey in start- feeding of marine fish lar-
vae. Aquacultural Engineering, 62, 17– 27. https://doi.org/10.1016/j.
aquae ng.2014.07.003

Vanhaecke, P., Lavens, P., & Sorgeloos, P. (1983). International study on 
Artemia. XVII. Energy consumption in cysts and early larval stages 
of various geographical strains of Artemia. Paper presented at the 
Annales de la Societe Royale Zoologique de Belgique.

Wabnitz, C., Taylor, M., Green, E., & Razak, T. (2003). From ocean to 
aquarium: The global trade in marine ornamental species. UNEP World 
Conservation Monitoring Centre.

Waiho, K., Fazhan, H., Quinitio, E. T., Baylon, J. C., Fujaya, Y., Azmie, G., 
Wu, Q., Shi, X. I., Ikhwanuddin, M., & Ma, H. (2018). Larval rear-
ing of mud crab (Scylla): What lies ahead. Aquaculture, 493, 37– 50. 
https://doi.org/10.1016/j.aquac ulture.2018.04.047

Williams, G. R., Wood, J., Dalliston, B., Shelley, C. C., & Kuo, C. (1999). 
Mud crab (Scylla serrata) megalopa larvae exhibit high survival rates 
on Artemia- based diets. Paper presented at the ACIAR proceedings.

WoRMS. (2021). Camposcia retusa (Latreille, 1829). http://marin espec ies.
org/aphia.php?p=taxde tails &id=208891

Xu, T. (2021). Development of captive rearing techniques for decorator crab, 
Camposcia retusa, for marine aquarium trade (PhD thesis). James 
Cook University, Australia (227 pp.).

Xu, T., Zeng, C., & Hutson, K. S. (2019). Morphological descriptions of 
the larval and first juvenile stages of the decorator crab Camposcia 
retusa (Latreille, 1829) from laboratory- reared material. Zootaxa, 
4577(2), zootaxa.4577.2.4. https://doi.org/10.11646/ zoota 
xa.4577.2.4

Yúfera, M., Rodriguez, A., & Lubian, L. (1984). Zooplankton inges-
tion and feeding behavior of Penaeus kerathurus larvae reared 
in the laboratory. Aquaculture, 42(3– 4), 217– 224. https://doi.
org/10.1016/0044- 8486(84)90102 - 9

Zeng, C., & Li, S. (1999). Effects of density and different combinations of 
diets on survival, development, dry weight and chemical composi-
tion of larvae of the mud crab, Scylla paramamosain. In C. Keenan, & 
A. Blackshaw (Eds.), Mud crab aquaculture and biology (pp. 159– 166). 
Australian Centre for International Agricultural Research (ACIAR) 
Proceedings (78).

Zeng, C., Rotllant, G., Giménez, L., & Romano, N. (2020). Effects of 
environmental conditions on larval growth and development. 
In K. Anger, S. Harzsch, & M. Thiel (Eds.), Developmental biol-
ogy and larval ecology, the natural history of the Crustacea (Vol. 7, 
pp. 195– 222). Oxford University Press.

Zeng, C., Shao, L., Ricketts, A., & Moorhead, J. (2018). The importance 
of copepods as live feed for larval rearing of the green mandarin 
fish Synchiropus splendidus. Aquaculture, 491, 65– 71. https://doi.
org/10.1016/j.aquac ulture.2018.03.011

Zhang, D., Lin, J., & Creswell, R. L. (1998). Ingestion rate and feeding be-
havior of the peppermint shrimp Lysmata wurdemanni on Artemia 
nauplii. Journal of the World Aquaculture Society, 29(1), 97– 103. 
https://doi.org/10.1111/j.1749- 7345.1998.tb003 05.x

Zmora, O., Findiesen, A., Stubblefield, J., Frenkel, V., & Zohar, Y. (2005). 
Large- scale juvenile production of the blue crab Callinectes sapi-
dus. Aquaculture, 244(1), 129– 139. https://doi.org/10.1016/j.aquac 
ulture.2004.11.012

How to cite this article: Xu, T., & Zeng, C. (2022). Establishing 
larval feeding regimens for the decorator crab Camposcia 
retusa: Effects of live prey types and density on larval 
survival and development. Aquaculture Research, 00, 1– 13. 
https://doi.org/10.1111/are.15792

https://doi.org/10.1016/j.asd.2016.02.001
https://doi.org/10.1016/j.aquaculture.2003.11.021
https://doi.org/10.1016/j.aquaculture.2003.11.021
https://doi.org/10.1111/j.1365-2109.2008.01902.x
https://doi.org/10.1111/j.1365-2109.2009.02189.x
https://doi.org/10.1111/j.1365-2109.2009.02189.x
https://doi.org/10.1111/j.1444-2906.2004.00853.x
https://doi.org/10.1111/j.1444-2906.2004.00853.x
https://doi.org/10.1016/S0044-8486(03)00542-8
https://doi.org/10.1016/S0044-8486(03)00542-8
https://doi.org/10.1046/j.1444-2906.2002.00567.x
https://doi.org/10.1111/are.14622
https://doi.org/10.1016/j.jembe.2011.11.003
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survival
https://doi.org/10.1007/s12562-015-0889-0
https://doi.org/10.1007/s12562-015-0889-0
https://doi.org/10.1016/j.aquaeng.2014.07.003
https://doi.org/10.1016/j.aquaeng.2014.07.003
https://doi.org/10.1016/j.aquaculture.2018.04.047
http://marinespecies.org/aphia.php?p=taxdetails&id=208891
http://marinespecies.org/aphia.php?p=taxdetails&id=208891
https://doi.org/10.11646/zootaxa.4577.2.4
https://doi.org/10.11646/zootaxa.4577.2.4
https://doi.org/10.1016/0044-8486(84)90102-9
https://doi.org/10.1016/0044-8486(84)90102-9
https://doi.org/10.1016/j.aquaculture.2018.03.011
https://doi.org/10.1016/j.aquaculture.2018.03.011
https://doi.org/10.1111/j.1749-7345.1998.tb00305.x
https://doi.org/10.1016/j.aquaculture.2004.11.012
https://doi.org/10.1016/j.aquaculture.2004.11.012
https://doi.org/10.1111/are.15792

