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Sea ranching of tropical edible sea cucumbers is an effective way to relieve the overfishing
stress on their natural resources and protect the coral reef ecosystem, yet only a few
species have been applied in the sea ranching practice based on hatchery-reared
juveniles around the world. In this study, an 8-month (April to December) sea ranching
study for hatchery-reared edible sea cucumber Stichopus monotuberculatus juveniles
was carried out at a tropical coral reef island area in Sanya, China. Several growth
performance indexes and basal nutritional components were monitored. Results revealed
that the sea cucumbers had a growth rate of 0.35~0.78 mm day' during the experimental
period, reaching 15.9 cm long before winter. The weight gain reached 491.13% at the
end, and most sea cucumbers were able to grow to the commercial size (over 150 g
WW) in the first year of sea ranching. The overall specific growth rate (SGR) and survival
rates were 0.73 and 27.5%. Most of the death occurred in the first month after release
(25.0%-37.5%), and this is probably due to inadaptation to the sudden change of the
environment from the hatchery to the wild, which is proved by the remarkable decrease
in nutritional indexes (amino acids, total lipid, and crude protein). Stable isotope and
lipid biomarkers revealed that the food source mainly comes from water deposits (with
microbes), Sargassum sanyaense seaweed debris, phytoplankton, and coral mucus-
derived organics. The study proved the feasibility of the sea ranching of the hatchery-
reared S. monotuberculatus juveniles in the tropical coral reef island area. Also, it is highly
recommended that appropriate acclimation operation before release should be carried
out to improve the survival rate of this species.

Keywords: Stichopus monotuberculatus, growth performance, nutritional quality, food source composition,
sea ranching
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1 INTRODUCTION

In recent years, the market demand for sea cucumbers
is increasing due to their high nutritional and medicinal
value (Eriksson and Clarke, 2015). Meanwhile, wild sea
cucumber resource has shown continuous depletion because
of overfishing (Pakoa and Bertram, 2013). Therefore, the
sea ranching of high-value sea cucumbers developed rapidly
since the early 21st century, especially in China (Chen, 2004;
Eriksson and Clarke, 2015). In addition to the temperate
species of Stichopus japonicus, which is widely cultured in
North China, most of the high-valued tropical sea cucumber
species exploitation relies on wild catching around the world,
such as Stichopus monotuberculatus, Stichopus horrens,
Thelenota ananas, and Holothuria fuscogilva (Purcell et al.,
2018). Only Holothuria scabra is widely cultured in the
pond or the coastal area. The development of tropical sea
cucumber sea ranching is mostly restricted by the lack of
techniques (Purcell et al., 2012; Zamora et al., 2018). There
is an urgent need to develop sea ranching techniques for new
sea cucumber species to promote the production of artificial
released tropical sea cucumber population and subsequently
relieve the fishery stress on other depleted wild species.

S. monotuberculatus is a tropical detritus-feeding sea
cucumber species with high economic value. It prefers sandy
sediment, fragmented coral, coral rubble, and seagrass bed
between the depth of 0 and 30 m (Conand, 1993; Desurmont,
2003). The hatchery technique has been developed for years
(Hu et al., 2010). Pond culture mode used to be tested on a
small scale, but the risk of mass mortality caused by extremely
low water temperature (below 16°C) was encountered during
occasional cold waves in winter. Sea ranching is the most
feasible way to solve the problem, yet many theoretical and
practical aspects are still not clear, such as appropriate density,
juvenile size, and release procedure.

S. monotuberculatus is a native species in the coral reef
area in the southern part of Hainan Island and the Sansha
area, China (Hu et al., 2010). However, since 2000, the
natural resource depleted remarkably due to overfishing.
Aiming to recover the sea cucumber resource and develop
sea ranching technique, we carried out an 8-month study at
Wuzhizhou Island, an inshore coral reef island in the southern
part of Hainan Island. More than 3,000 hatchery-reared S.
monotuberculatus juveniles were released, and the growth
index, survival rate (SR), and nutrition accumulation were
evaluated. Seasonal diet composition was also quantified to
understand the food availability in the habitat, using a lipid
biomarker and stable isotope method. The sea ranching
feasibility of the hatchery-reared juveniles in the tropical coral
reef area was verified based on these results.

2 MATERIALS AND METHODS
2.1 Study Area

Wuzhizhou Island is located in the southern part of Hainan Island
(the South China Sea, 18°18'30"N-109°45'40"E) (Figure 1) with

an area of 1.48 km?. It has a tropical monsoon climate, with the
dry season from November to April and the rainy season from
May to October (Huang et al., 2020). It is affected by seasonal
wind and waves, especially the upwelling event on the eastern
coast of Hainan Island during summer, which brings cool water
to keep the corals away from a high-temperature threat (Huang
et al., 2003; Li et al., 2015). The island is also a famous tourism
site with site-seeing and scuba diving projects. The sea area is
well protected by the tourism company, and the collection of
all the marine creatures is banned except for scientific research
purposes.

2.2 Juvenile Acquisition, Transportation,
and Release

The experimental area was set in the northern part of Wuzhizhou
Island, which is covered with fine sand, coral reef, and volcanic
rocky artificial reefs (Figures 1, 2A). A total of over 3,000 sea
cucumber juveniles (wet weight 17.36 + 4.20 g, body length
5.6 £ 1.3 cm) were acquired from a hatchery in Wenchang
(Hainan Province) in April 2019 (Figure 2B). The water
temperature and salinity in the hatchery were 25.2°C and 32-33
ppt, respectively, and those in the sea ranching area were 26.7°C
and 33 ppt, respectively. All the juveniles were carefully packed
in plastic bags with water and oxygen, put in cool boxes with
ice, and transported from the hatchery to the sea ranching area
within 5 h. On the boat, the sea cucumbers were put into soft
chinlon mesh bags (20 x 30 cm, 120 ind. each) and taken to the
sea bottom by scuba divers. A stone was placed on each bag
(mouth opened), and the juveniles crawled out by themselves
in 2 days (Figure 2C).

2.3 Growth Performance and Survival

Rate Monitor

The growth index was monitored periodically (May, June,
July, September, October, and December 2019). The water
temperature and salinity at a depth of 1 m were also measured
by a multi-parameter sonder (YSI—Model 6600 V2, Xylem,
USA) from January to December 2019 (Figure 3). At each
month, samples (n = 4-6) were collected from the released
population by scuba divers and immediately taken in water
to the laboratory on the island to measure the wet weight
(including total and body wall) and the body length. The total
length (TL) from mouth to anus was measured to the nearest
0.1 cm. Before being weighted, gentle pressure was applied to
the sea cucumber body to enable the expulsion of the maximum
amount of water from the respiratory tree. The body surface was
blotted dry with a paper towel, and the total weight (TW) was
recorded (Sanchez-Tapia et al., 2018). Then the sea cucumber
was dissected, and the body wall was also weighted.

For the SR evaluation, eighty sea cucumber juveniles were
selected from the total released population in April 2019 and
placed into two steel-frame bottom culture cages set on the
same sea area (2.0 x 2.0 x 0.6 m, area 4 m? 40 ind-. each,
density 10 ind- m~2). The cages are covered with a plastic net
(mesh size 0.5 cm) except for the bottom so that sea cucumbers
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FIGURE 1| Sea cucumber Stichopus monotuberculatus sea ranching area at Wuzhizhou Island, Hainan Province, China. P, juvenile release site; A, the Sargassum
sanyaense seaweed bed (photographed by Qiang Xu). The arrow shows the tidal current direction.

can live directly on the seafloor. To prevent escape, a circle
of soft nylon net curtain (mesh size 0.5 cm, 20 cm high) was
fixed on the lower part of the cage, folded inside, and then buried
into the sediment. Several coral rocks were placed into the cage
as the shelter. The cages were anchored on the seafloor with nylon
ropes. In May, July, and October 2019, the SR was calculated
by counting sea cucumbers observed in the cages. During the
counting process, all the rocky substrates in the cages were not
moved and checked so as to avoid the destruction of the habitat
and possibly hurting the sea cucumbers. Unfortunately, one of

the cages was destroyed in a storm in late October. At the end
of the experiment in December, all the rocks in the remaining
cages were moved out, the surviving ones were counted, and the
cage was also carefully checked, so the data reflect the overall
SR of the 8-month study.

2.4 Sample Collection for Nutrition and
Food Source Analyses

The initial sea cucumber samples (n = 5) were collected from
the hatchery prior to mass release in April 2019. During the field

FIGURE 2 | The deployed volcano rocky artificial reefs with settled corals (A). Sea cucumber Stichopus monotuberculatus juveniles in the hatchery (B). The self-
release mesh bag with juveniles in it (C). A sea-ranched individual 8 months after release (D). (photographed by Qiang Xu).
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FIGURE 3 | Mean values of the temperature and salinity of the sea ranching area in 2019.

study, samples (n = 3-5) were collected by divers in May, July,
October, and December. In the laboratory, sea cucumbers were
dissected, and the body wall was washed with ultrapure water
and then frozen and freeze-dried for 48 h. The samples were
pulverized using a glass mortar and pestle and stored under the
dry condition at —20°C for further analysis.

After referring to previous studies on other sea cucumber
species (Apostichopus japonicus, Sun et al, 2013) and the
character of the coral reef habitat (Coffroth, 1984; Wild et al.,
2004; Wild et al., 2005), five potential food sources were selected
from the pelagic and benthic habitats: phytoplankton, benthic
microalgae, water deposit, Sargassum sanyaense, and coral
mucus. Net-towed phytoplankton samples (mesh size 76 pm)
were obtained by hauling them horizontally in the water. Benthic
microalgae were collected using an in situ cultivation method:
a polythene net was placed on a coral rock at a shallow area
(3-5-m depth) with sufficient sunlight. After 5-10 days, the
net was taken back and cleaned with filtered seawater. The
cleaning water was filtered, and the microalgae sample was
collected on Whatman GF/F glass-fiber filters (pre-combusted
under 450°C for 4 h). Water deposit samples (n = 3) were
acquired with three polythene cylinder trappers (¢ = 30 cm,
30-cm height), which were deployed for 5 days on the bottom.
After the samples were taken back to the lab, the deposit was
resuspended and filtered on pre-combusted Whatman GF/F
glass-fiber filters for further analysis. Preliminary fatty acid
biomarker results indicated brown algae organic source in the
sea cucumber’s diet, but field investigation only found two
small Phaeophyta species, Padina sp. and Turbinaria ornata,
with tough blades and sporadic distribution. Considering
their extremely low biomass and difficulty in detritus release,
they are unlikely to be the diet source for the sea cucumbers. It
is reported that there is a seasonal Sargassum sp. seaweed bed
at the opposite coastal area 3~4 km from the island (Li et al,,
2020), and a supplemental investigation on this area in April
2021 was performed, revealing a Sargassum seaweed bed of
about 30 ha with S. sanyaense as the dominant species in high

biomass (3.7 kg m2, Figure 1, site A ). The algae were sampled and
added to the potential food sources. The specific isotope values of
coral mucus come from the reference (Naumann et al., 2010).

2.5 Nutrition Composition Analysis

2.5.1 Crude Protein and Total Lipid

The content of crude protein was determined by the Kjeldahl
method (AOAC, 1990). Lipids were extracted using a modified
Folch extraction procedure (Folch et al., 1957; Parrish, 1999).

2.5.2 Amino Acid Analysis

Amino acid analysis was carried out based on literature
methods (Block et al., 2016): the sample was hydrolyzed at
110°C for 22 h with 6 mol/L of HCI; following hydrolysis, 1 ml
of hydrolyzate was withdrawn and evaporated to dryness under
vacuum at 45°C to remove HCI. The hydrolyzate was dissolved
in 5 ml of 0.02 mol/L of HCI, then centrifuged at 5,000 rpm,
and filtered. Supernatant measuring 1 ul was used for amino
acid analysis. Detection wavelengths were set at UV 570 and
440 nm. The amino acids’ identity and quantity were assessed
by comparison with retention times and peak areas of standard
amino acids. The amino acid score was calculated using the
following formula: amino acid score = amount of amino acid
per test protein (mg/g)/amount of amino acid per protein in
reference pattern (mg/g) x 100.

2.5.3 Fatty Acid Composition Analysis

Extracted total lipid was evaporated to near dryness under a
gentle nitrogen stream. Fatty acid methyl esters (FAMEs) were
prepared by esterification using 2% sulfuric acid methanol
as described by (Xu, 2007). Gas chromatography (GC) was
performed with Agilent Technologies (Santa Clara, CA,
USA) 6890N GC equipped with a DB-FFAP capillary column
(30 m x 0.25 mm x 0.25 pym). Helium was the carrier gas
(99.999%, purity). The heating program consisted of an initial
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temperature of 100°C, holding at 100°C for 5 min, a temperature
increase to 240°C at a rate of 4°C/min, and then holding at 240°C
for 15 min. The inlet temperature was 250°C, and the detector
temperature was 250°C. Individual components were identified
using mass spectral data and by comparing retention time data
with those obtained for authentic and laboratory standards (Cod
liver oil FAMEs (C2294-5G), Sigma-Aldrich, Germany). The
peak area was quantified and expressed as a percentage of total
fatty acids.

2.6 Stable C and N Isotope Analysis
The water deposit and benthic microalgae samples were acidified
by exposing the filters to HCl vapor for 12 h to remove inorganic
carbonates before analysis. §'°N and 6°C values of the sea
cucumber and potential food sources were determined by a stable
isotope ratio mass spectrometry (IRMS; Delta V Advantage,
Thermo Fisher, Waltham, MA, USA) combined with an element
analyzer (HT2000, Thermo, USA). About 5 mg of powdered
samples was measured by the Millionth Scale (P6, Mettler,
Schwerzenbach, Switzerland) and wrapped in a tin capsule.
Then the capsule was closed with tweezers and placed into the
automatic sampler of the elemental analyzer. The encapsulated
samples were combusted and reduced at 1,020°C, and the flow
rate of He (99.999%, purity) was 50 ml/min in a reactor and
converted into CO, and N,. Water was subsequently removed
by anhydrous Mg(ClO,),. The resulting gas was separated on a
carbon sieve GC column (70°C) and then gradually entered into
the ion source of the IRMS.

Results of the isotope ratios were expressed in standard d-unit
notation, as follows:

OX = [(Rsample / Rstandard) - 1] x 1,000 Y%,

where X is C or "N and R is '*C:'2C ratio for C or '*N:!“N ratio
for N. The values were reported relative to the Vienna Pee Dee
Belemnite (PDB) standard for C and air N, for N.

2.7 Statistical Analysis

2.7.1 Growth Index Estimation

The calculation of size growth rate (GR; mm day), specific GR
(SGR; % day™!), and weight gain (WG; %) are based on samples
from the released population, whereas the SR (%) was quantified
by counting the individuals in the cages. The growth index was
calculated at four months (May, July, October, and December).
Growth estimations are determined using the following
expressions (Sanchez-Tapia et al., 2018):

Sizegrowthrate: GR(mmday ') =(L, - L,)/T,

Specificgrowthrate : SGR (% day ') =100
x(InW, —=InW))/T,, and

Weightgain : WG(%) =100x (W, -W,)/W,,

where L, and L, are the average body lengths at the beginning
(April 2019) and the course of the evaluation, respectively; W,
and W, are the TW of juveniles at the beginning and the course
of the experiment, respectively; and T, is the length of the
experiment in days.

The SR was expressed as follows:

SR(%)=(N, x100)/ N,

where N, is the number of juveniles observed in the cages and
N; is the number of juveniles at the beginning of the experiment
(N, =40).

The result was presented as mean values + SD. The difference
in the months of the content of §3C, §**N, amino acids, crude
protein, total lipid, and relative percentages of the total pool
of fatty acids was tested with one-way ANOVA. Significant
differences (p< 0.05) were determined by using Tukey’s honestly
significant difference (HSD) post-hoc test.

2.7.2 Food Composition Calculation

The Bayesian mixed-model SIMMR of R (version 4.1.2)
was used for the evaluation of the relative contribution of
each food source to the sea cucumber (Parnell et al., 2013).
Compared with the software “Isosource,” SIMMR can
incorporate supplementary features such as uncertainties,
concentration dependence, and a greater quantity of sources
(Lionel et al., 2018). For stable C and N isotopes, the average
fractionation effects of 1%o for *C (McClelland and Valiela,
1998; McCutchan Jr. et al., 2003; Sun et al., 2013) and 3.4%eo
for "N (Sherwood & Rose, 2005; Carlier et al., 2007) were
used to correct stable isotope shifts for each trophic level.
By using the Markov chain Monte Carlo (MCMC) method,
the model was run for 10,000 iterations with a burn rate of
1,000 to obtain the posterior distribution (Jiménez-Arias
et al,, 2020). SIMMR package checks whether the model
works normally through the Gelman-Rubin diagnosis (Sacco
et al., 2019). The results show that the model converges and
runs normally. The average standard error of the mean for
replicates was 0.11%o for §'*C and 0.15%o for §'°N (Sherwood &
Rose, 2005).

3 RESULTS

3.1 Growth and Survival Rate of Stichopus
monotuberculatus

During the study period, the salinity and water temperature
varied at 32.58°C-34.44°C and 23.76°C-29.31°C, respectively
(Figure 3). A temperature drop of 3°C (28.31°C to 25.33°C) was
observed from June to July due to the impact of the upwelling
event on the east coast of Hainan Island.

During the routine investigation, the sea cucumbers’
activity showed a remarkable diurnal rhythm. Using an
underwater time-lapse camera, we found that most of them
hide in the reef during the daytime and come out to feed at
night. The SR of juveniles in cage 1 over 8 months was 27.5%
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(Table 1). The SR of cage 2 in December was not available
because it was destroyed by a typhoon storm in late October,
so the SR in cage 2 over 6 months was 52.5%. The death rate
of juveniles was 25.0%-37.5% in the first month after release
(April to May), which is much higher than in other months.

The juvenile’s mean length increased from 5.6 + 1.3 to 15.9 +
2.2 cm at the end, and the total body weight was from 17.36 + 4.20
to 102.62 + 50.76 g (Figures 2D, 4). After 8 months’ growth, the
maximum length and weight of adult individuals were 177.86 g
and 19.0 cm, respectively. The final wet weight was about 4.9
times its initial value (WG 491.13%, Table 1). The highest WG
occurred between October and December, but the GR showed
an individual variation. The body wall wet weight grew from
12.94 +2.24 10 96.11 + 20.91 g, 7.43 times the initial (Figures 4A,
B). The juveniles grew faster from April to July (GR 0.78-0.73
mm day~’; SGR 1.08-0.94% day~') compared to other months
(GR 0.35-0.42 mm day™’; SGR 0.48-0.73% day™'), whereas a
slight weight loss occurred from July to October (Table 1). SGR
reached its lowest level in October (0.48% day~!) but recovered in
December (0.73% day!).

3.2 Nutritional Composition

3.2.1 Crude Protein and Total Lipid

The crude protein content in the body wall of S. monotuberculatus
ranged from 18.13 + 1.19 to 28.87 + 1.82 g/100 g, and total lipid
content was from 1.98 + 0.04 to 2.95 + 0.10 g/100 g (Table 2).
During the first month after release, both the protein and lipid
contents decreased significantly (p< 0.05). After that, the crude
protein and lipid accumulated gradually, with the highest value
reached in December and July, respectively.

3.2.2 Amino Acid Profiles

There were 16 amino acids detected in the body wall (Table 3).
The total content of amino acids was 22.3 + 0.97~29.19 +
1.77 g/100 g throughout the experimental period, with the
essential amino acid content varying from 4.67 + 0.24 to
5.94 + 0.36 g/100 g. Of all the amino acids, Gly and Glu are
the most abundant, which accounted for 16.40%~18.10% and
16.30%~16.80% of the content, respectively. As for the eight
essential amino acids for humans, seven of them were detected
in the sea cucumber body, including Thr, Val, Ile, Leu, Phe, Lys,
and Arg, whereas Trp was absent. Thr was the dominant essential
amino acid, with the content ranging from 1.18 + 0.09 to 1.53 +
0.08 g/100 g. Surprisingly, all amino acid levels decreased during
the first month after release, which is in line with the results of
crude protein and total lipid content. From May to December,
total and essential amino acid contents increased gradually,
which is in accordance with the crude protein dynamic.

3.2.3 FATTY ACID COMPOSITION

In this study, 33 fatty acids from 14 to 22 carbons were detected
in the sea cucumber’s body wall (Table 4). Polyunsaturated
fatty acids (PUFAs) were the dominant lipid class in all
months, followed by monounsaturated fatty acids (MUFAs)
and saturated fatty acids (SFAs). Branched-chain fatty acids

TABLE 1 | Survival rate and growth performance of sea ranched Stichopus
monotuberculatus in 2019 (n = 4-6 for GR, WG, and SGR).

May Jul Oct Dec
SR; (%) 62.5 45.00 57.5 27.5
SR, (%) 75.0 57.5 52.5 -
GR (mm day-") 0.78 0.73 0.35 0.42
WG (%) 54.038 166.88 1565.93 491.13
SGR (% day") 1.08 0.94 0.48 0.73

GR, WG, and SGR were based on samples outside of the cages.

SR, ,, the survival rate of sea cucumbers in cages 1 and 2; GR, daily length growth
rate; WG, weight gain based on the initial sample; SGR, specific growth rate; -, SR, in
Dec was not available because cage 2 was destroyed by a storm in late October.

*SR; in July was lower than in Oct because some of the sea cucumbers hid deep in the
reef and could not be observed.

(BFAs) were the lowest. SFAs were mainly composed of C16:0
and C18:0 and accounted for more than half of the total SFAs
(Table 4). In December, the content of C16:0 was significantly
lower than that in other months (p< 0.05), and the C18:0
percentage increased gradually after April (p< 0.05). The
dominant MUFA was C20:1(n—9), which accounted for over
40% of the total MUFAs, and was followed by C22:1(n-9);
both dropped to the lowest level in July (Table 4). The
percent of C18:1(n—-9) dropped remarkably after the release
of the juveniles (from 4.87% to 0.66%). C20:4(n—6) was
always the dominant PUFA throughout the experimental
period, which accounted for over 40% of total PUFA. The
percent of C20:4(n—6) reached the lowest in July and then
increased gradually. EPA [C20:5(n-3)] content increased
from 0.93% before release to 3.44% in the end, whereas DHA
[C22:6(n—3)] content varied from 2.68% to 3.62% and peaked
in May (Table 4).

A 180
@ Total @ Body wall
150 +
120
c
= 9
5
g I i
30 F
Apr May Jun Jul Sept Oct Dec
Date
B
20
~15 F
3
E]
510 F
=
e
2
A
5k '
0
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FIGURE 4 | Increase of wet weight and body length of S. monotuberculatus
from April to December 2019. (A) Change of wet weight of S.
monotuberculatus from April to December 2019. (B) Change of body length
of S. monotuberculatus from April to December 2019.
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TABLE 2 | Crude protein and total lipid of Stichopus monotuberculatus body wall from April to December 2019.

Apr. May Jul. Oct. Dec.
Crude protein (9/100 g) 27.97 +0.812 18.13 £1.19° 21.67 + 3.04> 25.2 + 2.95% 28.87 +1.822
Total lipid (9/100 g) 2.95+0.102 1.98 + 0.04 2.42 £ 0.11b° 2.32 +0.13%> 2.20 + 0.35%

Values in the same row not sharing the same letter are significantly different (o < 0.05), whereas values without letters indicate no significant differences.

3.3 Fatty Acid Biomarkers

In this study, seven fatty acid biomarkers were selected to indicate
6 potential food sources (Table 5; Figure 5). As for the two
traditional diatom biomarkers C16:1(n—7)/C16:0 ratio and EPA
content, the former was especially lower than 1.0 (0.15~0.42),
whereas the latter was also very low from April to October
(0.93%-1.90%), which only slightly raised to 3.44% in winter
(Figures 5A, B). It indicates that diatoms may not be the
prominent food source of the sea cucumber. The flagellate
algae and protozoan’s biomarker DHA content fluctuated
from 2.68% to 3.62% in different months, showing a varied
contribution to the diet (Figure 5C). The high level of C20:4
(n—6) throughout the study (14.02% to 19.30%) indicates the
important contribution of brown algae-derived food sources
(Figure 5D).

The biomarker C18:1(n-7)/C18:1(n-9) > 1 can indicate
the green algae and bacterial organic matter (OM) together;
hence, the data may give an ambiguous result. Considering
the low level of another green alga biomarker 18:3(n-3)
(below 1%, Figure 5E), it can be inferred that the increase
of the C18:1(n-7)/C18:1(n-9) ratio indicates the bacterial
food source to the sea cucumber (Figure 5F). After juveniles
were released into the wild, the C18:1(n—7)/C18:1(n—9) ratio
increased gradually, which indicates the elevated contribution of
bacteria-derived OM (Figure 5F, p< 0.05). The bacterial odd and

branched FA biomarker levels were abundant and stable from
spring to winter, which coincides with the C18:1(n-7)/C18:1(n-9)
biomarker (Figure 5G). XC18:2(n-6) + C18:3(n—3) > 2.5 indicates
the terrestrial OM, and it stays at a low level (below 1%) except for
a slightly high value of 1.79% in December (Figure 5H, p< 0.05),
which indicates the less importance of the terrestrial organics to the
sea cucumber.

3.4 Stable Isotope Values of Sea
Cucumber and Potential Food Sources

The stable C and N isotopic values of the sea cucumber
from May to December showed different variations
(Table 6). The §"*C value had no remarkable seasonal change
(—13.08%o0 to —12.01%o0, p > 0.05), whereas the 6"°N varied
from 8.04%o to 10.98%o, with the lowest value appearing in
December (p< 0.05). Both the carbon and nitrogen contents
of the sea cucumber decreased remarkably in the first month
after release, yet they were relatively stable during the field
study (Table 6). The stable isotope values of the five potential
food sources are shown in Table 7. The C and N isotopic
dual plot clearly shows that the isotopic value of the sea
cucumber gradually moved toward the center part of the
closed region bounded by values of different potential food
sources from May to December, which indicates that the diet
shifted during the sea ranching period (Figure 6).

TABLE 3 | Amino acid content in body wall of Stichopus monotuberculatus in different months (g/100 g).

Amino Apr May Jul Oct Dec

Asp 3.08 + 0.1562 2.38 £ 0.10° 2,564 £ 0.23° 2.43 £ 0.22° 2.87 £ 0.19%
Thr 1.53 + 0.08% 1.18 + 0.09° 1.25 + 0.09% 1.25 £ 0.1 1.46 + 0.09%
Ser 1.23 + 0.062 0.97 + 0.06° 1.04 £ 0.07%® 1.03 £ 0.07% 1.17 £ 0.13%
Glu 4.81 +0.292 3.71 £ 0.20° 3.99 + 0.39% 4,02 +0.38% 4.56 + 0.222
Gly 5.29 + 0.322 3.88 £ 0.14° 3.89 £ 0.47° 3.99 + 0.45° 4.96 +0.312
Ala 2.30 £ 0.13® 1.69 + 0.06° 1.87 +0.37% 2.28 £ 0.24% 2.56 £ 0.412
Val' 1.00 + 0.07% 0.78 £ 0.03° 1.08 + 0.28% 1.25 £ 0.09% 1.23+0.172
lle” 0.79 £ 0.04 0.63 +0.02 0.67 +0.06 0.63 +0.07 0.73+0.12
Leu 1.20 £ 0.07 0.94 £ 0.04 1.00 +0.14 0.89 +0.10 1.08+0.18
Tyr 0.66 + 0.05 0.53 £0.03 0.59 £ 0.05 0.52 +0.06 0.54 £ 0.21
Phe’ 0.65 + 0.062 0.52 +0.02° 0.63 + 0.042> 0.67 + 0.042 0.68 + 0.06°
Lys’ 0.77 £0.04 0.62 £ 0.04 0.76 £ 0.06 0.77 £ 0.07 0.79 £0.10
His 0.39 +0.02 0.33 +£0.02 0.36 +0.04 0.32 +0.04 0.38 +0.06
Arg’ 2.44 +0.16° 1.87 + 0.09% 1.89 +0.21% 1.81 £0.19% 2.23 +0.242
Pro 2.61+0.23 1.90 £ 0.13° 1.84 £ 0.19° 1.81 +£0.20° 2.33 £ 0.24%
Met 0.45 +0.02 0.38 +0.03 0.41 £0.02 0.40 +0.03 0.42 +0.05
Total amino acid 29.19 £ 1.772 22.3+0.97° 23.77 £2.12° 24.07 £ 2.28° 27.96 + 1.4%
Essential amino acid 5.94 + 0.362 4.67 +0.24° 5.34 £ 0.67% 5.46 £ 0.47% 5.92 +0.722

Values in the same row bearing different letters are significantly different (p< 0.05).
*Essential amino acid.
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TABLE 4 | Fatty acid composition of the body wall of Stichopus monotuberculatus in different months, 2019 (%).

Fatty acid Apr May Jul Oct Dec

C14:.0 2.35 + 0.59 0.77 = 0.08° 117 £0.10° 0.64 £ 0.19° 0.93 +0.32°
C14-isobr 0.30 + 0.06 0.48 £ 0.03 0.78 £0.29 0.38+0.13 0.61+0.53
C14-antiso 0.18 = 0.05 0.12 £ 0.06 0.21£0.08 0.18 £0.02 -
C16:0 0.20 + 0.07 0.17 +0.08 0.24 + 0.09 0.20 +0.05 017 +0.18
C15-isobr 0.20 = 0.04 0.24 £ 0.02 0.31+0.14 0.32 +£0.03 0.29 = 0.08
C16:0 3.33 + 0.48° 3.54 +0.43° 5.43 + 0.282 3.94 +1.17% 2.66 = 0.46°
C16:1(n-7) 0.55 + 0.04¢ 1.22 £ 0.16° 2.25 +0.06% 1.01 +0.31° 0.38 £ 0.10°
C16-isobr 0.20 +0.06 0.27 £ 0.03 0.26 £0.10 0.20 £0.07 0.34 £ 0.20
C16-antiso 0.19 + 0.04 0.18 £ 0.04 0.30 £0.10 0.34 +0.08 0.18 £ 0.06
C17:0 0.65+0.18 0.69 = 0.17 0.47 £0.13 0.55 +0.07 0.46 = 0.04
C17:1(n-9) 0.44 +0.022 0.19 +0.10° 0.53 +0.072 0.52 +0.042 0.49 + 0.032
C16:4(n-3) 9.76 + 0.91 10.74 + 0.66 9.66 +1.45 8.50 £ 3.35 9.94 +0.37
C18:0 3.49 +0.74° 6.15 = 0.612 5.26 + 0.54% 5.37 £ 0.89% 7.07 +0.90°
C18:1(n-9) 4.87 £0.03° 1.46 £ 0.21° 0.85+0.15¢ 0.75 + 0.06° 0.66 + 0.15°
C18:1(n-7) 2.22 £0.39 1.64+0.16 1.34 +0.44 1.34 +0.55 2.51+0.83
C18:2(n-6) 0.39 + 0.04° 0.28 +0.00° 0.24 +0.05° 0.37 +0.09° 0.94 +0.272
C18:2(n-4) 7.69 £ 6.01 5.54 = 1.89 10.25 + 3.02 10.55 +2.27 2.19£0.20
C18:3(n-3) 0.73 +0.112 0.39 = 0.03° 0.27 +0.05° 0.29 +0.03° 0.85 +0.152
C18:4(n-3) 0.47 +0.09% 0.30 = 0.21° 0.32 £0.14° 0.35 + 0.09° 0.58 = 0.072
C20:0 1.60 + 1.22° 3.33 £ 0.15%® 3.07 +0.16% 3.77 +0.772 4.18 £ 0.472
C20:1(n-9) 12.84 +1.63 12.96 + 0.46 10.10 + 1.96 13.48 +1.84 13.00 + 0.17
C20:2(n-6) 0.36 + 0.02° 0.90 = 0.10%® 0.73 + 0.06% 0.63 + 0.29%® 0.99 = 0.39
C20:4(n-6) 18.57 £1.18 18.65 + 0.88 14.10 £ 1.39 14.02 + 4.91 19.30 £ 1.19
C20:4(n-3) 1.30 +0.30° 4.21+0.732 5.26 = 0.572 2.79 £0.14° -
C20:5(n-3) 0.98+0.13° 1.21 £ 0.43% 1.55 +0.11k¢ 1.90 +0.17° 3.44 +0.582
C22:1(n-11) 0.86 +0.17° 1.07 +£0.17% 1.46 +0.31% 1.63 +0.22° 3.23 £ 0.29°
C22:1(n-1) 0.35 +0.14° 0.22 +0.09° 0.29 + 0.06° 0.29 £ 0.12° 1.44 +0.302
C22:3(n-9) 0.29 + 0.04 0.40 + 0.05 0.32 + 0.03 0.34+0.12 -
C22:1(n-9) 7.90 = 1.482 5.80 = 0.26% 3.87 £1.13° 5.18 £ 0.40° 8.24 + 0.572
C22:3(n-6) 0.38 + 0.13° 0.34 +0.03° 0.31£0.14° 0.34 +0.04° 0.66 + 0.05°
C22:4(n-6) 0.14 +0.13° 0.74 = 0.10° 0.75 +0.182 0.64 +0.272 0.63 = 0.072
C22:5(n-3) 0.14 £ 0.14% 0.25 +0.01 0.34 + 0.05 0.27 +0.01 -
C22:6(n-3) 2.88 +0.50 3.62 = 0.06 2.68 +0.34 3.34 +0.85 3.21+0.35
SFA 11.53 + 2.36 14.65 + 1.09 156.64 + 0.5 14.48 + 2.81 156.47 +1.00
MUFA 30.02 + 2.85° 24.56 + 0.16™ 20.69 + 3.46° 24.11 + 2.39% 29.95 + 0.71%
PUFA 44.03 + 4.99 47,69 £0.73 46.78 + 1.53 44.35+5.9 42.72 £ 0.37
BFA 1.07 £0.23 1.28+0.13 1.81 £0.64 1.42 £0.23 1.47 £ 0.85
TFA 86.65 + 1.07° 88.18 + 0.59% 84.93 + 1.44° 84.36 + 1.02° 89.62 + 1.20°

Data presented as mean + SD, n = 3. Values in the same row bearing different letters are significantly different (p < 0.05).
—, content below 0.1% or not detected; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid;, PUFA, polyunsaturated fatty acid; BFA, branched-chain fatty acid; TFA, trans-
fatty acid.

3.5 Food Composition Evaluation which accounted for 33.4%-44.3% of the total. The organic

proportion from Phaeophyta S. sanyaense peaked in May
The food source mixing model gave a result of the food (41.4%) and then dropped gradually (11.3% to 6.0%) from July
composition of the sea cucumber in the four sampling months ~ to December. The coral mucus-derived OM contribution was
(Figure 7). Water deposit OM was the predominant diet part, 13.1%-15.9% in July and October and peaked in December

TABLE 5 | Fatty acids and fatty acid ratios were used as biomarkers for food sources.

Fatty acids Indicated sources References

C20:5(n-3) Diatoms or red algae (Ackman et al., 1968)

C22:6(n-3) Flagellate algae and protozoans (Sargent et al., 1987)

C20:4(n-6) Brown algae (Cook et al., 2000; Li et al., 2002)

Odd FAs and BFAs Bacteria (Volkman et al., 1980; Findlay et al., 1990; Bachok et al., 2003)
>C18:2(n-6)+C18:3(n-3) > 2.5 Terrestrial organic matter (Findlay et al., 1990; Budge et al., 2001)

Ratio Indicated sources References

C16:1/C16:0 (>1.6) Diatoms Ackman et al., 1968)

(
C18:1(n-7)/C18:1(n-9) (>1) Bacteria or green algae (Khotimchenko et al., 2002)

BFAs, branched-chain fatty acids.
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FIGURE 5 | Fatty acid biomarkers of Stichopus monotuberculatus at different months. Food sources are indicated by different fatty acid markers: (A, B) diatoms;
(C) flagellate algae or protozoan; (D) brown algae; (E, F) green algae; (G) heterotrophic bacteria; (H) terrestrial organic matter. No letters indicate that there is no
significant difference between different months.

(37.2%), but in May, the contribution was only 2.7%. Benthic
microalgae had a contribution in July and October (18.6%-
23.2%) to the diet, but in May and December, the contribution
was only 4.5% and 10.3%, respectively. Phytoplankton-
derived organic sources had the same contribution of 11.2%
to the diet in July and October, but in May and December, the
contribution was only 5.1%-5.9%.

TABLE 6 | The isotopic composition of Stichopus monotuberculatus body wall
from April to December 2019.

Time 813C (%o) 3N (%o) C% N%

Apr -12.01 = 1.11 10.73 + 0.667 23.88 + 0.65% 6.51 +0.322
May -12.04 £ 0.67 10.98 + 0.69° 16.03 + 2.15° 4.26 £0.81°
Jul -12.46 £ 0.19 9.47 +0.852 14.63 + 1.37° 3.83 +0.45°
Oct -13.08 £ 0.83 9.31 + 0.36° 16.50 + 2.05° 4.59 + 0.68°
Dec -12.37 £ 0.16 8.04 + 0.39° 16.20 + 2.20° 4.54 +0.80°

Data presented as mean + SD, n = 3. Values in the same column bearing different
letters are significantly different (p < 0.05).

4 DISCUSSION

4.1 The Growth and Survival of Stichopus
monotuberculatus

This study provides the evaluation results on the growth
performance of the sea-ranched S. monotuberculatus juveniles in
the coral reef area. Our study found that the overall GR of the
sea cucumber was 0.42 mm day~! and SGR was 0.73% day~!
throughout the year. The sea cucumber grew fast in May-July
and November-December, although there was a slowdown
from August to October, which may be caused by the frequent
influence of typhoons during this period (Table 1). It is
reported that the widely cultured tropical species H. scabra
showed an SR of 14% with an SGR of 0.66% day~! during a
6-month experiment in the New Caledonia Népoui region
(Purcell and Simutoga, 2008). The growth and survival of S.
monotuberculatus, compared with H. scabra, are much better.
Bottom cultured temperate A. japomicus juveniles (WW
40.35 g) achieved an average SGR of 0.15%~0.54% day~! over a
5-month culture period under a fish farm in the northern part
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TABLE 7 | The isotopic composition of potential food sources of Stichopus

monotuberculatus (n = 3).

Food sources 813G (%) 35N (%o)

Phytoplankton -20.70 + 0.56 7.83+0.16
Benthic microalgae -15.98 +0.78 5.55+0.18
Water deposit -7.80 +1.11 6.25 + 0.02
Sargassum sanyaense -17.88 +0.13 9.36 + 0.32
Coral mucus* -16.20 £ 0.40 1.50 +0.70

*The 673C and ¢"°N values are from the reference (Naumann et al., 2010).

of the South China Sea (Yu et al., 2014), which is also lower
than our result. Under pond culture conditions, sea cucumber
juveniles tend to acquire a higher GR. Another tropical sea
cucumber, Stichopus sp. (curry fish) juveniles (body length
4 c¢m), cultured in a pond showed a GR of 0.76 mm day!
during 210 days, which is similar to our study (Hu et al., 2010).
The individual growth variation (especially in December) of
the S. monotuberculatus may result from the difference in the
foraging efficiency and assimilation ability.

The final SR of S. monotuberculatuswas27.5%, whichislower
thanthatofthepondcultured curryfish Stichopussp.(30%~50%)
(Hu et al.,, 2010) but higher than the bottom cultured H. scabra
(less than 20%) (Purcell and Simutoga, 2008). There were
25%-37% of juveniles who died in the first month after being
released, and this probably relates to the inability of the sea
cucumber to adapt to the sudden change of living conditions
from the indoor tank to the wild. Environmental factors
such as water current and temperature variation together
with natural food availability have been proved to affect the
feeding behavior, metabolism, growth, and survival of sea
cucumber juveniles (Zamora and Jeffs, 2012; Wang et al,,
2015) (Zhou et al., 2013; Yu et al., 2016a; Montgomery et al.,
2017; Montgomery et al., 2018; Sun et al., 2020). Considering
the relatively low SR, necessary acclimation rearing should
be carried out before samples are deployed into the wild. The
sea ranching area should also be carefully selected for optimal

physical and food conditions (such as mild wave and current,
sufficient reefs for hiding, and abundant detritus food) to
ensure better adaptation of the juveniles.

4.2 The Nutritional Composition

Protein and lipid nutrition is essential for the living of animals.
Fatty acids and amino acids are crucial for the growth of sea
cucumbers, as they are needed for energy conversion and
body health (Wen et al., 2010; Omran, 2013; Rasyid, 2018).
The dynamic change of the nutritional composition also
gives insight into the growth performance. In the early stage
of sea ranching, the contents of crude protein, total lipid,
and total amino acids decreased significantly from April
to May (Tables 2, 3). Total C and N contents also dropped
remarkably in this period (Table 6). These indicated the large
energy consumption of the sea cucumber and related closely
with the acclimation process after release. Two months later,
the nutrition required for growth began to accumulate, such
as glutamic acid and essential amino acids. Meanwhile, the
SR also remained stable, showing that the sea cucumber has
adapted to the wild.

The amino acid composition of S. monotuberculatus,
especially the predominant Gly and Glu (Table 3), is similar
to that of other sea cucumber species such as Thelenota
anax, H. fuscogilva, Holothuria fuscopunctata, Actinopyga
mauritiana, Bohadschia argus, and Actinopyga caerulea (Wen
et al.,, 2010). The fatty acid profile of the S. monotuberculatus
mostly consists of PUFAs, and this is consistent with other sea
cucumber species (Yu et al., 2015; Gianasi et al., 2017). The
arachidonic acid [ARA, 20:4(n—6)], which is the predominant
PUFA in S. monotuberculatus, plays a significant role in the
growth and development of sea cucumbers (Yu et al., 2016b;
King and Smith, 2018). Previous studies also proved that
ARA accounts for a large proportion of unsaturated fatty
acids in almost all tropical sea cucumbers (Wen et al., 2010;
Rasyid, 2018).
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FIGURE 6 | Dual stable isotope plots of §'3C and &N for the sea cucumber Stichopus monotuberculatus and its potential food sources in two sampling seasons,
from May to December 2019. The stable isotope ratios of sea cucumber were corrected with the average fractionation effects of 1.0%. and 3.4%o. for C and N,
respectively. Note: the values of §'3C and 6'°N for coral mucus are —16.2 + 0.4 and 1.5 + 0.7 (Naumann et al., 2010).
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4.3 The Potential Food Sources

The results of the lipid biomarker and stable isotope mixing
model indicate that the diet of the sea cucumber changed
gradually after release. Water deposits occupied the maximum
part of the diet (33.4%-44.3%) throughout the year, proving its
importance for the deposit feeder in the coral reef ecosystem.
The organic composition of the water deposit may be complex,
which includes debris and various kinds of microbes such as
bacteria and protozoa (Lange et al., 2018). The considerable part
of the microbial food source of the sea cucumber indicated by
the flagellate/protozoa and bacterial fatty acid biomarkers may
have a close relation to the organic debris from the water deposit.

Both the isotope model and lipid biomarker proved the
importance of the adjacent S. sanyaense seaweed bed OM to
the sea cucumber’s diet (41.4% at most). Although the seaweed
bed is on the opposite side to the island, algal derived detritus
may probably be transported to the sea ranching area by the strong
tidal current in the bay (current direction marked in Figure 1), and
this can be confirmed by the seaweed branches frequently found at
the beach around the island in spring and early summer. It means
that protecting the coastal seaweed bed can bring supplemental
food sources to the sea ranching sea cucumber. Previous research
proved that the temperate (A. japonicus) and tropical (S. horrens) sea
cucumber species prefer Sargassum sp. as a habitat and food source
(Wen et al.,, 2016; Palomar-Abesamis et al., 2017). Seaweed-derived
food source for other sea cucumber species (A. japonicus) was also
confirmed in the pond culture mode, which is as high as 54.4%

in spring (Sun et al., 2013). Furthermore, the food contributions
of benthic microalgae and phytoplankton to S. monotuberculatus
are higher than the pond-cultured A. japonicus (2.8%-4.2% and
2.8%-6.5% for benthic microalgae and particulate OM (POM),
respectively; Sun et al,, 2013).

Coral mucus OM also has a varied contribution to the diet.
Its contribution was high in December (37.2%), and it proved
the importance of coral productivity to the sea cucumber in the
coral reef ecosystem, especially in winter. Coral mucus can act as
an important energy and nutrient carrier via particle trapping in
benthic-pelagic coupling processes while serving as a food source
for various reef-dwelling benthic organisms including deposit-
feeding sea cucumbers (Coffroth, 1984; Wild et al., 2004; Wild et al,,
2005).

5 CONCLUSION

This study proved the feasibility of sea ranching for the hatchery-
reared S. monotuberculatus juveniles in the tropical coral reef area in
China. Compared with other cultured tropical sea cucumber species,
S. monotuberculatus had a higher growth performance (SGR 0.73)
and SR (27.5%). The death rate of the juveniles was much higher
in the first month after release, mostly because of the inadaptation
to the environment transition from the indoor tank to the wild.
The food source of the sea cucumber mostly comes from the OM
of water deposits and brown algae debris combined with various
microbes. Coral mucus-derived organics, benthic microalgae, and
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phytoplankton also showed their contribution in some seasons.
Considering the high death rate in the first month after release,
suitable acclimation operation such as pond domestication rearing
is highly recommended before sea ranching. Meanwhile, more
research is needed to optimize the release strategy so as to support a
higher survival and GR of the species in tropical sea ranching areas.
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